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Nomenclature

Throughout this work, scalars as well as scalar valued functions (e.g. differential forms)
and their values are denoted by small non-bold symbols. Vectors are denoted by small
bold symbols, e.g. a = a;e;, where {e;} always denotes a spatially fixed Cartesian basis
of the three-dimensional inertial space. Einstein’s summation convention is used to sum
over repeated lower case indices. A capital symbol indexing a vector indicates that this
vector belongs to a set (usually a triad) of vectors. Second order tensors are denoted by
capital bold symbols. Calligraphic symbols denote sets or spaces of functions. Each -
indicates one contraction, e.g. the scalar product of two vectors of equal dimension reads
a’ - b = ¢, a matrix product of two appropriate second order tensors reads A - B = C
and the product of a matrix with a vector reads A -b = c.

The symbol n is used twofold, first of all, it indicates the dimension of the configuration
manifold and secondly, it is used as an index to represent approximations to quantities at
the n-th time node t,, e.g. z, approximates z(t,).

The system of equations of motion emanating from the use of the Lagrange multiplier
method for the constraint enforcement is also called ‘constrained formulation’, similarly
the corresponding time-stepping scheme is termed ‘constrained scheme’. The use of the
null space method leads to the ‘reduced formulation’ or ‘d’Alembert-type formulation’
of the equations of motion. Similarly, the discrete null space method gives rise to the
‘reduced scheme’ or ‘d’Alembert-type scheme’.

In Chapter 4, 5 and 6, the numerical performance of different time-stepping schemes is
compared with the help of various examples. In the corresponding tables, the order of
magnitude of the constraint fulfilment and the condition number are given. In contrast
to that, the number of unknowns is given exactly, while the CPU-time is specified as the
ratio between the computation time for a certain number of time-steps by the specific
scheme and that of the d’Alembert-type scheme with nodal reparametrisation.
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n-dimensional real configuration manifold (see A.1)
2n-dimensional real phase manifold

(n — m)-dimensional constraint manifold

tangent bundle (see A.3)

cotangent bundle (see A.3)

configuration vector
velocity vector
momentum vector
phase vector
Lagrange multiplier

Lagrangian

Hamiltonian

kinetic energy

potential energy

extra function to treat the constraints in the Hamiltonian formalism
extra function to treat the constraints in the Lagrangian formalism
action integral

symplectic form (see A.10)
symplectic matrix

momentum map (see A.21)

fibre derivative

Hamiltonian vector field (see A.16)

Jacobian (see A.4)

partial derivatives with respect to ¢-th argument

exterior derivative (see A.9)

discrete derivative (see 3.1.1)

G-equivariant discrete derivative (see 3.1.4)

partial discrete derivative with respect to i-th argument (see 3.1.7)
discrete derivative on lower dimensional subspace (see 3.1.7)

holonomic constraints

constraint Jacobian

discrete derivative of the constraints
null space matrix

discrete null space matrix

time
time-step
penalty parameter

Lie group (see A.17)
Lie algebra (see A.18)
action of a Lie group



Nomenclature

® placement of centre of mass

P translatorical velocity of placement of centre of mass

Py momentum conjugate to translatorical velocity of placement of centre of mass
{d;} director triad

{d;} director velocities

w angular velocity

{p;} momenta conjugate to director velocities

0 joint location with respect to body-fixed director triad

Uy, incremental displacement of centre of mass

0 incremental rotation

F(P) set of continuously differentiable real-valued functions on P

CF(A,B)  set of k-times continuously differentiable functions from A to B
PE(0,1)*  set of 2n-dimensional real-valued polynomials of degree k on [0, 1]

0ij Kronecker delta
€ijk alternating symbol






1 Introduction

The numerical simulation of real physical processes is indispensable in all modern techno-
logical sciences, especially in mechanical engineering. It always relies on an idealisation
of the actual situation in a physical model, such that this can be described in terms of an
abstract mathematical model. In general, a mathematical model consists of (differential)
equations and side conditions. A solution of these equations represents the simulation of
the real process. The art of modelling lies in finding the balance between simplification
of the process in the physical model and veritableness of the resulting solution. As a
consequence of nonlinearities present in even the simplest useful models, an analytical
solution to the describing equations is rarely feasible. This causes the necessity for nu-
merical methods that approximate the solution of the mathematical model. Naturally
most realistic approximations are in demand which share the relevant properties of the
analytical solution while minimising the computational costs.

