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Kurzfassung

Die Bestimmung eines mathematischen Modells stellt einen sehr wichtigen Schritt in der
Analyse und Regelung von physikalischen Systemen dar. Die erhaltene mathematische Beschrei-
bung liefert die Grundlage fiir die Simulation, den Reglerentwurf, die Stabilitdtsanalyse oder
aber auch fiir einen Neuentwurf der Anlage. Im Rahmen dieser Arbeit werden priméar zwei
mathematische Modellierungswerkzeuge behandelt, welche auf eine besonders strukturierte
Systemdarstellungen fiihren. Die behandelten Systemklassen — welche im Folgenden als Euler-
Lagrange und Port Hamilton’sche Systeme bezeichnet werden — sind bereits seit langem in der
Analyse und Regelung von finit-dimensionalen Systemen in Verwendung. Diese Arbeit unter-
sucht nun deren Anwendbarkeit auf infinit-dimensionale Systeme, wobei auf die geometrische
Struktur der Gleichungen und Randbedingungen besonderer Wert gelegt wird.

Im ersten, einfithrenden Kapitel werden die Variationsrechnung und geometrische Struk-
turen auf Mannigfaltigkeiten untersucht, um einige Fragestellungen aufzuwerfen. Die Beant-
wortung dieser Fragen geschieht in den nachfolgenden Kapiteln.

Ein robustes, mathematisches Regelwerk ist unverzichtbar fiir die Untersuchung von infinit-
dimensionalen Systemen. Im Abschnitt I sind einige Kapitel der Einfiihrung des Eckpfeilers der
nachfolgenden Untersuchungen — der Theorie von Jet Biindeln — gewidmet.

Nach diesem eher formalen Teil wird das vorgestellte Regelwerk bei der Analyse von
Euler-Lagrange Systemen angewendet. Die Bewegungsgleichungen dieser Systemklasse fol-
gen aus einem Variationsprinzip — dem Prinzip der kleinsten Wirkung. Die Formulierung
dieses Prinzips auf der Basis von Jet Biindeln wird als Ausgangspunkt fiir die Untersuchung
des finit- und infinit-dimensionalen Falls verwendet. Es wird gezeigt, dass die Bestimmung
der Randbedingungen durch die Einfiihrung der erweiterten Cartan Form mdoglich ist. Einige
Untersuchungen zur zeitlichen Evolution von Euler-Lagrange System und ein Anwendungs-
beispiel zur erarbeiteten Theorie beschliefen diesen Abschnitt.

Die Analyse von Euler-Lagrange Systemen macht eine bestimmte Struktur in den Gle-
ichungen sichtbar, deren Verallgemeinerung zur Klasse der ,Port Hamiltonian Systems with
Dissipation” (kurz pHd Systeme) fiihrt. Im Abschnitt III wird die geometrische Darstellung
von finit-dimensionalen pHd Systemen eingefiihrt und verwendet, um eine entsprechende
infinit-dimensionale Version zu erarbeiten. Wie im Fall der Euler-Lagrange Systeme wird die
geometrische Struktur und das Auftreten der Randbedingungen, oder vielmehr der Randtore
(boundary ports), untersucht. Danach wird das Verhalten der Systembeschreibung im Hinblick
auf Zusammenschaltungen untersucht.

Der letzte Abschnitt dieser Arbeit ist der Regelung von infinit-dimensionalen Systemen
gewidmet. Zuerst wird die Stabilitdt von finit-dimensionalen Systemen im Sinne von Lya-
punov wiederholt. Diese wohlbekannten Resultate werden im Weiteren verwendet um eine
erweiterte Version der Stabilitdtsdefinition im Sinne von Lyapunov fiir infinit-dimensionale
Systeme zu erhalten. Einige allgemeine Bemerkungen bzgl. Reglerentwurf beenden diesen
Abschnitt.

Der Anhang enthilt eine Sammlung von mathematischen Definitionen, die Bestimmung
der Bewegungsgleichungen der Kirchhoff-Platte unter Verwendung von partieller Integration
und eine Beschreibung des Maple Packets ,JetVariationalCalculus®, welche eine Implemen-
tierung der Algorithmen aus Abschnitt II entspricht.



Abstract

Modeling is an essential, or rather the most important step in the analysis and control of phys-
ical systems. The derived mathematical description of a plant serves as a basis for simulation,
controller design, stability analysis, and even redesign of the whole structure. This thesis treats
mainly two mathematical modeling tools, which supply system representations with particu-
lar rich structure. These system classes — referred to as Euler-Lagrange and port Hamiltonian
systems — are well established for the analysis and control of finite-dimensional systems. This
thesis will investigate their applicability for infinite-dimensional systems. Special attention is
spent on the geometric structure and the determination of the boundary conditions.

The first, introductory chapter is dedicated to a short review on calculus of variations and
structures on manifolds. This review is used to state several questions whose answering is the
content of the main chapters of this thesis.

A robust mathematical framework is indispensable for the treatment of infinite-dimensional
systems. In part I several chapters are spent on the introduction of the cornerstone of the sub-
sequent analysis — the theory of jet bundles. These chapters are additionally dedicated to the
definition of the used notation, which will turn out to be a crucial point of the subsequent
derivations.

After this rather formal part the introduced mathematical framework is applied to the
analysis of Euler-Lagrange systems. These systems are characterized by the fact, that their
equations of motion could be extracted from a variational principle — Hamilton’s principle. The
formulation of this principle in the language of jet bundles serves as the point of departure for
the analysis of the finite- and infinite-dimension case. It will be shown, that the derivation of
the boundary conditions of such systems could be done by the introduction of the extended
Cartan form. Some considerations on the time evolution of Euler-Lagrange systems and an
application close this part.

The presented analysis of Euler-Lagrange systems makes a certain structure visible, whose
generalization leads to the class of port Hamiltonian systems with dissipation — or pHd sys-
tems for short. In part III the geometric representation of finite-dimensional pHd systems is
introduced and used for the definition of a corresponding infinite-dimensional version. Again
the geometric construction of the boundary conditions, or rather boundary ports, is investi-
gated. After that it is possible to analyze the behavior of infinite-dimensional pHd systems
with respect to interconnection. An example closes this part.

The final part of this thesis is dedicated to the control of infinite-dimensional systems. At
first the stability of the finite-dimensional systems in the sense of Lyapunov is recalled. These
well known results are used to introduce an extended version for the stability of infinite-
dimensional systems. Finally this criterion based on Sobolev norms is applied to an I-pHd
system. Some remarks on infinite-dimensional controller design close this part.

The appendix includes a rather dense collection of mathematical definitions, the determi-
nation of the equations of motion for the Kirchhoff-plate using the integration by parts tech-
nique, and the description of the computer algebra package ‘JetVariationalCalculus”, which
corresponds to the results presented in part II.
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... to understand is all I ever wanted - hopefully I did!



Preface

Antoine de Saint-Exupéry presents in his book “The Little Prince” his painting depicted in
figure 1.

Figure 1: The hat

He further explains, that all people in his surrounding misinterpreted the contents of this
painting as a simple hat. But in fact he painted a snake, that had swallowed an elephant.
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Figure 2: The snake with elephant

These pictures and the experience, the six years old Antoine made, give me the perfect oppor-
tunity to explain the emotions I had and impressions I got throughout the preparation of this
thesis.

Prof. Kurt Schlacher invited me to participate as a Ph.D. student in the European spon-
sored project GeoPlex (www.geoplex.cc) in the year 2002. During my work at the Institute of
Automatic Control and Control Systems Technology at the JK university Linz, he introduced
me to the theory of the calculus of variations and port Hamiltonian systems. He had derived
a pomising algorithm for the determination of the Euler-Lagrange equations and I started to
implement these ideas within a computer algebra package. This situation represents more or
less the “hat” of the story. Unfortunately I discovered the “snake with the swallowed elephant”
in the form of unsatisfactory boundary conditions resulting from the derived theory for higher
order problems in the year 2003.



II

An unbelievable high number of wrong ideas for the solution of this problems caused the
same kind of uncertainty, that must have been familiar to the snake with this huge elephant
in its stomach and could be summarized by a simple question: “wasn’t it to big for me?”. In
fact the used mathematical framework is far beyond that, what is taught during the education
of technical engineers. Additionally the investigated mathematical problems in their highest
generality are not directly linked to physical or even engineering problems that are known to
me.

Fortunately all these discouraging circumstances were balanced by small successes that
appeared from time to time during my calculations. Additionally the fruitful discussions with
almost every colleague at the Institute of Automatic Control and Control Systems Technology
supplied indispensable support and encouraged me to continue my investigations.

I would like to thank Richard Stadlmayr and Martin Staudecker for reminding me of the
relationship between down-to-earth problems and jet theory. From a scientific point of view
Markus Schoberl, Bernhard Roider, Gernot Grabmair, and Kurt Zehetleitner have owned spe-
cial regards. Beside the already mentioned colleagues I would like to thank Hannes Seyrkam-
mer, Johann Holl, Stefan Fuchshumer, Harald Pachler, and Brigitta Peitl for the marvellous
working atmosphere. Last but not least I would like to thank Prof. Dr. Kurt Schlacher for his
never ending support and his clever advices.

The scientific work in the last four years convinced me in the fact that science is not a ,linear
working area“. One has to accept, that the increase of working power, or rather personal
sacrifice does not necessarily lead to better scientific output. Cognitions are the result of hard
work, a lot of discussions, and in the end luck. Especially people responsible for the funding of
scientific research should always be aware of this fact and accept that not every grain of seed
will yield a large crop.

Finally I hope that the subsequent results, whose generation was sometimes painful, gru-
elling, but also exciting and thrilling, are correct and useful in the scientific evolution of the
theory of automatic control.

Linz, 14. Februar 2006 Helmut Ennsbrunner
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Chapter

Introduction

The symbiotic coexistence of mathematics, physics, and engineering has a long tradition. Prob-
lems of all three disciplines caused the discovery of cognitions and solutions in each other
scientific area. This thesis will treat a physical principle, its mathematical formulation and
solution, and finally the implementation of the derived algorithms in computer algebra. The
generated software is intended to be used in the modeling of physical systems by engineers.
Thus all three areas are linked in the upcoming investigations.

Control theory supplies information about the properties of dynamic systems by means of
the analysis of the corresponding mathematical models. Thus the mathematical description of
systems is a crucial step in the derivation of control structures and stability investigations.

The derivation of mathematical models — known as modeling — is a procedure that differs
drastically between different scientific areas as, e.g., economics, biology, mechanics. Through-
out this thesis we will confine ourselves to the case of physical models, whose derivation is
based on physical principles. In the following a short summary of well known physical princi-
ples, that are used by engineers, is given.

1.1 Physical Principles

Every engineering field is equipped with certain fundamental principles and equations. In the
following enumeration several examples from mechanics, electrodynamics and thermodynam-
ics are listed.

e conservation of mass

e conservation of momentum

e conservation of angular momentum
e conservation of energy

e Kirchhoff’s current and voltage law
e Maxwell’s equations

e Hamilton’s principle
|
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A very useful and efficient principle is the Hamilton’s principle, which states, that a special
functional £ is minimized by the actual motion of a system [Olver, 1986]. This principle can
be evaluated by the introduction of the calculus of variations and enables the determination of
the so called Euler-Lagrange equations. These equations represent only a necessary condition
for the functional £ to be minimal.

Remark 1.1 Variational principles like, e.g., the Hamilton’s principles, open up new possibilities
in mathematical physics or control, since they offer more insight into the structure of a problem.
Therefore, it is often meaningful to study the Euler-Lagrange equations even if their solutions do
not coincide with the minimal solution of the variational problem belonging to them.

The Euler-Lagrange equations equal the equations of motion of certain systems, that bring
along a variational principle like, e.g., Hamilton’s principle of least action in mechanics [Gelfand,
S.V. Fomin, 2000]. Thus the mathematical solution of Hamilton’s principle in the framework
of the calculus of variations equals the determination of the equations of motions and is con-
sequently of particular interest.

The following section is dedicated to the introduction of the calculus of variations as it is
widely accepted in engineering disciplines and defined in, e.g., [Gelfand, S.V. Fomin, 2000].
This presentation will serve as a basis for several questions, whose answering will be the
content of part II of this thesis.

1.2 Calculus of Variations

Already the antique scientists studied problems to find a minimal solution like the isoperimet-
ric problem, etc. Great interest in extremal problems has lead to the development of different
variational problems in mathematics, physics or control in the last centuries. The classical
calculus of variations studies the so called variational functional, like the simple example

to

2:/ L(t,x(t),x(t))dt,
t1

where the boundary points ¢, € R, t; < t, are fixed and the integrand depends on the

independent variable ¢, on a sufficiently smooth function x, as well as its first time derivative.

The function [ denotes the Lagrangian density. The problem is to find a function x (¢) such that

the functional is minimal.

1.2.1 Classical Approach

The calculus of variations, also denoted as variational calculus, is a mathematical methodology
that investigates minimal (or at least extremal) points of variational functionals. Subsequently
we will consider the functional defined by

£(x) = / L(X, 2™ (X)) dX'...dX". (1.1)
D
Here the Lagrangian density [ is a sufficiently smooth function of the independent coordi-

nates X', = 1,...,r, the n™ order derivatives (™ of the dependent coordinates z, and the
dependent coordinates z*, « = 1, ..., s on the domain D.
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A minimal point of the functional £ equals an element f : X' — f*(X") of a certain
normed linear function space F{,, such that

L(x) > L£(f) VYo e Fy

is met. There exist several methods to determine the extremal points, i.e. the functions
[ € Fly as, e.g., minimizing sequences or the Ritz method (see [Gelfand, S.V. Fomin, 2000]).
Here we will make use of a method which is due to Euler. This method takes into account,
that the variational functional is a continuous mapping

x — £(z).

Consequently the functional supplies for every ¢ > 0 a 6 > 0, such that from

L) —£(f)l <e

results
|z — fl <d.
Here, the norm
_ ay(r)
el =33 max | () (X))

is used. Thus one is able to derive a necessary condition, which must be met by all local
extrema.
An at least local extremum (minimum resp. maximum) f € F{,) is characterized by

e(ff)z e resp.e(f+7) <L)

for admissible functions f* € F,).
This enables the definition of a new, but in general nonlinear functional for a fixed function
x (X) given by

AL (f) _ (:c+f’) —£(z) , w€ F.
The linear part 0.£ (f’) of this functional
ae(r)=se(f)+e|r|

is called the variation of the functional £ (z). The quantity ¢ ||f'|| incorporates higher order
terms and meets e — 0 as || f'|| — 0.

Theorem 1.2 A necessary condition for the differentiable functional to have an extremum at f is
that its variation vanishes for x = f, i.e. that

Se(fH)=0 (1.2)
for all admissible f’. (see [Gelfand, S.V. Fomin, 2000])

This relation marks all points f € F{,) having a “horizontal tangent” over the infinite
dimensional function space F{,, by means of partial differential equations.
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1.2.2 Questions

The previous considerations lead to the following questions.

e What are the topological properties met by the domain D?

How could the arbitrary increments f* be represented in more general spaces?

How could one derive correct boundary conditions from equation (1.2)?

How do external inputs come into play?

Is it possible to provide additional information about the evolution of such Euler-Lagrange
systems?

All these questions will be treated in the chapters 5 to 8.

Chapter 9 is dedicated to the investigation of the time evolution of Euler-Lagrange systems.
It will turn out that the derived equations are equipped with a particular rich structure.

In part III we will consider more general systems equipped with a certain structure. Ad-
ditionally, we will not require that the structure results from a variational principle. In the
following we introduce some well known structures on manifolds. The definitions of the used
mathematical objects can be found in part I and appendix A.

1.3 Structures on Manifolds

A structure on a manifold can be seen as an additional underlying property, which could be
very useful in the analysis of, e.g., dynamic systems on manifolds. Both subsequently discussed
structures are well known for finite dimensional systems.

1.3.1 Poission Structure

The general definition of a Poisson structure

Definition 1.3 (Poisson structure) Let M be a manifold and let C*° (M) denote all smooth
real functions on M. A Poisson structure on M is a bilinear map - called the Poisson bracket —
given by
{F.G}: C®°M)xC®*(M) — C*®(M)
(F,G) — {F,G}

which satisfies for F,G, H € C™ (M)
o {F.G}=—{G,F}  (skew symmetry)
o {F{G H}}+{G {H,F}}+{H {F,.G}} =0  (Jakobi identity)
o {F,GH}={F,GYH+G{F,H}  (Leibniz rule)

(see, e.g., [Nijmeijer, A.J. van der Schaft, 1990])
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leads to the introduction of the Hamilton vector field v; of a Hamilton function F' by
{F,G} =L, (G) =vr|dG,

where the Lie derivative L and the exterior derivative d are used.
Let M be a Poisson manifold with local coordinates (z',...,z"). Then there exist locally
smooth functions w¥ (), 7,7 € 1...r, such that the Poisson bracket is given by

T

y oF oG
_ ij sl
{F.G} (2) JZZIw (#) 5 (@) 55 (@) - (1.3)
Since
G
{F,G}(z) = Ly (G) =dG (vp) (z) = 977 P (x)
oF |
{F.G}(z) = —{G, F}(2) = =Ly (F) () = =dF (vg) (z) = — 3,1 %C (x)
implies 257, (v) = — 250k, (2), this definition is only possible if additionally

w (z) = —w’" (2)
is met. By the fact that B o

w? (z) = {27}
and that the Jacobi identity {z?, {27,2"}} + {27, {a*, 2} } + {2* {2%,27}} = 0 must be met,
the functions w" () are also restricted to

T

Ow'® Owhi Ow’’
Z ! li Ik

(wj ot T o T o4 ) =0 (1.4)
=1

It is worth mentioning that this restriction represents an integrability condition.
One could extract from (1.3) a map

Wix): T*(M) — T (M)

AF — vp =i (2) 2 (2)9,

(1.5)

in order to derive the Poisson bracket { F, G} = vr|dG. We conclude, that the Poisson bracket
is determined by a skew symmetric tensor field W (z) = w" (z) 9; ® 9;.

(M) v T (M)
g d
TM TM
M ™ (M)

If the rank of the Poisson bracket, which equals the rank of the structure matrix w” (z), is
equal to dim (M) then it is called nondegenerated.
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1.3.2 Symplectic Structure

In contrary to the Poisson structure the symplectic structure is directly defined by a tensor field
with special properties.

Definition 1.4 A 2-form w = wy;dz’ A dz? € \* T* (M) on an even dimensional manifold M of
dimension 2n is called symplectic (and then M is called symplectic manifold), iff it satisfies

o dw =0 (closed)

e w is nondegenerate; that is, the linear transformation associating to a vector v = v'0; the
1-form v|w is nonsingular. In local coordinates z, since v|w = v'w;;da’, this merely says
det (wij) 7& 0

(see, e.g., [Frankel, 1997])

Actually a symplectic 2-form is a map
w: TM) — T*(M)

(1.6)
U —  vglw
visualized in
T (M) - T (M)
d
TM TM
M (M)

and consequently the dual mapping to (1.5).

It is now remarkable, that we are able to identify — in the case of a nondegenerated Pois-
son bracket on an even dimensional manifold — the skew symmetric tensor field W with a
symplectic 2-form. From

{F,G} = w(vp,vg) = ve|vp|w
it follows that
ve|vp|lw = —vg|[dF = vplw=—dF
and in local coordinates we get the correspondence
Wiy = — [W];l .
Both, the Poisson and symplectic structure represent a map between the tangent and the cotan-
gent bundle. Additionally these maps have the property that the image of the map applied on
its source, by means of the interior product, always vanishes, i.e. the image is restricted to
be an annihilator of the source. This consideration could be extended and summarized in
the notion of a Dirac structure, whereby all elements of tangent and cotangent bundle are
marked, that — beside other properties — annihilate each other (see [van der Schaft, 2000]).
Consequently Poisson and symplectic structures are dirac structures.

From the modeling point of view all these structures become of interest, if the equations
of motion determine such a structure. For example, if the equations of motion represent a
Hamilton vector field it is possible to make use of the corresponding Poisson structure.

These considerations lead now again to several questions, that are of interest.
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1.3.3 Questions

e How could dissipative elements be taken into account?

e How could this approach be extended to the case of infinite-dimensional systems?

Which geometric objects could be used for representation?

How do in- and outputs — or more generally speaking — ports appear in this setting and
what is meant by collocation?

How are boundary conditions, or rather boundary ports taken into account?

In part III we will consider finite- and infinite-dimensional systems, that are equipped with
a Poisson structure and try to answer the stated questions.

1.4 Control

The last part of this thesis is dedicated to topics that are related to the design of controllers for
infinite-dimensional systems. In fact no methodology for a certain design will be derived, but
several remarks and general questions concerning this task are stated. The central question
will be of course the stability of infinite-dimensional systems, as this is inseparably linked to
the design of a controller. It will be shown, how the stability in the sense of Lyapunov could
be used to determine certain stability criteria based on Sobolev norms.



Part 1

The Mathematical Framework

12
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Every challenge demands the introduction of appropriate tools!

This rather general statement applies in many cases. Even in everyday life it is common to
adjust ones tool box before manipulating, e.g., the electrical installation. Also in computer
science the implementation of complex software is done by the definition of a sophisticated
class structure. Thereby programmers divide the problem is several subtasks, focus on their
solution and generate frameworks. Such frameworks enable other coders to make use of
techniques who are far beyond their own knowledge.

All these examples have in common that the described tools are designed by experts. These
experts generate tools, structures, and mechanisms that ease the solution of problems by users.
Clearly these users must be instructed in the application of such tools in order to achieve the
results of interest.

Control engineering represents another example of such a development. Several questions
that occurred in control theory where answered by the use of theorems, definitions, proofs etc.
stated by mathematicians. Mostly their intension was not to solve certain control problems
rather than the generation of a robust framework for mathematical manipulations.

This thesis will also follow this procedure. Its first part is dedicated to the introduction of
the applied mathematical framework. It is intended to summarize the mathematical objects
used in the subsequent investigations. Additionally, the applied notation is fixed, definitions
are stated, and references to the corresponding literature are given. In order to develop a
more comprehensive picture a collection of additional definitions is provided in appendix A.

The nonlinear control theory as presented in, e.g., [Isidori, 1995], [Nijmeijer, A.J. van der
Schaft, 1990], [Sastry, 1999] gave rise to the use of differential geometry. Roughly speaking
this framework generalizes the theory of surfaces in R” to more complex spaces. Topology, al-
gebra and functional analysis are united to enable the introduction of coordinate independent
representations. At first glance might be astonishing that a theory on geometry could have any
impact on the theory of dynamic systems. In fact the notion of coordinate transformation links
both disciplines and enables engineers to interpret, e.g., finite-dimensional dynamic systems
as vector fields on manifolds. These identifications enabled a completely new and joyful point
of view and controller design methods like, e.g., the input-state or input-output linearization
were developed. In the more recent years these investigations have been extended to infinite-
dimensional systems [van der Schaft, B.M. Maschke, 2002], [Macchelli, 2002]. This class of
systems has several independent and dependent coordinates, whose evolution is defined by
means of partial differential equations. Such systems are of main interest in this thesis.

In the next chapter some basics in differential geometry, which are well known from the
analysis of finite-dimensional systems, are recalled. After that, an appropriate geometric ob-
ject for systems with several independent and dependent coordinates is defined. Finally, these
objects are extended to spaces that enable us to handle partial derivatives of dependent coor-
dinates with respect to independent ones in a geometric fashion.



Chapter 2

Manifolds

The analysis of physical systems by means of mathematical modeling immediately leads to the
circumstance that there exist different, but equivalent models for the same system. This is
mainly caused by the degree of freedom in the introduction of the corresponding coordinates.
Additionally, it is well known that this choice is crucial for the applicability of the derived
model.

Consequently we are looking for a mathematical object which allows a coordinate invariant
description of the system. Consider a plant parametrized in four different ways by the coordi-
nates (z},22), (z},22), (!, 2?), (x}, 2%) as visualized in Fig. 2.1. All these coordinates partly

crv’c

Figure 2.1: The idea of a manifold.

describe the real mathematical representative of the plant — the manifold M (Def. A.38).
As shown later, the modeling of infinite-dimensional systems is mostly related to bounded
domains, what leads to the slightly more general definition 2.1.

Definition 2.1 (manifold with boundary) An n-dimensional (topological) manifold M with
boundary is a Hausdorff topological space such that every point has a neighborhood homeomor-
phic to the Euclidean half-space H" (H" = {(z',...,2")|2" > 0}, n € N). (see, e.g., [Choquet-
Bruhat, Cecile DeWitt-Morette, 1982], [Munkres, 1984])

14



2 Manifolds 15

Here the definitions (Def. A.25), (Def. A.16), and (Def. A.31) are taken into account. All local
coordinate systems are referred to as charts and defined by

Definition 2.2 (chart) A chart (U, ¢) of a manifold (with boundary) M is an open set U of M,
called the domain of the chart, together with a homeomorphism ¢ : U — V of U onto an open set
Vin R™ (H"). (see, e.g., [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

A chart is equipped with adapted local coordinates.

Definition 2.3 (local coordinates) The coordinates (z',..., z") of the image ¢ (x) € R™ of the
point x € U C M are called the coordinates of = in the chart (U, ¢). (see, e.g., [Choquet-Bruhat,
Cecile DeWitt-Morette, 1982])

A collection of compatible charts, which fully describes (i.e. covers) the manifold is named
atlas.

Definition 2.4 (atlas) An atlas of class C* on a manifold M is a set {(U,, ¢,)} of charts of M
such that the domains {U,} cover M and the homeomorphisms {¢,} enable the formulation of
class C* maps ¢, 0 ¢, ' : ¢, (Uy N Uy) — ¢ (U, N Uy). (see, e.g., [Choquet-Bruhat, Cecile DeWitt-
Morette, 1982])

If the maps between all charts of an atlas are smooth — of class C*>° — we denote such manifolds
smooth (Def. A.39). Unless otherwise stated we will assume all manifolds to be smooth in the
subsequent investigations.

The definition of an atlas corresponding to a manifold enables the definition of additional
topological properties.

Definition 2.5 (orientable manifold) A differentiable manifold is said to be orientable if there
exists an atlas such that on the overlap U,NU, of any two charts (U,, ¢,) and (Uy, ¢,) the Jacobian
determinant of the map ¢, = ¢, o ¢, is positive.

Consequently an orientable manifold enables the introduction of an orientation and we get
the following definition.

Definition 2.6 (oriented manifold) An oriented manifold is an orientable manifold with fixed
orientation in a certain coordinate chart (U,, ¢,,) of an atlas with positive Jacobian determinants.

The introduction of a C*-atlas corresponding to a certain manifold intrinsically supplies
smooth maps ¢, o ¢, ' between different charts on their overlap U, N U, as stated by defini-
tion (Def. 2.4). Thus different parametrizations (i.e. local coordinates of a physical problem)
become equivalent and it is possible to switch from one description to another. These consid-
erations lead to the fact that the notion of manifolds frees modeling from artefacts caused by
a certain choice of coordinates.

In order to be able to handle relations of different manifolds, we introduce smooth maps
between manifolds.

Definition 2.7 (map between manifolds) A map f : M — N between the manifolds M and
N is said to be smooth, iff its local representation

floc = ¥p© fO ¢;1 : ¢a (Ua) - (Pb(%)
is smooth for every coordinate chart (U,, ¢,) on M and (V;, ¢,) on N.
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In the subsequent treatment of differential geometric objects, the explicit declaration of the
used coordinate charts will be suppressed. This implies that the map f : M — N is synony-
mously used to its local representation fi..

Throughout this thesis we will make use of the summation convention (Def. 2.8), which

enables a compact notation.

Definition 2.8 (summation convention) If in a product a letter figures twice, once as super-
script and once as subscript, summation must be carried out with respect to this letters. The
summation sign ) will be omitted. (see [Kreyszig, 1991])



Chapter 3

Bundles

Actually the introduced coordinate invariant representation of a physical system does not allow
to distinguish dependent from independent coordinates. From a differential geometric point
of view this can be solved by the introduction of fibred manifolds.

Definition 3.1 (fibred manifold, fibre) A fibred manifold is a triple (£, n,B) where £ and B
are manifolds and = : £€ — B is a surjective submersion. & is called the total space, 7 the
projection, and B the base space. For each point p € B the subset 7! (p) of £ is called the fibre
over p and is usually denoted &,. (see [Saunders, 1989])

Thus the fibre &, represents the space of dependent coordinates at a certain point p € B
of the independent coordinates. As a shortcut for the fibred manifold (£, 7, B) we will use its
projection 7 in the upcoming investigations. If there exists a local trivialisation (Def. A.42) at
every point p € B (see Def.3.2) the fibred manifold is referred to as bundle.

Definition 3.2 (bundle) If (£, 7, B) is a fibred manifold and p € B then a local trivialisation
of m around p is a triple (W, F,,t,) where W), is a neighborhood of p, F, is a manifold and
t,: 7 (W,) — W, x F, is a diffeomorphism satisfying the condition

prioty =l iy, -

A fibred manifold which has at least one local trivialisation around each point of its base space is
called locally trivial and is known as a bundle. (see [Saunders, 1989])

t
EDat(W,) —2L W, x F,
7T|7r*1(wp) pry
B> W, W,

i
All manifolds F, specified in a local trivialisation are related by Lemma 3.3, whereby the
typical fibre F is introduced.

Lemma 3.3 (typical fibre) If (£, 7, B) is a bundle then there is a manifold F such that, for each
local trivialisation (W, F,.t,) of m, the manifolds F and F, are diffeomorphic. (see [Saunders,
1989])

17
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An assignment of the dependent coordinates by means of a function of the independent co-
ordinates is of particular interest in the context of physical systems, as their solution represents
such a map.

Definition 3.4 (section) A map o : B — & is called a section of = if it satisfies the condition
7o o = idg. The set of all sections of m will be denoted T" (7). (see [Saunders, 1989])

These definitions are depicted in figure 3.1.

Figure 3.1: A bundle with fibre &£, and section o.

3.1 Bundle maps

A map f : £ — 'H between the total manifolds £, H of certain bundles does not preserve
the bundle structure in general. From a modeling point of view this implies that a local
decomposition on the image of the map between dependent and independent coordinates is
lost. One is able to preserve the bundle structure by a restriction of the map f to the class of
bundle morphisms.

Definition 3.5 (bundle morphism) If (£,7,B) and (H, p, N) are bundles then a bundle mor-
phism from 7 to p is a pair (f,f) where f: £ —H, f:B—Nandpo f=fon. Themap [ is
called the projection of f.

& / H

m p

B — N
/

(see [Saunders, 1989])

The image of the bundle morphism (f, f) satisfies the bundle structure of p. Thus a section
o on 7 defines also a section v on p by

foo=nrof.

This relation could be used to determine v by means of the inverse map f ‘1._ Clearly the
inverse map must exist, which is guarantied in the case of a diffeomorphic map f.
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Definition 3.6 (transformation of sections) A bundle morphism (f, f) induces a transforma-
tion of sections o on (€, m, B) to sections vy on (H, p,N') if f~! exists. With local coordinates X'
resp. Y7 on the base manifold B resp. N we get

v:N — H
Y/ — Y/ fooof ! (Yj) .
In contrary to ordinary manifolds, there exist several methods to construct new bundles

from given ones. The most general way is the construction of a product bundle = x p of two
bundles 7 and p.

Definition 3.7 (product bundle) If (£, w, B) and (H, p, N') are bundles then the product bundle
is the triple (€ x H,m X p, B x N). (see [Saunders, 1989])

Indeed one could consider two bundles = and p whose base manifolds coincide. This leads
to the notion of a fibred product bundle.

Definition 3.8 (fibred product bundle) If (£,n,B) and (H, p,B) are bundles over the same
base space B then the fibred product bundle is the triple (£ xgH, ™ X5 p, B), where the total space
is defined to equal

{(a,b) e ExH :7m(a)=p(b)}
and the projections map is defined by
(m xp p)(a,b) =7 (a) = p(b) .

This configuration can be visualized with

ExpgH—1 (r) £
() ST
H B

P

(see [Saunders, 1989])

A more general case is given if p is not a bundle, but simply a smooth map p : H — B. This
construction is called pull-back bundle.

Definition 3.9 (pull-back bundle) If (£, 7,B) is a bundle and p : H — B is a map then the
pull-back of m by p is the bundle (p* (£),p* (7),H), where the total space p* (€) is defined to
equal

{(a,b) e EXH:m(a)=p(b)}

and the projection is defined by
o (%) (a,5) = b.
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This construction leads to

(see [Saunders, 1989])

In the particular case when the pull-back map p is an embedding (Def. A.41) p = ey :
W — B then the pull-back &}, (7) is called the restricted bundle. As the total space ¢}, (£)
is diffeomorphic to the submanifold 7* (W) of £, the restricted bundle can be regarded as

sub-bundle.

Definition 3.10 (sub-bundle) If (£, 7, B) is a bundle and &' C &£ is a submanifold such that the
triple (&', m|o, , 7 (E')) is itself a bundle, the bundle ~|,, is called a sub-bundle of m. A sub-bundle
with the particular property = (7 (£")) = &' is referred to as restricted bundle. (see [Saunders,
1989])

3.2 Linear bundles

As it will be shown later, one of the most important bundle structures is characterized by a
typical fibre to be a vector space (Def. A.13). Such bundles are referred to as vector bundles.

Definition 3.11 (vector bundle) A vector bundle is a quintuple (€, 7, B, o, 1) where
e (&,m, B) is a bundle;

e 0:& xp& — & satisfies, foreach p € B, 0 (€, x &,) C &,
p: R x & — & satisfies, foreachp € B, u(R x &,) C &,

foreach p € B, <€p, le e, :“|Rxsp> is a real vector space;

e for each p € B there is a local trivialisation (W,, R",t,) called a linear local trivialisation,
satisfying the condition that, for ¢ € W, the composite of

tp|gq & — {¢} xR"
with pry : {q} x R® — R" is a linear isomorphism. (see [Saunders, 1989])

A more general notion of linear bundles is given in the case of a typical fibre being an affine
space. Similarly this leads to the notion of affine bundles.

Definition 3.12 (affine bundle) Let (£, 7, B) be a vector bundle. An affine bundle modeled on
7 is a quintuple (A, p, B, o) where

e (A, p,B) is a bundle;
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o a: Axp& — Asatisfies, foreachp € B, a (A, x E,) C A,
foreach p € B, <.Ap, Eps U’Apx£p> is an affine space;

e for each p € B there is a local trivialisation (W, R",t,) called an affine local trivialisation,
satisfying the condition that, for ¢ € W,, the composite of

tP|Aq :Aq — {q} x R"
with pry : {q} X R" — R" is an affine isomorphism. (see [Saunders, 1989])

In the following we will define some very important vector bundles.

3.2.1 Tangent and cotangent bundle

The rather simple observation that it is possible to assign a linear tangent space to a sufficiently
smooth surface at a point p, as visualized in figure 3.2, leads directly to the definition of the

¢OL
2 — 7N
/\ ) - \
4 )
/ T !
A

»
>

_ x!

)

Figure 3.2: The idea of the tangent space.

tangent space.

Definition 3.13 (tangent space) A tangent space 7, (M) to the n-dimensional manifold M at
p is the set of all mappings v,,w, : C* (p) — R satisfying for all a, 3 € R and f,g € C* (p) the
two conditions
vp(af +09) = alv,(f))+ 0 (v (9))
v (f9) = v (f) 9) +v(9) f(p)

with the vector space operations in 7, (M) defined by

(vp +wp) (f) = v, (f) +w, (f)
(avp) (f) = av,(f) .
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Thus 7, (M) is an n-dimensional vector space. A tangent vector to M at p is any v, € T, (M).
(see [Boothby, 1986])

Obviously, it is possible to assign a linear tangent space to every point of the manifold and
thus we are able to define the tangent bundle.

Definition 3.14 (tangent bundle) The tangent bundle (T (M), T, M) of a manifold M con-
sists of the total manifold

and the natural projection
- M
T,(M) — p.

A section on the tangent bundle assigns to each point p of the manifold M an element of
the linear tangent space 7, (M), i.e. a vector.

Definition 3.15 (vector field) A vector field v of class C" on M is a function assigning to each
point p € M a vector whose components in the frames of any local coordinates (U,, ¢,) are
functions of class C" on the domain U, of the coordinates. (see [Boothby, 1986]). Consequently
v is a section of T 4.

Using local coordinates, we represent a vector field on an m-dimensional manifold with
local coordinates z¢,i = 1,...,m by

8 p—
ort
We are now able to mark vector fields on the total manifold of a bundle (£, 7, B) with special

properties. A vector field v € I' (7¢) is said to be w-projectable, iff there exists a field w € I" (7)
such that

V' (z) v (1) €T (Tjm) , i=1,...,m.

MOV =TOowW

()

£ T (€)
TE
e e
.
B X T(B)
w

is met. We say v is w-vertical in the case 7, o v = 0. It is easy to show that the set of all
m-vertical vectors V' form a sub-bundle of 7¢.

Definition 3.16 (vertical bundle) If (£, 7, B) is a bundle, then the vertical bundle to 7 is the
vector sub-bundle (Vr, 7¢l,,. ,E) of the tangent bundle T¢ whose total space V7 is defined by

Vi={CeT():m(()=0}.
(see [Saunders, 1989])
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Thus we are able to define a vertical vector field.

Definition 3.17 (vertical vector field) A vertical vector field v is a section on the vertical bundle
(Vr, 1ely.,E), i.e. v el (7¢ly,) (see [Saunders, 1989])

A m-projectable vector field generates locally the 1-parameter transformation group with
parameter ¢, which is also a bundle automorphism

(f,f):ﬂ'—>ﬂ'

with f = exp (em, 0 v), f = exp (ev). For v € I' (7¢],,,) one gets the fibre preserving automor-
phism, i.e. f =idg, f = exp (ev).
The dual object to the tangent space is the cotangent space and defined by

Definition 3.18 (cotangent space) The dual space to the tangent space 7, (M) is the space of
linear forms on M. It is an n-dimensional vector space called the cotangent space 1} (M) to
p € M. A cotangent vector or 1-form is any w, € 7, (M).

Similarly to the definition of the tangent bundle we are able to construct the cotangent
bundle.

Definition 3.19 (cotangent bundle) The cotangent bundle (7* (M), 7, M) of a manifold M
consists of the total manifold

T M= _ T (M)

pEM P

and the natural projection

77'/\/1 2T (M) - M
;M) — p.

The sections of the cotangent bundle are denoted covector fields or 1-forms. Using local co-
ordinates, we represent a covector field on an m-dimensional manifold with local coordinates
2ti=1,...,mby '

wi(x)de' €T (Tp) , i=1,...,m.

3.2.2 Tensor Bundles, Exterior Bundles and Algebra

It is possible to extend the idea of dual spaces to more general spaces, whose elements are
multi-linear maps and denoted as tensors. Tensor fields and a very important sub-class — the
exterior forms — are defined in the chapter A.3 of the appendix.



Chapter I

Jet Theory

Having partial differential equations at ones disposal, the mathematical framework introduced
so far is not sufficient. In fact, one has to handle higher-order partial derivatives of the depen-
dent coordinates x* with respect to the independent ones X*. From a differential geometric
point of view this can be achieved by the use of jet theory.

4.1 Notation

Let v be a smooth section of a bundle (&, w, B) with adapted coordinates (X*, z%),i=1,...,r,
a=1,...,s. The k™ order partial derivatives of y* will be denoted by

ak
(X1 - (0XT)”

(e}

Y =0 =

with the multi-index J, #J =k = >_ j;.

=1

Definition 4.1 (multi-index) An ordered multi-index J = ji ... j,, has thelength #J =Y ._, j.
The special index J = ji,...,jm Ji = 0, @ = 1,...,7m, I € {1,...,7r} will be denoted by 1, and
J + 1, is a shortcut for j; + d; with the Kronecker symbol d;;. (see [Pommaret, 2001])

In the construction of the Cartan form as presented in part II, we have to choose a multi-
index from a set of multi-indices with equal length. This process can be made unique by the
introduction of a multi-index order.

Definition 4.2 (multi-index order) Let J, = j,1 ... jor and J, = jy1 . . . j»r be two multi-indices.
We say J, > J, if in the difference J, — J, the right-most nonzero entry is positive.

Remark 4.3 The introduced multi-index order is motivated by the inverse lexicographic order as
defined in, e.g., [Cox, J. Little, D. O’Shea, 1992].

24
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4.2 First order jet bundles

As mentioned before, in the treatment of partial differential equations one has to deal with
partial derivatives of dependent coordinates with respect to independent coordinates. To be
more precise, one does not consider derivatives of coordinates rather than the derivatives of
sections. This immediately leads to the 1-jet of a section.

Definition 4.4 (1-jet of a section) Let (£, m, B) be a bundle and let p € B. Define the sections
¢, € I'(m) to be 1-equivalent at p if ¢ (p) = ¢ (p) and if, in some adapted coordinate system
(X4 2*),i=1...r,a=1...saround ¢ (p)

0¢”
0X?

_ o
L 0X

p

The equivalence class containing ¢ is called the 1-jet of ¢ at p and is denoted j;gzﬁ.

One can provide the set of all 1-jets of sections I' (7) with the structure of a differentiable
manifold.

Definition 4.5 (first jet manifold) The first jet manifold of (€, x, B) is the set

{j;(b:pGB, ngF(W)}

and is denoted J'w. The functions 7' and =}, called the source and target projection respectively,
are defined by

o Jlr - M and g I — &
Jpd — 1 gy — ¢ (p)
and visualized in
Jtr o E
! T
B - B.
id

The functions 7' and w} are surjective submersions.

An adapted coordinate system of 7 induces an adapted system on .J'7, which is denoted by
Xt xe, xfh) with the 7 - s new coordinates zf, ;. Both projections 7', 7 allow the definition
of bundles as stated by proposition 4.6 .

Proposition 4.6 If (€, 7, B) is a bundle then (J'm, 7', B) and (J'm, x},E) are bundles. (see
[Saunders, 1989])

By construction we can prolong a section of 7 to 7! and get the definition.
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Definition 4.7 (1** prolongation of a section) If (£, 7, B) is a bundle then the first prolonga-
tion of a section ¢ € T () is the section j'¢ € T' (r') defined by

i'e (p) = jpo
for p € B. (see [Saunders, 1989])

It is worth mentioning that a section + of the bundle (J'x, 7!, B) is not necessarily the first
jet j! (o) of a section o of 7, since those sections must meet the relations 9;v* — Vi, = 0. Even
more important is the possibility to prolong a given bundle morphism to the first jet.

Definition 4.8 (1** prolongation of a morphism) Let (£, 7, B) and (H, p, N') be bundles, and
let (f, f) be a bundle morphism, where f is a diffeomorphism. The first prolongation of (f, f) is

the map defined by )
3V (. F) (p0) =gy (Fodo f71) .
This could be visualized in the following diagram.

Jir i Jir 7 () leLle
0 Po
| it P o] |ty (Fodo i)
T |¢ p| [(Fogof™)
B—g B8 —F NN

If no confusion is possible, the notation j' f will be used rather than j! ( fs f) With local coordi-
nates (X', z*) resp. (Y7,y?) for 7 resp. p the first prolongation results in

jlf : J17T—>J1p
Xiaafy — V9= JF(X), = £ (X0a%) ) = 2 (X005,

where
B _ -1 7 [} e
Ypy = I (X a%af)

B 8 i
= djjdyﬁ = (giadddxa—i— %y ) (8X of(Xi))

0X*) \oYJ

i

= di|dy’ (gi/{j Of(Xi))

is used. The vector fields d; resp. d; are referred as total derivative (see Def. 4.11) with respect to
Y7 resp. X'. (see [Saunders, 1989])
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4.3 n™ order jet bundles

Analogously to the first jet of a section v, we define the n-jet j*y of v by j*y = (2%, 7* (z),
o™ (z)), #J = 1,...,n. The n™-jet manifold /"7 of = may be considered as a container for
n®-jets of sections of . Furthermore, an adapted coordinate system of £ induces an adapted

system on J"7 with (Xi,xﬁ‘]]), a=1,...,q, #J = 0,...,n. The natural projections and the
corresponding bundles are given by

™ . J'n—B, (J'm,7",B) and (4.1)
o S —= J" . (S, JT ), m<n

form=1,...,n—1with 7" (" (v (z))) = x and 7, (" (v (z))) = 3™ (7 (2)).
All these bundle lead to the following definition.

Definition 4.9 (jet framework) The n'"-order jet framework II" of a bundle  is defined as the
collection of all jet bundles

™o, w<k, k=1....n, w=0,....n—1.

In fact all bundles of a jet framework are related. It is obvious that it is not possible to define
arbitrary sections on a jet bundle 7, without violating the jet framework, i.e. such a section is
not necessarily the prolongation of a section on 7. These relations can be summarized in the
so called contact structure.

Definition 4.10 (contact structure) A contact structure on an n'* order jet bundle J"r is given
in local coordinates (X i, x[O‘J]) by two vector valued one forms

h = dX'® (0;+ 2f )00 + -+ + 2fy, 1) 05) (4.2)
v o= (dafy — a2y, dX) @, (4.3)
where
w_ 9
Ilzli,#J:(),...,n, aa =~ -
(‘ixf‘ﬂ

(see [Saunders, 1989])
The contact structure incorporates two very important objects — the total derivatives

Definition 4.11 (total derivative) The field d; € I’ ((x21)" (7 ynr))
di:ai+$ﬁi]8a+"'+$ﬁ]+]ﬂa([)2]]7 [1:11" #J:L...,n, 8&‘”:—
[J]

is referred to as n'" order total derivative with respect to the independent coordinate X°. It is the
unique operator that meets

1 * - -n * _ 6
(1" 0) (dif) =0 (("0)" [) 0= 535

for all functions f € C* (J"w) and sections o € I' (7). (see [Saunders, 1989])
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and the contact forms
Definition 4.12 (contact form) The form w® € I ((a2™)" (T n,))
wiy = dafy —xﬁ‘]Hl]dXi , Lh=1,,#J=1,....n
is referred to as contact form on the n'" jet manifold and meets
(") Wiy =0
for all sections o € T' (). (see [Saunders, 1989])

It is now remarkable that the contact forms allow the introduction of an exterior ideal (Def.
A.58) denoted as contact ideal.

Definition 4.13 (contact ideal) The contact forms wy on the n'" jet manifold generate an ideal

I,, over the exterior algebra )\ J"m on the jet manifold J"m. Such an ideal will be denoted contact
ideal.

Every element of the contact ideal o € I, annihilates the distribution of n™ order total
derivatives A = span (d;) and defines thereby a dual distribution A*.

An exterior ideal is said to be closed with respect to the exterior differentiation, if the
exterior derivative of an element of the ideal is again an element of the ideal, i.e.

acl,—da€l,.

Such an ideal is called a differential ideal (see, e.g., [Sastry, 1999]). The investigation of the
closeness of the contact ideal leads immediately to the following theorem.

Theorem 4.14 The contact ideal I,, on \ J"7 is not closed on \ J"m with respect to the exterior
derivative.

Proof. It is obvious that the exterior derivative of a contact form wf}, € I, given by

cannot be an element of the ideal 7,,. m

This theorem is closely related to the non-involutivity of the Cartan distribution as stated
in, e.g., [Saunders, 1989] and [Giachetta, G. Sardanashvily, L. Mangiarotti, 1994].

In part II we will apply the “inverted” procedure used in the non-closedness proof, i.e. we
will asks for elements of the contact ideal whose exterior derivatives lead to a certain form

o = dafy AdX

where dX represents the volume form dX = dX! A ... A dX". This results in m > 1 elements
of the contact ideal wf; ;, A 9y, |dX that meet

M

= —dafy AdX.
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Consequently this is in general not a unique procedure. It is now remarkable that the m
obtained forms
AII - dx([)f]_jﬂ /\ aledX

are pairwise contained in the exterior derivative of (7)) different, lower-indexed contact ele-
ments wf;_,, A 01,]dX given by

[\ J/

d | (dafy_p — 20y 1 gdX = afy_ ) dX) AL JAX | =1+ 1, #L, =2, i<k.

w‘[NJ —12]
Surprisingly three forms out of the (") similarly obtained forms
)\I2 - dl"ﬁ]_lﬂ /\ aIQJdX

are once again contained in the exterior derivatives of the (Tg) different, lower-indexed contact
elements wf;_; A 01,]dX given by

Is =1, + 1, + 1,,

« @ ) « k « T
d ((dx[J_IB} — ‘/L‘[J—]g-i-li}dX — x[J—Ig,—&-lk]dX — ',”C[J—Ig—‘rlr]dX ) A 613JdX) s i < k,’ <r

This sequence of contact elements related under the exterior derivative of lower-indexed ones
can be continued and finally ends up in one single, i.e. (Z), contact element w§_; A0y, |dX

d ((dxf}_lm} — x'ﬁ,_lmﬂq]dxq) A0, dX) , #I=m.

This investigation shows that a form dz{j; A dX is related to a unique, lower indexed contact
element w(;_; ;A 9y, ]dX, #1, = m. This observation is visualized in the following example.

Example 4.15 Let us consider the form
Aooo = dafy A dX = dx[llm AdXPAAX?AAX?.

Obviously we obtain three elements of the contact ideal, i.e. m = 3, whose exterior derivative
supplies Aooo

(Ao — Thrond X" — gy dX? — 2oy dX?) A O X A dX? A dX?
(dafing — 2o d X" — 29y d X? — 215dX°) A DpJdX AdX? A dX?
(darfig0) — TlaaqdX " — 215 dX? — 2{15ydX?) A 95 ]dX AdX? A X
The forms A\, are in this case given by
Moo = dajgey A JdXT A X AdX?
Nolg = dx[lm A Oy ]dXT AdX2 A dX3
Moot = Ao A B5JdXT AAXZ AAX?.

3
2

(dejoryy — 2l d X" — 2y dX? — 21, d X)) A )01 ]dXT A dX? A AX?
(defogg) — 2o d X" — 2oeqdX? — g dX?) A By ]85]dXT AdX? A DX

The three elements of the contact ideal, i.e. ( ) = 3, whose exterior derivative supplies Aoy are
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The forms w5_;, A Or,|dX contain pairwise the forms Ap,, i.e. Ao, Moo and Aoo1.The forms Aj,
are consequently given by

)\110 = dQJ[lOH] N (92J 81JdX1 N dX2 A dX3
)\011 = dl‘[lno] N 83J 82J Xm A dX2 VAN dX3
)\101 = dZL‘[IOQO] N 81J83J Xm A dX2 VAN ng .
Finally the single, i.e. (g) contact element w§_;, A 0r,]dX is give by
dx[low] - x[lno]Xm - I[lozo]dXZ - x[lon]dXs s

and \j;; = dx[lmo]. The exterior derivative of the form w5_;, A Or,]dX contains all three Ar,. This
construction is visualized in the following diagram.

Aooo
I
A100 Ao10 Aoot
< <
10 Alo1 o1t
A111

The contact structure could be used to introduce two differentials — the horizontal d; and
the vertical differential d,.. These differentials represent a decomposition of the exterior deriv-
ative

d=d,+d,

(see, e.g., [Giachetta, G. Sardanashvily, L. Mangiarotti, 1994]) and are defined as follows.

Definition 4.16 (horizontal differential) The horizontal differential of a form w € A\ J"7 is
defined by
dp (w) = asym(h]|d(w))+d(asym (h] (w)))
= dX'ALg (W),
where the contact structure of Def4.10 is used. (see, e.g., [Saunders, 1989] or [Giachetta, G.
Sardanashvily, L. Mangiarotti, 1994])

Definition 4.17 (vertical differential) The vertical differential of a form w € A J"r is defined
by
dy (w) = asym(v]d(w)) —d(asym (v] (w)))
= d(w)—dp(w),

where the contact structure of Def4.10 is used. (see, e.g., [Saunders, 1989] or [Giachetta, G.
Sardanashvily, L. Mangiarotti, 1994])
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Here the alternating map asym (-) as defined in (Def.A.50) is used.
These differentials meet the homology properties

dpdp, =0, dpd, =0, dpdp +dpd, =0.

The following lemma provides a connection between Stokes’s theorem (Def. A.70) and the
horizontal differential.

Lemma 4.18 For every o € I' () the following relation holds
do (j*0)" = (j"'0) od,.
Proof. As the exterior derivative commutes with the pull-back it follows that
do (j"0)" = (j"0) o d = (j"0)" o (dy + du) = (5" "0) o dy,

where (j"'0)" o d, = 0 is used. (see, e.g., [Saunders, 1989]) m
Consequently we get for the integral of the horizontal differential of a form w € A J"x over
the bounded base manifold D of the bundle (£, 7, D)

[ 670 @ = [arare)= [ cirore) .

Thus the relation of the horizontal differential and the boundary operator 0 is visualized.

Remark 4.19 The application of the horizontal differential d;, onto an (r — 1)-formw € (7")"A"™!
B equals the total divergence as defined in [Olver, 1986].

The introduction of a bundle morphism between two jet bundles (¥",¢) : J*p — J'x
enables one to pull-back elements of AJ"7w onto AJ"p. With regards to the corresponding
contact structures, it is possible to mark a special kind of bundle morphisms - the contact
bundle morphisms.

Definition 4.20 (contact bundle morphism) A bundle morphism (V")) : p* — 7" qualifies
as contact bundle morphism if

(\I/n)* : ]ﬂ—n — ]pn
0 — (I")6

maps elements © of the contact ideal I on ™ onto elements (¥™)* © of the contact ideal I,» on

p".
It is worth mentioning that we do not require ¥ to be a diffeomorphism. Another, even
more important property of a contact bundle morphism (¥" 1)) : p" — 7" is given by

Yo (i) = (1") e (W)

where the prolongations of the sections o € I' (7), v € I'(p) are used. This is nothing else
than the basic property of a bundle morphism. In the upcoming investigation of boundary
conditions, where the map ¢ is given by the inclusion map ¢ (see section 8.1) we will make
heavy use of this property.

Finally it is left to discuss the prolongation of a bundle morphism to the n jet.
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Definition 4.21 (the n™ prolongation of a morphism) The second prolongation of a bundle
morphism leads to

Yy’ oy, o\ foxe
5 L e o 2 o O
Vg = deldyp = <8xa Aty + Gpa WldF a0 (aw o/ (Y]))

(1]
19) S
- (h2) (s 2 0 -
Finally the n™® prolongation is defined recursively by
oxv . .
B _ B
Ve = o (%J]) ( oy °f (Y]))

as shown in [Giachetta, G. Sardanashvily, L. Mangiarotti, 1994].

It is obvious that these calculations represent a costly job. If the bundle morphism is
induced by a 1-parameter transformation group f = exp (em, ov), f = exp (ev), we are able to
consider its infinitesimal generator v instead. Fortunately one obtains a much simpler relation
given by

Definition 4.22 (n'" prolongation of a vector field) Let us consider a vector field
v=X'0; 4+ %9, € T (¢)

where X' = X' (X 2*) and i* = i* (X*,2*) is used. The n'™ prolongation of this vector field is
given by

0 = X0, + 70, + (Ld(, (:ta - X’@x“) + Xiaixﬁﬂ) AN el (rpn), 1<#J<n

where d; = (dy)”* o --- o (d,)”” and A = -2 is used. (see, e.g., [Olver, 1986])

[
and in the case of a vertical vector field v = v*J, € I'(7¢|,,,) we obtain an even simpler
version given by

Jj" (v) = v+ Lg, (v*) ol 1< #J<n. 4.4)

«



Part 11

Euler-Lagrange Systems
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Physical systems supply more than just a bunch of differential equations!

This introductory statement tries to summarize the fact that physical systems provide more
information than just their equations of motion. This additional information can be extracted
from, e.g., energy considerations or structural properties of the equations of motion.

Here we will consider Euler-Lagrange equations that are equipped with a particular rich
structure. These equations are defined to be the necessary condition met by certain functions
x® (X") such that the functional

sz/z(Xi,xa,xW))Xm--.dXT,
D

is minimal. Here we have introduced r > 1 independent variables (X?), i =1,...,r and s > 1
dependent variables (z*), a = 1,...,s. The Lagrangian density [ may also depend on the
partial derivatives 2™ of the dependent variables with respect to the independent ones up
to the order n > 0. Furthermore, the function / is assumed to be smooth on the domain D
of integration. The methodology to determine the Euler-Lagrange equations is referred to as
calculus of variations.

The following chapter is dedicated to the introduction of the calculus of variations within
the language of jet manifolds. The general problem, the solution using integration by parts,
and the subsequently applied solution based on the so called Cartan form is discussed. After
that, the variational formula is used for finite-dimensional and infinite-dimensional Euler-
Lagrange systems in chapter 6 and 7. Special attention is paid on infinite-dimensional Euler-
Lagrange systems and the non-uniqueness of the Cartan form. The achieved results give rise
to an extension of the approach, which leads finally to the so called extended Cartan form
presented in chapter 8. This mathematical object allows the unique derivation of the domain
and boundary conditions of an infinite-dimensional Euler-Lagrange system of arbitrary order.

This part is closed by chapter 9 which is dedicated to the analysis of the time evolution of
Euler-Lagrange systems. Again we treat the finite- and the infinite-dimensional case separately.
It will turn out that there exists a certain function h, which is invariant under the motion of
a finite-dimensional Euler-Lagrange system in the time-invariant scenario. In the infinite-
dimensional, time-invariant case this object is replaced by an invariant functional.

Finally we conclude that the Euler-Lagrange systems are equipped with a Poisson structure
and directly supply the Hamilton operator vy,.



Chapter 5

Calculus of Variations

Particular instances of problems involving the concept of a functional were considered more
than three hundred years ago, and in fact, the first important results are due to Euler (1707-
1783). The most developed branch of the calculus of functionals is concerned with finding the
maxima and minima of functionals and called the calculus of variations.

In the introduction the classical approach based on function spaces is sketched and several
questions are stated. Here we reformulate this task in the context of differential geometry in
order to answer the stated questions.

5.1 The Variational Formula

The representation of the calculus of variations on jet bundles requires in a first step the precise
definition of the used spaces.

5.1.1 Local coordinates

We assume a plant described by r independent and s dependent coordinates. As already
mentioned in Chap. 3 the appropriate mathematical representative of such plants is a bundle.
Consequently we consider the bundle (&, r, D) with dim (£) = r + s, dim (D) = r and choose
the local coordinates (X% z%), i = 1,...,r, a = 1,...,s according to £ and (X") according
to D. Additionally, it is assumed that the base manifold D is a bounded, oriented manifold
with coherently oriented boundary 9D. Furthermore we introduce the n™ order domain jet
framework II" as the collection of all corresponding jet bundles up to the n™ order — see Def.
4.9.

Remark 5.1 We have provided the domain D with the topological properties of a bounded, ori-
ented manifold and thus answered the first introductory question.

Now we are able to introduce the Lagrangian functional in the language of jet manifolds.

35
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5.1.2 Lagrangian functional

The Lagrangian functional £ represents a map
£:I'(r) - R
o — £(o)
given by

s(o):/ (j"0)" (1 (X,2%2fy) dX) , dX=dX'A-—-AdX, #J=1,....,n  (5.1)
D

where dX denotes the volume form on D. The r-form [ dX is called the Lagrangian of the
variational problem, where the Lagrangian density [ € C*° (J"x) is used. Thus the Lagrangian
is a section of the pull-back bundle (7™)" (Trrp), i.e. 1 dX € T'((7™)" (Trrp)). Additionally, we
make use of the n™ prolongation of the section o

c:D — €&
Xt = (Xi,:co‘ =o“ (XZ))
to pull-back the Lagrangian to 7-p, i.e.

This construction can be visualize by the following commutative diagram

(7")" (A"D) N'D
(7.[_71,)* (T/\TD) ldX TATD
J'o
JtT D.
7TT'L

Now we are able to introduce the variation of a section o (X*).

5.1.3 Variation

We introduce the variation of the section o € I' (7) as a fibre preserving bundle automorphism
(exp (ev),idp) generated by a w-vertical field v € TI'(7¢|,,,). A section o € I'(m) is called
extremal, iff it meets the condition

Lo (exp (e0) (0)

— [ LU e @) )

e=0 e=0

(4" (Lo (0)))" (I dX)

I
S

= 3" (0)" Ljny (1 dX)

I
o
9

for any admissible variational field v € I'(7¢|,,.) (see, e.g., [Saunders, 1989]). From this
representation we want to derive the necessary condition for extremal points — the Euler-
Lagrange equations.
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Remark 5.2 The Lie derivative of the Lagrangian along the vertical vector field v is the differential
geometric analogon to the linear part & (f' (X)) of the functional AL (f (X)) defined in the
introduction. Consequently the second question is answered.

5.2 Euler-Lagrange equations

To derive the Euler-Lagrange equations for (5.1), we apply Cartan’s formula (see Def. A.64)
given by
Ljn@) (W) = 3" (v)Jdw + d (5" (v) Jw)

and get
£1(O’)+£2(0’):0, (52)

with
2 (o) = /D ("0)* (0] dIAX) , £2(0) = /apb*“j”")* () (1dX) . (53)

where Stokes’s theorem (see Def. A.70) with the inclusion mapping ¢ : 9D — D is used. Since
the functional £, (¢) of equation (5.2) depends on the interior D of D and the functional Lo (o)
on the boundary 0D, both of them must vanish. In the present form, the functional £, (o)
vanishes for every arbitrary section and £, (o) leads to conditions for every jet coordinate z{},
the Lagrangian density depends on.

In fact this trivial solution is much too restrictive, as the used variational vector field on
J"m is obtained by the prolongation of a vertical vector field on £ — denoted by j"v.

In the subsequent investigations, we will discuss two different ways to incorporate this
additional information. The first possibility evaluates the functional £, (o) of equation (5.3),
where the prolongation of the vertical vector field is carried out using equation (4.4). Conse-
quently the obtained integrand contains total derivatives that could be used to derive a mini-
mal amount of domain conditions® by means of integration by parts. Obviously the application
of integration by parts also introduces additional boundary conditions.

The second possibility, which is due to Cartan, introduces a modification of the initial
Lagrangian functional (5.1) in order to prevent the necessity of a prolonged variational vector
field. The modification of the integrand by means of elements of a special contact ideal leads
to the minimal amount of domain and boundary conditions without the use of integration by
parts.

5.3 Integration by parts solution

A common strategy to derive the domain conditions is the integration by parts technique ap-
plied to £, (0), e.g., see [Olver, 1986]. A straightforward application of this method is possible
if all boundary terms vanish. Additionally, one has to keep in mind that classical integration
by parts is only valid in R!([Zeidler, 1990]). Thus it is not the appropriate tool to handle
integrals over higher dimensional domains. In appendix B the rectangular Kirchhoff plate is
investigated using classical notation as introduced in, e.g., [Gelfand, S.V. Fomin, 2000] and
the classical integration by parts technique is applied to determine the domain and boundary

The domain conditions must be met only on the interior D of the domain D, as the boundary D is of measure
zero in the functional £, (o).
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conditions. In fact the same results are obtained as given by Ritz in [Ritz, 1909]. Finally it
is shown that the stated condition on the edges is a result of the wrong application of the
integration by parts technique.

Fortunately there exists another solution that allows the straight forward derivation of the
domain and boundary conditions — the Cartan form solution. Additionally, it is remarkable
that this method is more suitable for computer algebra systems (see appendix C).

5.4 Cartan form solution
The upcoming modifications of the Lagrangian functional in equation (5.1) is based on the
following theorem.

Theorem 5.3 The Lagrangian functional is invariant under any additional element of the contact
ideal w € I,, (see Def. 4.13), i.e.

/D(jno)*(l dX)—/(j"o)*(l X +w) .

D

Proof. This theorem is a trivial consequence of the property of elements of the contact ideal,
ie.

(j"0) ' w=0.
|

Consequently we may add any term w to [dX in (5.1) and try to construct a new functional
¢:I'(m) — R,

¢(0) = /D (7 10)" (c) = £ (o)

with the so called Cartan form ¢ = [dX + w, such that

/D(j2”_10)* (j2”_1vjdc) :/D(j%_la)*(vjdc) (5.4)

is met.
Remark 5.4 The prolongation order of the section o must be increased, i.e.
jnO' N an_IU,

due to the special construction of the Cartan form c as shown in section 6.2.

If the stated suppression of the prolongation of v in (5.4) is possible, then we can pick the
domain condition directly from the expression

/ (7" 'o)" (v]de) =0, (5.5)
D
The boundary conditions for first order Lagrangians [ € C* (J'x) result simply from the ex-

pression
/8D v ((510) (GMv]e)) = /ap (7'9)" (va) (¥1)"¢) =0. (5.6)

Here we have introduced the boundary section & : 9D — £ and the contact bundle morphism
(0!, 1) (see section 8.1.2) and the variational vector field restricted to the boundary denoted
Vy.
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Remark 5.5 In the case of higher order Lagrangians the Cartan form construction is not sufficient
anymore and we have to introduce — as shown in chapter 8 — the extended Cartan form.

Since the construction of ¢ is quite different for the finite-dimensional case?, i.e. r = 1,
n > 1, the first order infinite-dimensional case®, i.e. » > 1, n = 1, and the n™ order infinite-
dimensional case, i.e. » > 1, n > 1, we discuss them in detail in the chapters 6, 7, and
8.

2The Euler-Lagrange equations become ordinary differential equations in the finite-dimensional case.
3The Euler-Lagrange equations become partial differential equations in the infinite-dimensional case.



Chapter 6

Finite-dimensional Euler-Lagrange Systems
(F-EL Systems)

In the finite-dimensional case we consider the bundle (€, 7, D) with dim () = s+ 1, dim (D) =
1 and the adapted coordinates (X!, 2%), a = 1,...,s. The volume form simplifies to dX= dX*
and the domain of integration is the one dimensional bounded manifold D with the boundary
points a,b € R, a < b in the local coordinate X*. Thus the zero dimensional boundary manifold
0D consists of the two points a, b.

6.1 Structure of the Cartan form

Since every contact form wf; ,; = (dxf‘kh] - xf‘ﬂd)@) , #J < n meets (j"0)" (w[o‘kho =0
for an arbitrary section o € I' (1), we choose

c=1dX +pi/l (dafy_y ) —2fdXY) , #J=J=1....n, zf=a" (6.1)

as Cartan form c with suitable functions p! € C> (J*"~17). Thus the determination of the

functions pL}” is now of interest.

6.2 Derivation of the Cartan form

The Euler-Lagrange equations are the necessary conditions that must be met by a section o,
such that

[ oy ax

D

becomes extremal. Up to now we have determine the necessary condition
(j2"710)* (v]de) =0,

which does not directly lead to the Euler-Lagrange equations, as it depends on the unknown
section o. Fortunately we are able to determine the Euler-Lagrange from the horizontal part
of v|de. This is a simple consequence of the fact, that the vertical part of v |dc vanishes auto-
matically under the pull-back (j>"~'o)".
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Consequently we introduce the horizontal projection (see [Giachetta, G. Sardanashvily, L.
Mangiarotti, 1994]) in equation (5.5) and obtain

(o) (v)de) = (%0)" (d1) (v)de)) A LY (6.2)

with the vector field of the total derivative

0

_ o g gl g9
d =01 +2))0a+ +apagla to, 0a = Dz,

(see Def. 4.11). Additionally, we are now able to determine the missing functions p[c;] ! from
the following expression

(di] (j"v]de)) NdXT =
i"v] ((—di]de) AdXT)
= —j"0) ((do) (AIAAX" + dpt A (dafy_y ) — afpdXT) — ptldafy A dXT)) AdXT)
= ") (dl = (diJdpt") A (dafy_y, — afdXT) — pildagy) A dX?
= j™] (A AAXT = (dy]dpt) Adagy ) AdX = plldag; AdXTY)

« e}

which results in

(di] (jv]de)) AdX" = ™| (Al AdX" — Ly, (p57) Adagy_ ) AdX! = pl/ldag, AdXT") .