This work deals with the simulation of the dynamics of multibody systems consisting
of rigid and elastic components combined by joints. Typical applications are all kinds
of robot manipulators including industrial manufacturing robots or portage machinery,
as well as deployable structures such as space satellites. The simulation of multibody
dynamics combines several issues. First of all, flexible parts must be discretised in space
and a material model for their (elastic) behaviour has to be identified. Secondly, the
interconnections have to be taken into account. Typically they give rise to constraints
restricting the possible states of the system. The choice of a method to enforce the con-
straints completes the formulation of the evolution equations and side conditions in the
mathematical model. Finally these semi-discrete equations have to be discretised in time
resulting in time-stepping algorithms.

The equations of motion, which are the basis for mathematical models of dynamical pro-
cesses, can be derived in different contexts. On the one hand, force-based approaches lead
to Newton’s second law. On the other hand, the Hamiltonian and the Lagrangian formal-
ism in analytical mechanics focus on the observation of energy and variational principles
which enhances their generality. The Hamiltonian formalism for instance can be used to
model classical mechanical systems as well as quantum dynamics, see [Pesk 95]. There-
fore, a representation in an abstract formalism, as introduced e.g. in [Abra 78, Hofe 94|, is
necessary. A special property of the solutions of the equations of motion in Lagrangian or
Hamiltonian dynamics is the conservation of first integrals. Under certain suppositions,
the energy, momentum maps related to the system’s symmetries and the symplectic form
remain unchanged along these solutions. See e.g. [Nolt 02, Gold 85| for classical intro-
ductions to analytical dynamics or [Olve 95] and references therein for a more theoretical
approach to the symmetries of differential equations and variational problems.
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Flexible bodies can be modelled in the framework of nonlinear continuum mechanics
[Holz 00, Mars 83, Beck 75] or nonlinear structural mechanics [Antm 95]. The spatial
discretisation by finite elements divides the body into a finite number of disjoint re-
gions — the elements. Classical introductions to the finite element method for nonlinear
continuum or structural mechanics are [Zien 92, Zien 94, Bone 97, Bely 01, Wrig 01]. A
fundamental requirement to the resulting semi-discrete mechanical system is objectiv-
ity (also termed frame-indifference), i.e. the resulting strain measures must be invari-
ant with respect to superimposed rigid body motion. This restricts the possible dis-
cretisation techniques, especially in structural mechanics as pointed out in [Cris 99].
The flexible structure considered throughout this work is a geometrically exact beam,
i.e. a deformable structure whose cross-sections are small compared to its length. The
term geometrically exact refers to the allowance of large finite deformation requiring
a geometrically nonlinear description. The modelling of geometrically exact beams as
a special Cosserat continuum (which is a directed continuum, see e.g. [Antm 95]), has
been the basis for many finite element formulations starting with the works of Simo
[Simo 85,Simo 86b,Simo 88]. A realisation of the placements and orientations of the inte-
rior beam points in terms of translations and rotations is manifest and widely used, e.g.
in [Ibra 98, Jele 98]. However, the interpolation of rotations is prone to violate the objec-
tivity requirement. Thus the parametrisation of rotations is subject of many investigations
including [Bets 98,Tbra 95,Ibra 97,Ibra 02b, Jele 99, Jele 02, Rome 04, Bott 02b, Bauc 03b)].
A remedy was found independently by [Rome 02b] and [Bets 02d] in the spatial inter-
polation of director triads. To maintain the kinematic assumptions of the underlying
continuous Timoshenko beam theory, each triad is required to stay orthonormal during
motion and deformation of the beam, giving rise to so called internal constraints. The
formulation of the beam dynamics as Hamiltonian system subject to internal constraints
is particularly suited for a generalisation to multibody systems since rigid bodies can be
described in the same way as directed constrained continua and, moreover, the intercon-
nections to other components are modelled as external constraints which can be treated
by analogy with the internal constraints.