« «

We are able to achieve the suppression of the prolongation of the vertical vector v (or simply

we can replace j"v by v), iff we choose the functions p[a‘]] according to

pit = 8l #J=J=n
= o =L, () = 1+ (—1) L, (08 ) #J=J=n-1
P = o= Ly () = R A (0P Ly () L = Lo oL
~——————
#1—times

= O =L, () = N Sk (0 Ly, (OR) T =a =1
(6.3)
Combining the relations (6.1), (6.3), we can rewrite the exterior derivative of the Cartan form
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as

de = dlAAX"+dptI A (dafy ) — afydXTY) — plldafy A dX?

n—#J #1 o o
= dindXT+d (fl[;nl +D i, DL, (@[x””l)) A (dafy,) — afydXT)

— (A + 37T (—1)F Ly, (08 ) day A dX!

= ALAAX! + (dy+dy) (ag’]z + Z”_#J (=1 L, (0F710)) A (dafy_y,) -
n—#J
= (O3 T (1P Ly, (9 4) ) day A ax!
— dIAdXT 4 d, (a“]z + Z (—1)* L, (agf“lz)) Adafy_y,

+d, (o1 + Y T (=)* L, (ag’“]z)) A(dafy_y ) — 2% dX")
n—#J
- (ag”z > )L, (ag’”lz)) daty A dX!

= Oulda® AX' 3" (=1)' Ly, (030) da® A dX?

w004 32 (C1# L, (90)) A (daty ) - 2ty X))

— S (e AdX +d, (071 + ST C# L, (00)) A (dat g — 2 d X!
#I=1 [J—11] [J]

R

0

with the Euler-Lagrange operator §,, which is given by

; i ; 0
Oa + Zz— Ldl (aof] ()) ) (Ld1) = Ld1 ©---0 Ld1 s a([l] = 87?1 (6.4)
i—times !

in finite-dimensional case. It is remarkable that the 2-form 0 meets

di]0 =0 or equivalently (j*'o)" (6) =0

and consequently the prolongation of the variational vector field becomes unnecessary.

Remark 6.1 It is obvious that the constructed Cartan form qualifies as a Lepagian form (see

[Giachetta, G. Sardanashvily, L. Mangiarotti, 1994]).

6.2.1 Extracting the Euler-Lagrange equations
Obviously, the Euler-Lagrange equations can be extracted from

(—di]de) AdX' =0

or equall
. 5a(l)da:°‘/\dX1:O.

(6.5)

(6.6)

The application of the horizontal projection in (6.2) leads obviously to an algebraic relation,

i.e. the Euler-Lagrange equations ¢, (/) = 0, on J*"r.
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Additionally, we get the boundary conditions

7o | (U1)" e = j"vp] ((p[o‘lﬂ o) dx[of,fh]) =0. (6.7)

This condition has to be met at the “time”-boundary points (a, b). In the case of Euler-Lagrange
systems, it is assumed that the variational vector field v vanishes at the “time”-boundary. Con-
sequently no boundary conditions appear for finite-dimensional Euler-Lagrange systems, as
the equation 6.7 is always met.

Remark 6.2 In the theory of calculus of variations all independent coordinates are treated equiv-
alently, i.e. they are assumed to be local coordinates of the manifold D. In fact, the additional
assumption in the context of Euler-Lagrange systems that the variational vector field vanishes on
“time”-boundaries is the first and the only distinction of an independent coordinate X' — the time
t.



Chapter ;

Infinite-dimensional Euler-Lagrange Systems
(I-EL Systems)

In the case of infinite-dimensional EL systems we make use of a bundle (£, 7, D) with the
total manifold £, dim (£) = r + s and the bounded base manifold D, dim (D) = r > 1.
Additionally, we choose the local coordinates (X*), i = 1,...,r according to D and (X?, x%),
a = 1,...,s corresponding to £. Before we actually start to analyze the infinite-dimensional
case we discuss the considered domains.

7.0.2 Considered Domains

The switch from the finite-dimensional to the infinite-dimensional case equals the consider-
ation of domains of integration with possibly higher topological complexity. We will confine
ourselves to the case of a base manifold (or domain of integration) D homeomorphic to an
r-dimensional unit sphere. We will consider base manifolds D without boundary, i.e.

0D =0
as shown in Fig.7.1. It is obvious that the derivation of the boundary conditions for infinite-

1-dim. circular 2-dim. closed
domain: domain:

Figure 7.1: Domains without boundary.

dimensional EL-systems becomes trivial, if no boundary exists. Thus we consider also domains
D with boundary; i.e.
0D # 0

as shown in the figures 7.2 and 7.3. Here we distinguish between smooth and non-smooth
boundaries. It will turn out that from the differential geometric point of view the distinction

44
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2-dim. plain domain with 2-dim. domain with
circular boundary: smooth boundary:

Figure 7.2: Domains with smooth boundary.

2-dim. plain domain with 2-dim. domain with 3-dim. domain with
rectangular boundary: non-smooth boundary: non-smooth boundary:

Figure 7.3: Domains with non-smooth boundary.

between smooth and non-smooth domains is not of main importance, as long as we confine
ourselves to the case of non-smooth boundaries that are built up by a finite amount of bounded
smooth manifolds. As the construction of the extended Cartan form is a local procedure, it will
not differ for smooth and non-smooth boundaries (see section 8.4).

Subsequently we have divided the investigation of the I-EL systems in two sections. At first,
we consider the case of first order Lagrangians [ € C* (J'7). After that, the more general case
of n™ order Lagrangians [ € C* (J"r) is treated.

7.1 Systems with 15 order Lagrangian

The preliminary work of section 5.1 enables us to establish the Cartan form solution in a
straight forward manner. At first let us define the structure of the Cartan form c.

7.1.1 Structure of the Cartan Form

Following the considerations from above, one sees that a possible choice for the Cartan form
is given by ‘
¢ =1dX + pliil (dz® — aff jdX) A (0;)dX) , jii=1,...,7, (7.1)

with suitable functions pi? € (Jim).
In the next step we have to determine these functions such that equation (5.4) is met.
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7.1.2 Derivation of the Cartan Form

We are again able to apply the horizontal projection in the form of

(7'0)" (j'v] (de)) = (j%0)" (D] (j'v] (dc)) NdX) , D=d,|---]di, (7.2)

in order to obtain the Euler-Lagrange equations as algebraic relations on /7. Here the total
derivatives d; of definition 4.11 are used again.
Having the horizontal projection at ones disposal, we determine the expression

D] (j'v] (de)) ANdX =
= j'v]((=1)" D] (dc)) A dX
= (—1) jl] (DJ ( (l dX + plb] <dxa/\8deX—xﬁj1dX>>>> A dX
= (—1)" jl] (Dj (dz A dX + dpll! A (da;"‘ A8, |dX — xﬁj}dX) — pllldag; | AdX)) A dX

= ') (WA X~ (d;]dplt) de® A aX — plbldag ) A dX)

This relation becomes independent of the prolongation of the vertical vector field j'v, i.e. no

La, (v*) will appear, iff the functions pr ] are determined by

U gl

Pk L HI=1,J0=1,. (7.3)

Remark 7.1 There exists only a single contact form that can be used to cancel out a certain dafy
form entry of de. Thus the proposed Cartan form is unique.

The combination of (7.1) and (7.3) leads to
de = dl AdX +dplid A (do® A 6;JdX - afy jdX) = pllldaf; ) A dX
= LA X+ (dy (DE) + dy (DE0) A (da A s JaX — af; jdX) = DN dafy ; A dX
= Ooldz® AdX + Ol dafy ) A dX + Ly, (0591) dX7 A da® A 0;]dX
by (D8510) A (e A 03] aX — afy jdX) = O1) daf ) A dX
= G0 (1) da® A dX -+ dy (D50) A (2 A 8;]dX — of; X

~
0

with the Euler-Lagrange operator J,,

S +Zz_ (O () (7.4)

and a (p + 1)-form 6, which meets D|§ = 0. Consequently we are able to determine the
domain and boundary conditions.

It is worth mentioning, that the Cartan form qualifies also in this case as a Lepagian form
(see [Giachetta, G. Sardanashvily, L. Mangiarotti, 1994]).
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7.1.3 Extraction of the Euler-Lagrange Equations

From the functional (5.5) and the considerations in equation (7.2), we are able to determine
the Euler-Lagrange equations as the partial differential equations

((=1)" D]de) AdX = 0

or equivalently
do (1) dz* ANdX =0

It is obvious that these partial differential equations represent the algebraic relations on J?7
of interest.

7.1.4 Extraction of the Boundary Conditions

The integral of equation (5.6) leads in this case to the expression

L ((jla)* (v]e)) = (jlﬁ)* ((\Ill)* (v]e)) (7.5)

= (5'0)" ((¥")" (v*0a] (1AX + plo! (d2* — 2} ;dX7) A (8;]dX))))
= (7'0)" (") (°00) (P7)da" A (2,)dX))))

= (j'0)" ((v* 0 1) 0, (V)" (pllda A (9;]dX)))

= (5'0)" (v§0a] (P 0 W) dz* A dX))

= (')" (va) (o5 ) az> nax) )
which must vanish on the boundary for any admissible variational field v. Here we have in-
troduced the boundary Euler-Lagrange operator 55;} (1) = p[o} oW, Thus we get the boundary

condition )
so () dz* AdX =0, (7.6)

with is again an algebraic relation. Additionally, we made use of the boundary volumes form
dX and assumed that 9,]dX = dX. This is always possible by the introduction of a special
change of coordinates and explained in more detail in section 8.1.1.

Now we are able to switch to a more general case of infinite-dimensional Euler-Lagrange
systems.

7.2 Systems with n™ order Lagrangians

7.2.1 General Problem

Unfortunately the case | € C* (J"r), n > 1 is substantially more difficult than the first order
case. The main reason for this fact is that in the determination process of the Cartan form,
one can find several contact forms wiy_pp#L =1 that allow the cancellation of a certain
form part daf, in dc (see theorem 4.14). The only exceptions are the previously treated finite-
dimensional case » = 1 and the infinite-dimensional case r > 1 with first order Lagrangian
n = 1. In both configurations, there exists only one unique index /; and thus the corresponding
Cartan form is unique.

In the next step we will analyze the impact of this non-uniqueness on the domain and
boundary conditions.
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7.2.2 Construction of the Cartan Form

In the upcoming investigations we will use contact forms in the following representation
Wli_n = (dx’ﬁ,_h] —xﬁ]_hﬂi]dXi) , =1y, ke{l,...;r}, 1=1,...,my.

Remark 7.2 The used notation wf;_,, implies that the corresponding contact form exists only for
non-negative entries in the multi-index [J — I].

We assume that there exist 1 < m; < r contact forms for a given multi-index J, #J > 0.
Furthermore let us apply all possible contact forms w{;_;, in the construction of the Cartan
form, i.e.

c—ldX—l—Zp[J I (dafy_ gy — afgdXM) A O JdX, #J=1,....n, L=1, (7.7)

=1

to realize p[J et

[J—I1,J] -

x[oj,] dX entries in c. It is necessary to introduce the double multi-indexed

functions pe, in order to incorporate the non-uniqueness of the correspondence between
zfy and wij_; . Again we require the Euler-Lagrange equations to be algebraic relation on a
certain jet manifold and consequently we introduce the horizontal projection

(7" 7'o)" (Mo (de)) = (5"0)" (D] (>0 (de)) AdX) , D =d, -+~ d; .
Finally we obtain

(DJjQ”’le dc) ANdX = (7.8)
= 0] ((~1)" DJde) AdX

= (=1)" (f%JDJd <ldX—I—ZpJ Il (A g A Oy, JdX — ]dX))> A dX

=1

= (=1) (f’wm <dl/\dX

my

+ ) (dpll = A (dafy gy A O JdX — 2y dX) = i dag Adx)>> A dX
=1

— <dl/\dX > (di Jdpl =V A day A dX +pl ‘”dx@ﬂ\dX))

di A dX — (Ldkl (P ="7) A dafy_yy A X + pl/ gy A dX)) :
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Thus all da{), form parts disappear in dc or equivalently the prolongation of the vertical vector
field v becomes unnecessary, see again (5.4), iff we choose

my

S gl #J=n, L =1

=1

Z (7.9)

This construction does obviously not determine the Cartan form uniquely. Actually it deter-
mines a family of forms. In the next step, we investigate the domain conditions that can be
determined from every element of this family.

7.2.3 Conditions on the domain

[J,J+15]

If we consider the equation (7.8) we see that all p; are canceled out by lower indexed
[J—14,J]

Da except for the case #.J = 0. This is a consequence of the fact that a jet variable z{},

[ ’“1].

with multi-index J = 1,, #.J = 1 leads to the introduction of a unique function pg

Remark 7.3 This fact was responsible for the uniqueness of the Cartan form in the case of first
order Lagrangians.

[071k1]

Thus we have to focus on pq in equation (7.8) and get

Z Ldkl (paO Lk ) = ZT: Ldkl ( alkl ZLd ( alkl,lkl-‘rli]))

k‘l 1 ]{31 1

- Z Ldk 1k1 [ — Z Ldk ZLd ( alkl,lkﬁli])
kl 1 kl 1

_ ZLdkla(le]l_ Z La, ( J]Z_ZL [JJ+1] >
k‘1*1 #J=2

- Z Ly, @ okl S Ly, d
k=1 #J=2
3 L Do

#J 2

- St S L

k1=1 #J=2

+2Ld1< J]Z_ZL [JJ+1]>
#J=3

c )
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where we have made extensive use of

LdiLdj (f) = Lddei (f) s f e C™ (J"7r) 5 Z,] = 1, o, T
and 4 '
Lszngl)hO---O<Ldr)Ji, [J]:Uljr] .

~
#J-times

We see that all p[J Bl 7 > 0 can be replaced by the assignments of equation (7.9) and

consequently it follows that

myj

dIAdX =) (Ldkl YY) Adafy_py A X+ pl g A dx) =

=1

= (a [+ Z a”ﬁ)) dz® A dX
#I=1
= 0, (1) dz* AdX,

with the Euler-Lagrange operator §, given by

= 0l + Z D* Ly, (0101) . Ly, = (Lg)" 00 (L))" . (7.10)
#I=1 #]—‘times

This derivation shows that every element of the determined family leads to the same domain
conditions, i.e. partial differential equations. On the one hand this result is rather satisfactory,
because the determination of the domain conditions is solved. On the other hand this implies
that there exists no distinguished Cartan form using the presented construction. Thus it is
necessary to add additional restrictions if one wants to obtain a unique Cartan form. This can
be achieved by the use of an additional index ordering as presented in section 7.2.5.

In the next step we will investigate the consequences of the non-uniqueness of the Cartan
form on the determination of the boundary conditions.

7.2.4 Conditions on the boundary

The condition on the boundary results in

(\112"_1)* (jzn_lvjc) = 2l | ((\1!2”_1)* (ldX —i—pL}]_h"ﬂ (dxﬁ},h] — IféJ}kal) A 8lidX))
_ j2n 1U8J ((p[aJ—lT,J] o \IJanl) diﬁ],w A dX) (7.11D)
= 52y | (P o U dafy ;A X
=0

with

Ilzlkla k‘lE{l,...,’/‘}, l=1,....m;, #J=1,...,n
Additionally, we have again assumed that the boundary volume form is given by dX = 9, |dX.
Unfortunately the boundary conditions are not uniquely determined, which is visualized by
the still unknown functions p[J tlin (7.11).

To overcome this non-uniqueness problem, we will make use of an additional index order
(see Def. 4.2) in 7.2.5 and discuss the resulting partial differential equations and boundary
conditions. It will turn out that the chosen ordering does also not allow a correct determination
of the boundary conditions.
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7.2.5 Unique Cartan Form using Index Ordering

The introduction of an index order (see Def. 4.2) enables us to identify uniquely, which contact
form wi_np #1; = 1 has to be used in the construction process of the Cartan form, i.e., which
wfy_p,) has to be used to cancel out a dzf}; entry in de. This can be done by choosing the
minimal index (J — I,),;, in the determination process of wf;_, ..

Having this ordering at ones disposal, we are able to define the Cartan form to be of the
following structure

c=1dX +ptl (daf) ;A OJdX —afydX) , #J=1,....n, L =1, (7.12)

Here the uniquely determined functions p[o;]] result from the index ordering and thus they are

no more equipped with a double multi-index.

Remark 7.4 The used index order is not geometrically motivated and consequently the deter-
mined Cartan form is not invariant under coordinate transformations. It will be shown that this
is the major drawback of this approach in the determination of the boundary conditions.

Following the considerations from above, we see that the expression

(D]*wlde) AdX = 0] (Al A X = diJdpt! A dagy g A dX = ptldafy A dX)
= 5 vj (dI A dX = (L, (pY") A dafy_py A dX + ptldag) A dX))

Oé

does not require the prolongation of the variational vector field anymore, iff we choose
pit = o #J=n, L =1

= o=y, (p) = 01+ (<1) T, (08 H) #J=n—1,1 =1

= o=y, (P = o S (0P g, (0E) ns g >0 n= 1,

P = alli—L, (py M) o+ Yk (1) Ly, (a‘[‘JH]l) #/=1

(7.13)
Like before we are now able to derive the domain conditions.

7.2.6 Conditions on the domain
Combining the relations (7.12) and (7.13), we can rewrite dc as
de = dIAdX+dpt/ A (dafy_p) A O JdX — 2fdX) — ptldafy A dX
= dlAdX+ (dpp! + dvpyl) (dafy_p; A O)dX — 2fdX) — ptldagy A dX
= 0o () du® AdX +4d, (P1) A (dafy_ gy A O JdX — :cﬁ,]dX)J

0
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with the Euler-Lagrange operator ¢, (-) defined by equation (7.10) and a (p + 1)-form 6, which
meets D |0 = 0. The system of partial differential equations follows again from

(=1)"D]de) NdX =0, (7.14)

which is of course equivalent to J, (/) = 0.

7.2.7 Conditions on the boundary

Again, one gets the conditions on the boundary from the expression

(\I}2n_1)* (jQ"_lvj C) _ an_IUBJ (\Ij2n_1)* (ldX +p([;;]] (dxﬁt]—lk] — LE?J}ka) A akJ dX§715)
= 72 g (P o WYY dafy_, | AdX)

which must vanish for any admissible variational field v = v*0,. Unfortunately the derived
conditions are not the boundary conditions of interest. In fact the coordinate dependents of
the index ordering implies that the same system would have different boundary conditions
in different coordinate systems. Consequently this approach does not allow to derive the
boundary conditions of infinite-dimensional Euler-Lagrange systems.

In the next chapter we will discuss an extension of this approach that enables the deriva-
tion of the domain and boundary conditions using the so called extended Cartan form. It is
worth mentioning that the extended Cartan form approach makes use of certain index order-
ing principles that are geometrically motivated.



Chapter

The Extended Cartan Form

Up to now all investigations were based on the ideas presented in section 5.1. The determi-
nation of the Cartan form was discussed in the finite- and infinite-dimensional case. It was
shown that the non-uniqueness of the Cartan form in the infinite-dimensional case with n™ or-
der Lagrangian density does not influence the domain conditions and that this does not apply
for the boundary conditions.

Before we actually start to extend the Cartan form approach, some general remarks on the
geometric meaning of boundary conditions must be given.

8.1 Pull-back of the Jet Framework

The oriented base manifold D is assumed to be bounded by the coherently oriented boundary
manifold 0D. The inclusion mapping ¢ : 9D — D describes the relation of both manifolds and
enables us to pull-back the jet framework as shown in

(XY) (X', z%) (X7, 2%, 2
Do T . T Tl g
L
oD * e "
s ve () () v
(X9) (X5,2%) (X5, 2%, 2fy)

The achieved bundle structure on the boundary is obviously no more a jet framework. Roughly
speaking there are too less independent coordinates available to qualify as a jet framework. On
the other hand the additional undetermined coordinates can be seen as a degree of freedom
and this gives a first idea of what boundary conditions are all about.

In order to make this idea more visible, we introduce a special class of coordinate transfor-
mations on the domain D.

53
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8.1.1 Coordinate Transformation

We introduce special local coordinates (Y*) on the domain D, such that the inclusion mapping
¢t : 0D — D becomes

t: 0D — D (8.1)
Vi = V=Y, V' =Yj=const., i=1.. (r—1).

Here we have introduced new adapted coordinates (YZ) on the boundary manifold 9D. Ad-
ditionally, we require that points of the domain p € D meet in this new local coordinates
p" <Yj,ie. the coordinate Y has to point out of the domain (see Fig. 8.1).

P C

Figure 8.1: Change of coordinates on the domain.

An appropriate bundle morphism (see Def. 3.5) for the coordinate transformation is given by

f:D — D
Yio— X'(Y7), gi=1,...r
f:& = &
Y7y — Xi(Yj),xo‘:y"‘, a=1,...,s.

The prolongation of this bundle morphism to the n™ jet (see Def. 4.21) enables us to pull-back
the Lagrangian and to obtain

UYLy ytn) Y = G (X 2, afy) dX))

whereby the transformed Lagrangian density [’ and the transformed volume form dY are in-
troduced. Subsequently we will suppress the superscript, i.e. we will use [ dY instead of
I'dY to keep a concise notation. Of course this construction does not lead to a uniquely de-
termined bundle morphism as illustrated in figure 8.2. This non-uniqueness is an immediate
consequence of the non-uniqueness of the map f.
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X2 K

Figure 8.2: Non uniqueness of f.

8.1.2 Boundary Jet Framework

Having the special local coordinates (Y*) at ones disposal, we are able to enlighten the relation
of the inclusion map ¢ and a section on the domain ¢ € I'(w). In order to motivate the
upcoming modifications we consider the following example.

Example 8.1 Let us consider a bundle 7 with local coordinates (Y',Y? y') and its first and
second jet J'm resp. J*m with local coordinates <Y1,Y2, Y, y[llo],y[lm]) resp. (Yl, Y2 ,yl,y[llo],

y[lm], y[lzo}, y[lm, y[lm]>. The pull-back of this structure along ¢ results in *7 with local coordinates

(Y17 yl)) L* J17T Wlth <Y17 y17 y[ll()}a y[101]>1 Clrld L*Jlﬂ- Wlth (Y17 y17 y[110]7 y[loua y[120]7 y[lll]ﬂ y[102]>
Now we are able to introduce a section of the pull-back bundle structure

00:0D — &
Yoo Y gt =ah ()

This section is related to a section o of m by o oL = c},,. Obviously an arbitrary choice of c};, does
not violate the domain jet structure. Due to the special choice of the independent coordinates, we
are able to derive a section o, on t*J'w from oy by

01:0D — SJ'w
_ _ _ dol, (Y1 _
vt — ! Yt = U<190 (Yl) ’ ?J[llo] - % ) y[lou = Ué1 (Yl) .

Obviously one can again choose an arbitrary function o}, without violating the domain jet struc-
ture. Thereby the degree of freedom obtained by the pull-back of the jet framework is incorporated.
Consequently we are able to introduce a section o, on * J*7 by

09:0D — T
— ool (Y1 —
P DO o) g B s oh )
- 820l (Y1 ok 1 Yl =,
Yo = ok Vi = —avr » Yoy = O (V)
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Again the function o}, (Yl) incorporates the gained degree of freedom. It is worth mentioning
that o5 and o, meet by construction all integrability conditions, i.e. they are compatible with o,
resp. og and o;.

This example illustrates that every section o, : 9D — (*J*E, k = 0,...,n is equipped
with a function o§, that could be freely chosen without violating the domain jet structure. We
conclude that all local coordinates Yo..0j,) CAN be assigned freely on the pull-back structure
in accordance to the domain jet framework. From a mathematical point of view, this effect
represents the loss of the contact structure on the pull-back bundles *r.

Fortunately it is possible to introduce a jet bundle structure on the boundary. This en-
ables us to introduce the bundle morphisms (¥™,.) : 7" — 7" that qualify as contact bundle
morphisms, i.e.

(O™ I, — L.

All elements of the domain contact ideal I,, are mapped onto elements of the boundary contact
ideal I,,5 by means of the pull-back (¥™)". Here we have already used the boundary bundle 7

Definition 8.2 (boundary bundle) The boundary bundle (£, 7, D) according to a domain bun-
dle m consists of the (r — 1)-dimensional base manifold 0D, the boundary projection 7 and the
(s - k,)-dimensional total manifold . We equip € with the local coordinates (Y7, yfs .0 U .1)s

yfé...oap cee y[oé...o-kr—l]> or in a shorter notation (YJ', y[%...o-];]): Jr=0,..., k. — 1.
The dimension of £ is determined by the quantity 0 < k, < 2n.

Thus we are able to define the boundary jet framework 117 consisting of the bundles

7, & w<j, j=1,....,n, w=0,...,n—1

J
w

according to the boundary bundle 7.
Additionally, we obtain a boundary contact structure (see Def. 4.10) corresponding to II}

in local coordinates (Yj Yo, 0] y[”‘j'j ]) by two vector valued one forms

[j+ll ;jr

ha _ dY/z ® <5z + yﬁi;jr]a([f...();jr] 4+ .+ ya ]8£J;jr]) 7 51 = ——

_ o o V) [jvjr]
Yo = (dy[f;jr] Y] Y ) O

where )
i=1,....,r—1, jo=0,....k,—1, L =1,, #J=0,....n

is used. Here we have introduced the boundary multi-index [J] = [ji ... j,_1].
The boundary contact structure leads to the definition of the boundary total derivatives

a X j; "r
daz- = az + yﬁi;jT]a([J({)...O,Jr] 4+ yﬁf—&-[l-jr] aL J ] , 0= 1’ L= 1
Furthermore the boundary contact forms are given by
wa[j;jr]:dy[j;jr]_y[j+h;jr]dy B 221,...,T—1, jr:O,...,k,’r—l.

The definition of boundary contact forms forces the introduction of a boundary contact ideal.
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Definition 8.3 The boundary contact forms wg[ 7] of the n'" jet manifold J"7 form an ideal I,

over the exterior algebra A\ J" (£). Such an ideal will be denoted boundary contact ideal.
All elements wy of this boundary contact ideal 7, meet the following relation
(4"7)" (wa) =0,
where the prolongation of the boundary section
7:0D — &
Vi (Yi, y[%...o;o] =05 (Yz) ay[cé,..o;l] =0 (Yl) ye 7?J[%...0;k] = ogy, (YZ)) s

is used. The functions o§; correspond to the used notation used in example 8.1.
The definition of the boundary bundle enables now the introduction of the subsequently
used contact bundle morphisms.

Definition 8.4 Boundary contact bundle morphisms are contact bundle morphisms, whose pro-
jection v is given by the inclusion map « : D — D. The boundary contact bundle morphisms

(") 7" — 7"

are given in local coordinates (Yj, yﬁ) resp. (}_”', y‘["j_j ]) by

<Yi,y[°‘j;jr]> — (Yi =YY" =Yj = const., yfy = y‘[)‘j;jr]) ) =[J4] -
Thus the pull-back of the domain contact forms along the map ¥”

() (40 = 0, 0V7) = ) = OV = T ==L =

results in boundary contact forms. These bundle morphisms are visualized in the following
commutative diagram

(¥7) (Y7, y) (V7 )

D T P g ™ -

L v un

oD - & -1 R Jw

(v*) (Y. 90.04,1) (Y’} Y0o...0:, yf};jr]> :

Before we are able to present the structure of the extended Cartan form, we have to inves-
tigate some relations between domain and boundary contact ideal.
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Corollary 8.5 Every element A\ € I' (\J"7) that meets
(™) X=X\ € Iy,

vanishes under the concatenation of the pull-back along a domain section o and the inclusion
mapping t, i.e.
(") A) =0.

Proof. It is obvious that A must be of the form
A= (dyfj,] —yﬁ‘]Hj]de#—ngT) Af, geC=("r), fen(Tr),j=1,...,r—1
due to (¥™)" \ € I,. Thus we have to prove that
o ((j”a)* ((dyﬁ}] — Y, dY7 4 ng’“) A f)) —0.
The pull-back along the prolongation of a domain section leads to
(j"0)" ((dyﬁ“]] — gAY+ ng?"> A f) = (8, (910) + (g0 j"0)) AY" A (j°0)" f
and by the application of
(0 (O0) + (gogma)) dYT) A (j"0)" f =0

we have proved the corollary. =

It is worth mentioning that every element of the domain contact ideal I, is an element of
this class.

This preliminary work enables us now to define the structure of the extended Cartan form.

8.2 Structure of the Extended Cartan Form

The definition of the domain and boundary contact ideals are the cornerstone of the following
definition.

Definition 8.6 (Extended Cartan Form) The Extended Cartan Form — or ECF for short — is
given by

Cext = 1 AY +w + dwy = ¢+ dwy
with the elements of the domain contact ideal w € I,, and the boundary contact ideal (¥")" wy €
Lop.

This definition is mainly forced by the following theorem.

Theorem 8.7 The Lagrangian functional is invariant under any additional elements of the do-
main contact ideal w € I, and the exterior derivative of any elements of the boundary contact
ideal (V")* wy € Iy, Le.

/D(j"a)* ( dY):/(j”a)*(l Y +w + dws) .

D
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Proof. Similarly to theorem 5.3 we make essential use of the property of elements of contact
ideals on the domain
(j"0) w =0

and on the boundary
L ((j"0) wy) = 0.
These properties can be used in

/D(j”a)* (1Y +w + dws) = /D(j”a)*(l dY+w)+/Dd(j”o)*wa
= [y aay o+ [ ereren)
= [ oy av)

to prove the theorem. m
The impact of the extension of the Cartan form on the domain conditions is treated in
corollary 8.8.

Corollary 8.8 The extended Cartan form c.,; and the original Cartan form c lead to the same
domain conditions, i.e.

((=1)" DJde) AdY = ((—1)" D|dcey) AAY .
Proof. This is a trivial consequence of the identity
dceyr = de+ d (dwp) = de,

which has to be used in
((=1)" D]dcege) ANAY =0

to determine the domain conditions. m
This result confirms the applied modification.

Remark 8.9 The fact that an additional exact form does not influence the domain conditions
in the calculus of variations is well known. Such an exact form generates a null Lagrangian as
defined in [Olver, 1986].

The introduced extensions will provide the necessary degrees of freedom to determine the
boundary conditions uniquely. It is remarkable that the consideration of any further extension
by means of an additional exact form, i.e.

ldY+w—|—d(wa+dw33)
or equally by
/ (]nO')* (l dY+w)—|—/ (jna')*(,Ua—l-/ (jng'> wao
D oD 00D

does not make any sense for the given Lagrangian functionals of the form

/ldY,
D

because of the closeness of the exterior derivative, i.e. dd(-) = 0. This could be equally
explained by the fact that the boundary manifold has itself no boundary, i.e. it is closed.
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Remark 8.10 These considerations do not apply for Euler-Lagrange systems whose Lagrangian

functional is given by, e.g.,
/ lldY1+/ l2dY2+/ I3 dY3
D, Dy Dy

where Dy C 0D, , D3 C 0Ds. Such problems of coupled systems of different base-dimension will
not be treated in the Euler-Lagrange part of this thesis.

In the next section we will present a procedure to construct the extended Cartan form.

8.3 Construction of the Extended Cartan Form

8.3.1 Coordinate Expression of the ECF

The introduced bundle morphism (f, f) and its prolongations enable us to pull-back the La-

grangian to [dY, [ € C* (J"r) with the adapted local coordinates <Yj, y?, y[@]).

We define the extended Cartan form in local coordinates to be given by
Cezt = IAY + pg_h’ﬂwﬁ]_m A Oy JdY +d (pLJIQ’J;jT]wa A OO, dY>

[J—I2:r
where

#J = 1,...,n
#Il = ]., 11:1]', j:17...,7"
- k,
#J = 1,....n, 7,=0,...,——1
#IQ = 1, ]2:11'7 izl,...,T—l

is used. The pull-back of the form w meets

[T—I2;jr]
(\I]”) w?j—[g;jr] = wg[j—lg;j,,}’
i.e. is a contact form on the boundary jet bundle. -
The still unknown functions pl/ /1 € ¢ (J2n-1&), pLJ_Iz’Jm} € C> (J*~1&) represent the
necessary degree of freedom for the determination of the domain and boundary conditions.
Obviously all p[a]*h"]]wﬁj_ 5 A0y, |dY are elements of the domain contact ideal 7,, and simi-
larly all (¥™)* (p([f_b’];jr]w?] 1] A OO, dY> are elements of the boundary contact ideal
—423])r
I5,. Thus the stated requirements to qualify as extended Cartan form are met.

8.3.2 Derivation of the ECF

The multi-index ordering of definition 4.2 is an arbitrary choice and no geometric informa-
tion is used in its construction. Having the local coordinates (Yj,yﬁ ,yfﬂ) that incorporate

some additional information about the boundary shape at ones disposal, we are able to intro-
duce a geometrically motivated partial ordering. This is mainly caused by the existence of a
distinguished coordinate Y and consequently of a distinguished index j,.
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Definition 8.11 (partial ordering) In the local coordinates (Yj yP, y&) we define the follow-

ing partial ordering. Let J, = ja1...Jar and Jy, = jp1...Js- be two multi-indices. We say
Ja >part Jp if in the difference J, — J,, the rth entry is positive.

This partial ordering is compatible with Def. 4.2, i.e.
Jo >part Jp implies J, > J, .

In order to obtain a minimal amount of boundary conditions, it is necessary to apply the

partial ordering in the determination process of the functions p([;] —hdl, Consequently we will

use the contact forms w‘[f,_ n with the smallest indices [J — [;] with respect to >, in the
determination process of the functions p([;]*h"]]. Due to the compatibility with the general
multi-index ordering, one can also use the general ordering >. This leads precisely to the
results as presented in section 7.2.5, if the local coordinates (Yi, ye, y&) are used.

From the general boundary condition (5.6) we know that

vt ((j2"_10)* (10| cewt)) =0

must be satisfied. Fortunately we are able to reformulate this equation

G5 0) (M)eew)) = (521E)T (BT (50 Cenr)
= (7'5)" (5"va) (T Comt) = 0

where we have used the boundary section & : 9D — &, the properties of the boundary contact
bundle morphism, and the prolonged variational vector field j"v restricted to the boundary?
denoted by j"vy. The pull-back of the extended Cartan form to the boundary (¥2")" c,,, is in

the local coordinates (Yj P, y&) a trivial operation and given by

2n\ * _ [J—I1,J] 2n—1 @ \/ [j_b’j;jr] @ ¥,
(\I] ) Cext — (pa O ‘Ij ) dy[jdr] A dY + d (pa wa[jiley‘] A (%ZJdY
_ n— o 7 j_1i7j; A7' o
= (" own) Ayl MY dp([)‘ T WolT-1i] O, JdY
[T=10Tidr] o o S
_pa dy[j,Jr] A\ dY 5
where I
J=Jj+1], jrzo,...,§—1, Li=1,, i=1,...,r—1

is used. In order to extract the boundary conditions we have to consider the horizontal pro-
jection

(7 710)" ("0a) (U 7) ear) = (5770)" ((Da)i"va) (V") cear) A dY)
= (=1 (j*5)" (j"va) (Da) (T*"™)" cews) AdY) =0

where Dy = dy,—1] - - - |ds is used.

1 As the variational vector field is a vertical vector field, this restriction is always possible.
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Remark 8.12 All boundary total derivatives dgi, - - - ,dy,._1 used in Dy annihilate the introduced

«
boundary contact forms w O[Tl ]

We obtain finally

(7%5)" (j"va) ((=1)""" Da) (T*" 1) o) AdY) = (8.2)
— <j2na_)* (jnvaJ ((p([;]—lr,ﬂ o \:[1271—1) dy([xjy]T] A d? _ diJdpc[;]—liye]%jr]dyféj_li;jr] /\dY
_pLJ—liaJUr}dy([Xj;jT] /\dY))
= 0.

This calculation shows that it is possible to cancel out a certain <p£;’*1”” o \112"‘1> dypy_q, A dy

. . . . J=1;,J55r| .
form part entirely by means of an appropriate choice of the function pL LT in the term
J—1;,T:5r = . .. .
—pg ir] dyfjj ] AdY, iff the multi-index of dyf;_,,, is not of the form

[J - 1r] =J, = [Oojr] .

I:jfli:jijr:l

Every such cancellation operation introduces a lower-index form d; |dps dy([)j,y.j l AdY,

i = 1,...,7 — 1 and thus we obtain precisely the same elimination process for every depen-

dent coordinate yg ., of the total boundary manifold & as we had used for the dependent
coordinates y* on the total domain manifold £.

Remark 8.13 The procedure used in the derivation of the domain condition results that the Car-
tan form c was built, such that no

gdyggNdX, geC*(J'r), [J]#[0...0]

forms appear in ((—1)" D]dc) A dX. Another consequence of this construction is that no prolon-
gation of the variational vector field v is necessary anymore.

[j_liaj;jr]

Consequently we are able to define all pg functions in the extended Cartan form,
such that no
N, 5 : k.
gty ADY, geC® (I (E)  [T) #1000, ji=0,..,F -1

forms appear in ((—1)’“_1 Dy (¥*"1)" ¢ope) A dY. It is remarkable that we can replace the
prolongation of the variational field on the boundary j"vs simply by

0 k,

Uazva%u.o;jﬂmv ]7:07 - -1,
.07

"2

[jfliyj;j'r]

i.e. the boundary variational vector field, if the functions ps are chosen properly.
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The determination of the relations that must be fulfilled by the functions p([ljfli’j;jr] are
formulated in the following listing (8.3)

mo7 [T -1y, Tijr 1 . J=n,[J-L]=[J]j],
S gkl g g Zie{l [r—l]} o
= .

, _ - J=n-1
myJg 1]7110 7J§.r —1, B r—1 ']>J+1j§‘r # 2 .
lzlpL 1 ]] _ (p[aJ l’J]O\I/2n 1> _ZlLdaj (pL j]) [J_lr]: [er] ,
= ]:

w e {l,...,r—1}

[J_lr] :]-wl+<]7‘7
mgy = 1,w; € {1,...,7“—1}.
(8.3)
Obviously we have determined a family of functions according to a certain index j, or
equally to every dependent coordinate Yo..0,5,) N £. Now it is left to show that the derived

.. . . . . . J—1y 7j§jr
boundary conditions are invariant under a certain choice of the functions p([x v Jir) out of

the determined family. In order to prove this, we have to consider equation (8.2). Similarly
to the construction on the domain, we can start on the bottom index J, = [0...0;j,] and step
upwards in the scheme (8.3). This results in

_ #J =Jr+2,
[0-~-071w ?]"r] o [Jr—1r,J] 2n—1 e [1111 L +1j§jr]
po = (ot = 5 L, (7

( [J7 Jr+1 ] o) \Ij2n 1) dy ] /\ dY Z d’ledp 0 ! 1wl jr] [ T‘} /\ dY

w;= 1
n— « < 7 — Jr+1w 7Jr+1r+1w n—
= o i naY = S (e )
wy=1
r—1
_ ZLdaj (lewl,lwl+1] Jr])) dyJ] A dY
j=1
r—1
e T e N -
wy=1
r—1 r—1 l L1 ]
wystw, isJr a >
+> > Lay, La, ( pa )dyw AdY
wy=1 j=1
r—1
n— J’I"+1’LU 7J7‘+1T‘+17JJ n— le% < 7
) <pgm+1r] SRS Ldawlpr[x l low 1) dyfs, A dY
’Ll)l:1
_ _ r—1 o
JT'+J7JT’+J+1T' n— J,J—‘rl i e a —
Y Ly, <pL R Y (pL ’”))dywAdY
j=1
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where we have made again extensive use of

LayLay, (f) = Lag,Lay, (f) , feC*(J" (), i,j=1,...,r—1

and 4 .
La, = (Lay, )t 0 w0 (Ldar—1)h_lj ’ [ﬂ =1 gral

N

g

#J-times

Thu§ we see from (8.2) that the derived boundary conditions are independent of the func-
tions pLJ_IQ’JW] iff (8.3) is met. Furthermore the derived boundary conditions are independent

of the used p&/ "' in the construction of c.,;. This is caused by the fact that all appearing func-

. JryJJr+1p Jr+1w,, Jr+1r 41y Jr+j7*]r+j+17‘ . . .
tions pL + ], pL : l], e pL ] are unique due to the introduced partial

ordering. In other words for every multi-index J = J, + J + 1, there exists a unique minimal
multi-index J, + J with respect to the introduced partial multi-index ordering >,,,+ (see Def.
8.11).

8.3.3 Condition on the domain

As shown by corollary 8.8 we are able to extract the domain condition similarly to the original
Cartan form domain condition, i.e.

((=1)" D]dcezt) AAY =0

or equally d,, (1) dz* AdX = 0.

8.3.4 Condition on the boundary

The boundary conditions for an infinite-dimensional Euler-Lagrange system with n™ order
Lagrangian are given by

(1) Do) (¥ 1) e0) AdY =0

or equally 5&‘];] (1) dyfy, A dY = 0. It is obvious that these conditions are analogous to the
domain conditions.
Finally we are able to state the following theorem.

Theorem 8.14 The domain and boundary conditions extracted from the extended Cartan form
are unique.

Proof. This theorem is a immediate consequence of the investigations shown in 7.2.3 and
832. m

8.4 Domain with Non-smooth Boundary

Here we will consider domains D with non-smooth boundary manifold D. In Fig. 8.3 a com-
parison of a domain with smooth and non-smooth boundary is given. This situation implies
that every point of the manifold D is only at least homeomorphic to the half plane (see 2.1).
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Y3 Y3

X1 X!

Figure 8.3: Comparison between smooth and non-smooth boundary.

Figure 8.4: Domain D that does not allow a coherent orientation of the boundary 0D at the
points p.

We have already assumed that the orientable boundary manifold 9D is coherently oriented to
the oriented domain manifold D. This prevents domains that do not allow a coherent orien-
tation like, e.g., Fig. 8.4. Furthermore we require 0D to be built up by a finite amount of
bounded smooth manifolds 0D, i.e.

k
op=J_ oD;, k<.

Such a domain is depicted in Fig. 8.5. These prerequisites enable us to rewrite the Lagrangian

0Dg

J0Ds

Figure 8.5: Domain D with boundary built up by smooth manifolds 9D;.

functional as used in proof 8.2 in the form of

/D(j"a)*(l dY +w+dwg) = /D(j”o)*(l dY+w)+/ o ((70) ws)

oD
~ [uroravsa+ Y [ e
_ /D(j"o)*(l ay) .
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It is remarkable that all boundaries of the manifolds 90D;, i.e. 09D, are by construction of
measure zero in the Lie derivative of the Lagrangian functional. Thus we can exclude these
domains and the construction presented for a smooth boundary applies also for all boundary
parts 0D,;.

Remark 8.15 These investigations imply that Hamilton’s principle applied to a certain Lagrangian
[ dY on an r-dimensional domain D could not result in any condition on a domain of dimension

less than r — 1. Consequently the analysis of the 2-dim. rectangular Kirchhoff plate (see e.g. sec-

tion 8.6) could not result in any condition on the edges of the plate, as they are 0-dim. domains.

This implies that the edge conditions presented in [Ritz, 1909] must be too restrictive. In appendix
B this effect is discussed using classical notation.

The analysis of physical systems from control point of view is undoubtedly interested in a
correct modeling of external inputs.

8.5 Systems with Inputs

The introduction of domain and boundary inputs into the theory of Euler-Lagrange systems
from a geometric point of view is the aim of this section.
In order to achieve this, we recall the domain

((=1)" D|deez) ANAY =0
and boundary condition
((=1)""' Do) (T*" )" cepe) AdY =0

developed in the recent chapters. An evaluation of these conditions leads to the following
representation

fo (Y5 u% ufy) dy’ AdY =0 (8.4)
respectively
0031 (e Yyl ndY =0, =0, =0t (8.5)
15 Y11:5.]) Wo...050) =V =T L -

In the case of a free system, we are able to identify the domain and boundary conditions by

fﬁ (Yj7ya7y[cfl]) =0 (8.6)
respectively [ |
0...0;5r \t o« _
£ (V) =0 8.7)

Thereby we get in general a system of partial differential equations on the domain and on the
boundary.

These equations do not represent all conditions that can be extracted from the equations
(8.4) and (8.5). For example both equations are met, as soon as all dependent variables 7°
are determined by means of external setting as functions of the independent coordinates, i.e.
y? (Y7). This equals the plug in of a section o : D — &, y® — y” (Y7) and implies that

dy’ AdY =0, dyp 4., AdY =0. (8.8)

[0'~~0§jr
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Consequently equation (8.4) and (8.5) are met. Another scenario would be the assignment of
the dependent boundary coordinates, i.e.

B B Ve
Yo..05.) — Yoo (V') (8.9)

by means of external restrictions. Thereby the corresponding equation (8.5) is also met. This
behavior of boundary conditions is well known in mechanics and referred to as dynamic
boundary condition in the case of equation (8.7) and static boundary condition in the case
of equation (8.9).

This observations illustrate that any external setting of the dependent variables on the
domain or boundary causes the disappearance of the corresponding dynamic conditions. Con-
sequently the set of equations of motion is reduced and the remaining ones automatically
satisfy the introduced statical condition.

These preliminary considerations can now be used to introduce the notion of external
inputs to the language of Euler-Lagrange systems. The external assignment of the dependent
coordinates must be equal to the choice of an appropriate input. Thus we extend for example
the domain condition

fs (Y7, 4%, u8) dy’ A dY +ugdy’ AdY =0,

whereby no modification of the static domain condition appears. On the other hand we are
also able to meet this relation by plugging the external setting y (Y”) into fz and choosing

ug = — fs (Yj7ya’yﬁf]) ‘y“(Yj) '

This equation determines precisely the external input ug, which is necessary to force the solu-
tion on the externally assigned function y” (Y7).

An even more important consequence of these considerations is the information about the
correct geometrical introduction of external inputs to the extended Cartan form. From the
form representation on the domain

fo (Y9 i) dy’ AdY +ugdy” AdY =0
respectively on the boundary

i (v yﬁf;ﬁ]) Ay AAY + a5y o AdY =0
we obtain directly the extended domain condition
((=1)" D] (deeat) + updy”) AdY =0
and the extended boundary condition
((—1)“1 Dol (07" cone) + a[;"%dyg”o;jr}) AdY =0.

If the inputs are assumed to be functions of the independent coordinates only; i.e.

ug = ug (Y7) respectively a[ﬂo”'O;jT] = ﬂ[g’”om] Y’ ,



8 The Extended Cartan Form 8.5 Systems with Inputs 68

then it is possible to incorporate the external inputs directly within the extended Cartan form
by

j_127j§ jr a
Cert = 1AY + p[o‘jfh"]]w[o}f[l] A0 |dY +d (p([x ’ ]W[Jlg;jr} A aUz]Ja[lr]JdY>
b0+ (A 8o jay)
= (I+ugs yﬁ) dY + p[c;]_ll’J]w[o‘J_Il} A Op |dY
[J-I2.Ti5r] o -[0...055:] 3
*d <pa 1) N OO, 1Y + @5 g o0 1dY )

The extension of the Lagrangian density by
L+ ug y°

in order to take external inputs into account, is also known from mechanics and the term ug y°
is denoted as viral. It is remarkable that the construction of the viral is not applicable for the
analysis of the closed loop behavior generated by a control law of the form

Up (Yj7 ya’ yﬁé]]) .
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8.6 Application: The Kirchhoff plate

Here we will consider the rectangular Kirchhoff plate as depicted in figure 8.6, with distributed
linear damping force f on the spatial domain Dg and a damping torque M along the border
Y3 =Y3 = const. .

[ v

Kirchhoff plate

Y? restraint support hinged support

Figure 8.6: The rectangular Kirchhoff plate with damping force f and daming torque M.

8.6.1 Local coordinate representation

We introduce the independent coordinates Y = ¢,Y? Y3 on the domain D. The motion of the
plate is described by the dependent coordinate 3'. Here we are interested in the domain and
boundary conditions and consequently it is necessary to define a suitable inclusion mapping.
We will derive the boundary conditions on the border Y = Y3 = const. and thus we have to
make use of the following inclusion map

Ly 2 87)1 — D
(Y=Y — (Y'=Y'=¢ Y*=Y? Y®=Y, =const.) ,

where 0D; C 9D. This configuration is visualized in figure 8.7. Now we are able to start the

Yi=t Yi=¢
D
| _
| y
D s B
//// Y;} = const.
v? v?

Figure 8.7: The used inclusion map ¢;.

construction of the extended Cartan form.
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8.6.2 Construction of the extended Cartan form
The Lagrangian density is given by (see [Ritz, 1909])

1 1
L=3Ph (vhon)” 2° <(y[1020])2 + (yhon)” + 20902y + 2 (1 = v) (9[1011})2)

with p,A,¢,v € R*. Consequently we are ready to determine the functions p([;] 171 and
[j_lwl,jUT]

o .

Determination of the functions p; "’

In a first step we derive all functions according to multi-indices meeting #.J = 2. We get

[1010,020} _ 3&020}1 = —¢ (y[logo] + Vy[1002}>
[1001,002} _ 8;002” = —¢ (y[l()02] + Vy[1020})
ploreort  plooronl - gloily — o (=) ygorn) -

Here we recognize the non-uniqueness of the functions for the multi-index J = [011]. In fact
we have to make use of the partial ordering and get

010,011 011
p[l I _ 3£ = —9¢ ((1 —v) ?J[lon]) :

In the next step we consider multi-indices J whose length is #.J = 1. We obtain

000,100 100 100,100+1;
L el BN ) (p[l i ]> = pAyfiog)
i=1

p[looo,om} _ agom}l _ ZLdi (p[1010,010+1i}> _
i=1
010 010,020 010,011
= 5% - La, (p[1 ]) — La, (]9[1 ]> = +< (3/[1030] + Vy[low}) +2(1-v) 1/[1012]

000,001 001 001,001+1; 001,002
= =L, (p[l * }> = Ly, (p[l ]> = < (Yoo + YWiozy)) -
=1

o . . . J—1w ,j; i
Consequently it is left to derive the functions pL vo ].

o . . j_lw 7j§ i
Determination of the functions p([x 1735

Here we obtain only a single function from the multi-index [J — 1,] = [J j,] to be given by
p[loo,m;o] _ p[1010,011] — 9 ((1 — ) 9[1011]) :
where obviously j, = 0 and [J] = [01] is used.
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Finally we are able to formulate the extended Cartan form
1
Car = 5PN (yhoo)” dE A Y A QY

1 2 2 2
—3S ((y[1020]) + (o)™ + 200 Yioao + 2 (1 = v) (Yjo1y) ) dt AdY? A dY?

P (dyly) — YhodY2) A s (dt A dY? A dY?)

Yiooo] — Yioro)dY?) A Do) (dt AdY? A dY?)
dy[ooo - 3/[001 dYy ) N Os (dt AdY? A dY3)
+d( (00,01;0] (dy[ooo] . y[()l()]dYQ) A aQJ (dt A dy2)> .

P1
[000,001]
P

4 pl00t002] (dy[001 Yoy dY?) A 05 (dt AdY? A dY?)
IO (gl [010 Yy dY?) A ds) (At A dY2 A dY?)
Hpl0 10T (g [OOO Yhoodt) A dr] (dt AdY? A dY?)
4 [000,010] (

+pi " (

8.6.3 The domain condition
From the general domain condition
((_1)T D] (deeat) — Ry[1100]dy[1000]) NdY =0,

which is extended by the distributed damping force v = f = —Ry[lmm, we are able to extract
the domain conditions. Here this results in

(_dljdp[looo,mo] B dQJdp[lOOO’OlO] B dgjdp[looo,om] B Ry[1100]> dy[looo] AdEAAXEAAXS =0
and finally the equation of motion is obtained by

pAy 200 TS ( Yjoao) T ’/y[022]) +2¢ ((1 )?J[1022]) +< (y[1004] + ’/y[lo22]) + Ry[lloo]
PAy[zoo] + §?J[o40] + C’/y[ozz] +2(1-v) y[1022] + C?J[1004} + C’/y[lozz] + Ry[1100]
= PAZ/[lzoo] + gy[1040] + Cy[loo4} + 2§y[1022] + Ry[lloo] =0.

8.6.4 The boundary condition on 0D,

We consider the general boundary condition

((_1)T_1 Do) ((¥")" Ceat) — Ray[llo;udy[loo;u) AdY =0.
where the pull-back of the extended Cartan form along V", i.e
(") Cear = (U") py """yl A 5]t A dY? A dY?
+ ()" p" Myl o A G5 dE A dY? A dY?
+ (") p M dyfg g A Os)dE A dYE A Y
+d ( 00K (b — Yo dY?) A Do)t A dY2>
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has to be used. Additionally, we make use of the damping torque uy = M = —Ray[lm;l] on 0D;.
Finally we end up with the form

((an)*p[lom,OO?] — Rayﬂlo;l]) dy[loo;l} Adt AdY? — dazJ dp[100,01;0}dy[100;0] Adt AdY?2 +
+ (‘I’n)*p[looo’ooﬂdy[loo;o] AdEAAY2 = 0.
Consequently we obtain the boundary conditions on 9D,

y[l(]O;O} =0
ny* [001,002
(v") P[l - Ray[lw;l} = =S (y[loo;z] + Vy[102;0]) - Ray[llo;l] =0.

The boundary conditions on 9D — 9D, are given by

Y
Y

0;0] — 0

Slaila

0;1] — 0 ’

where the restraint support is taken into account.



Chapter

The Evolution of Euler-Lagrange Systems

The base manifold of the bundle 7 is given by the domain of integration D. We have intro-
duced local coordinates X* resp. Y corresponding to this domain. The representation using
the coordinates Y enables us to determine all boundary conditions by distinguishing the co-
ordinate Y”. Having physical systems at ones disposal, we have to consider an additional
distinguished coordinate — the time coordinate ¢.

Remark 9.1 The time coordinate t was already distinguished in the determination of the bound-
ary conditions of Euler-Lagrange systems. It is assumed that no variation takes place at the
time-boundary of the EL system.

In order to incorporate this additional information in the presented framework, we mark
Yi=X'=t

as the independent coordinate representing the time. In figure 9.1 the domain D is depicted

Figure 9.1: The space-time zylinder.

as a space-time cylinder, whereby the separation of time domain and spatial domain Dy is
visualized. The time coordinate ¢ is of special interest, as it allows to analyze the evolution of
certain functionals on Dg along the solution ¢ of the EL system.

The extraction of the evolution information differs significantly for the finite-dimensional,
infinite-dimensional of 1°t order, and the infinite-dimensional n order case. For this reason
we discuss them separately.

73
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9.1 The finite-dimensional case

The extended Cartan form is in the finite-dimensional case given by

Ceat = ¢ =1AY" + PN (dyfy_y = yfpdY?") . #J=1,....n

The single independent coordinate Y! equals the time coordinate ¢ and consequently no spatial
domain Dy exists.

In order to obtain the evolution information of interest, we reformulate the extended Car-
tan form in the following way

Cext = (P[OCJ y[J] - l) dy! +P dy[,] 11]

= —hdY'+ p[J]dy[J—ll] )

where we have introduced the function h = (p[o}] ]y[‘f]] — l) € C> (J*"~1€). It is remarkable that
this representation hides in some sense the application of the elements of the contact ideal
[J] (dy[ 1] yﬁ‘]]dY1> that incorporate a dY'! term. This procedure will be also applied in

the infinite-dimensional case.
From the domain condition

(=1)" (D]deegr) AAY = (=1) (dy |dcess) AdYT =0
we get
(1) (di] (=dh A dY™* + dpl?! A dy[cf, 1)) AdY! =
= —dhAAY" —dy Jdplldyty A dY! - dydyfydp AdY T =0

The exterior derivative of the function A results in

oh oh
dh AdY! = =—dy* AdY' + —dp/l A dY?
dy” opil

by construction. Consequently the domain condition is met iff

N oh
d | dy[J—ll] ap[‘]]
oh
dy|dpl = —— (9.1)
1] o

di]dpl = 0, #J>1.

This representation states the equivalence of certain total derivatives and functions on the jet
manifolds. Consequently we obtained the evolution information of interest.
The first equation of (9.1) represents simply

0% ah (6%
dddy[kh] = —8pk]] =Y -

Roughly speaking all information about the evolution of the lumped parameter EL-system is
contained in the equations of (9.1) that determine the quantities dljdpk] }, #J=0,....n
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Having the evolutionary system representation (9.1) at ones disposal, it is easy to derive
the total time derivative of certain functions f whose exterior derivative is given by

of - of of . u of
df = =—dY ———dy®_,, + ——dpi + —=dpl! . #T > 1.
oYl 8 [J 1] Yi7-1] ap[ll] ap[J]

It is obvious that the time derivative of such functions along the solution of the system! is
determined by
of of af 1 of J
di|df = —=d]dY' + di)dyfy_y,) + —rydi]dpgt! + depH
oY’ Yy 1y T it opy)
of df  Oh af oh

oY'! 83/[‘3_11} 8p<[xﬂ 8}?[0}1] oy

It is remarkable that the previously introduced function h € C* (J?"~!7) is precisely of this
class and owns a time derivative given by

oh oh oh

. Oh
R

Ly, (h) = dy]dh = —— dy |dp [11]+a—djdp”

[J]

o
oy’

which is nothing else, than its partial derivative with respect to tlme t. In the case of -2 Yl =0
we see that the function h is invariant under the motion of the n™ order finite-dimensional
Euler-Lagrange system.

Remark 9.2 This result confirms Noether’s theorem as the group of time translation becomes a
symmetry group of the variational problem if Ly, (I) = 0 is met. (see, e.g., [Olver, 1986])

9.2 The infinite-dimensional case

9.2.1 Systems with 1% order Lagrangian

In the case of 1% order Lagrangians the extended Cartan form coincides again with the ordinary
Cartan form and is given by

Coat = ¢ = 1Y + plb] (dyo‘ajde . yﬁj]dY> =1,
Now we want to reformulate the domain condition
(=1)" (DJdceqt) NAY =0
and the corresponding boundary condition

(=1)"" (Do) (¥?)" Cews) AAY =0

Here we assume the existence of a solution of the system.
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in order to make the time evolution of the I-EL system visible. This could be obtained by
choosing the following representation of the extended Cartan form

Ceat = 1Y + piH) (dy® A D1 JdY — yfi dY) +pl (dy™ A JdY —yfiydY) , i=2,...,r,

whereby the contact form corresponding to the time coordinate, i.e. le y (dya A0y |dY — yﬁﬂdY>
is separated. Consequently we are again able to introduce a function i € C* (J'7) such that

Cet = — (Pyf, = 1) AY + plildy® A 0y dY + b (dy* A 9;]dY — yfi jdY)
= —hdY + phldy® A O |dY + phid (dy® A 0;]dY — i ,dY) .

Remark 9.3 It is obvious that this representation “hides” again the contact form corresponding
to the time coordinate.

In order to derive the domain conditions we determine the exterior derivative

deey = —dh AdY 4 dpllh A dy® A0y ]dY
+dphd A (dy® A 0;|dY — iy dY) — pliidyf ;A dY

and consequently we get

(=1)" (D] (deear)) AAY = —dh AdY — plildyf ; AdY — (diJdplid) Ady* AdY
— (dy)dpf) dy™* AdY + (di]dy®) dpl A dY
S— dp! 1ﬂ/\dY—@d *AdY — (d;|dpl?) dy® AdY
o opl] oy~ HPa") Y

— (dv)dpf) dy* AdY + (di]dy®) dp i AdY = 0.

Thus the domain conditions are given by

di|dy* = FW) =06%(h) (9.2)
Po
oh oh Oh
di)dpll) = ——— —dq;]dpl! = — — Ly, = —0q (h) ,
J o = R (n)
in this representation. Here we have applied that
Oh ol
— [ z] ) —
—e— = =Py, =2,
Iy Oy

The boundary conditions follow from
(1) (Do) (P 0 U2) (dyfy g0 A dY)) AdY =0

to be given by
(P! o W?) dyfy g AAY =0

or similarly < bl \I/2> = 0 for a free boundary.
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This representation can now be used to derive the formal time derivative of a functional
/ (7o) (f oY), feo™=(J'r) .
Ds

Additionally, we assume that the exterior derivative of f is given by

of of of of
ZdYZ oAy + ——dyp, dpy .
oY y oys, M gpl]

df =

1=2,...,7. (9.3)

Remark 9.4 The spatial domain Dy is characterized by the fact that Y' = t = const. and
consequently all form parts dY'' = 0 vanish in the corresponding functional.

Similar to the considerations presented in section 5.1 the simple approach

Lo /D ('0)" (f B1JdY) = /D (20)" (Lay (f 01)dY))

_ / (%)’ (dljdf/\ﬁldeer(lef51JdY)>
Ds N———

— /D (720)" (diJdf A dY)

does not supply a separation of domain and boundary part of the time derivative of the func-
tional! Thus we extend the form f 0,|dY by elements of the contact ideal I, restricted to
domains with constant Y! coordinate in the following way

50 L, (fO1)dY +pl (dy® — yfi ;dY7) A 8;]01]dY) =

= j'o* (du) (d (fou)dY +pLT (dy* — yfi . dY7) A 0;]01]dY))
+d (di] (fOu)aY + phd (dy® — g, dY7) A 8;]01]dY)))

= j'o" (di) (df AOJAY +dpll A (dy® — gt jdY7) A 8;]0]dY — pliildyf A 01]dY)
+d (plddy |dy® A 9,]0,]dY))

= 20" (du) (df AOJAY +dplT A (dy® — g jdY") A 8;]01]dY — pliildyf A 01]dY)
+d (phldy|dy® 0;]01|dY)) ,

where
1=2,...,71

is used. Additionally, we choose
g 97
: ayﬁi]

and make use of D, = d,.| - - - |dy in the horizontal projection of the domain part
(4%0)" DiJd] (df AO1JAY +dpld A (dy® — yfi jdY) A 8;]01]dY
— pLldyf; AO]dY) A D |dY =
= (%) (=1 di| D) (df AO1]AY + dpld A (dy® — yfi jdY?) A 0;]0r|dY
— pLldyf ; A O]dY) Aoy |dY
= (%) du) (df AOLJAY — d;JdplT A dy® A 0L |dY — plildyf ) A 01]dY) .
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This leads finally to
(7%0)" of alde—l—ﬁledya@leY d; | dpld, |dyeo, |dY + o1 d L dpliloy |dY
Dg oYy'! 8 ap[l

_ of of of . Of ]
_ /DS(JO) <3Y1+<ay dea%]>d1de +ap1]d1jdp )aJdY.

Obviously we have obtained a structure of the functional that enables a straight forward
derivation of the domain impact on the formal time derivative of the functional along the
solution? of the EL system.

The resulting time derivative is given by

Lo, /D ('0) (f 9,)dY) =

2 of of of o of
_ /DS (%0)" (aw + <a . —dinayﬁ) 5 (h)—W(S (h)) 0] dY

Pa
[ G 600 sy g aY
d0Dg

using the introduced domain and boundary condition representation of equation (9.2).

Remark 9.5 One could also derive the time derivative of a functional of the form

[ G (0 0 g af) rJay)

S

if it is possible to determine Yy by means of pB ﬂ, ie.

« « i, o 1
Yy = Y (Y'y 7y[1i1apal]) .
Additionally it is remarkable that the function » meets precisely (9.3) and thus we can
determine its exterior derivative to be given by

oh ., Oh .  Oh Oh
dY'+ —dy +3adyz]+a[1]

dh =
Y 8ya Y

dp[ll] )

Consequently we are able to state

Lal/p (j'o) (R Or]dY) =

oh oh oh oh
— 20) [ =— + [ — 1] Y
/DS (5%0) (av T+ (0ya de@ : ) dy |dy® + ol }dljdp ) 0 |d

+/ (]15'>* ( ([ir} o \112) d1jdy“31JdY
oDs

« [ Oh oh oh oh 0h oh oh
= o) | ==+ | =— —di]d - — Ly, O |dY

+/ (7')" (pl 0 ¥?) dy]dy” 0,]0,]dY .
dDg

2Here we assume again the existence of a solution of the infinite-dimensional system.
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Using the relation pi™ o W2 = —pli"]

account, we obtain

o U2 and taking the domain and boundary conditions into

1\ 5 v+ Oh
Lo, [ (o) (hajav) = [ (%) Shoday
Dg Ds
Consequently the functional st jto* (b 8,]|dY) is invariant under the motion of the I-EL sys-

tem, if

oh

oy1r 0
is met.

Remark 9.6 This result confirms again Noether’s theorem as the group of time translation be-
comes a symmetry group of the variational problem if Ly, (I) = 0 is met. (see, e.g., [Olver, 1986])

9.2.2 Systems with n order Lagrangian

In the case of n'™ order Lagrangians the extended Cartan form is given by

oot = LAY +pl 77 (dyfyy ) A9 )dY — Y

[T=tw. T3] a Y, o
+d <pa (497, 1,05 A OuldY = ;1Y )

where _ _
j=1...r, w=1...,r=1, #J#J=1,...,n,dY =0y,]dY.

The domain condition
(—1)" (D]deez) ANAY =0

and the corresponding boundary condition
(=1 (Do) (I2"1)" o) AAY =0

have to be reformulated in order to obtain a pleasant evolution information. As already indi-
cated by the previous results, we want to investigate the time evolution of functionals formu-
lated on the spatial domain Dg.

The construction of the extended Cartan form is not a unique procedure. Until now we
have only used the partial ordering that corresponds to the coordinate Y or rather to the
spatial boundary of the domain D. The physically motivated assignment of Y'! to belong to
the system time ¢ enables now the introduction of a second ordering.

Definition 9.7 (partial ordering 2) In the local coordinates <Yj ,yﬁ,yfﬂ) we define the fol-

lowing partial ordering. Let J, = ju1...Jar and Jy, = jp1 ... jur be two multi-indices. We say
Ja >part2 Jp if in the difference J, — J,, the 1° entry is positive.

Consequently we confine ourselves in the determination of the contact forms in the con-
struction of the extended Cartan form to the set of contact forms wf) resp. wj; with the
largest multi-indices with respect to the partial multi-index ordering >,,,+2. From this set of
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indices we determine the subset with the smallest indexes with respect to >, and use this in
the construction of the extended Cartan form. This concatenation of orderings is compatible
to the general index ordering and leads to a minimal amount of equations.

The concatenated orderings lead to the following representation of the extended Cartan
form

«

AP (dyfy g A O JAY — yPydY) +

o

Cert = 1Y +pi 70N (dyfy, _yy A 01 ]AY — gy, dY)

[jl—h;jr] Jr

q (p([leh,jl;jr] (dya A aleY — y[ajl; ]dY)
[jflz,ijr] o Y P Y
+ Pa <dy[j—1l7jr] A 81J dy - y[‘ﬁjr]dY)

with
i=2...r, l=2..r—1, [Lh]=[0...00, j1=0,...,n—1

and )
[Jb]r} :[jlooajr] ) ]1207an_1#J:#J:177n

Here we have again separated all elements of the contact ideals that incorporate any 0, |dY
resp. 0;]dY entry. The reason for this reformulation is that the domain resp. boundary
condition will cause a total derivative d; to operate on such entries and thus we obtain the
representation of interest.

Now we are able to introduce again the function h = pgl"hﬂﬂyffm — 1l e C>™(J" 1) to
the domain condition and obtain

Cort = — (P 0y = 1) AY + Ay, A, Y
A+ (dyfy g A 05 JdY — yydY)

67

d (p([le—ll,fl;jr] <dya | Ay |dY — yr[x ]d\?)