For the enforcement of holonomic constraints, there are different methods at the disposal.
The Lagrange multiplier method enlarges the number of unknowns by as many Lagrange
multipliers as there are constraints. A solution of the resulting enlarged system fulfils the
constraints exactly. In contrast to that, using the penalty method, the constrained motion
is approximated by an unconstrained one under the influence of strong conservative forces.
Thereby the magnitude of the so-called penalty parameter determines the accuracy of the
solution’s constraint fulfilment. The augmented Lagrange method can be interpreted as
a combination of the just mentioned methods, with the difference, that the error in the
constraint fulfilment is reduced below a prescribed tolerance by performing extra itera-
tions. [Bert 95, Luen 84] offer general introductions to these three methods. A different
approach to constrained systems is given by null space methods, see e.g. [Benz 05]. The
main distinguishing feature is the elimination of the Lagrange multipliers (which can be
interpreted as constraint forces) from the equations leading to a size reduction of the
system of equations. This is accomplished by dint of a so-called null space matrix as
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introduced in [Lian 87] among others. Since the null space matrix spans the null space
of the constraint Jacobian, it is often referred to as natural orthogonal complement, e.g.
by [Ange 89,Saha 99]. The elimination of the workless constraint forces is closely related
to d’Alembert’s principle (see e.g. [Arno 78|), wherefore the resulting form of the equa-
tions of motion is also termed d’Alembert-type formulation. Another way to deal with
constraints is the reparametrisation of the system’s description in terms of independent
generalised coordinates. This method reduces the system’s dimension to the minimal
possible number and redundantises the constraints, see e.g. [Gold 85, Kuyp 03].

The temporal discretisation of the finite-dimensional system of nonlinear ordinary differen-
tial equations (ODEs) emanating from the spatial discretisation of a flexible body is — even
without the consideration of constraints — comparatively demanding, see e.g. [Leim 04].
Especially if the resulting ODEs belong to the class of stiff equations, the design of stable
time-stepping schemes is not an easy task as investigated by [Hair 96, Hair 00, Gonz 96a,
Gonz 96b]. During the research of the last decades it has been recognised that the in-
heritance of the conservation of first integrals to the temporal discrete solution entails
superior numerical performance of the specific integrator. Besides the benefit of increased
numerical stability, the conservation of energy, momentum maps and the symplectic form
along the discrete solution enhances its veritableness since the ‘unique fingerprint of the
process’, i.e. its ‘qualitative and structural characteristics’ (see [Bott 02b]) are trans-
ferred to the discrete solution. Time-stepping schemes which inherit the (conservation)
properties of the continuous mechanical system are referred to as ‘mechanical integra-
tors’, according to [Mars 92]. Energy-momentum conserving schemes, relying on a direct
discretisation of the ODEs, have been widely investigated, see e.g. [Bets 00a, Bets 00b,
Bets 0la, Ibra 99, Ibra 02a, Arme Ola, Cris 96, Gonz 00, Hugh 78 LaBu 76a, LaBu 76b,
Noel 04a, Reic 95,Simo 91a,Simo 91b, Simo 92a, Simo 94, Simo 95]. Based on the discreti-
sation of the variational formulation behind the ODEs, symplectic-momentum integrators
have been derived e.g. by [Bart 98, Hair 04, Jay 96, Leim 94, Leim 96, Lew 03, Reic 94,
Kane 00, Mars 01]; see e.g. [Simo 92b, Simo 93] for a discussion on energy-momentum and
symplectic schemes. Then again it is a common opinion that there are processes, e.g.
highly oscillatory ones, for which stable time integration requires numerical damping, see
e.g. [Arme Ola, Arme 01b, Arme 03, Bauc 96, Bott 02a, Hilb 77,Ibra 02a, Rome 02a].

The presence of constraints complicates the temporal integration of the system of equa-
tions substantially. Using the Lagrange multiplier method for the constraint enforcement
results in differential algebraic equations (DAEs) of index three, see e.g. [Seil 99, Rhei 91,
Deuf 00]. Due to the presence of the Lagrange multipliers, the direct application of
ODE integrators leads to numerical difficulties as reported by [Petz 86, Hair 89, Gera 01].
However, well-performing integration schemes for the large dimensional DAEs have been
designed recently e.g. by [Bets 01b, Bets 02b, Bets 02¢, Eich 98, Fuhr 91, Arno 05, Gonz 99,
Wend 97, Reic 96]. The description of the problem in terms of independent generalised
coordinates by a local reparametrisation of the constraint manifold leads to highly com-
plex ODEs for which the application of ODE integrators is generally possible but in most
cases not recommendable, see [Leim 04, Rhei 84, Rhei 96, Rhei 97]. These problems can be
overcome using the discrete null space method proposed by [Bets 05] which is investigated
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extensively in this work — mainly and in-depth for the simulation of flexible multibody
dynamics.