Ji—1134r Jsgr
[T—10, T30 ]

+ Pa (dy[aj—ll;jr] AN aleY — yﬁ]JT]dY))

= —hdY + p[Jl—h,Jﬂdyﬁc]l_h] Aoy |dY + p[J—h-,J] (dy[off_m A O;|dY — yﬁ}]dY)

J1—11,J1;5- a — a —
+d<p£ ' ]]<dy[ ;.T]Aalde—y[,;.]dY)

[T—10, T30 ]

+ Pa (dy[aj—ll;jr] AN aleY — yf}dr]dY)> .
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[jlfh,jl;jr]

On the boundary we make use of the function h;, = ps ?/[O}l.j ] e = (J>-1&) and get
(\:[12”_1)* Cont = <p£lJ—1,-,J] o \:[12”_1) dyaj.' . ] A dY
+d (pLJl—h,Jl igr ( /\ O1]dY — y dY>>
[J1:3r]
[T 11,7550
‘|‘d (pcx [] 1, ]r] AN alJ dY y[ ]dY)
_ [T1=11. 7034 e Y [J—1r,J] Mm—1\ 1, S
= —d (pa Y] ) dY + (ps o W) dy[ Fi1] dY
J1 11,J1; Jv] S
/\dy[J1 e ] /\(91JdY

T (pLj—ll,j;jr] <dy[J 1] Ao |dY — y[ ]dY>>

]/\dY

= —dhy, AdY + (pf/ 1T o W D) Ayt

Ji—11 jl'jr]

—i—dpL o /\dF_1 ]/\8le

d ( [7-10.7:5:] <dyf‘j_1lm] AO)dY — yf‘J;jr]dY>) .

In order to derive the domain conditions, we determine the exterior derivative of the intro-
duced extended Cartan form representation

deeor = —dh AdY = pl/ 7 ldyfy A dY + dpll T A (dypy_y ) A9 ]dY — yfydY)
P A dy A 9] dY
Consequently we get
(=1)" (D] (deew)) AdY =
= —dhAdY = pl/ ' dyry AdY = (di)dpl! ) Adyf g AdY

(d Jdp[J1 11, Jl]) dy[J1 1] AdY + <d1de[J1 1] ) dp[Jl 11 Jl] AdY

B P

opl 91
— (dy)dpl M) dyfy, 1 A AY + (di]dyfy, 1) dpli=1 Sl A dy = 0.

dyﬁh—h] AdY — (d Jdp[‘] 1; J]) dy[off—li] AdY

Here we have applied that
Oh ol

o Wh-1) = 50 Wi-1y - JE£L, #J=1,....n
oy M oy
Thus the domain conditions are given by
o Oh
di]dyfy, 1) = opl Tl #J=1,....n
h
dy |dplohl = —%—djdp = o (h), i=2...r

di]dp T =0, #h=2.0n
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The boundary conditions follow from

(1) (Do) (¥2"71) ) A Y =

= (7 (Dol (=l A AT+ GE o iy naY
[jlflhjl;jr] a S
+dp0¢ A\ dy[jlfll;jr] A 81JdY

ENA L _

= —dhy, AAY + (pi/ ' o W) dyfy, 1)/ dY

T3
[jlfll,jl;jr] a S a [jlfll,jujr] S
—dljdpa dy[j1—11§jr] AdY + dljdy[jl—lhjr] dpa AdY
[H0:T+1050r] ;o o [T | o S
+d; |dpa dy[j_ll;jr] AdY — pa dy[ ] AdY
= —dhy, AdY 4 p Ay, A aY
[jlfh,fl;jr] a S a [j1*11,j1;j}] S
—dljdpa dy[Jl—ll;jr] AdY + dljdy[jl—ll;jr] dpa AdY
[j1—11,j—11+1z§jr] a S
+ledpa dy[jlflhjr] AN dY
= 0,
where we have already used the construction rule of the functions pLJﬁll’J;jT]. By means of

these functions all p[a‘]_l“‘]]dyﬁ‘,_lr] AdY terms, where [J — 1,] # [jl; jr} , are cancelled out. The

definition of h;, leads to an exterior derivative of the form

7 [j1—11,j1;j7-] a a [j1—117j1;jr]
Ahj. = po (] V)P
and finally we obtain the boundary conditions
dq |dyf = —a dﬁ _
1 Yn-us] = [Jl-ll,fl;jr]J ir = Y]
Ipa
J1— i3 8 7 Ji— s Ji— 3Jr
ledp([le 11,J137 ] _ —aa—Jdth + ledpLJl 11,J1—1141;;55 ] +p£«¥]1+Jr,J1+Jr+17-] :
y[]1—11,jr]

where J. = [0...0y,] is used.
In this n™ order Lagrangian case, we will not try to derive the time derivative of an arbitrary
functional. Here we will focus only on the time derivative of the functional

L, (/D (70" (h 01)dY +d (B, 61JdY))) |

The application of Cartan’s idea using elements of the contact ideal I,,, I5, restricted to Dg
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leads to

(5" ) L, (h0|dY i (dy AN 0i]o]dY —yiy0:1]d Y)

[T=11.T:r]

(h o |dY + ph (dyf- ]aleY ' ]dY>)>
= (4°"0)" diJd (hOLJAY + pl/ 7 (dyfy 1 A 0] OL]AY — yfn01]dY))
+d (di] (RO ]AY + pl =17 (dyty gy A B3] O1] Y — yy01|dY)

+ d(hh o1 ]dY + pl 7] (dy[J L 200 AY — P, 0 )>)) .

Consequently we get on the domain Dg
dy] Dy (dh A O |AY + dpl/ VA (dyfy_y g A 9;]01]dY — yf501]dY)

— pi/ 1 dygy A By ]dY) A0y ]dY
= di (dh A O |AY — d;]dpl/ "I A dyty A O AY — pl e ldyR A0y |dY)

oh  Oh N oh ‘ .
— (W + a—yadljdy -+ ap[(] ) ledp[O Jd1] ‘Jdp[o?’ll] ledy ) A 81JdY
oh Oh oh
= — — . [0,1,] [0,11]
- = (W d;]dp ) 1y AOAY + s e A 0y
o
oyt
[J—1;,J]

Here the functions pe are determined in such a way that all dyiy A 01 |dY entries with
#.J > 1 are cancelled out. Due to the introduction of the partial ordering >, in the deter-

[/=1i:7] and the fact that

Oh ol

mination of pq

aadyﬁ] L] = aadyw L] s J#Jl, #J:1,7TL
Y Y
it is guarantied that
Ooh oh
dy |dplotl = ——— — g, |dplot) = — [ == — ¢, |dp®tiT ) .
lJ Pa 8ya J Pa ay J p

This identity was used in the simplification applied in the last line of the latter equation.
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Additionally, we get on the boundary 0Dy
di] Dyo ) (U*"1)" (RO |AY + pt/ =7l (dyfy 1 A 9;]01|AY — yi501]dY)
+d (h Ay dY + pb ] ( TRRUILAC ]aljd\?))) Ay |dY
= di|Dip| (—pY " ldyfy ) A 01]0, Y +d (hy, AO1]dY)
+d<p[J Lo, Tij] (dy[ 500AY —yt, 0 dY ))

J—1;,J:4r
= di| D) (—pf " dyjl]/\c‘)lde—p[ 1 Tir]

+d (hy, A 0;]dY)

[7- 1ZJJ7»] a S o Y, Y,
+ dph <dy[ 20 IAY g 10y JdY) A |dY
_ 4 1o T T 1] g 0 dh;, — d;|dps [T=10T5r] g0 A0y |dY
= i) { —pg Yins,) + dhy, = di] Y1130 1]
a}_L [Jl 11, Jl]'r]
_ J1+JT,J1+JT+1T o - 4
= —pl ]ledy[J1+Jr]+ [i-11, Jljr] ] dpa
Oh; [J1,T+ 1150
to—dy|dyf, | —di]dpa dy|dyf;
a/y[jl_ll’jr] [ JT] [ Jr]
ail'r Ji—=11,J135r
= ap[h_—wdﬂdp‘[x |
oh . Ji—11,J1—11+12r Ji—1l1+Jp, J1=11+Jr a
aa—J - dszpL ] _ PL | d1}AY(y, 51,4,
Yi-114:]
= 0.

Consequently the functional
/ ("0)" (h &)Y +d (b, &]dY))
Dg

is invariant along the solution of the corresponding Euler-Lagrange system if -2 8Y1 =0.

Remark 9.8 This result confirms again Noether’s theorem as the group of time translation be-
comes a symmetry group of the variational problem if Ly, (I) = 0 is met. (see, e.g., [Olver, 1986])
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9.3 Application: The Kirchhoff plate

Here we will make use of the model of the damped Kirchhoff plate as derived in section 8.6.
We will show, how the time evolution of the system could be described.

9.3.1 The extended Cartan form

The reformulation of the extended Cartan form leads to

2 000,100
Cext = ( PA( 100]) _p[1 }y[lmo]

1 2 2 2
-5 ((3/[1020]) + (9[1002]) + 2V?/[1002]y[1020} +2(1—-v) (?J[lon]) )) dt AdY? A dY?

2
% (dyhy) — YhodY2) A s Jdt A dY2 A dY?
P (dyly) — Yoy dY®) A s )dt A dY? A dY?
+p M (dyhyg — i dY?) A 85 ]dE A dY? A dY?
+py "yl A 01 dE A AV A dY?

00 (dylog — Y dY?) A doJdE A dY2 A Y
00" (dybog) — YhoydY?) A 05dt A dY? A dY?

whereby the function

2 [000,100
—h = PA( 100]) _p[l ]y[lloo]
1 2 12 11 1 )2
3¢ ((y[om]) + (y[ooz]) + 20Yj009)Yjo20) T 2 (1 — V) (y[on]) )
is introduced. We do not have to consider a function h;,, because no pLJl i function

appears in this example.

9.3.2 Domain Condition

From the general domain condition with external input

((_1)T D]dces — Ry[lmo]dy[looo}) ANdY =0,

we obtain
N oh
ledy[OOO] - £ [000.100] - y[1100] 9.4)
Do
[000,100] oh [000,010] [000,001] 1
di]dp, = —gpa -~ da]dps — d3|dpy — Ryjiqq
y[ooo]

—§y[04o] — (26 =) [1022] ) ( [1004] + Vy[l(m]) - Ry[lmo]
= —§3/[1040] - §Z/[1004] 2§y [022] — Ry[lOO]
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where
000,010
P = oy vyl (26 = 260) Yo = s + (26 — V) Yhory
000,001
P[1 = (9[1003] + V?/[lom]) .

is used. It is obvious that the obtained domain condition representation is equivalent to the
one already determined in section 8.6.

9.3.3 Boundary Condition
We have already determined the conditions on 0D,

001,002
P I Roypoy = =5 Yooz + V¥ioa0) — Rovfioy =0

9.3.4 Time evolution of a functional

We investigate now the evolution of the functional
/ (720)" (hdY? A dY?®) =
Ds
_ 2 _x 1 1 2 1 2 21k 1 2(1 — 1 \2
= - J o 2§ (?J[ozo]) +(3/[002]) + 2V [002)Yj020] T ( 2) (9[011})
S

1 2
—§PA (Yoo) ™ + p[1000,100]y[1100]> Ay A dy?

along the solution o of the system. Consequently we have to modify the functional following
Cartan’s idea. We choose the following elements of the contact ideal I, restricted to Ds:
Vol (dyes g = yfndY) A0 ) (Y2 AdY?) . L=1;, i€{2,3}, #Jec{1,2}

Determination of the functions p[o;]*h"ﬂ

In a first step we derive all functions according to multi-indices with #J = 2. We get similar
to the results of section 8.6

010,020 020 020 010,020

[1 I = 0£ Ih = —8{ l=¢ (?/[1020} + V?J[looz]) = [1 ]

001,002 002 002 001,002
P[l b= ag Ih = _(‘% h=¢ (9[1002} + V?lﬂozo]) = _p[l !

010,011 011 011 010,011
M = o™ = o™ = 26 (1 = v) yuy) = =

In the next step we consider multi-indices J whose length is #.J = 1. We obtain

000,010 010 010,010+41; 000,010
U g1, S, (10 _ _fomon
=2

010,020 010,011
= —Lqg, <P[1 ]) — La, (Pg ]> =—9 (9[1030] + Vy[1012]) —2(1-v) 9[1012]

000,001 001 001,00141; 000,001
PO g0 _ S, (pfemt) - _ppne
=2

001,002
—La, <P[1 ]) = =9 (3/[1003} +Vy[1021]) .
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o . . . jflw 7j§ jr
Consequently it is only left to derive the functions pL vo ].

—1w J r
Determination of the functions pL ]

Here we obtain a single function from [J — 1,] = [J; j,] to be given by

[00,01;0]

Pi

where j, = 0 and #J = 1 is used.
Finally we end up with the following functional

/ (%0)" (hdY? A dY?) = / (%) ¢
Ds Ds
3 \* 1
- / (330) (<_§PA (y[lmo]) +10[1000 100] [100]
Ds

[010,011]

=P =+ ((1 —v) 9[1011]) )

1 2 2 2
+ §§ ((9[1020]) + (y[looz]) + 2Vy[1002}y[1020] +2(1-v) (3/[1011}) >) dy? A dy?
01 (dyy) — Yl dY?) A Do JdY2 A Y
+p[1001 o (dy [001] — 3/[1002 dY?) A 93]dY? A dY?

Myl — Yy dY®) A 85)dY? A4y
0 (dyiong) — Yl dY?) A Do JdY2 A Y
+p1 " (Ayfoo) — Yoy dY?) A 05]dY2 A Y

(P1OO o1 (d Ylooo] — y[lolo]dyz) A Os ] dY2>>

whose time derivative is of interest.

9.3.5 Domain impact

Thus we consider

Lo [ o)e = [ () La )
Ds Ds

_ /D dtJdc+/8DS (7*3) i) ((¥%)°¢) .
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This leads to

b
_ / dtJ 81h _dﬂdp[looo,om} Jdp[OOO ,001] dy! Yoo
D dy

ah (000,100] 2 3
+ —8 [000,100] dp; dY“AndY
Py
-4\ * oh [000 010] [000,001] 1
Ds Yi000]

oh [000,100] 9 3
+ de dp; AY2 A dY
1

= / (j40)* ((+§ (y[lo40} + Vy[lo22}) +2¢(1-v) y[l(m] +< (9[1004] + Vy[lozz])) y[lloo]

Ds

. * 2 «
= / (70)" (=R (yhoo)) " Y2 A dv?)
Ds

on the domain.

9.3.6 Boundary impact
The boundary conditions supply

/aDS (4'0) ) (¥°)"¢) = / (7'31)"di] (do] ((¥9)" &) A dX?)

0Ds1

where
((\Dg)*é) _ p[1001,002]d 101] /\dY2+p[1010011d 101 " AdY?
+p[000001]d [100] AdY? 4 d <p[00 01;0] (d Yhoo! — 9[1()1;0}dY2)>
and consequently
(ng ((15)" ) /\ng) _ p[001 002]d Yhou AdY? _I_p[010 011]d Yioro) A dY?
_HJ[OOO 001]d Yoo AdY?2 —d Jdp[oo ,01;1] /\d?/[loo;o] A dY?2
_plo,om]d Yoro AdY?
_ p[001 oo2]d Yho A av? + <p[1000,001] B dQJdp[loo,m;o}) dy[loo;o] AdY?.

Thus

[ aeiwranen - |

0Ds1

<P1000 001 Jdp[Oo 0131] ) d,| dy[IOO;O] A dY2>

(j45 ) (p[lom ,002] dtde[loo;l] AdY?
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as dyjy,q A dY? = 0 at the boundary this simplifies to

/8DS1 (j4(71)* <p[10017002}dtj d?/[loo;l] A dYQ) _ /

(i9)" (~Ro (vhon)” naY?)
0Ds1

9.4 Time-invariant Hamiltonian representation

The next part of this thesis is dedicated to the so called time-invariant port Hamiltonian sys-
tems. Their description will be carried out on a manifold M in the finite- and on a bundle
(H,n, Dg) in the infinite-dimensional case. The “time”-coordinate ¢ will appear in this context
as simple curve parameter on H.

In order to derive this bundle structure from (€, 7, D) we introduce the map

L Dsg — D
(Y?,...,Y") — (Y'=const,Y? ... ,Y").

This special inclusion map determines a new bundle structure by deriving the pull-back of the
domain jet framework along the contact bundle morphism (U}, ;). Similarly to the consider-
ations on the determination of the boundary conditions, we obtain a jet bundle structure with
dependent coordinates yfj , , on the total manifold H. Additionally, we confine ourselves

to Lagrangians that depend only on jet coordinates yf; ,, with j; € {0,1} . Furthermore we

assume that the functions pl'"" € (H) allow a change of coordinates such that the bundle

(H,n,Dg) is equipped with the local coordinates (Yi,y“,p([f’h]>, i=2,...,r,a=1,...,s.
Under these restrictions we are able to identify the derived conditions on the total time deriv-

atives d; |y* and d; | p1 with the coordinates of a vertical vector field

Up = yaaa +pdad
with p = 55‘519%)’11} and
g o= diJy”
Pt = 5

Here we have used the Kronecker symbol 5%% The geometrical properties of such a Hamiltonian
operator vy, are discussed in part III.

9.4.1 Application - the Kirchhoff plate

The map
(511]?[1000’100] _ PAy[lloo] _ pl

enables us to pull-back the form hdt A dY? A dY3 and we obtain

1 2 2 2
hdY? AdY? = <§§ ((9[10;20]) + (9[10;02]) + 2”9[10;0219[10;20} +2(1-v) (9[10;11]) ) +

2’%\ (pi>2> dy2 A dy? .
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Having this form and equation (9.4) at ones disposal, we are able to determine the Hamilton
operator by

1 ~
S R W |
i 1
pto= —C?J[lo;4o] - §Z/[10;04] - 2§y[10;22] - Rp—Apl .

Remark 9.9 In this case the Hamilton operator is nothing else than a generalized vector field
(see, e.g., [Saunders, 1989]).
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Hamiltonian Systems
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Structure makes life much easier!

Some structures on manifolds as, e.g., the Poisson, symplectic, or Dirac structure, where
already treated in the introduction. It is now remarkable that every dynamic system, whose
mathematical description represents one of these structures is equipped with a pleasant un-
derlying property. This additional structural information could, e.g., ease the proof of stability.
In this part of the thesis we will discuss Poisson structure systems that incorporate dissipation
and in addition in- and outputs by means of ports .

Such port Hamiltonian systems with dissipation, or pHd systems [van der Schaft, 2000] for
short, have turned out to be a versatile tool for the mathematical modeling in control theory.
This class of systems comes along with a mathematical description that separates structural
properties, storage elements, and dissipative parts. Thus a network description of such plants,
which is very useful for simulation and control, becomes available.

We present in the subsequent investigations an extension of the finite-dimensional pHd
description to the infinite-dimensional case. It is shown, which differential geometric objects
have to be introduced and how boundary conditions come into play. Additionally, the key
property of pHd systems — their behavior with respect to interconnection — is investigated for
domain and boundary interconnections.

In the first chapter some well known results for finite-dimensional pHd systems are re-
called. The following chapter is dedicated to the introduction of a possible extension of the
approach to the infinite-dimensional case. We consider systems with 1%t and n™ order Hamil-
tonian density. Special attention is paid on the interconnection of two infinite-dimensional
pHd systems via power conserving interconnections. Additionally, it is remarkable that we
confine ourselves to the case where no differential operators are used in the system descrip-
tion. Finally the developed representation is applied to the Kirchhoff plate.
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Finite-dimensional port Hamiltonian
Systems with Dissipation
(F-pHd Systems)

In this section the geometrical structure and some additional properties of finite-dimensional
pHd systems are under investigation. The precise definition of the used spaces will serve as a
basis for the subsequent analysis of the infinite-dimensional case.

10.1 Geometrical structure of F-pHd systems

Let M denote the s-dimensional state manifold with coordinates (), a = 1, ..., s. The canon-
ical product 7 (M) x T*(M) — C> (M) is given by the interior product %9, |#5dz’ = %%,
B =1,...,s. Let U = span{e.} with coordinates (u°), ¢ = 1,...,m denote the input vector
space. Consequently we choose the dual vector space ) = U* = span {e°} with coordinates
(y.) as the output vector space. The structure of a F-pHd system with state (z*), input (u°),
output (y.) and Hamiltonian H, € C*°(M) is given by

t = (J—R)|dHy+ u|B (10.1)
y = B|dH, (10.2)
or visualized as commutative diagram
B J—R B*
u—-7" M) SR T (M) y
d
M C* (M)

where J = J*%9, ® 95, J* = —J%, R = R*’9, ® 3, R** = R, B = B%"° @ 0, is used.
Additionally, the matrix |R*”] is positive semidefinite and all coefficients are assumed to meet
JoP RP Bes € C* (M). Obviously, the tensors .J, R are maps of the form

J—R:T*M) — T(M)
dH, — (J—R)|dH,.

93
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The tensor B is a map

B:U — T(M)

u — ul|B

and its adjoint map is given by

B :T*(M) — Y
dHO - BJdHO

The exterior derivative d,
dHO = 8aHode‘

serves here as a map d : C*° (M) — 7*(M). The circumstance that the introduced Hamil-
tonian system is roughly speaking enveloped by the two linear spaces ¢/ and ) is visualized is
figure 10.1.

Figure 10.1: A F-pHd system.

Remark 10.1 The map B is a special two feet tensor, as the first feet is an element of a linear
space, i.e. a vector and the second feet is a vector field on the manifold M. This construction
guaranties that the pairing of in- and output u |y takes place at the footing p € M of the vector
field part of the tensor B. Consequently a port consists of two dual vector spaces and an additional

footing information.

10.2 The Hamilton operator and collocation

Let us introduce the Hamilton operator! vy = %0, with & from (10.1) and visualize it on the
state manifold in Fig. 10.2.

Remark 10.2 This introduction of the Hamilton operator is compatible to the classical definition
of a Hamilton vector field (see section 1.3.1), if the system is free, no dissipation is considered,
i.e. R =0, and the functions J*° meet equation (1.4). In this case the tensor J induces a Poisson

structure on the manifold M.

!The introduced Hamilton operator is not a vector field on M because of its dependence on the input u. In
fact it is a submanifold of 7 (M) parametrized by w.
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&£

Hamilton operator vy

the state 7
manifold:

Figure 10.2: The finite dimensional Hamilton operator vy (for u = u (x)).

Taking into account this definition, we easily obtain the well known relation

Obviously the product u]y equals the external impact on the formal time derivative of the
Hamiltonian H,. One can often interpret this product as the power fed into the system. It is
common to call such an in- and output configuration collocated in- and outputs.

If the input map is given by B = —e* ® J|dH, with suitable functions H, then from

L, (H) = ((J - R)|dHy — v J|dH,)|dH,, w=1...m

it follows that L, (H.) = y. is fulfilled for the case that (R|dH,)|dH. = (J]dH,)|dH. = 0.
This often applies in mechanics.
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Infinite-dimensional port Hamiltonian
Systems
(I-pHd Systems)

In order to extend the pHd approach from the finite- to the infinite-dimensional case, we have
to replace the state manifold M, its tangent bundle 7 (M), its cotangent bundle 7*(M) and
the smooth functions C* (M) by new spaces. Furthermore, the free Hamiltonian H,, the maps
J, R, B and the exterior derivative d have to be substituted by new functions and operators.

11.1 Geometrical structure of I-pHd systems

First we introduce the bounded base manifold D with local coordinates (X*) !, i = 1,... 7.
Commonly these coordinates will represent the independent spatial coordinates according to
the analyzed plant. Additionally, let (H,n, D) be the “state” bundle with local coordinates
(X% 2*), a=1,...,s, where z® represents the dependent coordinates.

From 1 we derive four important bundles:

e The n™ jet bundle (J"n,n™, D) with the adapted coordinates (X i,x“,xﬁ) according to
the total manifold J"7;

e the vertical tangent bundle (Vn, THIV,] ,H) with coordinates (X°, 2%, 2%);

e the exterior bundle (AT (H), T por+(2), H) where A2 (7% (H)) = span {dX} and adapted
local coordinates (X*, 2%, t);

e and the exterior bundle (A}T* (H), Ta1(7+1)), H) where AL (T* (H)) = span {dz* A dX}
and adapted local coordinates (X*, z%,t,).

Here the volume form dX = dX' A --- AdX" is used.

'Here the independent coordinates do not incorporate the time coordinate, as we consider only time-invariant
pHd systems. Thus the base domain equals the » — 1 dimension spatial domain Dg of the Euler-Lagrange part.
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Furthermore we define the interior product

IV x AT (H) — AT (H)
(#%0, tadz® AdX) — 30, tadz® A dX = i%,dX

to represent the canonical product of the I-pHd system. An n" order I-pHd system is equipped
with a Hamiltonian hodX, hy € C* (J"n). Considering the previously introduced bundles we
see that the Hamiltonian is a section on the pull-back bundle hdX € T (1) Tror+(3) )-

Now we are able to replace 7 (M), 7*(M), C* (M) of chapter 10 by the pull-back bundles
(16")" Trlys (18") Tarcz=aey> (M) Troz+(r- Additionally, we use the variational derivative
§: (M) AT (H) — (92")" AL (T*(H)) instead of the exterior derivative of the chapter 10
and substitute the tensors J, R by suitable maps J,R : (n?*)" AL (T* (H)) — (n2")" V1. The
map J is assumed to be skew symmetric, i.e. J*¥ = —3°*, and fR to be a symmetric positive
semidefinite map.

Remark 11.1 The maps J,R could also be differential operators (see, e.g., [Olver, 1986]), i.e.
maps of the form

(m3")" Ar (T (H)) — (mg"™™)" Vi,
where m > 0. Here we will confine ourselves to the non-differential-operator case.

For the input space we choose a vector bundle (i, 17,,, D) with local coordinates (X*, u®), ¢ =
1,...,m and basis {e.}. Of course, the output space ) = U/* is given by the dual vector bundle,
where we use the coordinates (X*, y.) and the basis {¢* ® dX}. Furthermore, we conclude that
there exists a bilinear map U xpY — A2 (7* (H)) given by use |y et ® dX = usy.dX. The input
map

B U — (") vny
(u'es) — u'es]Blet ® 0y
and its adjoint — the output map 8B*
B () AT (W) — Y
dohodz® NdX —  Bfe® @ 04)dahodz® A dX

are defined by the tensor B%e* ® 0,.
Finally we propose the structure of an infinite-dimensional port Hamiltonian system
T = (J—R)(0(hedX))+ B (u) (11.1)
B* (§ (hodX)) , (11.2)



11 Infinite-dim. port Hamiltonian Systems 11.2 Boundary Ports of I-pHd Systems 98

or visualized in the following commutative diagram.

B - (J—NR) o . B*
u (m3")" Vn (n3") Ay TH(H) — Y
(77%”)* TALT*(H) 5
3")" Trlyy
M T Ty g) AT (H) gy
" m"
D Vn H AT (H) D
THlyy TALT*(H)
Ui
D.
The maps J, R are in local coordinates given by
I (") AT (H) — (ig") Vi

todz® AdX —  JP%,04

with J8* = — J*8 and

!

R: (") AT (H)) (") Vi
todz® AdX — R0,

with R% = RS, Rf*¢ i > 0.

Remark 11.2 Here we have again introduced a combination of in- and output maps B and ‘B*
that provides all three ingredients of a port. Of course two components of the port are given by
the dual vector bundles U and Y representing the space of in- and output variables. The third

component is again given by the footing p € H of the vertical vector field part of the tensor
B ® 0,.
S

This general definitions will now be used to investigate the boundary conditions of I-pHd
systems with 1% order Hamiltonian. After that, we extend the achieved results to the case of
systems with n" order Hamiltonian.

11.2 Boundary Ports of I-pHd Systems

The central object of I-pHd systems is given by the Hamiltonian functional

(o) = /D ()" (hodX) |



11 Infinite-dim. port Hamiltonian Systems 11.2 Boundary Ports of I-pHd Systems 99

whereat the n™ prolongation of the section ¢ € I' (1) is applied. The evolution of the I-pHd
system is determined by the n-vertical operator? v, = %9, € (n3")" Trly,, with ¢ from (11.1)
and denoted as the Hamilton operator. Thus we are able to depict v, in figure 11.1, whereby
the fibre preserving property of the corresponding automorphism, i.e. the supposed solution,
is stressed.

the state
bundle:

ase manifold

Figure 11.1: The n-vertical Hamilton operator v, (Here we assume u = u (X ‘ x‘ﬁ) and con-
sequently v, becomes a generalized vector field).

In order to visualize the special properties of the Hamilton operator and to derive the
impact of the boundary conditions, we have to consider the time derivative of § along the so-
lution of the corresponding I-pHd system. We are able to formulate the formal time derivative®
of the Hamiltonian functional as

diﬁ = LJ'”Uh (57)) = / (anU)* Lj"vh (hOdX) . (11.3)
t D
It is obvious that this mathematical problem is similar to the tasks treated in the calculus of
variations. Consequently we will make heavy use of the cognitions obtained in chapter 8.
First we introduce new local coordinates (Z°) resp. (Z¢, z*) for the total resp. the base man-
ifold of the bundle 7 such that the requirements stated in section 8.1.1* are met. Consequently
we are able to pull-back the Hamiltonian #,dX and obtain h{dZ. Again we will suppress the
superscript and use hodZ instead of h{dZ. The Hamilton operator is denoted by v, = %9, in
the local coordinates (Z7, z*). The corresponding boundary bundle is defined by (H,7,9D),

equipped with the coordinates (Zi, 2.0, jr]) and the boundary section & : 9D — H. Addition-

ally, we introduce the domain and boundary jet framework II” resp. I} and the corresponding
contact ideals I, resp. I,.
This definitions enable us to introduce the extended Hamiltonian

hewt = hodZ + w+d(wy) , wel,, (V") 'ws€E Iy,

2Again, this operator is not a vector field, but a submanifold of (n3) * 7|y, parametrized in u.

3The introduced formal time derivative becomes the time derivative, if the solution exists and is parametrized
in the time ¢.

“Here we use the local coordinates (Z%, 2%) instead of (Y, y*) in order to prevent confusion with the local
coordinates of the output bundle 7,,.
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where we made use of boundary contact bundle morphism (V" ).
It is obvious that the additional forms w, (¥")" wy as elements of the contact ideals I,,, Iy,
do not modify the Hamiltonian functional, i.e.

8(0) = [ (70 (hod2) = [ (70" (her)

D
Now it is left to determine the forms w, wy in an appropriate fashion, such that we can deter-
mine the domain and boundary impact of the system evolution on the Hamiltonian functional.
Similarly to the calculus of variations, we will discuss these points for systems with 1% and n"
order Hamiltonian separately.

11.3 Systems with 1% order Hamiltonian

In this restrictive case we are able to construct the extended Hamiltonian analogously to the
Cartan form, i.e.
heat = hodZ + pl (d2* A 8;]dZ — 2§} ,dZ) .

The unknown functions pB I are similarly defined and given by

, Oh
il = az—ao -
[L4]
Finally we get
(7°0) Ljry, (hodZ) = (7%0) " Ljiy, | hodZ + (dz* — zde) A 0;|dZ
D D (%ﬁi] i

= / (7%0)" (vth (hodZ + ;ZO (A= — 2(,dZ7) A9, sz>
P &

+d (w (gio dz° A@-JdZ)))
(1]

_ / (%) (vhjéahodza AdZ +
D

dy (m (i@o 4z /\&JdZ)) +d, (m (;Zfio 4z /\8in2)>)
it i

= / (7%0)" vn) (6ahodz® AdZ — dy (01 (ho) dz* A 0;]dZ)) .
D

Thus we are able to conclude that

(720)" Ljiy, (hodZ) = (j%0)" j'vp]d (hodZ) (11.4)
= (5%0)" va) (Ouhodz® A dZ — dy, (02 (ho) dz* A 0;]dZ))

whereby the definition of the variational derivative as a map between the spaces
(n$)"A2(T* (H)) and (n2)" AL (T*(H)) is confirmed. This result can be used in (11.3) and
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consequently it follows from the definition of the Hamilton operator (11.1) and (11.2) that
%g _ /D (720)" (=R (8 (hodZ)) |6 (hedZ) + (ucy,) dZ) (11.5)
_ /D (720)" (vn)dy (911 (ho) d=* A 8] dZ))
_ /D (720)" (—9R (8 (hodZ)) |6 (hodZ) + (usy.) dZ)
N /D (520)" dn (vn] (8L (ho) d=* A 0] dZ))
_ /D (720)" (—9R (8 (hodZ)) |6 (hodZ) + (uSy.) dZ)
b [ 4 (o)’ (an) 08 )220 7 0102)
_ /D (720)" (—9R (8 (hodZ)) |6 (hodZ) + (usy.) AZ)
[ (o) (ol (0 (o) 42" n 0,Ja2)))

is met. Here we have taken into account the special properties of the horizontal differential d,,
(see definition 4.16).

Equation (11.5) states that the dissipative operator R, the pairing u°y. on the domain, and
the boundary term

/ c((520)" (vn )0 (ho) A2 A 0;]dZ)) = (11.6)

oD

= [ (o) (@) (ol () 0= n0Jaz)

= [ (o) (wnal ()" 00 () 032 n01Ja2)))

= [ o) | (o w) Al (@ o 9?) dzt 1 a2)
oD -~

N

Ao

determine the evolution of the Hamiltonian functional . Here the second prolongation of
the boundary section (j%5) : 9D — J?7, and the boundary volume form dZ = 0,|dZ =
(=1)"""dZ' A...AdZ ! are introduced.