Time-stepping schemes for flexible multibody dynamics based on the solution of the DAEs
have been developed by [Bets 02a, Bets 04, Ibra 00b, Bauc 99b, Bauc 99a, Bauc 03a]. A
different procedure relying on the master-slave approach can be found in [Jele 96, Jele 01,
Ibra 00a,Ibra 03]. An alternative to the semi-discretisation of elastic multibody systems
using wavelets is proposed by [Diaz 03].

Main issues and outline of this work

The primary object of this work is the development of a robust, accurate and efficient time
integrator for the dynamics of flexible multibody systems. Particularly a unified frame-
work for the computational dynamics of multibody systems consisting of mass points,
rigid bodies and flexible beams forming open kinematic chains or closed loop systems is
developed. In addition, it aims at the presentation of (i) a focused survey of the La-
grangian and Hamiltonian formalism for dynamics, (ii) five different methods to enforce
constraints with their respective relations, and (iii) three alternative ways for the tempo-
ral discretisation of the evolution equations. The relations between the different methods
for the constraint enforcement in conjunction with one specific temporal discretisation
method are proved and their numerical performances are compared by means of theoret-
ical considerations as well as with the help of numerical examples.

Finite dimensional equations of motion are deduced in an abstract Lagrangian and Hamil-
tonian formalism in Chapter 2, providing a basis of the modelling of any dynamical pro-
cess. The basic (conservation) properties of the solutions of these evolution equations
are shown, in particular the conservation of energy, momentum maps related to the sys-
tem’s symmetries and symplecticity. The presentation of well-known classical theories on
dynamics concludes with the sketch of specific momentum maps resulting from tempo-
ral, translational and rotational symmetry of the mechanical system. The second part of
Chapter 2 is devoted to different methods for the enforcement of holonomic constraints:
the Lagrange multiplier method, the penalty method, the augmented Lagrange method,
the null space method and the reparametrisation in terms of generalised coordinates. The
evolution equations resulting from the use of each method are given in Lagrangian and
Hamiltonian formalism and their relations are discussed.

Chapter 3 starts with the presentation of the temporal discretisation of Hamilton’s evolu-
tion equations using the concept of discrete derivatives and Galerkin-based finite elements
in time, both resulting in energy-momentum conserving time-stepping schemes. Then the
concept of variational integrators based on the direct discretisation of a variational prin-
ciple is sketched. It leads to a symplectic-momentum conserving integrator. After a short
motivation for the decision to use the Hamiltonian formalism in conjunction with the
concept of discrete derivatives for the construction of an integrator, the resulting time-
stepping schemes are given for all five methods to treat the constraints. Because of the
relatively simple structure of the evolution equations emanating from the Lagrange mul-
tiplier method, the penalty method and the augmented Lagrange method (in particular
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they contain constant mass matrices), these can be discretised easily. Furthermore the
equivalence to the Lagrange multiplier scheme of the penalty scheme for penalty parame-
ters tending to infinity and of the augmented Lagrange scheme for infinitely many itera-
tions is proved explicitly. The d’Alembert-type equations and the evolution equations in
terms of generalised coordinates contain configuration dependent mass matrices, compli-
cating the temporal discretisation substantially. (The highly complicated configuration
dependent mass matrix resulting from the description of a double spherical pendulum
in generalised coordinates is given as a deterrent example in Appendix D.) However,
they bear the advantageous properties of small dimensional systems (especially compared
to the Lagrange multiplier system) and of exact constraint fulfilment (in contrast to the
penalty system and the augmented Lagrange system, providing exact constraint fulfilment
only in the limit cases). Thus despite the awkwardly complicated temporal discretisation
procedure, they are promising to yield accurate and efficient time-stepping schemes. A
remedy can be found in the discrete null space method which proposes a reversal of the
two main steps when designing a specific numerical method. First of all, the simple
structured DAEs emanating from the use of the Lagrange multiplier method are discre-
tised in time. Then the transition to the d’Alembert-type scheme and finally the nodal
reparametrisation is performed in the temporal discrete setting in complete analogy to the
transition from the Lagrange multiplier formulation to the d’Alembert-type formulation
and the reparametrisation in terms of generalised coordinates in the temporal continuous
case. This transition involves the so-called discrete null space matrix for which different
representations are ascertained. The comparison of the theoretical aspects of the five
time-stepping schemes at the end of Chapter 3 shows that the d’Alembert-type scheme
with nodal reparametrisation performs excellently in all relevant categories. First of all,
it yields the smallest dimensional system of equations, promising lower computational
costs than the other schemes. Secondly, the constraints are fulfilled exactly and thirdly,
it is unconditionally well-conditioned, i.e. the condition number of the iteration matrix
during the iterative solution procedure of the system of nonlinear algebraic equations is
independent of the time-step. The dependence of the condition number of the specific
schemes on the time-step or on other parameters is calculated generally for each scheme
in Appendix C.

In Chapter 4, the performance and especially the equivalence of the different methods
to treat the constraints are demonstrated illustratively for the dynamics of mass point
systems and rigid bodies. For a double spherical pendulum, the time-stepping schemes
emanating from the different methods for the constraint enforcement are given explicitly.
The description of rigid body dynamics as Hamiltonian system subject to internal con-
straints serves as a basis for the objective description of spatially discretised beams in
Chapter 5. Furthermore, it is shown that the d’Alembert-type formulation of the equa-
tions of rigid body motion coincides with the well-known Newton-Euler equations. Before
the simulation of the motion of a heavy symmetrical top is documented at the end of
Chapter 4, the treatment of boundary conditions and bearings by the null space method
is outlined.

The formulation of the dynamics of a geometrically exact beam theory as Hamiltonian
system subject to internal constraints is introduced in Chapter 5. A spatial discretisation
using linear finite beam elements leads to objective discrete strain measures. Based on the
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concept of discrete derivatives, an objective energy-momentum conserving time-stepping
scheme is deduced. A numerical example illustrates the formerly developed relations
between the time-stepping schemes emanating from the different constraint enforcement
methods in the spatially distributed context.

The treatment of internally constrained rigid body or beam dynamics is generalised to
the dynamics of multibody systems in a systematic way in Chapter 6. First of all, the
enforcement of the internal and external constraints occurring in kinematic pairs using the
Lagrange multiplier method and the discrete null space method with nodal reparametri-
sation is developed in detail. Specifically, the continuous and discrete null space matrices
are given for the spherical, cylindrical, revolute, prismatic and planar pair and numerical
examples are shown. Then the treatment of kinematic pairs is generalised to open kine-
matic chains consisting of an arbitrary number of rigid bodies and further on to closed
kinematic chains, for which a numerical example is given in form of a six-body linkage.
Finally the procedure is generalised to the treatment of arbitrary multibody systems con-
sisting of rigid and elastic components. An instructive outline for the treatment of general
multibody systems by the discrete null space method is given, providing a new robust,
accurate and efficient integrator for flexible multibody dynamics. Finally an example of
a spatial slider-crank mechanism containing flexible beams and rigid bodies is presented.
After the conclusions in Chapter 7, the Appendix provides a collection of definitions
of relevant notions. Moreover, it contains details concerning the implementation of the
d’Alembert-type scheme and the discrete derivative in the spatially distributed case. It
concludes with some historical remarks on the ‘invertible cube’ by Paul Schatz which is
used in the example of the six-body linkage.



Einleitung

Die numerische Simulation tatséchlicher physikalischer Prozesse ist unverzichtbar in der
modernen Technologie, speziell fiir Ingenieuranwendungen. Sie basiert immer auf der Ide-
alisierung des vorliegenden Problems durch ein physikalisches Modell, welches wiederum
durch ein abstraktes mathematisches Modell beschrieben werden kann. Im Allgemeinen
besteht ein mathematisches Modell aus (Differential-) Gleichungen und Nebenbedingungen.
Eine Losung dieser Gleichungen stellt die Simulation des tatsdchlichen Prozesses dar.
Die Kunst des Modellierens liegt darin, ein ausgewogenes Verhaltnis zwischen der Ver-
einfachung des Prozesses im physikalischen Modell und der Echtheit der resultieren-
den Losung zu finden. Als Konsequenz von Nichtlinearitdten, die sogar in den ein-
fachsten brauchbaren Modellen auftreten, ist das analytische Losen der beschreibenden
Gleichungen im mathematischen Modell meistens unmoglich. Daraus ergibt sich die
Notwendigkeit fiir numerische Methoden, die diese Losung approximieren. Natiirlich sucht
man nach moglichst realisitischen Approximationen, welche die relevanten Eigenschaften
der tatsachlichen Losungen innehaben und gleichzeitig den Rechenaufwand minimieren.