Consequently we see that the special construction of the Hamilton operator enables us to
determine the domain part of the time derivative of the Hamiltonian functional in a straight
forward manner. Additionally, we are able to identify the boundary impact to be given by the
form )\y. Obviously it is left to introduce the boundary ports for the I-pHd system such that
the system purely interacts with the surrounding through ports.

Before we are able to extract this information, we have to define the appropriate spaces,
where the vector and form components of the form )\ are living in.
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11.3.1 Definition of the boundary spaces

In contrary to the determination procedure of the collocated output y on the domain, as stated
in equation (11.2), it will turn out that it is no more possible to give a unique separation of
the in- and output variables at the boundary. In order to overcome this problem we introduce
two pairs of dual bundles and state that both of them could be used as boundary ports for the
I-pHd system.

The first pair is given by the boundary input vector bundle (¥, 7;;, 9D) with local coordi-
nates (Z/,u”),j=1,...,(r—1),v=1,...,m and the basis {e,} and its dual - the boundary
output vector bundle (), 7y, dD) with local coordinates (Z7,y,) and basis {¢” ® dZ}. The

second pair is given by the boundary input vector bundle (Z] i 82)) with local coordinates
(Zi,a,),j=1,....,(r—1),y=1,...,mand the basis {¢} and its dual — the boundary output
vector bundle (37, 3, 87)) with local coordinates (Z7, ") and basis {dZ ® €, }.

Additionally, we introduce similarly to the domain vector bundles four vector bundles ac-
cording to the boundary bundle 7:

e The n' jet bundle (J"n, 7", 9D) with the adapted coordinates (Z v 2e, z[o‘j.j ]) according
to the total manifold J"7;
e the vector bundle (/\9_17'* (H) JTh 7 (ﬂ),?—{), where A?_,7* (H) = span {dZ} and lo-

cal coordinates (Z*, 2% ty) and
e the bundle (/\,1,717'* (H) . 7p1 1 (ﬂ),fZ), where A!_, 7" (H) = span {dz* A dZ}and local
coordinates (Z%, 2%, ).
e The dual bundle to 7 AL, T+ (R) is given by the vertical boundary tangent
bundle (Vﬁ, Tilyn H) .
By construction we obtain the bilinear products
UxoY — AT (R)
(We,, gee* ®dZ) — a'e,|ycet ®dZ
respectively
VxopUd — N T*(H)
(PAZ®é,, uce) — PAZ®E,|uce .

The form )\ stated in equation (11.6) meets obviously Ay € T ((7’7(2))* Tro_ T (ﬁ)>. It is now
assumed that )\ is generated by both bilinear products, i.e.

o = (2200%) ,] ((01hg 0 ¥?) dz* A dZ)
= we,|geet @dZ
= §dZ®é,]uce
= 'y, dZ = §"u,dZ .



11 Infinite-dim. port Hamiltonian Systems 11.3.2 Determination of boundary maps 103

It is worth mentioning that the vector field and the form part of )\ are elements of the intro-
duced boundary vector bundles °, i.e. (0 ¥?)9, € T <(7‘7§)* Tﬂ|w7), and <8L1T]h0 o \112> dz® A
AZET ()7, 7))

Now it is left to formulate the relation between the form )\ and the dual in- and output
bundles by means of maps 98B, B* resp. B, B*.

11.3.2 Determination of the boundary maps

At first we consider the bundle pairing 7;; and 7y and formulate the boundary input map B to
determine the vector part of \y by

B(u) = we,)Bre ®
= (00?0, .

Obviously we have introduced a map of the form
B U — (i) Vi
Consequently we can reformulate )y and get
Ao = ' B20a] (0} he 0 ¥?) dz* AdZ) .
This leads directly to the adjoint map
B (m5) A T (H) =Y
given by

B (0 hgo W?) = B2 @a,] (01 hy o W?) da® A dZ)
B2 (0Mhg 0 0?) € © dZ
= gt ®dZ.
We see that this port configuration is fully defined by the tensor

Bge® ® 0, .

>Here and subsequently we will use vector bundles and their corresponding pull-back bundles synonymously.
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This procedure can be visualized in a diagram of the form

D oD
L
U]
H
o
oD J7 oD
72\* ~ _ 72)* _
i (75) TH|va (75) AL T () Wy
L B . e iy B
u )V AT )2y

Now we consider 7,; and 7y and formulate the boundary input % map to determine the
form part of \y by

B (1) = Bldz*AdZ® &, |uces
= (0"ho o ¥?) d2* A dZ .

Here the input map B is given by

B () AL T (H)
The definition of the input map results in

Xo = (%0 0?) 0, BOTdz* A dZ ® &, ] iice
and consequently the adjoint map
B (1) Vi — Y

is given by
B*(:%01) = (*0V?)0,]BYNd* NdZ e,

= (2*0V0?) BMMaZ e,

[0}

= y'dZ®e, .
We see that this port configuration is purely defined by the tensor

Bldz*ANdZ®é, .
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This procedure can be visualized in a diagram of the form

D oD
L
n
H
o
oD
()" 7rs_ () O
()" Ar_1 T* (H) U.

If Bldz* AdZ ® é, = d (HydZ) ® & is met, we are additionally able to identify the collocated
output with the time derivative

g = (27 0 W?) 9p)d (Hp)

of the functions H; along the solution of the system.

11.3.3 Representation as I-pHd system

Finally we are able to define the representation of I-pHd systems with 1% order Hamiltonian
on 71 with local coordinates (Z¢, 2*) given by

2 = (J—R) (0 (hedZ)) + B (u)
y = B7(6(hodZ))
oW = B(a)
g = B (0o 1?)
respectively
z = (J—R)(0(hodZ)) + B (u)
y = B"(6(hodZ))
Ollhg o W2 = B (a)
g = B ((2*09%)0,) .
Both representations could be used to introduce a symbol for I-pHd systems — see figure 11.2.

Remark 11.3 The in- and output maps B, B*, B, B* B, B* must result from a modeling
procedure as, e.g., calculus of variations. Here only the necessity of such maps in order to obtain
a pHd description was discussed.
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Figure 11.2: The representation I-pHd system with 1 order Hamiltonian.

11.4 Systems with n™™ order Hamiltonian

We state, following the results of chapter 8, that the extended Hamiltonian is built by

_ a J—1I2,J;jr a _
heat = hodZ + pl/ =, A0y, |dZ +d (pL }wa[ Tetg] 812sz>

where

H#J L,....,n, #J=1,....,n, 4, =0,... .k

#[1 = 1, Ilzlj, jzl,...,r

#IQ = 1, Igzli, izl,...7T—1
is used. Similarly to the construction of the extended Cartan form, we have to determine
the functions pi "' resp. pc[{]f[z"]m] such that the prolongation of the Hamilton operator

is suppressed in the domain condition resp. the boundary condition. By construction it is

possible to make use of equation (7.9), where we have to replace [ by h, in order to obtain the

condition for the functions p¥ . Additionally, equation (8.3) supplies the corresponding

7 : jf[ >j§ jr
relations for the functions pL 2 ].
Having the extended Hamiltonian form at ones disposal, we obtain
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/D (77"0)" Ljnu, (heat) = (11.7)
(72"0)" (vn]d (hewt) + d (7"0n) Peat))

(770)" (vn)d (hese)) + / ((70) (5700 heat)

@\@\o\u\

oD
= [ @) )+ [ (7)ol (97 )
= | (7*0)" (va] (6ahodz™ A dZ))

+/aD i76) vaj<( Jr](h)o\IJZ”)dz[ ]/\dZ>>
_ /D (72°0)" (vn] (Fahod=® A dY))

# [ | (L, o w) o) ((ii;’” (ho) 0 ¥2") df; 7.dZ)

Ao

Obviously we obtain precisely the same configuration according to a certain multi-index [J,] =
0...0j,] resp. [J;] = [0...0;4,], as we did in the 1% order case, i.e. [J,] = [0...00] resp.
[J,] = [0...0;0]. Consequently we have to carry out the same procedure as we have used for
the 1% order case according to every multi-index [.J,].

Definition of the boundary spaces

The first pair of boundary spaces is given by the boundary input vector bundle (Z/{ ) i, > 82))
with local coordinates (Z7, u(;,)?) , j =1,...,(r—1),v=1,...,m,) and the basis {%Th}
and its dual — the boundary output vector bundle ()7(]-T) U 01)) with local coordinates
(Zj UG 7) and basis {&(;,)” ®dZ}. The second pair is given by the boundary input vec-

tor bundle (Z/{(jr), M, 82)) with local coordinates (ZJ, ﬂ(%,)V) , i =1,...,(r=1),y =
1,...,1my,) and the basis { (7} and its dual — the boundary output vector bundle
(j(jT), M5, 87)) with local coordinates (Z7, g;,") and basis {dZ ® é(j,,)y}.

Additionally, we introduce similarly to the 1% order case the vector bundle

(ALT* (H) aTAi_lf*(ﬂ)’H) ’

where Al 7" (H) = span {dzf}] A dZ} ® and local coordinates <Zl 2o Y )>.

5The total manifold &5 has the local coordinates (X z[ Y ])
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By construction we obtain the bilinear products
Uiy xop Vi — NaT" (H)
(%})”’ €y Ui ¢ € * © dz) — Gy €G] Ui €6 © dZ

respectively

Voo oo Uy — N T (H)
(?J(jn” dZ® &g,y s UG, . émf) = GG dZ® &g, | UGy G © -

The form )j stated in equation (11.6) meets obviously \y € T’ <(7’73”)* Tro_ T+ (H)) and is
built by

k
No=Y A

]‘r:O
Now we assume all forms )\(am to be generated by both bilinear products, i.e.

Y = (La, (2 0wy ol (57 (o) 0 w>") e A dZ)

= 4G, €G] UG eun @ dZ

= Uy, Uy, 42 = Gy, g, dZ .

Determination of the boundary maps

At first we consider the bundles i, 19, and formulate the boundary input map such that

the vector part of )\g’“) is determined, i.e.

B () = g ey, )BE 6,y ® o)
_ (de (3%) o xp?”) ol
Obviously we have introduced a map of the form
B U,y — (") Vi
Consequently we can reformulate )\gj’") and get
2 = ag,y? B9 ol (85 (o) o w?") dzp, ) nZ)
This leads directly to the adjoint map

B (05") A T (H) = Vi)
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given by
%(jr)* (5[0177«] (hO) o \I/2n> — Béjr)ﬂ é(jr)c ® aLJT]J ((50«[]7”] (h()) o \112”) dZ([le] A dZ)
= BI ( (ho) 0 W) ;)¢ @ dZ
We see that this port configuration is defined by the tensor
=(1,-).a0 — j’r - .
BI g\ @ ol (7] =10...0;35.].

This procedure can be visualized in a diagram of the form

D oD
L
n
H
"
oD J*"n oD
N (75")" TAL,T#(R) Ny,
(3r) (Gr)
Y B r =2n\* 17— —2n\* A1 * [ %(jr)* \)
U, (770 ) Vi (770 ) N T (H) y(j7,)_

Now we consider the bundles Mg, 9., and formulate the boundary input map to deter-
Jr Jr

mine the form part of )\(ajT)

BY) (ag,) = BY de[ 5 NZ® ey G ¢ 8Gn°
— 2n « r7
= (38" (ho) 0 9*") ey AdZ.
Here the input map BU+) is given by
B Uy — (7)Ao T (H)

The definition of the input map results in

] n jT >, "r (o4 7 e U e
)\g ) = (Ldm (2%) o v ) 8[ ]JBéJ Mdz[ﬂ} ndze e(jr)vJ UG ¢ e(j”)c

and consequently the adjoint map

B (75") VI = Vi
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is given by

B0 ((Lay,, (7)o w)) =

We see that this port configuration is purely defined by the tensor

Bdepy NdZ @ ey s [J] = [000.055].

This procedure can be visualized in a diagram of the form

D oD
L
n
H
"
oD oD
_ (7g" 10") Thr (7 _
N3G raT () ;..
) B O B
Vi) (") Vi (") Ao TF (H) ~—— U,

11.4.1 Representation as I-pHd system

Finally we are able to define the representation of I-pHd systems with n™ order Hamiltonian
on 1 with local coordinates (Z?, z*). We will consider here the example of a 3" order I-pHd

system having the following structure

z

(3 —R) (6 (hodZ)) + B (u)

y B* (6 (hodZ))
2ol = BO (yq)
yoy = B (55“'00] (ho) © Wﬁ)
5 (ho) 0 W0 = BW (@)
iy = B ((La,, (20 0))
L, (%) 0 W0 = B (a)
Jo = B (55‘“02] (ho) o ‘1’6) :
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In fact there exist 8 different possible boundary configurations for a I-pHd system with 3™
order Hamiltonian. A symbolic representation of the state 3" order example is depicted in
figure 11.3.

Figure 11.3: The representation an I-pHd system with 3™ order Hamiltonian.

Remark 11.4 A consequence of the proposed pHd system structure is that F-pHd resp. I-pHd
systems cannot be subdivided in several F-pHd resp. I-pHd subsystems in general, because one
must be able to introduce subsystems interacting through linear spaces.

11.4.2 Application - the Kirchhoff plate

Following the investigations of section 9.4.1 we are able to define the Hamiltonian to be given
by

1
hodZ' NdZ® = <§< (o) + () + 202y oy + 21 =) (h)”) +
QpLA (:3)") az' naz?,

where ¢, v, p, A € RT. Here we use the local coordinates (7!, Z2, 2!, 2?) rather then (YZ, Y3, yl,pi>
and suppress the first entry in the multi-index [0, .J;, i.e. we use simply the [J;] instead.

Hamilton operator

The Hamilton operator v, = '5% + :2.2; is defined by

1
1 _ Lo
o= pAZ
1
2 = —Szpg — Sy — 22py — R—2°, ReRY,

pA
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or better structured

A7 |fo 1] [oo J1h
2 -1 0 0 R doh |
——— ——
3 R
Here we have used a matrix representation to illustrate the appearance of the maps J and fR.

Obviously it is left to introduce the boundary ports on 9D;. The bearing of the Kirchhoff plate
leads to the following map

J— ~(1)71 -~ e
= By uay, =y,

o, = B (La, (2) 0 0f)
, 1
= Foyo¥i= p—AZ[Qo;u-

The introduced damping torque M could be easily incorporated in this description by the
assignment of Bfl)’l = 1and

1 2
oA 01

uy, = —Royay, = —Ro Ry € RY.

From the fact that 6% (hg) = 0 resp. 65" (he) = 0 we conclude that no tensor entries By =
Bél)’z = 0 exist. Additionally, 2! o ¥* = 0 on 9D due to the restraint support and thus also

BP" =0,

Derivative of Hamiltonian functional

Now we are able to derive the time derivative of the Hamiltonian functional, i.e.
Ly, / (7°0) hodZ = / (7%0)" (vn] (61hodz" A dZ + d2hed22 A dZ))
D D
+/ (j'51)" ((Z'[lm] o W) 90| ((5[101} (ho) o \1/‘11> dzfhyy A dz))
oD,

= / (j40')* (—(52]10 R 62]10(12)
D

. 1 1 _
+ 45 —— 22 Ry — 22 dZ)
/m)1 (7%51) < pA 7102 110 0]
< 0.

Here we have already used the general results presented in equation (11.7). Additionally, we
have restricted the boundary integral to the partition 0D; as the damping torque acts only
along this part of the boundary (see figure 8.7).

One of the most important properties of F-pHd systems is their structural invariance with
respect to power conserving interconnections. Thus we investigate in the subsequent section
the behavior of I-pHd systems with respect to domain and boundary interconnections.
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11.5 Interconnection of I-pHd systems

Here we will confine ourselves to the case of systems with 1% order Hamiltonians. It is obvious,
that the treatment of this system class is sufficient to introduce the interconnection procedure,
as the extension to n™ order I-pHd systems equals only the use of a more involved notation.

11.5.1 Introduction of the considered I-pHd systems

In the following the I-pHd systems, which are generated by two interconnected I-pHd systems,
are formulated on a product bundle (H1 X Ha, My, X Ny, D1 X Dg).

We will investigate three different cases of interconnection — domain <> domain, boundary
< boundary, and boundary < domain. The considered systems are defined by

Z"la = (Jl — Rl)aﬁ 55h01 + Ulg Bl?
Yy, = Blf dghor ,

with boundary conditions

?jlpy Bl,c; = z'lao‘llf s yl7 = Bl,c; (a&lr]h(n O\IJ%)
or Blzﬂlv = (&BT]hOlo\I/f) , QIWZ Bll(é’lao\l/%)

and

2',204 = (JQ — Rg)aﬁ 6ﬁh02 + qu BQ?
Y. = Bzf 55h02 )

with boundary conditions

’17/27 ng == 220‘0\1]3 s yQ’Y: ng (3L1T}h020\113)
or BQZ INLQ,y = ((95’“]%20\1/%) , QQW: BQZ (22040\113) .

In all three cases the systems are linked by a I-pH system without dynamics defined by

Yro = lopur® ,  Iug=—Isa

Yn | _ Ly Lo ur1
Yr2 Iy I Ur2
with Iy = —If, Iso = —1J,, Iy = —I,. This system belongs to the class of power-conserving

interconnections.
The time derivative of the interconnected Hamiltonian functional

d d
5512 = in (/171 ho1dX; + /D2 hode2)

will be analyzed for all considered interconnections.

or in matrix representation
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power conserving

. . System 2
1nterconnection

System 1

Uq

Figure 11.4: The domain<domain interconnection.

11.5.2 The domain<domain interconnection

This interconnection represents the case, where the domain of two I-pHd systems coincides,
see Fig. 11.4. Thus the introduced product bundle reduces to the special case of a fibred
product bundle (see Def. 3.8). Consequently we get the following assignments

un® = (Kl)ag Y1
up® = (K2)™ y,
urt = ue® + (K1)* yn,

S =

Ug up® + (K2)Oé< Yoo -

Here and in the subsequent analysis we use (K;)™ = (K;),,
ie{1,2}.

The domain inputs result in
U+ Iy ™ B? 6,ho1 + Lp* By? 6,hoo
up® + Iy *° ByZ 0,ho1 + I By? 0,hoe

Ulg =

g:

U2

with I;;" = (K1)<B L1 gy (Kl)% , [y = (Kl)gﬁ L2y, (Kz)we , I =

(K2)*” I gy (K))%

, I = (K I 5y (K»)"* and the boundary inputs are denoted by @, = i, Uy = .
Consequently we end up with an I-pHd system on (H; X Ha, 13, 3, P) defined by

s B dghot Ug®
EIRCELI AR P
where

;o [T+ B I By B2 Io* Byf
i By I ™ Bl? J§5+ By? I 325
(R0 B? 0

R = ! B = S

o me ] o[

is used. The collocated outputs are given by
Bi? 55ho1 = Ya.
By? 6ghos = s -

Y
Ya ¢

|
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Thus the domain<-domain interconnection preserves the structure of an I-pHd system. The
time derivative of the interconnected Hamiltonian functional leads to similar results as already
shown in equation (11.5) for the general case.

11.5.3 The boundary<boundary interconnection
This interconnection represents the case, where two I-pHd Systems are interconnected on a
common boundary 0D;, defined by 0D; D 0Dy, C 9D,. The boundary inputs on 9D;, are in

power conserving
interconnection

System 1 Uda

ug, ~ System 2

Figure 11.5: The boundary<boundary interconnection.

this case given by

U = ﬂa7+(K1)7B <[11ﬁw (K" g1, + L2y (Ky)* Q%)

i) = )+ (Ky)" <[21 By (K" 1.+ I 5y (K2)"* 2725)
and

= v _ = Y "/ﬁ 1[;5 17 w Uo

Uq = U, +(K1) <[1113w (Kl) y1€+ [12ﬂ1/; (K2>5 Y2 >

Ugy = Upy+ (KQ)f <121 By (Kl)w8 Ui+ la2y (K2):f ﬂ2€> .

In the analysis of this interconnection, we have to specify the maps B or equally B for both
systems. In the following we will introduce only the map B, for the first system and the maps
B, and B, for the second system. The combination B, and B, supplies similar results and is
omitted here. The considered inputs are given by

al’Y — ﬂa'y —+ ]All’YE Blg (8,[11”]%1 o \IJ%) -+ [A1275 BQ? (a 1T]h02 o \Ilg)

\

uy = wp + f217€ Blg (8&1’"]%1 o \I’%) + IA227€ BQ? (0[1T]h02 o \IJ%) .

W1th Iy" = (K1) Lgy (K'Y, D™ = (K1) Napy (K2)" 5 In™ = (Ko)™ Iy (K1),
Ip™ = (K3)" Ina gy (K2)"" and

i = 4"+ Iy Bl (0 hey 0 UY) + Ia] By, (2% 0 W)

Uy, = Ub7+[21’y Ble (05 hor 0 WF) + Inaye Bay, (2% 0 W3)
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with I, = (K;)*” Iy gy (K1), sl = (K,)” L2 gy (Ky)! jzli = (Kz)g I51 gy (K1)",

jZQ*ya = (K2)§ ]225¢ (K2);p-

The time derivative of the interconnected Hamiltonian £, equqls the sum of the individual
derivatives except the 9Dy,-part. Here [, (1, W + ¥, Uz7) dZ resp.
Joms, (91, W + 2., Uz”) dZ has to be analyzed. In the first case we get

/8 (0o o ) By (7 4+ 10" ByZ (00 hor 0 03) + T1™" By (9l hop 0 93) ) dZ
12
+ /aD (6L1r]h,02 o \Ifg) BQ: (ﬂb7 + [A2176 B! (5([1171%1 o ‘I’%) + f227E B,? (agr]hw © q’i)) dz
12
and in the second case this results in
/dD (O oy 0 02) B2 (7 + 117 B2 (20 oy 0 93) + T B, (227 0 03)) dZ
0D12
+/ap (732“’ o \Ifg) BQZJ (711)V + lei Bi? (8L1T]h01 o \Iff) + [A22'ys 322 (22a ° ‘Ijg)> dz .
12

Because of the condition I 12% = — Iy “7 the first integrals simplify to

/ (J1y e + Yoy @) dZ .
0D12

The second integral simplifies similarly to
/ (914 T + G2 p) dZ
0D12

because of I 1QZ = — fgli. Consequently the time derivative of the interconnected Hamiltonian
functional caused on 0D, is purely determined by the collocation of @, and u;, (resp. ;) with
y1 and g, (resp. 7»2). It is worth mentioning that this is a simple consequence of the power-
conserving interconnection.

11.5.4 The boundary<domain interconnection

This interconnection represents the combination of a r-dimensional I-pHd system, i.e. dim (D)
= r, with a (r — 1)-dimension system, i.e. dim (D) = r — 1, along 0D, defined by 0D; D
0D,5 C D,. Again we have to consider both boundary maps for the first system. Consequently
the inputs of the systems are given by
i = w7+ by " By (00 hoy 0 W) + 1y By 6 ,he
us® = w+ Iy Bi? (85’"%1 o Ui) + In™ By ? dpho2
with 111 = (K0)% T gy (K0, D™ = (K1) T gy (K2)™ 5 In™ = (K2)™ I gy (K1),
. e A
Iyy™ = (K3)™ Iy gy ()"
or in the second case
i1y = ay+ Di1ae Bio (2190 93) + Lo Bo? 8,ho
Ug’y = Ub’y—i-lezBlZ(ZlaO\D%) +IA22,YE BQ? 5¢h02
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power conserving
interconnection

System 1 Uda

Up System 2

Figure 11.6: The boundary<-domain interconnection.

with [y, = (K1)f Ly gy (K1)Y fl?i = (Kl)f Loy (K2)* Il = (K)o gy (K1)Y
Ly = (K)"" Iy (K)™".

The time derivative of 9, is again given by the sum of the individual derivatives except
the 9Dy,-part, plus the result of [, - (1, W + yo. uz®) dZ resp. Joms, (17 @y + Yo us®) dZ.
These integrals leads to

/a i (08 o1 0 W3) By (uoa” + Ini " Big (00 hot o W3) + I1s™" Baf 6,ho2) dZ
12
+/8D dwhoz2 Ba (wp”+ In"" Bi; (agwhm 0o UT) + Inn " Bo? ,hop) dZ
12
or equally
/m) (le © ‘1’%) Bl: (Uaay + ]Auyg Blz (?31CY © ‘I’%) + j12f, BQf 5¢h02> dz

+/ Suhn Bo® (wﬂ + 0! Byl (5% 0 02) + Iy By? 6¢h02> az .
0D12

Once again the condition L1 LA I}lw simplifies the first integral to
/ (?71fyﬂav+y2AY u,")dZ, (11.8)
0D12
and flgf/ = — jglz simplifies the second integral to
/ (917 oy + Y2, up) dZ. (11.9)
0D12

The time evolution of §);, is consequently determined by the individual damping R;, R, on
Dy, Ds, the pairings y; |u, y2 |us on Dy, Dy —0D1,, the pairings ¢ |u; (resp. 71| u1), g2 |us (resp.
U2 |12) on 0Dy — 0D12, 0D, and the quantity in equation (11.8) resp. (11.9).



11 Infinite-dim. port Hamiltonian Systems 11.6 Application - Membrane and String 118

11.6 Application - Membrane and String

In this section we will investigate a mechanical structure, whose infinite dimensional compo-
nents can be modelled using the introduced 1** order I-pHd description. The considered con-
struction consists of a rectangular undamped membrane and an attached undamped string.
The proposed interconnection of this systems is shown in Fig. 11.7. In the mathematical

Figure 11.7: The membrane-string interconnection.

modeling, we assume that for both components only small vertical displacements 2}, (7!, Z?),
24 (Z') appear. Consequently we are able to formulate the potential energy density of the
membrane [Villaggio, 1997]

S
ersr = S ((zhio)” + (heon)”) 42* a2

Here the constant membrane tension S); € R™ is introduced. Similarly we are able to define
the potential energy of the string

S
Eps — ?S (Zév[l})del

with the string tension Sg € R*. The kinetic energy is given by

1

2\2 1 2
— dz* NdZ

EKM =

respectively

EKS — L (Z%)del 5

where the constant mass per unit area p,, € R™ and mass per unit length p, € R" are used.
The Hamiltonian densities

1
hoy = (_52M (2hrpo)” + —SQM (2hr0m)” + 7 (%)2) dz' ndZ?
Pm
S 2 1 2
hos = (75 (25m)" + 5, () )le

can now be used to define the corresponding I-pHd representations. The membrane is de-

scribed by
12
EIRCR PR
22, -1 0 0.2 hom Sm <Z]1\/[[20] + 211\4[02]>
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with the boundary conditions

1

M
— — o — 1
Z/M1 = (a([)?l]HOM o \I]?\/[) BMl - (SMZ]lW[Ql] o \D?\/I) BMl ,
where the map
\Ij?\/[ : (Z> Z%/[[O;O]? Z%/I[O;O} ) Zi/[[l;o}a 212\/[[1;0]7 211\/[[0;1]7 Z%/I[O;l}a

1 2 1 2 1 2
M0 M0 ZMitsa)s 2h1s1)> ZM02)s Fhfoi2)
1 _ 7 2 1 _ 1 2 .2
- (Z =4, 27 =L, 2y = Zyp00p 20 = Mo
1 A 2 L2 1 A
ZM[10] = AM[1;0]> *M[10] = FM[1;0]> *M[01] = M[0;1]>
2 2 1 o 2 .2
AM[01] = AM[0;1]> FM[20] = FM[2;0]> *M[20] = FM][2;0]>
1 o 2 L2 1 o
AM[11] = AM[1;1] FM[11] = FM[1;1] #M[02] = FM[0;2]>

i 0:2] = 2%4[0;2])

is used. The string is described by

g)1_[0 1][0ahs] [0, |2
22 —~1 0 ] | d.2hos 1 SmZg + Us

and the boundary conditions (vs: {—%,£} — {Z' = -£ Z' =L})

2772 27 2

~ 1 _ 1
le usi1 = 8£ ]hOSO\I/%v = <Ssz‘ém> O‘I’%
- ~ 1 . ~ 1
js' = Bsi (:LoW) = Bgl (pAzg \yg) .
The power conserving interconnection is in this case given by

Y = uy2 , Yr2 = —un ,

with
_ _ 1
U = Ymq1 5, U2 = Ysq and 4y =yn, us =y .

Thus we are able to derive

d -
d_ </ hOMXm A dX2 +/ hostQ) = / ’L_L]M1 ng aZJdZ + [usl ysl} f/LQ/Q
t D1 Do OD1—0D12

whereby it is visualized that only the boundary inputs on the membrane and on the string
modify the interconnected Hamiltonian functional §);,. If we take the restraint support of the
membrane as visualized in figure 11.7 into account we conclude that uy,' = g, = 0 and
consequently the interconnected Hamiltonian functional is invariant under the motion of the

coupled system.



Part IV

Stability and Control

120



121

Stability is the cornerstone of control!

The modification of plants as, e.g., achieved by means of control laws, is often intended to
improve a certain behavior of the system. In fact normally all the applied action has to fulfill a
special minimum requirement — it has to ensure the stability of the plant. Consequently control
engineers are forced to investigate their models with regards to certain stability criteria.

The previous parts II, III of this thesis where dedicated to the modeling of two classes of
infinite-dimensional systems. In fact all these considerations gave a deep insight to the natural
properties of the analyzed systems. In this final part we want to take advantage of the achieved
results in the analysis of the stability of these systems in the sense of Lyapunov.

It is remarkable, that modeling and simulation of infinite-dimensional systems is a well
established discipline in engineering. The formulation of partial differential equations (PDEs)
for field problems as, e.g., known from mechanics, fluid- and electrodynamics or even from
coupled field problems, is well established and numerical methods for simulation purposes
like, e.g., the finite element method are available and implemented in sophisticated computer
software. In fact stability investigation of infinite-dimensional systems are not that widely
used in engineering.

In the subsequent analysis the well known definition of stability according to Lyapunov and
some additional results on finite dimensional systems are recalled (following [Hahn, 1967]).
After that a possible application of Lyapunov’s stability notion to infinite-dimensional systems
is discussed. It will be shown, how Sobolev spaces and class K-functions allow the definition
of a stability criterion for such systems. In order to illustrate the applicability of the stated
criteria we will investigate the stability of the damped Kirchhoff plate as introduced in part II
and III.



e 1.2

Stability of infinite-dimensional systems

Before we investigate the infinite-dimensional case, we want to recall the stability of systems
in the sense of Lyapunov following [Hahn, 1967].

12.1 The finite-dimensional case
Here we consider the time-invariant, autonomous system
%= f(z), |y =70, @ =1,...,5. (12.1)

From a differential geometric point of view, this system equals a vector field v = ©*9,, formu-
lated in the local coordinates z®,« = 1,. .., s on an s-dimensional manifold M.
The solution of the system is defined as a map

p:RxM — M
(t_tOMrO) - x:¢(t_t07x0>)

whereby we have introduced the flow ¢ of the system.

Remark 12.1 Here we have assumed that the existence and uniqueness of the solution for the
system 12.1 is guaranteed.

Consequently the solution of such a system, defined by ¢ (¢ — to, z), equals a curve on the
manifold M parametrized by the time ¢. Additionally it is remarkable, that there is no need
to introduce the time ¢ as coordinate on the manifold M. The flow ¢ (¢ — ¢y, z¢) (also denoted
¢+, (0)) qualifies as a one parameter group of transformations (see, e.g., [Olver, 1986]).

We will consider the stability of the origin x = 0 under the following definition.

Definition 12.2 The equilibrium of the differential equation (12.1) is called stable (in the sense
of Lyapunov) if for each ¢ > 0 there exists a 6 > 0 such that

|6 (t — to, z0)|| < efort>tg

is valid whenever
[zoll < d(e) -
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In order to derive a criterion for the proof of stability we introduce

Definition 12.3 A real-valued function ¢ (r) belongs to class K (p € K) if it is defined, continu-
ous, and strictly increasing on 0 < r < ry, resp. 0 < r < oo, and if it vanishes at r = 0 : ¢ (0) = 0.

and obtain the following criterion.

Definition 12.4 The equilibrium of the differential equation (12.1) is stable in case there exists
a function ¢ of class K that

1 (t = to, o) || < @ (llzoll) , for t =ty

(see [Hahn, 1967])
Finally this criterion leads to the subsequent theorem.

Theorem 12.5 If there exist two class K functions o, v, and a function v, which meets

e (llzll) <o @) <@, (2l

and whose formal time derivative v for (12.1) is negative semi-definite, then the equilibrium is
stable. (see [Hahn, 1967])

Proof. If we apply the function v (z) on a solution of (12.1), we may formulate the inequality

v (¢ (t —to,70)) < v (o)

because of ¢ (z) < 0. Consequently we are able to state that

1 (9 (t = to, 20) ) < v (@ (t = to,w0)) < v(w0) <@ ([[0l]) -

The introduction of the class K function ¢; = ¢, ~! o, enables us finally to define

16 (£ = to, o) || < @5 ([|zoll)

and thus the stability is shown (see Definition 12.4). =

It is worth mentioning, that theorem 12.5 states pure formal conditions on v () and v (z).
This implies that these conditions can be evaluated without any analytical knowledge of the
solution of the system. But in fact the results of the conditions are only meaningful, if the
existence and uniquness of the solution given.

Remark 12.6 The inequality stated in theorem 12.5 implies that the function v (x) is positive
definite.

The equivalence of all norms in a finite-dimensional vector space is responsible for the
fact, that the specification of the used norm is suppressed in the previously stated theorems,
proofs, and definitions. Another consequence of this circumstance is that the proof of stability
for a certain plant with respect to a chosen norm proves stability with respect to all norms.
Unfortunately this wonderful property will not apply anymore for the infinite-dimensional
case.
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12.2 The infinite-dimesional case

We will assume, that the infinite-dimensional and time-invariant systems under investigation
are formulate on the smooth bundle (£, 7, D) and its n™ order jet framework II". Here the
bounded, spatial base manifold D is equipped with the independent coordinates (Y?), i =
1...r and for the total manifold £ we use the independent and dependent coordinates (Y, y*),
a=1...5.

Themap o : D — & resp. j"c : D — J"& is called section resp. the n™ order prolongation of
a section and equals the assignment of the dependent coordinates resp. their partial derivatives
as functions of the independent coordinates.

12.2.1 Sobolev spaces

The sections ¢ € I'(7w) on the bundle 7 are assumed to be elements of a special infinite-
dimensional vector space — the Sobolev space W,

o c Wk,p (D) .

This Sobolev space is equipped with the norm

1/p

k s
oy, = Z/Z\amaaV’dX . 1< p< .

#J=0p a=1
It is now remarkable that for every section o € Wy, , the inequality
k1 S ko S
> [SlowePax< Y [ oot ax
#J=0p a=1 #J=0p a=1
is met, iff k; < k. This equals the relation

lollx, p < llolly, , -

This inequality is sufficient for the subsequent analysis, but it is worth mentioning that there
exists a generalization of this relation referred to as Sobolev embedding theorem (see Def.
12.11).

12.2.2 System representation

We will confine ourselves to autonomous, infinite-dimensional systems given in the form
:t‘:F(Xi,xo‘) , 0%y =00, i=1...r,a=1,...s (12.2)

with the differential operator F. This type is also referred to as evolution equation [Olver,
1986]. From a geometrical point of view equation (12.2) represents the definition of a gener-
alized vertical vector field on a certain pull-back bundle of the total manifold, i.e. (7§)* 7 (£)
in local coordinates. Obviously the previously defined Hamilton operator v, (with assigned
input w) is of this class.
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12.2.3 Stability of the equilibrium
Now we assume the existence of a solution of the system! and defined it as a map
O:RxI'(mr) — I'(n)
(t — to,O'()) — % =0 (t — to,O'())
that meets
oc=o(0,0) .
Additional we impute, that the map ® qualifies as a one-parameter C°-semigroup (see. e.g.
[Renardy, R.C. Rogers, 2004]) of transformations with identity e = ® (0, -).
Furthermore we let the analyzed equilibrium section ¢, which meets
0=F (X' 0%),
be given by the origin, i.e. 0“(X) = 0. The equilibrium section represents a point in the
Sobolev space Wy, , resp. W}, ,,, whose stability is of interest.

Definition 12.7 The equilibrium point 0 = 0 € Wy,, € Wy, ,, ki < ks is called a stable
equilibrium point of the evolution equation (12.2) with respect to the Sobolev norm ||-|,, ., if for
all e > 0, there exists a ¢ (¢) such that

loolly,, <6 (¢) implies = [|® (t —to,00)ll4, , <€Vt >t
where ® (t — 1y, 09) is the solution of 12.2 with the initial conditions o, and parametrization t.

Having the definitions of the finite-dimensional case at ones disposal, it is obvious that
the specification of the used norms is an essential additional ingredient used in the infinite-
dimensional case.

Furthermore we are able to incorporate the notion of class K functions and get the follow-
ing definition.

Definition 12.8 The equilibrium of the differential equation (12.2) is stable with respect to the
norm ||-|[,,, in case there exists a function ¢ of class K such that

1@ (t = to, 00l < @ (lo0lly,,) - F < hafort >t

Following [Hahn, 1967] we are now able to introduce the notion of a Lyapunov functional
in the following theorem.

Theorem 12.9 If there exists a functional V (o) = [, (j"0)" (fdX), f € C (J"E), which fulfills
the condition

o1 (lolly) <V o) <00 (lolhyy) + 1 <o

onD, = {a] o]y, < r} with the class K functions p, and ¢, and whose formal time derivative
along (12.2) meets

LywonV (0) = /D (70)" (Liesan (FAX)) <0

then the equilibrium point o = 0 is stable in the sense of Lyapunov with respect to the norm

Q[P

11t is worth mentioning that this assumption is a rather strong assumption.
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The formal time derivative coincides with the time derivative, i.e.
Ljn@anV (0) = Lo, (V (P (t — Lo, 00)))

if the solution @ (¢t — ¢, o) parametrized in ¢ exists. As this is assumed here, we can make use
of both formulations.
Proof. The condition L;» 5,V (0) < 0 implies that

V(‘I) (t — to,O'Q)) < V(O'()) with tg<t.

Consequently we have the relation

IA

V(P (t —tg,00))
V (00)

@2 (ll7oll )

$1 (HCI) (t —to, aO)Hk:l,p)

IA

IN

and by applying the inverse function of ¢, (-)

1 (t = to,00)llx,, < o1 " (V(®(t—to,00)))
< ¢ (V(00))
< 901_1 (sz (HUO”kQ,p))

we get the inequality
1 (¢ = to,00)le, , < 25 (0l ) -

whereby the class K function o5 = ¢, ~! 0, is introduced. Consequently the stability of o = 0
on D, is shown. m

Finally we are able to define a criterion for asymptotic stability, where we follow again the
considerations presented in [Hahn, 1967].

Theorem 12.10 If the functional V (o) meets the conditions of theorem 12.9 and in addition

LiranV (0) < =¢u (loll,,) + w1 € K
then the equilibrium point o = 0 of (12.2) is asymptotically stable.

Proof. From
o]l , <1t (V(0) . @' (V(9) < lloll,,

we conclude that

Lo, (V (% (t —t0,00))) < —py (03" (V (@ (t — t0,00))))
= —x(V(®*(t —to,00))) , xX€EK.

Now we consider the auxiliary scalar differential equation

w=—x(w), w>0.
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We know that
w<t>§q(w0)p(t_t0)7 q€K7p€L7w0:w(t0>.

If Vo = wo then V (9 (t — ty,00)) < w(t) for all t. Hence
V(@ (t = to,00)) < ¢ (Vo) p(t —to)

is fulfilled. Finally we end up with

|2 (6= to.00)ll,, < o1 (a (Vo) p 0 —10)) < i (a (22 (ol ) ) (1 = 1)

or rewritten in

[ (t = to,00) 1, , < @ (lo0le,,,) Pt —t0) . pEK oeEL.

n

It is worth mentioning, that the proposed stability criteria make only use of the formal time
derivative and consequently the solution of the system is not necessary for the determination
of these quantities.

In order to show the applicability of the derived criteria, we investigate the stability of the
damped rectangular Kirchhoff plate.
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12.3 Applications - Kirchhoff plate
We consider a fully supported plate as shown in figure 12.1. Consequently both y[lo;o] and y[lo;l]

yl

Y3

Kirchhoff plate

% —
Y2

restraint support

Figure 12.1: The fully supported rectangular Kirchhoff plate.

vanish on the entire boundary 9D.
The Hamiltonian density for the rectangular Kirchhoff plate is given by

1 1 2 2 2
h=g g0 +358 ((who)” + ()" + 20wy +2(1 =) (vh)*)

where ¢,v,p, A € RT and v < 1. At first we determine the lower bound ¢, (HUHkl,p) used in
theorem 12.9.

12.3.1 Determination of lower bound

Because of the fact that the Hamiltonian density is built up by several additive terms, we are
able to focus in a first step on the second part of i given by

(vha)” + (o) + 209y +2(1 = v) (yh)” =
= (1=2) (b)) + (1= ) (yhe)”
+v ((9[102])2 + 20021 Yfa0) T (9[120])2> +2(1=v) (yhy)”
= (1=9) (uho)" + (L= ) (slow) "+ 2 (uoo + 1) " +2 (1 =) (v
= (1-v) ((y[120])2 +2 (v (9[1021)2> + v (Yo + Yoy

> (1-v) ((y[120])2 +2 (ypy (y[102])2> '

Thus we have already found a lower bound. In order to derive ¢, (-) from this result we have
to consider Poincare-Friedrich [Zeidler, 1995] inequality

¢ [ G'0) Wha)*aY = [ (70)" ((ha)? + (oh)?) @Y
02/ (]-10)* (9[101})2dY < /(jQU)* <(y[111])2 + (9[102}>2> dY,

2

_|_
_|_

)
)2
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which is applicable because of the fact, that both (j'o)" (y[1101> and (jlo)" <y[101]> are elements

of VOVLQ (see [Zeidler, 1995]) due to the used restricted bearing of the plate. This supplies the
following inequality

(1-v) ((3/[1201)2 +2 (yh)” + (%2})2) > Cs ((3/[1101)2 + (1/[1011)2) -

Now we are again able to apply the Poincare-Friedrich inequality; i.e.

Cs [ o (o) 0¥ < G [ (7o) ((0ho)” + (vh)”) @Y

and consequently we are able to formulate

o1 (lo@ls) < [ (o) hay =5).

where

o ((1ol0s)") i7n — R
o 0 [ (7 b)) aY)

) 1
C5 = min <C’4, 2,0_A) .

and

Now its left to determine the upper bound ¢, <||0|| k,MJ).

12.3.2 Determination of upper bound

Again we have to focus on the second part of the Hamiltonian density. We are able to find an
upper bound by

(1= ) (yh)* + (1= 0) (o) + ¥ oy + 9h))”" +2(1 =) (v)” =
< (1-v) (y[lgo])2 +(1-v) (?/[102])2 + (Yoo + y[120])2
+v (y[102} - 3/[1020])2 +2(1-v) (y[1111)2
= (14 0) (uho)” + L+ 1) (b)) +2(1—») (41)” -

Finally we are able to state

50 = [ () nay <o ((Iolh))

@ (o (Ollyy) : Dim) —R
g — CG/((p)2+ (?J[loo])2 + (y[110})2+ (y[101})2

2 -+ (y[l(]21)2> dY

where
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and

1 1
C’G—max(m,ig(l—i—u),g(l—y)) .

In the previous part (see section 11.4.2) we have already shown, that the formal time deriv-
ative Ljn ;9,19 (0) < 0. Consequently the damped rectangular Kirchhoff plate is stable in the
sense of Lyapunov for the norm |||, ,, i.e. if [|of (X*)||,, is bounded, then the norm of the
solution || ®* ( — to, 0¢)||, , will also be bounded for ¢ > .

Unfortunately it is not possible to determine the —¢, <||cr|| ko p) class K-function as the time
derivative does not depend on ?/[loo]- Thus we are not able to show the asymptotic stability.

12.4 Remarks on further extensions

The relations between different Sobolev norms are defined by the so called Sobolev embedding
theorem.

Definition 12.11 (Sobolev embedding theorem) The space W}, (D) is contained in the space
W;, (D), ie.
Wip (D) EWjg(D), 0<j<k,1<p,q<o0

on the r-dimensional domain D with piecewise smooth boundary 0D. The embedding
Wip (D) = W4 (D)
is continuous and compact for d < 1/q where d is given by

1 k—j
d=-—~—1.
P T

(see [Zeidler, 1990])

These link between different Sobolev spaces, can be used to increase the amount of Sobolev
norms that are bounded during the motion of the infinite-dimensional system, if the initial
condition meets certain boundaries.



Chapter

Remarks on the Design of
Infinite-Dimensional Control Systems

This final chapter is intended to summarize the cognitions gained from the different parts
of this thesis and to give an outlook of what can be achieved by the presented methods.
Additionally several remarks on the design of infinite-dimensional control systems are stated.

13.1 Summary

The modeling of infinite-dimensional physical systems using Hamilton’s principle, the intro-
duction of a Hamiltonian representation, and the definition of a stability criterion is contained
in this thesis. In fact the main part is dedicated to the mathematical modeling by means of the
calculus of variations. From this analysis a rather general algorithm for the determination of
the equations of motion for infinite-dimensional Euler-Lagrange systems is derived. The intro-
duction of jet theory and boundary contact bundle morphisms enables the definition of the so
called boundary bundle, which is indispensable for the extraction of boundary conditions of
n™ order Euler-Lagrange systems. After the incorporation of external inputs in the presented
framework, the time evolution of such systems is under investigation and supplies some infor-
mation about invariant quantities along the solution of Euler-Lagrange systems. These investi-
gations enlighten a certain structure of EL systems such that they qualify as port Hamiltonian
system. This class is subsequently analyzed in the finite- and infinite-dimensional case. The
cognitions gained from the boundary conditions derivation of EL systems is used to introduce
boundary ports for n™ order I-pHd systems. Finally the interconnection via power conserv-
ing interconnections is discussed. After this part on the structured representation of infinite-
dimensional systems, a stability criterion for infinite-dimensional systems using Sobolev spaces
is presented.

In fact the treatment of physical systems, from a control theoretical point of view, is always
linked to a modification of the system behavior by means of control action. Unfortunately this
demand is not treated in this thesis, but in the next section some general remarks on that task
are formulated.
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13.2 Controller design

Having dynamic systems at ones disposal, the design of a controller is a methodology that de-
termines an assignment of system inputs by means of system outputs. In fact this assignment is
in many cases realized by means of a dynamic systems. Thus the mathematical representation
of the controller becomes identical to the mathematical representation of the controlled plant.

In the case of finite-dimensional systems, the mathematical representation is given by or-
dinary differential equations and all in- and output signals can be seen as simple functions
of time. In fact the controllers can be realized by means of, e.g., electric circuits. These
simple considerations lead to the first question concerning the controller design for infinite-
dimensional systems.

The mathematical representation of a controller for infinite-dimensional systems is given
by partial-differential equations in general. There are several application, where one is able to
overcome this intrinsic problem by the use of boundary control of spatially one dimensional
problems. In all this case it is possible to define the controller by means of ordinary differential
equations. It is obvious that this procedure does not solve the general problem.

Commonly this question is solved by the introduction of a discretization of the problem
i.e. an approximation of the problem by means of ordinary differential equations. Thus the
mathematical model according to the system is modified and the proof of stability of a control
loop based on the approximation model becomes rather questionable. Effects like spill-over
illustrate this problem. Consequently it would be of interest to design controllers on an ap-
proximative model using ordinary differential equations and to test the stability of the closed
loop taking into account the infinite-dimensional model.

Another solution of bringing the ideas of automatic control to infinite-dimensional systems
is given by a system design that directly incorporates control laws into the system. This could
be achieved by the use of, e.g., smart materials in the construction of the plant. Obviously
this approach requires the control engineer to be involved in the design of the plant. Thus
the engineer could prevent the necessity of external inputs to the system by an appropriate
design.
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Appendix l \

Definitions

A.1 Algebra

A.1.1 Sets and functions

The used notion of sets is defined in [Michel, C.J. Herget, 1997]
The terms mapping, map, operator, transformation, and function are used interchangeably.

Definition A.1 (function) Let X and Y be non-empty sets. A function f from X into Y is a
subset of X x Y such that for every x € X there is one and only one y € Y (i.e., there is unique
y € Y) such that (x,y) € f. The set X is called the domain of f (or the domain of definition
of f), and we say that f is defined on X. The set {y € Y : (x,y) € f for some = € X} is called
the range of f and is denoted by range (f). For each (x,y) € f, we call y the value of f at x and
denote ist by f. We sometimes write f : X — Y to denote the function f from X into Y. (see
[Michel, C.J. Herget, 1997])

Definition A.2 (one-to-one, onto) Let f be a function from X into Y. If range (f) = Y the f
is said to be surjective or a surjection, and we say that f maps X onto Y. If f is a function such
that for every x1,xo € X, f(x1) = f (x) implies that x1 = x5, then f is said to be injective or a
one-to-one mapping, or an injection. If f is both injective and surjective, we say that f is bijective
or one-to-one and onto, or a bijection. (see [Michel, C.J. Herget, 1997])

Definition A.3 (inverse function) Let f be an injective mapping onf X into Y. Then we say that
f has an inverse, and we call the mapping {(y, ) € range (f) x X : (z,y) € f} the inverse of f.
Hereafter, we will denote the inverse of f by f~'. (see [Michel, C.J. Herget, 1997])

Definition A.4 (composite function) Let X, Y, and Z be non-empty sets. Suppose that f : X —
Yand g :Y — Z. For each x € X, we have f (x) € Y and g(f (x)) € Z. Since f and g are
mappings from X into Y and from Y into Z, respectively, it follows that for each x € X there is
one and only one element g (f (x)) € Z. Hence the set

{(z,2) eXxZ:2=9(f(x)),r € X}

is a function from X into Z. We call this function the composite function of g and f and denote it
by g o f. The value of g o f at x is given by

(gof)(x)=go f(x)=g(f(x)) .
(see [Michel, C.J. Herget, 1997])
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Definition A.5 (identity function) Let X be a non-empty set. Let id : X — X be defined by
id (x) = x for all x € X. We call id the identity function on X. (see [Michel, C.J. Herget, 1997])

Definition A.6 (image of a function) Let f be a function from a set X intoaset Y. Let A C X,
and let B C Y. We define the image of A under f, denoted by f (A), to be the set

fA)={yeY y=f(z),z€A}.
We define the inverse image of B under f, denoted by f~! (B) to be the set
f'(B)={zeX: f(z)eB}.

(see [Michel, C.J. Herget, 1997])

A.1.2 Algebraic Structures

Definition A.7 (semigroup) Let X be a non-empty set with operation « denoted by {X; a}. We
call {X;a} a semigroup if « is an associative operation on X. (see [Michel, C.J. Herget, 1997])

Definition A.8 (group, abelian group) A group is a semigroup, {X;«}, with identity e in
which every element is invertible. If in addition the operation « is commutative, the group is
referred to as commutative or abelian group. (see [Michel, C.J. Herget, 1997])

Definition A.9 (ring) Let X be a non-empty set, and let « and [3 be operations on X. The set X
together with the operations « and 3 on X, denoted by {X; «, 3}, is called a ring if

e {X;a} is an abelian group;

e {X; [} is a semigroup;

e and [ is distributive over «.
(see [Michel, C.J. Herget, 1997])

Definition A.10 (division ring) Let { X+, -} be a non-trivial ring, and let X# = X — {0}. The
ring X is called a division ring if {X#;-} is a subgroup of {X;-}. (see [Michel, C.J. Herget,
19971)

Definition A.11 (field) Let {X;+,-} be a division ring. Then X is called a field if the operation
- is commutative. (see [Michel, C.J. Herget, 1997])

Definition A.12 (module) Let {R;+,-} be a ring with identity, e, and let {X;+} be an abelian
group. Let u : R x X — X be any function satisfying the following four conditions for all
ri,ro € Rand forall xy,x5 € X :

o (ry+ry,m)=p(ry,xr) + p(re, 1)
) /,L(Tl,l’g + 5(72) = M(T‘l,l’l) +M(T17ZL‘2)

o p(ry,p(ro,w1)) = pu(ry -2, 21), and
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® Iu(e,azl) = T.

Then the composite system {R, X, u} is called a module (or R-module). (see [Michel, C.J.
Herget, 1997])

Definition A.13 (vector space) Let {F’;+,-} be a field, and let {X;+} be an abelian group. If
X is an F-module, then X is called a vector space over F. (see [Michel, C.J. Herget, 1997])

Definition A.14 (homo-, iso-, endo-, automorphism ) Let {X;a} and {Y; 3} be two semi-
groups (not necessarily distinct). A mapping p of set X into set Y is called a homomorphism
of the semigroup {X;a} into the semigroup {Y; 5} if

plray)=p() Bpy)

for every x,y € X.

e If p is a mapping of X onto Y, we say that X and Y are homomorphic semigroups, and we
refer to X as being homomorphic to Y

e If p is a one-to-one mapping of X into Y, then p is called an isomorphism of X into Y.

e If p is a mapping which is onto and one-to-one, we say that semigroup X is isomorphic to
semigroup Y.

e If X =Y (ie., pis a homomorphism of semigroup X into itself) then p is called an endo-
morphism.

e If X =Y and if p is an isomorphism (i.e., p is an isomorphism of semigroup X into itself),
then p is called an automorphism of X.

(see [Michel, C.J. Herget, 1997])

Definition A.15 (kernel) Let p be a homomorphism of a semigroup X into a semigroup Y. If
p (X)) has identity element, ¢/, then the subset of X, K, defined by

K,={zeX:px)=¢}

is called the kernel of the homomorphism p. (see [Michel, C.J. Herget, 1997])

A.1.3 Topology

Definition A.16 (topology, topological space) A system T of subsets of a set X defines a topol-
ogy on X if U contains

e the empty set {} € T and the set X € T itself,

n
e the intersection of every one of its finite subsystems (Ui, ..., U, € T, n € N, then (| U, €
j=1
T),
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e the union of very one of its subsystems (U, € T — |J U, € T, for every a € arbitrary
a€A
index set).

The sets in U are called the open sets of the topological space { X, U} often abbreviated to X.
(see [Zeidler, 1995] or [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.17 (neighborhood) A neighborhood of a point x (or a set A) in X is a set N (z) (a
set N (A)) containing an open set which contains the point = (the set A). (see [Choquet-Bruhat,
Cecile DeWitt-Morette, 1982])

Definition A.18 (limit point) A point x € X is a limit point of A C X if every neighborhood
N (z) of = contains at least one point a € A different from = : (N (z) — {z}) N A # 0,VN (z).
(see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.19 (closed) A set A C X is closed if is X\ A open. (see [Choquet-Bruhat, Cecile
DeWitt-Morette, 1982])

Theorem A.20 (closed) A set A closed iff it contains all its limit points. (see [Choquet-Bruhat,
Cecile DeWitt-Morette, 1982])

Definition A.21 (closure) The closure A of A in X is the union of A and all its limit points; it
is the smallest closed set containing A. (see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.22 (support) The support of a function f, denoted by supp (f), is the smallest
closed set outside which f vanishes identically. (see [Choquet-Bruhat, Cecile DeWitt-Morette,
1982])

Definition A.23 (interior,dense) The interior of a set A is the largest open set A contained in
A. The set A is dense in X if A = X. (see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.24 (covering) A system {U,} of open subsets of X is an open covering if each ele-
ment in X belongs to at least one U; (i.e. UU; = X). If the system {U;} has a finite number of
elements, the covering is said to be finite. (see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.25 (Hausdorff) A topological space is Hausdorff (separated) if any two distinct
points posses disjoint neighborhoods. (see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.26 (compact) A subset A C X is compact if it is Hausdorff and if every covering
of A has a finite subcovering. (see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Theorem A.27 (compact) A compact subspace of a Hausdorff space is necessarily closed. (see
[Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.28 (disconnected) A topological space X is called disconnected, if there exist two
disjoint non empty subsets A; and A, both open in X and such that A; U Ay = X. Since A, is the
complement of the open set Ay, it is closed as well as open. Similarly A, is closed as well as open.
(see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])
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Theorem A.29 (connected) A topological space is connnected iff the only subsets which are
both open and closed are the void set and the space X itself. (see [Choquet-Bruhat, Cecile DeWitt-
Morette, 1982])

Definition A.30 (continuous function) A mapping f from a topological space X to a topological
space Y is continuous at x € X if given any neighborhood N C Y of f there exists a neighbourhood
M of x € X such that f (M) C N. fis continuous on X if it is continuous at all points = of X.
(see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.31 (homeomorphism) A homeomorphism is a bijection f which is bicontinuous (
f and f~1 are continuous). (see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.32 (topological group) A topological space X with the group operation « (i.e.
{X,a}) and a topology T builds a topological group, if the group operation is continuous. (see
[Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.33 (topological vector space) A topological space X which is also a vector space
on K is a topological vector space if the operations of addition and scalar multiplication are
continuous. (see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.34 (metric space) A metric space is a set X together withamap d: X x X — R
such that

v

0

Oifft =y
d(y,z)

< d(z,y)+d(y,2) .

[SURIRSUEIRNE
—~~ Y~
8
ST
~— — ~— ~—
I

d(z,y) is called the distance between x and y. (see [Choquet-Bruhat, Cecile DeWitt-Morette,
1982])

Definition A.35 (complete metric space) A metric space is called complete if every Cauchy se-
quence d (x,,, x,,) in the space is convergent

lim d(z,,2,)=0.

n,Mm— 00

Consequently there exists N such that, for n,m > N, d (z,,x,) < € for every preassigned ¢ > 0.
(see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.36 (norm) The mapping x — ||x|| of a vector space X on K into R is a norm if for
r€ Xand A e K

lz+yll < llzll -+l
Azl < Al
[zl = 0iffz=0.

(see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.37 (Banach space) A complete normed vector space is a Banach space. (see [Choquet-
Bruhat, Cecile DeWitt-Morette, 1982])
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A.2 Manifolds

Definition A.38 (manifold) A n-dimensional (topological) manifold M is a Hausdorff topolog-
ical space such that every point has a neighbourhood homeomorphic to the euclidean space R".
(see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.39 (smooth manifold) Smooth manifolds are manifolds with atlases of class C*°.
(see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Definition A.40 (immersion, submersion) A smooth function f : M — N between smooth
manifolds is said to be an immersion (submersion) if rank (f) = m = dim (M) (rank (f) =n =
dim (N')) everywhere. (see [Boothby, 1986])

Definition A.41 (embedding) A injective immersion is an embedding. (see [Choquet-Bruhat,
Cecile DeWitt-Morette, 1982])

A.3 Bundles

Definition A.42 ((global) trivialization) If (£, w, B) is a fibred manifold then a (global) trivi-
alization of = is a pair (F,t) where F is a manifold (called typical fibre of m) and t : € — B x F
is a diffeomorphism satisfying the condition

priot =m.

A fibred manifold which has at least one trivialization is called trivial. (see [Saunders, 1989])

A.3.1 Tangent- and Cotangent bundle

The complementary entity to the vertical bundle is called the transverse bundle.

Definition A.43 (transverse bundle) The transverse bundle to w is the pull-back vector bundle
(7* (T (B)),7* (18) ,€). (see [Saunders, 1989])

A.3.2 Tensors bundles

Definition A.44 (tensor) A tensor ® on a vector space V' (e.g., T, (M)) is by definition a multi-
linear map
Ty VX xVXVix...xV' =R,
M g
where V* (e.g., ’Z;,* (M)) denotes the dual space to V, r > 0 its covariant order, and g > 0 its
contravariant order.(see [Boothby, 1986])
A tensor on p € M will be denoted

T;p:®g/\/l|p:\7;(/\/l)><~--XT;(MZXT*(M)X---XT*(M)HR.

Vv v~
r g9

The space ®; M|, represents a vector space of dimension r + g.
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Definition A.45 (tensor bundle) The tensor bundle <®; M, Term, M> of a manifold M con-

sists of the total manifold
®gM - UPEM ®g M’p

and the natural projection

Definition A.46 (tensor field) A C tensor field on a C*> manifold M is a function T, which
assigns to each p € M an element T, , and which has the additional property that, glven any
U1,y Uy W1, .. Wy, CF vectorﬁelds on an open subset U of M, then 17 (V15 .+, U, W1, ., W)
isaCOOfunction on U, defined by T, (v1,...,vr,wi,...,wg) (p) = T}, (0 ( )y 00 (D),

w1 (p),...,wy(p)). (see [Boothby, 1986])

Thus a tensor field T} represents a section on the bundle <®; M, Term;, M)

Definition A.47 (symmetric tensor field) A covariant tensor field T is called symmetric iff for
each 1 <1i,j <r, we have

D (vy, ... v, U, U) =P (U1, U, U, )
Similarly a contravariant tensor field is called symmetric iff for each 1 < i,j < r, we have
D (Wi, Wiy Wiy ey W) = P (W1, Wy Wiy, W)
(see [Boothby, 1986])

Definition A.48 (skew symmetric tensor field) A covariant tensor field T} is called skew sym-
metric (or alternating) iff for each 1 < i,j < r, we have

D (v, ., Ve Uy U) = =D (V1,0 0, U, U)

Similarly a contravariant tensor field is called skew symmetric (or alternating) iff for each 1 <
i,j <r, we have

D (Wi, Wiy Wy ooy wy) = =P (W1, Wy Wy e, W)
(see [Boothby, 1986])

Definition A.49 (tensor product) The product of the r'*-order covariant tensor ¢" and s'"-
order covariant tensor v° is a tensor of order r + s defined by

0o @ UG (V1o s Uy ooy Uil e ey Upges) = 00 (V14 oy U) UG (Vg1 -+ oy Upps)

Definition A.50 (symmetrizing and alternating mapping) The map
Sym : ®T M — ®T M

TT(Ul,..., T'ZTT Vo(1)y+ -« U(r))
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is referred to as symmetrizing mapping and

asym:®;/\/l — /\T(M) - ®;M

1
15 (v1,y ..y 0) — Fngn (o) Ty (vo(l),...,vg(r))

is referred to as alternating mapping. Here o denotes a permutation of (1,...,r)with (1,...,r) —
(6(1),...,0(r)) and sgn (o) the corresponding sign. (see [Boothby, 1986])

Definition A.51 (Lie derivative) The Lie derivative of a tensor field T, with respect to a vector
field v € T (T ) is a derivation on the algebra of differentiable tensor fields Q) M, i.e.

o (Ut w) =
v (U@ w) =

o () + Ly, (w)

L L
L Ly (u) @w+u® L, (w) , w,uEF<®M>.

(see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

Remark A.52 The Lie bracket [v, w] represents the Lie derivative L, (w) of a contravariant tensor
field w € T (1§ ,,) = I (T m) with respect to the vector v € T' (7 u).

Definition A.53 (Lie bracket) The Lie bracket of two vector fields v, w € I (T ) is defined by

[, w] (f) =v(w(f) —w((f), feCM

and is again a vector field [v, w] € I' (7). (see [Choquet-Bruhat, Cecile DeWitt-Morette, 1982])

A.3.3 Exterior Algebra

Definition A.54 (exterior form) Exterior r-forms are alternating tensors fields T of order r
and form a subspace \" M C @ M. (see [Boothby, 1986])

Definition A.55 (exterior bundle) The tensor bundle (\" M, T pr a1, M) of a manifold M con-
sists of the total manifold \" M and the natural projection

TAPM - /\T M = M
AN M, — »p.
In particular the bundle 71\, equals 7 .
Definition A.56 (exterior product) The mapping from \" Mx \° M = \""° M, defined by
(r + 5)!

T asvm (e @)

(¢, ) —

is called the exterior product (or wedge product) of ¢ and ) and is denoted ¢ A 1). (see [Boothby,
1986])
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Definition A.57 (exterior algebra) The space
0 1 2 n
AM=/\ Ma\ Mea\ Mo \ M
on a n-dimensional with the exterior product A forms an algebra of R. (see [Boothby, 1986])

Definition A.58 (exterior ideal) An ideal of an exterior algebra \ M on a manifold M is a
subspace I C )\ M which has the property that whenever ¢ € [ and § € A\ M, then O A p € I.
(see [Boothby, 1986])

Definition A.59 (degree of a linear operator) Let L be a linear operator on )\ (M)
L(w+pd) =AL(w)+puL©0) ., \peR, whe/\(M).
Then the degree s of the operator is determined by
r r+s
L:\ M) = N\ (M) .

Definition A.60 (derivation) A linear operator L is a derivation on \ (M) if its degree is even
and if it obeys the Leibnitz rule

LwANO) =Lw)A0+wAL(®), wbe/\M).

Definition A.61 (antiderivation) A linear operator L is an antiderivation on A (M) if its de-
gree is odd and if it obeys the “antiLeibnitz” rule

LwA0)=Lw) A+ (-1)**wAL®), wbe/\(M).

Definition A.62 (exterior derivative) Let M be any C'*™ manifold and let )\ (M) be the algebra
of exterior differential forms on M. Then there exists a unique R-linear map d : \ (M) — A\ (M)
such that

o if f e \° (M) =C>(M), then df is the differential of f;

e iface N'(M)and € \° (M), thend(aAB)=daAB+ (—1)" aAdS;

e d(d(-))=0.

The exterior derivative maps \" (M) into \""' (M) and is additionally an antiderivation.

Definition A.63 (interior product) The contracted multiplication or interior product of a form
w € A\ (M) and a vector v € T' (T ) denoted by v|w (or i, (w)) is an antiderivation

v (wAB0) =v] (W) A0+ (=)W wAv](0) e\ (M)
and is defined by
e ifwe N\ (M)=C®(M), then v]w = 0;
e ifwe \'(M)=T*"(M), then v]w = L, (w) equals the Lie derivative;
o ifwe N\ (M), thenv| (w(wa,...,w,)) =w(v,wa,...,w,) With wy, ..., w, € T (Tr);
e d(d(-)=0.
The exterior derivative maps )\" (M) into N (M).

Definition A.64 (Lie derivative of an exterior form) If the Lie derivative L, (-) acts on alter-
nating covariant tensors w, i.e. exterior forms, one is able use H. Cartan’s formula

L, (w) =v|d(w) +d(v]w) .
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A.3.4 Special bundle morphisms

Definition A.65 (push-forward, differential) A smooth mapping f : M — N between the n-
dimensional manifolds M and N induces a bundle morphism (f,, ) between the corresponding
tangent bundles 7 and T .

(fe )

T (M) T (N)
TM TN
M N
f
In local coordinates x', ..., a" according to M and z',. .., z" according to N this morphism has

the form
2 = f‘(xk) , Lk=1....n
. , oft
5= fiahat) = Dk
The corresponding transformation of a section v = v*9, € I'(7p) (see Def 3.6), i.e. a vector
field, is given by

) oft
w=wo,= £.0) = ((55e*) o1 ) e T ()
and denoted push-forward or differential.

Definition A.66 A smooth mapping f : N' — M between the n-dimensional manifolds M and
N induces a bundle morphism (f*, f~') between the corresponding cotangent bundles 7, and

TN
* —1
M TN
M =
In local coordinates z*, ..., x" according to M and z', ..., 2" according to N this morphism has
the form

2t = (f_l)i(xk), Lk=1,....n
o= [ (aFd) = (af’.gg;«k) o f7t.