Die vorliegende Arbeit beschéaftigt sich mit der Simulation der Dynamik von Mehrkorper-
systemen, in denen starre und elastische Komponenten durch Gelenke verbunden sind.
Typische Anwendungsbeispiele sind alle Arten von Robotern wie zum Beispiel Ferti-
gungsroboter oder Beforderungsanlagen in der Industrie, aber auch ausschwenkbare Struk-
turen wie sie beispielsweise an Satelliten zu finden sind. Die Simulation der Dynamik
flexibler Mehrkorpersysteme beinhaltet mehrere Aspekte. Zunéchst miissen flexible Teile
raumlich diskretisiert werden, und ein Modell fiir ihr (elastisches) Materialverhalten muss
bestimmt werden. Des Weiteren miissen die Verbindungen zwischen den Korpern bertick-
sichtigt werden. Typischerweise entstehen aus ihnen Zwangsbedingungen, welche die
moglichen Zustande des Systems einschranken. Die Wahl einer Methode zur Realisierung
dieser Zwangsbedingungen vervollstandigt die Formulierung der Bewegungsgleichungen
und Nebenbedingungen im mathematischen Modell. Schliellich miissen diese semi-diskre-
ten Gleichungen auch zeitlich diskretisiert werden, damit ein Zeitschrittverfahren entsteht.

Die Bewegungsgleichungen, welche die Basis mathematischer Modelle fiir dynamische
Prozesse bilden, kénnen in unterschiedlichen Zusammenhéngen hergeleitet werden. Auf
der einen Seite fiithren kraftbasierte Ansitze zum zweiten Newtonschen Gesetz. Deutlich
allgemeiner betrachten der Hamiltonsche und der Lagrangesche Formalismus der ana-
lytischen Mechanik Energie und Variationsprinzipien. So kann der Hamiltonsche For-
malismus zum Beispiel sowohl zur Modellierung klassischer mechanischer Systeme als
auch fiir quantendynamische Prozesse eingesetzt werden, siehe [Pesk 95]. Diese allge-
meinen Ansitze bedienen sich eines abstrakten mathematischen Formalismus’, wie er
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z.B. in [Abra 78, Hofe 94| eingefiihrt wird. FEine spezielle Eigenschaft der Losungen
der Bewegungsgleichungen im Hamiltonschen und Lagrangeschen Formalismus ist die
Konservierung von Erhaltungsgrofien entlang der Losung. Unter bestimmten Voraus-
setzungen bleiben die Energie, Impulsabbildungen, die mit den Symmetrien des Systems
zusammenhéngen und die symplektische Form entlang der Losung erhalten. Siehe z.B.
[Nolt 02,Gold 85] fiir eine klassische Einfiihrung in die analytische Dynamik oder [Olve 95]
und Referenzen darin fiir eine theoretischere Herangehensweise an Differentialgleichungen
mit Symmetrien und Variationsprobleme.

Flexible Korper kénnen im Rahmen der nichtlinearen Kontinuumsmechanik [Holz 00,
Mars 83,Beck 75] oder der nichtlinearen Strukturmechanik [Antm 95] modelliert werden.
Die rdaumliche Diskretisierung mit finiten Elementen unterteilt den Korper in eine endliche
Anzahl disjunkter Gebiete — die Elemente. Klassiche Einfithrungen in die finite Elemente-
Methode fiir nichtlineare Kontinuums- oder Strukturmechanik bieten [Zien 92, Zien 94,
Bone 97, Bely 01, Wrig 01]. Eine fundamentale Bedingung an das resultierende semi-
diskrete System ist die Objektivitat, d.h. die resultierenden Verzerrungsmafle miissen
invariant gegeniiber iiberlagerten Starrkorperbewegungen sein, was mogliche Diskreti-
sierungstechniken einschrankt, wie in [Cris 99] gezeigt wird. In der vorliegenden Ar-
beit werden geometrisch exakte Balken als flexible Strukturen eingesetzt. Dies sind
verformbare Korper, deren Querschnitte im Vergleich zu ihrer Lange klein sind. Sie
konnen grofle endliche Verfomungen erfahren. Die Modellierung geometrisch exakter
Balken als spezielles Cosserat-Kontinuum (welches ein gerichtetes Kontinuum darstellt,
siehe [Antm 95]) bildet die Basis fiir viele finite Elemente-Formulierungen, angefangen mit
den Arbeiten von Simo [Simo 85, Simo 86b, Simo 88]. Die Darstellung der Platzierungen
und Orientierungen der inneren Balkenpunkte mittels Verschiebungen und Rotationen ist
nahe liegend und wird weithin benutzt, z.B. in [Ibra 98, Jele 98]. Allerdings birgt die
Interpolation von Rotationen die Gefahr, die Objektivitatsanforderungen zu verletzen,
weshalb die Parametrisierung von Rotationen Gegenstand vieler Untersuchungen wie z.B.
in [Bets 98, Ibra 95,Ibra 97, Ibra 02b, Jele 99, Jele 02, Rome 04, Bott 02b, Bauc 03b] war.
Eine Moglichkeit diese Schwierigkeiten zu umgehen wurde unabhéngig von [Rome 02b]
und [Bets 02d] gefunden; die Darstellung des gerichteten Balkenkontinuums mit Di-
rektortriaden erfiillt die Objektivitatsanforderungen. Um die kinematischen Vorausset-
zungen der Timoshenko-Balkentheorie zu erfiillen, wird verlangt, dass jede Direktortriade
wahrend der Bewegung und Verformung des Balkens orthonormal bleibt. Dies fiihrt
zu so genannten internen Zwangsbedingungen. Die Formulierung der Balkendynamik als
Hamiltonsches System mit internen Zwangsbedingungen ist fiir eine Verallgemeinerung zu
Mehrkorpersystemen besonders geeignet, da starre Korper in der selben Art und Weise
als gerichtete Kontinua mit internen Zwangsbedingungen beschrieben werden konnen.
AuBlerdem werden die Verbindungen zwischen den Komponenten als externe Zwangsbe-
dingungen modelliert, welche analog zu den internen behandelt werden konnen.