0zt

It is now remarkable, that the corresponding transformation of a section w = wydz® € T' (T ),
i.e. a covector field, does not require any inverse function. The transformation is given by

7 * k afk 1 =
A=N\dz' = f (wkdx ) = ((%wk) of) dz' e T'(Tn)

and denoted the pull-back of a 1-form.
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Definition A.67 (pull-back of r-forms) A smooth mapping f : N — M between the n-dim-
ensional manifolds M and N induces a bundle morphism (f*, f~') between the corresponding
cotangent bundles (\" M, 7rrp, M) and (NN, 7prn, N), 0 < 7 < n . In local coordinates
AR L 2 according to A\" N this morphism

777777777 T

2 = (f_l)i(xk), Lk=1,....n

ofr  oftr 1<i
5 o= xRk 5 ) = S5 s -1 . > > =
s = ST B “)_(azh“'azw“’“ ----- w)el s Wt S <

.....

morphism is given by

. . 21 7:7* . .
Qo dZP AN = (W) = ((g;l . %wil 77777 ir) o f) dz?* AL AdR.

Thus, there is no need to confine oneselve in the application of the pull-back to invertible functions

1.

Definition A.68 (tensor bundle morphism) A smooth mapping f : M — N between the n-
dimensional manifolds M and N induces a bundle morphism (F, f) between the corresponding
tensor bundles 7 p and Ty n denoted tensor bundle morphism.

g

TerM TN
M 7 N
In local coordinates z',...,z", % according to @M and ', ..., 2", 2} according to QLN

this morphism has the form

2 = (f)z(xk), ik, l=1,....n

i ij (e aft af o)y o) ...
2y = F ](ib’ d): 5 ed 9k 94 acr._fsl of.

r g

~

A.4 Integration on manifolds

Definition A.69 (integrable functions, integrable forms) A function f on M is integrable if
it is bounded, has compact support (vanishes outside a compact set), and is almost continuous
(that is, continuous except possibly on a set of content (measure) zero). An n-form w on M, in
the very general sense of a function assigning to each p € M an element w, of \" M| » 1s said to
be integrable if w = f da' A ... A dz"™, where f is an integrable function. (see [Boothby, 1986])
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Theorem A.70 (Stokes’s theorem) Let M be an oriented compact manifold of dimension n
with coherently oriented boundary OM. Let w be a differential form of degree (n — 1) of compact

support. Then:
/ dw = / w
M oM

is met with the inclusion mapping i : OM — M. When OM = 0, the integral over M vanishes.
(see [Abraham, J.E. Marsden, T. Ratiu, 1988])



Appendix B

The Kirchhoff Plate

The derivation of the equations of motion, the determination of the boundary conditions, the
formulation of the port Hamiltonian representation, and finally the stability analysis of the
so called Kirchhoff plate is used through out this thesis to illustrate the applicability of the
presented methods. Indeed this problem corresponds to the class of 2™ order Euler-Lagrange
systems and consequently the theory of chapter 8 has to be used, if one wants to apply the
method of Cartan forms.

In fact one is also able to apply the integration by parts method to derive the domain
conditions and as it was done by, e.g., Ritz [Ritz, 1909] also the boundary conditions. Here
we will discuss this approach using the classical notation as introduced by, e.g., [Gelfand, S.V.
Fomin, 2000]. The considered domain of the rectangular Kirchhoff plate is shown in figure
B.1.

}/'2,

Y, -

\Z

X1 X2

Figure B.1: The rectangular Kirchhoff plate.
The potential energy is given by

' E/YQ/XQ GATIR W AT Y (AT N (A T (U |
2k Jy |\ox? e "\ox2) \ay? Y\ oxoy

dX dY
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and the kinetic energy could be formulated by

3L [l

using ¢, v, p, A € RT (see [Ritz, 1909] or [Bremer, F. Pfeiffer, 1992]). The deviation of the
plate is denoted by w (X, Y).Taking into account Hamilton’s principle, we are able to define
the Lagrangian functional

///ldXdet /// [( )i(%)l(%)z(m)
e (5) (572) 20— (5w

where ¢ = p = A = 1 is used to simplify the upcoming expressions. The variation of the
Lagrangian functional ¢ £ leads to

2 2 2
5l = 8_w56_w_<8w+yﬁw)58w

dX dY dt,

oo~ \ax2 TVavz ) Caxe
0w *w\ _0%w Pw . 0w
- (aw * ”aX2> ovz ~ 2 gy axay

In order to obtain the domain conditions one is able to apply integration by parts. Subse-
quently this procedure is shown for every single part of 4l.
For the first part we obtain

X2 t2 to 2
/ / a—waa—wdx aY dt = / / {—&u} [T ) ax ay
X1 t t1 t1 a 2

The second part results in

*w\ _0*w
/// (aX2 82>68X2dXdet—

Xo

*w\ _ow X2/ Pw PPw ow
/ / (ax2 T aw) Sox| /X <ax3 * ”axaw) Ogx 4X [dVdr.

~
boundary condition X,

Obviously one is able to apply an additional integration by parts on last entry, i.e. we get

DPw ow
/ / / (axs axay2>5aXdXdet

X2

Pw X2/ 9w O
/ / <3X3 aX(?YQ)(Sw _/X1 (aX4+V3X28Y2>5de dYdt .

boundary condition X,
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The third part has to be treated similarly and we obtain

t2 w\ _0*w
/t/ / (aw Vo 2)58Y2deth_

Y2
Pw\ Ow Y2/ 9Pw Pw ow
boundary‘gondition Vi
2 Pw Ow
/tl / / (aw XW) SOLAY dX df =
Yo
/ / ow Y, —/Y2 0w ) O N spay | axa
aY3 Yoxray ) O v \av+ T Vaxzayz ) O '
boundary condition v
The fourth part of 4/
Pw . *w
/ / / (1 - v) o6ty X di

enlightens finally the general problem of n™ order Lagrangians, as we obtain two different
possibilities for the application of integration by parts.

Remark B.1 This non-uniqueness of the integration by parts order is equivalent to the non-
uniqueness of the used contact form in the construction of the Cartan form.

We will discuss both possibilities and obtain in the first case, where we apply integration
by parts on the X-coordinate

t2 Yo aQw Ow Xo Xo a3w S
/tl /y <_ {2(1_” 8X8Y53_YL<1 +/X1 (2<1—V> m) 5a_de> dy dt.

Obviously an additional integration by parts on the second part has to be applied, i.e.

Pw ow
[ (o) taxar

Y>

to Xo aSw Ys a4w
/tl /X1 (2(1_V) 8X28Y) ow _/Y1 (2(1—’/) W) dwdY | dX dt .

~
boundary condition vi
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In fact on the first part — on the boundary — integration by parts is also necessary. This leads to

aw ow]™

Xoq Y2
t2 02w e PPw
_ ooy U 21— 1) 2 Vswdy || at.
/t1 ( U) 0XoY v * /Y1 ( ( V) 8X0Y2> v
edge condition X4y, boundaryvcondition X1

Consequently we obtain a condition of the edges of domain of the Kirchhoff plate, as it was
stated by Ritz or Lamb [Ritz, 1909].
The second possibility — integration by parts on the Y-coordinate — lead similarly to

to Xo 8211) aw Y2 8371) 8w
/tl /x (_ {2 )axayéa_x] +/Y1 (2<1—V)W) 5aXdY> dX dt

Pw ow
/// ( (1-v) aXaW)éaXdXdet

X2
to Y> a3w X2 a4w
2(1— 0 — 2(1 = V) === ) dwdX | dYdt.
/tl /Y \( (1=v) axaw) v /X ( (1=v) axww) v
boundaryvcondition X,
From
Pw  _Ow
(1-— — Y
/ / [ g axay(sax} dvdt
Yo X2 Yo
to a2w X2 a3w
= —12(1—v) —— dw + / (2 1—u—)6de dt
/tl =) xay 20 gxagy ]
edge condition vid x, boundar;’condition v

we obtain also in this case a condition on the edge of the plate.
Finally the domain condition results in

(82w oMtw  tw o0*tw

=7 oxi T oy +28X28Y2) SwdXdY dt =0,

the boundary condition on | ]ﬁf results in
Pw  Pw) Ow
- K@XQ v aw) 50_)(} =0

APBPw Aw X2
{(_8)(3 +(2-v) —(?X@YQ) (5w} . =0
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and on | ]22 we obtain

Pw Pw Y2
{(m—l-@—l/)—a)(zay) (Sw:| =0

— 82_w+ 0w 58_@0 =0
av2 " Vox2)%av|,, T

It it worth mentioning that these results coincide with the results of section 8.6, despite the

obtained condition on the edges
0w w1
[8X8Y&UL,1 . =0.

As already mentioned in section 5.1, the whole method has a significant drawback - integration
by parts is not the appropriate tool for higher dimensional domains (in contrary to Stokes’s
theorem) and cannot be used without caution. In fact the integration order was changed
without any modification of the integrand. In order to incorporate this, we introduce the
notion of forms to B.1 and split part 4 in two integrals

Pw . FPw
[ e L
82
/ / / (9X8Y68X8YdX/\dYAdt
use integration by parts — possibility 1
2U) 82
+/t1 / / aXaYéaXaYdY/\dX/\dt

J/

use integration by parts — possibility 2

In the second case we have changed the integration order and consequently also the sign of
the integrand. For the first part, where integration by parts along X is applied we get

Nom V2 X2
to a2w Y2 6310
1— 5 — 1—V) —— | SwdY dt
/m =) axav, O /y \(( & 3X0Y2>, N
edge condition x1d y1 boundaryvcondition X1
and the second part results in
to 02w Xz PPw
(1 — 5 1—v) ——— ) wdX dt .
/tl =" axav, O i /X (( i 8X23Y) ’
N—— LN -
edge condition vid x1 boundary condition Vi

Finally one has to sum up all conditions on the domain, on all parts of the boundary, and on the
edges. It is obvious that the edge condition vanishes completely. The domain and boundary
conditions are not modified and coincide again with the results of section 8.6.
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The change of the sign due to the introduction of the language of forms could also be
illustrated by considering the directions of the used integrations on the boundary, which are a
simple result is the used orientation of the domain and the induced orientation of the boundary
(see Fig. B.2). Finally we are able to state that the original results of Kirchhoff, which did not

A coherent orientation of the boundary

\ 2

leads to the incorrect
edge condition

Y'l,

\4

Xl X2
Figure B.2: Integration on the boundary.

contain an edge condition are correct.
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The Maple(©)[Maplesoft, 2004] Package

The application of the calculus of variations on physical problems, which are more complex
than simple textbook examples, is an expensive task. Whatever method one applies, the man-
agement of huge expressions demands the introduction of computer algebra tools. It is worth
mentioning that the theory presented in part II stems from such a development.

In this chapter we present a computer algebra package that implements the determination
of the domain and boundary conditions using the Cartan form solution. The actual status of
the package makes use of the index order (see Def. 4.2) in the construction procedure of the
Cartan form. Additionally it is assumed that the analysed system is formulated in (Y7, y*)
coordinates, i.e. the last independent coordinate is constant on the boundary. Consequently
the determination of the domain and boundary conditions is not limited with respect to system
order or dimension.

C.1 General Aims

The MAPLE9.5 [Maplesoft, 2004] Package JetVariationalCalculus is intended to provide rou-
tines for the management of local coordinates of jet manifolds, contact forms, and total deriva-
tives on a rather general level. Additionally these procedures are used to implement algorithms
for the derivation of domain and boundary conditions of Euler-Lagrange systems.

In order to guarantee the reusability of the developed code, its structure should be modular,
object oriented and accessible through small, but flexible interfaces. Unfortunately MAPLE9.5
does not provide object oriented programming as known from Java or C++. The genera-
tion of independent instances of a module is realized by the implementation of a procedure
(constructor), which returns a new module. In the following all modules will provide such a
constructor.

C.2 Modules and Interfaces

The JetVariationalCalculus package is a framework of three modules that incorporate each
other. For basic operations on exterior forms we will use the module “MyLieSymm”. Based on
this module we introduce the ‘Jets” module that provides all routines for the management of
local jet coordinates and related objects. Finally the module ‘JetVariationalCalculus” incorpo-
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rates all the developed methods in order to derive the domain and boundary conditions. In
figure C.1 this structure is depicted, where the corresponding constructors are also indicated.

Maple 9 Workspace
module

JetVariationalCalculus
module

constructor new module
JetVarCalculus instance ¥ domVar
module
module module
Jets dul dul
constructor domain bound
JetVariables / /
module
. module module
MyLieSymm
constructor mlsy mlsy

GetLieSymm / /

Figure C.1: The JetVariationalCalculus package structure.

In the subsequent sections we will discuss the introduced modules separately

C.2.1 The “MyLieSymm” Module

MAPLE9.5 provides packages for the handling of objects from differential geometry (vectors,
forms etc.). In our case the rather old package liesymm is used. Unfortunately this pack-
age does not provide the necessary object oriented behavior. To overcome this problem a
new module called MyLieSymm is implemented, which envelops liesymm and administers
the corresponding data. This module can be added to the MAPLE workspace by evaluating

> and provides the constructor . The methods of a module
instance can be evaluated by applying the scoping operator “ ”

The implemented methods are

e SetLieSymmVariables, GetLieSymmVariables:
Set and get the local coordinates;

e myd:
Implements the exterior derivative d (-) (see Maple help [liesymm,d]);

e my&”™:
Implements the exterior product A (see Maple help [liesymm,wedge]);

e myhook:
Implements the interior product — the hook operator | (see Maple help [liesymm,hook]),

e mygetcoeff:
Extract the coefficient part of a basis wedge product (see Maple help [liesymm,getcoeff]);



C The Maple(©[Maplesoft, 2004] Package C.2.2 The ‘Jets” Module 154

mygetform:
Extract the basis element of a single wedge product (see Maple help [liesymm,getform]);

myLie:
Implements the Lie derivative (see Maple help [liesymm,Lie]);

mywcollect:
Regroup the terms as a sum of wedge products (see Maple help [liesymm,wcollect]);

mywdegree:
Compute the wedge degree of a form (see Maple help [liesymm,wcollect]);

In figure C.2 the application of the MyLieSymm module is depicted
This module is used by the ‘Jets” module.

C.2.2 The ‘Jets” Module

The mathematical analysis of the calculus of variations, where manifolds, n order jet bundles
and prolongations are used, illustrates the necessity of managing the corresponding adapted
coordinates in a single Jets module. This module can be added to the MAPLE workspace by
evaluating > and provides the constructor

The following methods are implemented:

SetIndepVars, GetIndepVars:
Set and get the independent variables X" of the variational problem;

SetDepVars, GetDepVars:
Set and get the dependent variables ¢ of the variational problem,;

GetIndepOfDepVars:
Get the independent variables related to a given dependent variable;

CalcJetVars:

Despite the fact that some objects of our theoretical investigations are defined on the
infinite-dimensional jet manifold J>°£, the maximal jet order #.J must be restricted to
a finite number for practical calculation. This method allows to define the maximal jet
order and to calculate the corresponding jet variables z{;. The following notation

mathematical formula <= maple sheet
Thoy < ‘xalpha;101°

is used for jet coordinates;

GetJetVars:
Returns the calculated jet variables z{};

GetVars:
Returns all adapted coordinates (X tx®, x&) to the n'™ jet manifold J"7;
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e CalcContactForms:
Calculate the contact forms w[of,] (see Def. 4.12);

e GetContactForms:
Returns the generated contact forms wij,;

¢ GetTotalDiff:
Returns the automatically generated total derivative vector fields d; (see Def. 4.11);

e GetVarIndex, SetVarIndex:
This methods are necessary to extract and modify the multi-index J corresponding to a
given jet variable z{);

e GetVector:
This method returns a unit vector v € I' (7 (J"x)) corresponding to the given coordinate.

¢ GetVolForm:
Returns the volume form dY corresponding to the domain D.

e GetMLSyODbj:
Returns the underlying MyLieSymm module.

e ProlongVectField:
Derives the prolongation of a given vector field.

The application of these methods is depicted in figure C.3 and C.4. The ‘Jets” module
provides all basic manipulation tools, which are needed for the implementation of the derived
formulas as computer algebra algorithms.
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[ > with(MyLieSymm);# loading the module
"InitMyLieSymmPackage modul e by regpro - VERSION 3.0 "
"EU-Proj.: GEOPLEX IST-2001-34166 Copyright (c) 2005 - Institut of Automatic Control and Control Systems Technology \

"Johannes Kepler University Linz - Austria, All rights reserved. "
Warning, the protected name close has been redefine d and unprotected

L [GetLieSymrh
> mlsy:=GetLieSymm();mlsy2:=GetLieSymm(): # the const ructor returns two independent
instances

"MyLieSymm - by regpro JKU Linz-Austria"
Warning, the “with' command does not work inside pr ocedures or modules
mlisy:= module()
export SetLieSymmVariables GetLieSymmVariables,myd ‘my&*" myhook mygetcgetfonmy myLie mywcollect
mywdegree myLieBracket

end module

"MyLieSymm - by regpro JKU Linz-Austria"
Warning, the “with' command does not work inside pr ocedures or modules
r > misy:-SetLieSymmVariables([x1,x2]):mlsy2:-SetLieSym mVariables([z1,z2,z3]): #
definition of the local coordinates
[ > misy:-GetLieSymmVariables();mlsy2:-GetLieSymmVariab les();
[x1, x2]
L [z1 22 z3
[ > misy:-myd(x1);mlsy:-myd(z1);mlsy2:-myd(x3);mlsy2:-m yd(z3); # application of the
exterior derivative
d(x1)
0
0
L d(z3)
[ > temp2:=mlsy2:-" my&”"'(z3,mlsy2:-myd(z1),mlsy2:-myd(z 2)); # application of the wedge

product
L temp2:= z3d(z1) &" d(z2))
> mlsy2:-myhook(temp2,[v1,v2,v3]);# appication of the hook operator
z3(v1ld(z2) - d(zl) v2)
> mlsy2:-mygetcoeff(temp2);mlsy2:-mygetform(temp2);
z3
L d(z1) &" d(z2)
> mlsy2:-mywecollect(temp2);mlsy2:-mywdegree(temp2);
z3(d(z1) &"d(z2))
2

Figure C.2: Example application of the MyLieSymm module.
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[ > with(Jets);
"Jets module by regpro - VERSION 3.0 "
"EU-Proj.: GEOPLEX 1ST-2001-34166 Copyright (c) 2005 - Institut of Automatic Control and Control Systems Technology \
"Johannes Kepler University Linz - Austria, All rights reserved. "

L [JetVariableg
> domain:=JetVariables();

"JetVariables - by regpro JKU Linz-Austria’

"MyLieSymm - by regpro JKU Linz-Austria"
Warning, the “with' command does not work inside pr ocedures or modules
domain:= modul&()
export SetindepVars GetindepVars SetDepVars GetDepVars GetlndepOfDepVars Getdet@icketVars SetJetVars
GetJetVars GetVarindex SetVarindex GetVars GetVarPos CalcContactFormengettEorms GetContactForms
GetTotalDiff GetVectar GetVolForm GetMLSyQbj ProlongVectField

end module

r> domain:-SetindepVars(X1,X2):domain:-GetIndepVars(X1 X2);

L [X1, X2]

[ > domain:-SetDepVars([x1,X1],x2):domain:-GetDepVars([ x1,X1],x2);
x1(X1), x2( X1, X2)

L [x1, x2]

[ > domain:-GetindepOfDepVars(x1);

L [X1]

> domain:-CalcJetVars(2): domain:-GetJetVars();
JetVariables successfully generated!

[x1;10, x2;1Q x2;01 x1;20 x2;20 x2;11 x2;P2
> domain:-GetVars();
[X1, X2 x1 x2 x1;10 x2;10 x2;01 x1;20 x2;20 x2;11 x2}02

> domain:-CalcContactForms():domain:-GetContactForms( );
ContactForms derived

[d(x1) = x1;10d(X1), d(x2) — x2;10d(X1) — x2;01d(X2)],
[[d(x1;10) = x1;20d(X1)], [d(x2;10) — x2;20d(X1) — x2;11d(X2), d(x2;01) — x2;11d( X1) — x2;02d(X2)]]

Figure C.3: Example application of the Jets module.
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[ > domain:-GetTotalDiff();domain:-GetTotalDiff(1);doma in:-GetTotalDiff(2);
[[1,0,x1;10 x2;10 x1;20 x2;20 x2;1D,0,0,0],[0, 1, 0, x2;01, 0, x2;11, x2;020, 0, 0, 0]]
[1,0,x1;10 x2;1Q x1;20 x2;20 x2;1D,0, 0, 0]

[0, 1,0,x2;01, 0, x2;11, x2;020,0, 0, 0]
[ > domain:-GetVector(X1);domain:-GetVector("x1;20%);

[1,0,0,0,0,0,0,0,0,0,0]

L [0,0,0,0,0,0,0,1,0,0,0]
domain:-GetVarlndex("x2;02");domain:-SetVarIndex(x2 ,[0,1]);

[x2,]0, 2]]
x2;01

\

\Y

\%

\

domain:-GetVolForm();

L d(X1) & d(X2)

L>

[ > misy:=domain:-GetMLSyObj();
misy:= module()
export SetLieSymmVariables GetLieSymmVariables,myd ‘'my&" myhook mygetcgeffonmy myLie mywcollect
mywdegrege myLieBracket

end module
> misy:-myLie(f(x1,x2),domain:-GetTotalDiff(1));

0 0
xl,lo(axlf(xl, x2)j + x2,1({axzf(x], x2)j

Figure C.4: Example application of the Jets module.
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C.2.3 The ‘JetVariationalCalculus” Module

This package can be added to the MAPLE workspace by evaluating >
and provides the constructor . All the methods stated below correspond to
the presented theoretical investigation and make essential use of the ‘Jets” module.

The implemented methods are:

EulerOp:
This method allows to apply the Euler-Lagrange Operator d,, (-) of equation (7.10), to a

given Lagrangian density [ <X L, x‘ﬁ]]>. The resulting partial differential equation cor-

responding to the dependent coordinate = is returned, whereupon the “= 0”-statement
is neglected. This is the common notation used in MAPLE.

CalcCartanForm, GetCartanForm:

These two methods determine and return the Cartan form c as defined in equation (7.12)
to the MAPLE workspace. Due to the fact that there exists no unique representation of
the Cartan form for higher order Lagrangians, this method additionally makes use of the
introduced multi-index order (see Def. 4.2).

GetDomainConditions:

This method evaluates the presented condition (7.14) and returns the domain conditions
in terms of PDEs. The equations are returned as a list, whereupon the PDEs are given in
combination with the corresponding dependent variable.

CalcBoundSystem, GetBoundSystem:

The method CalcBoundSystem() determines automatically the boundary jet bundle. By
evaluating GetBoundSystem the user gets access to this jet bundle. The local coordinates
of the boundary jet bundle are represented in the form

mathematical formula <= maple sheet
Tho1 < ‘xalpha_001;10°

CalcBoundECForm, GetBoundECForm:

The CalcBoundECForm determines the extended Cartan form on the boundary, i.e. pulled-
back on the boundary jet bundle. The evaluation of GetBoundECForm returns the result-
ing form.

GetBoundaryConditions:

The presented boundary conditions (7.15) are evaluated by this method. The equations
are returned similarly to the domain conditions as a list, whereupon the PDEs are given
in combination with the corresponding dependent boundary variable.

The application of these methods is depicted in figure C.5.
The whole package, in combination with some examples, is available on the homepage of the
Institute of Automatic Control and Control Systems Technology

(
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[ > with(JetVariationalCalculus);

"JetV ariational Cal culus modul e by regpro - VERSION 3.0"
"EU-Proj.: GEOPLEX 1ST-2001-34166 Copyright (c) 2005 - Institut of Automatic Control and Control Systems Technology \

"Johannes Kepler University Linz, All rights reserved. "
[JetVarCalculug

[ > domvar:=JetVarCalculus(domain);

"JetVarCalculus - by regpro JKU Linz-Austrial"
domvar:= module()
export GetJetVariable EulerOp CalcCartanForm SetCartanForm GetCartanform GetDomaint@ors]i
CalcBoundSystem GetBoundSystem CalcBoundEGForm GetBoundECForm GetBoundaryCpnditions
GetMomentaFunctions GetHamiltonianFunction GetLegendreTransform GetPCHSystem

end module

> [:="x1"2+'x2;01°"2;
| :=x1%+ x2;07°
> domvar:-EulerOp(x1,l);domvar:-EulerOp(x2,1);
2x1
-2x2;02
>
> domvar:-CalcCartanForm(I*domain:-GetVolForm()):domv ar:-GetCartanForm();

Deriving the cartan form
(Xl2 + X2;012) (d(X1) &"d(X2)) - 2x2;01(d(x2) &*d(X1)) -2 x2;02% (d(X1) &™ d(X2))
> domvar:-GetDomainConditions();
[[d(x1) &" d(X2), =2 x1], [d(x2), -2 x2;02]]
> domvar:-CalcBoundSystem();
"This method assumes the last independent coordinateto be constant on the boundary!! i.e.:", X2, "=const"
"JetVariables - by regpro JKU Linz-Austria’
"MyLieSymm - by regpro JKU Linz-Austria"
Warning, the “with' command does not work inside pr ocedures or modules
Setting independent coordinates of boundary bundle!
Setting dependent coordinates of boundary bundle!

x1 00(X1), x2_00(X1), x1 01(X1), x2_01(X1), x1_02(X1), x2_02(X1)
Deriving boundary jet structure!
JetVariables successfully generated!
ContactForms derived

> boundary:=domvar:-GetBoundSystem();

boundary:= module&()

export SetindepVars GetindepVars SetDepVars GetDepVars GetindepOfDepVars Getdet@icletVars SetJetVars
GetJetVars GetVarlndex SetVarindex GetVars GetVarPos CalcContactFormeng&ettEorms GetContactForms
GetTotalDiff GetVectgr GetVolForm GetMLSyQObj ProlongVectField

end module
> domvar:-CalcBoundECForm();

"The extended Cartan form on the boundary is determined!"
> domvar:-GetBoundECForm();

-2 x2_01(d(x2_00) & d(X1))
> domvar:-GetBoundaryConditions(bound);

[[d(x2_00), -2 x2_01]]

Figure C.5: Example application of the JetVariationalCalculus module.
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C.3 Application

In the following a distributed parameter system — the Timoshenko beam, e.g., [Meirovitch,
1967, Meirovitch] — will be used for a short demonstration of the JetVariationalCalculus pack-
age. From now on, the time is denoted by ¢ and X?, i = 1, 2, 3 are the canonical coordinates of
the 3-dimensional Euclidian space. Following the standard assumptions of linear elasticity, we
introduce the displacements 2, a = 1,2,3 and the according bundle (£, 7, D), dim(£) =7,
dim (D) = 4 with adapted coordinates (¢, X?), t = X for D and (¢, X*, z®) for £. The kinetic
energy Fiin and the stored energy E,q result in

1 ) )
Bin = 3 /D Thooo 01T hoepdX ,  dX = dX' A dX? A dX? and (C.1)
S

Epo = / o¥ide;; (X) AdX = / epordX .
D

Ds
Here o = O'aﬁaa@)@g, O'aﬁ = O'ﬁa, ﬁ = 1, 2, 3 and €ij = SijdXi®de, 2€ij = xfu +l’flj},j = 1, 2, 3
denote the stress and strain tensor. The quantity p represents the mass density. The integral
is taken over the body in the reference configuration. Stress and strain are connected by
Hooke’s law ¢%f = CoFiig;; CPii = OPeii = Cohit = (o8 where a linear material behavior,
characterized by the stiffness tensor C*?% is assumed.
This general assumptions will serve as a basis for the analysis of the application exam-

ple. Additional simplifications, which are motivated by the spatial shape of the investigated
problems, will enable to reduce the amount of independent coordinates.

C.3.1 The Timoshenko Beam

According to Timoshenko, we state that

_ 1 3 2 2 3
2l = wl - UBX2 42X €11 = Wy — qj[01]X +\Ij[01]X

1,3 1,2 1\.y1 3
, — Ly L2 gl oy
= w?-Ulx? , which implies ' N 41_2;0[01] L2t (C.2)
P = w Ul X? i3 = V4 3wy + 53y X
€33 = Exp=c¢cn=0.

These assumptions are formulated in the coordinates according to Figure (C.6) and incorpo-

Figure C.6: The Timoshenko Beam.
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rate the special spatial distribution of a beam. Now, the independent and dependent vari-
ables are (¢, X') and (w®, ¥®). Thus, we introduce the new bundle (£,7,D), dim (£) = 8,
dim (D) = 2 with adapted coordinates (¢, X*'), ¢t = X°, (¢, X', w®, ¥*), o =1,2,3 for D and &.
Therefore, we use the bundle £ to describe the Timoshenko beam. Furthermore it is straight-
forward to see that all the required functions and densities for an energy based modeling of
the beam can be expresses as functions of the variables of the first jet manifold J'7 of 7 only.

C.3.2 Program Code

These investigations can be done in MAPLE with the instruction lines as shown in Figure C.7.
To keep the relations readable, we restricted the beam deformation to the (X!, X3)-plane and
assume no beam elongation. Due to these assumptions we have to set w! = 0, w? = 0, ! =
0, U3 = 0. For this case, only two figures of Hooke’s law — Young’s modulus of elasticity £
and the shear modulus G — are necessary to describe the material behavior. For the energy
calculation we introduce the area moment of inertia I, = [, (X*)* dX' AdX? and assume that
the integral [, X*dX' A dX? vanishes in accordance to the chosen coordinate system.

[ > domain:=JetVariables():
L "JetVariables - by regpro JKU Linz-Austria’
[ > domain:-SetindepVars(t,X);
L [t X]
[ > domain:-SetDepVars(w3,psi2);
w3(t, X), Y2(t, X)
L [w3, y2]

[ > domain:-CalcJetVars(2): domain:-GetJetVars(); domai n:-CalcContactForms():
JetVariables successfully generated!

[w3;10, w3;01 psi2;10 psi2;01 w3;20 w3;11 w3;02 psi2;20 psi2;11 psi2;02

L ContactForms derived
Figure C.7: Timoshenko Beam - loading the package and initializing the variables.

Additionally the cross sectional area A is assumed to stay constant along the x!-coordinate.
After the preliminary work, which is shown in figure C.7, it is possible to calculate all 2 PDEs
and corresponding boundary conditions within some instruction lines. Unfortunately the full
solution (6 PDEs) would need some terminal pages and cannot be shown here. The kinetic
and potential energy density is given by

2
p 2 2 I,E 2 GA [*  wp
Fian =5 (Iy (Vo) + A (whio) ) v and Fpo = 5= (Uoy)” + BN (7 + %

and allow to formulate the Lagrangian L = FEyiy, — Epor.
The following code lines (see figure C.8) show the calculation of the PDEs based on the
“Cartan form” approach. The -method provides

GA
— (Wog + ¥ion) — pAwg =0

according to the coordinate w? and

_GA
e ( 0y TY ) (—P¢%20} + E@D[QOQ]) =0
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[ > domvar:=JetVarCalculus(domain):

L "JetVarCalculus - by regpro JKU Linz-Austrial"
M > Ekin:=1/2*("psi2;10"*2*rho*ly+rho* w3;10 " 2*A);
Epot:=1/2*("psi2;01 " 2*ly*E+(1/2*psi2+1/2*'w3;01°)" 2*G*A);
si2;10p | w3;10° A
Ekin:= P Py + P
2 2
[ w2, w3;01)2
_ psi2,0F Iy E A 2
a 2 2

Epot

[ > L:=Ekin-Epot:

[ > domvar:-CalcCartanForm(L*domain:-GetVolForm());
Deriving the cartan form

> domvar:-GetDomainConditions();

GAw3;02 GApsi2;01 G Aw3;01 . GAY2 .
d(w3), —-p A w3;20+ 1 + 1 .| d(w2), _f - p ly psi2;20- 2 + 1y E psi2;02

Figure C.8: Timoshenko Beam - definition of the Lagrangian and derivation of the PDE:s.

according to the coordinate v°.

Finally we present the extraction of the boundary conditions (see figure C.9), where the
variables of the boundary jet bundle and the extended Cartan form on the boundary are shown.
The boundary conditions are given by

GA , 4 9
—— (@ + ¥og) =0
for wij,, and
[y E ¢[20;1] =0

for @b[QO;O}. The presented results coincide with the calculations shown in, e.g., [Meirovitch,
1967, Meirovitch] and illustrate the reduction of work.

The appendix fragment is used only once. Subsequent appendices can be created using the
Chapter Section/Body Tag.
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[ > domvar:-GetDomainConditions();

; . GA
2 ———— —plypsi2;20-

GAw3;02 GApsi2;01 G Aw3;01
+ .| d(w2), - 2

2
|:|:d(W3), -p Aw3;20+ +Ily E psi2;02ﬂ

[ > domvar:-CalcBoundSystem();

"This method assumes the last independent coordinateto be constant on the boundary!! i.e.:", X, "=const"

[ > boundary:=domvar:-GetBoundSystem();

boundary:= module()

export SetindepVars GetindepVars SetDepVars GetDepVars GetindepOfDepVars Getdef@lclketVars SetJetVars
GetJetVars GetVarlndex SetVarindex GetVars GetVarPos CalcContactFormengettEorms GetContactForms
GetTotalDiff GetVectgr GetVolForm GetMLSyQbj ProlongVectField

end module

[ > boundary:-GetVars();

[t,w3_0Q psi2_00 w3 01 psi2_01 w3,02 psi2_02 w3_00;1 psi2, 00;1 w3_01;1 psi2_01;1 w3_02;1 psi2_02;1
w3_00;2 psi2_00;2 w3_01;2 psi2_01;2 w3_02;2 psi2_QJ2;2

[ > domvar:-CalcBoundECForm();domvar:-GetBoundECForm();

"The extended Cartan form on the boundary is determined!”

. _ GApsi2 00 GAW3 0
—-psi2_01 ly E(d(t) &" d(psi2_00) - +

4 4
> domvar:-GetBoundaryConditions();

1) (d(t) &~ d(w3_00))

GA psiz_oo+ GA w3_01ﬂ

[[d( psi2_00, psi2_01ly E[d(W’S_OO), A A

Figure C.9: Timoshenko Beam - derivation of the boundary condition.



Appendix D

Afterword

This work has been done in the context of the European sponsored project GeoPlex with
reference code IST-2001-34166. Further information is available at http://www.geoplex.cc.
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