Zur Erzwingung holonomer Zwangsbedingungen stehen verschiedene Methoden zur Verfi-
gung. Die Lagrangesche Multiplikatoren-Methode erhoht die Anzahl der Unbekannten um
so viele Lagrangesche Multiplikatoren, wie Zwangsbedingungen vorhanden sind. Eine
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Losung des resultierenden erweiterten Systems erfiillt die Zwangsbedingungen exakt.
Im Gegensatz dazu approximiert die penalty-Methode das Problem mit Zwangsbedin-
gungen durch eines ohne Zwangsbedingungen, welches dem Einfluss einer starken kon-
servativen Kraft unterliegt. Dabei wird die Erfiilllung der Zwangsbedingungen durch
die GroBlenordnung des so genannten penalty-Parameters bestimmt. In der erweiterten
Lagrangeschen Methode (welche als Kombination der gerade genannten Methoden in-
terpretiert werden kann) wird die Verletzung der Zwangsbedingungen wihrend einer
zusétzlichen Iteration unter eine vorgegebene Toleranz reduziert. [Bert 95, Luen 84| bieten
allgemeine Einfiihrungen zu diesen drei Methoden. Eine andere Herangehensweise an Sys-
teme mit Zwangsbedingungen stellt die so genannte Nullraum-Methode stellt dar, siehe
z.B. [Benz 05]. Der Hauptunterschied besteht in der Eliminierung der Lagrangeschen
Multiplikatoren (welche als Zwangskréfte interpretiert werden koénnen), die gleichzeitig
das Gleichungssystem reduziert. Diese Eliminierung wird mit Hilfe einer so genannten
Nullraum-Matrix erreicht, die unter anderem in [Lian 87, Ange 89, Saha 99] eingefiihrt
wird. Das reduzierte Gleichungssystem wird auch d’Alembertsche Formulierung genannt,
da die Eliminierung der Zwangskrafte eng mit dem d’Alembertschen Prinzip zusam-
menhangt. Eine weitere Moglichkeit, die Zwangsbedingungen zu behandeln, ist die Re-
parametrisierung der Beschreibung des Problems in unabhangigen generalisierten Koor-
dinaten. Diese reduziert das Gleichungssystem auf die minimal mogliche Dimension und
macht die Zwangsbedingungen iiberfliissig, siehe [Gold 85, Kuyp 03].

Die zeitliche Diskretisierung des endlich-dimensionalen Systems gewohnlicher Differen-
tialgleichungen (ODEs), das aus der rdumlichen Diskretisierung der flexiblen Koérper
hervorgeht, ist — auch ohne die Berticksichtigung von Zwangsbedingungen — relativ an-
spruchsvoll, siehe z.B. [Leim 04]. Die Entwicklung stabiler Zeitschrittverfahren ist beson-
ders schwierig, wenn die resultierenden ODEs zur Klasse der steifen Systeme gehoren,
siehe [Hair 96, Hair 00, Gonz 96a, Gonz 96b]. Die Forschung der letzten Jahrzehnte hat
ergeben, dass die Vererbung der Konservierung von Erhaltungsgrofien an das zeitlich
diskrete System dessen numerisches Verhalten verbessert. Neben dem Vorteil der nu-
merischen Stabilitdt erhoht die Konservierung von Energie, Impulsabbildung und sym-
plektischer Form entlang der diskreten Losung deren Echtheit, da der ‘einzigartige Fin-
gerabdruck des Prozesses’, also seine ‘qualitativen und strukturellen Charakteristika’
(siehe [Bott 02b]) auf die diskrete Losung tibertragen werden. Solche Zeitschrittverfahren,
die die (Erhaltungs-) Eigenschaften des kontinuierlichen Systems innehaben, werden nach
[Mars 92] als ‘mechanische Integratoren’ bezeichnet. Auf der direkten Diskretisierung
der ODEs basierende Energie-Impuls-erhaltende Verfahren wurden umfassend untersucht,
siehe z.B. [Bets 00a, Bets 00b, Bets 0la, Ibra 99, Ibra 02a, Arme Ola, Cris 96, Gonz 00,
Hugh 78, LaBu 76a,LaBu 76b, Noel 04a, Reic 95, Simo 91a, Simo 91b, Simo 92a, Simo 94,
Simo 95]. Symplektisch-Impuls-erhaltende Integratoren, die auf der Diskretisierung der
variationellen Formulierung beruhen, wurden z.B. in [Bart 98, Hair 04, Jay 96, Leim 94,
Leim 96, Lew 03, Reic 94, Kane 00, Mars 01] hergeleitet; siehe z.B. [Simo 92b, Simo 93] fiir
eine Erorterung Energie-Impuls-erhaltender und symplektischer Verfahren. Andererseits
ist die Meinung weit verbreitet, dass fiir bestimmte Prozesse (wie z.B. stark oszillierende
Bewegungen) numerische Dampfung notig ist, um stabile Zeitintegratoren zu erhalten,
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siehe z.B. [Arme 0la, Arme 01b, Arme 03, Bauc 96, Bott 02a, Hilb 77, Ibra 02a, Rome 02a].
Durch die Gegenwart von Zwangsbedingungen wird die Zeitintegration der Bewegungsglei-
chungen wesentlich verkompliziert. Die Lagrangesche Multiplikatoren-Methode liefert ein
System differential-algebraischer Gleichungen (DAEs) mit Index drei, siehe z.B. [Seil 99,
Rhei 91, Deuf 00]. In [Petz 86, Hair 89, Gera 01] wird berichtet, dass die direkte An-
wendung von ODE-Integratoren numerische Schwierigkeiten aufwirft. Dennoch wurden
gut funktionierende Integratoren fiir grofe Systeme von DAEs in [Bets 01b, Bets 02b,
Bets 02¢, Eich 98, Fuhr 91, Arno 05, Gonz 99, Wend 97, Reic 96] entwickelt. Die Darstel-
lung des Problems in unabhangigen generalisierten Koordinaten fithrt zu hochkomplexen
ODEs (mit in der Regel konfigurationsabhéngigen Massenmatrizen), fiir welche die An-
wendung von ODE-Integratoren zwar moglich, jedoch meistens nicht zu empfehlen ist,
siche [Leim 04, Rhei 84, Rhei 96, Rhei 97]. Diese Probleme werden durch die diskrete
Nullraum-Methode, welche in [Bets 05] vorgeschlagen wird, iiberwunden. Sie basiert auf
der zeitlichen Diskretisierung der einfach strukturierten DAEs (insbesondere beinhalten
diese eine konstante Massenmatrix) und der anschlieenden Eliminierung der Lagrange
Multiplikatoren aus dem Zeitschrittverfahren. Die diskrete Nullraum Methode wird in der
vorliegenden Arbeit umfangreich untersucht — vor allem und eingehend fiir die Simulation
flexibler Mehrkorperdynamik.

Basierend auf der Losung der DAEs wurden Zeitschrittverfahren fiir flexible Mehrkorper-
systeme in [Bets 02a, Bets 04, Ibra 00b, Bauc 99b, Bauc 99a, Bauc 03a] entwickelt. Ein
anderes Verfahren beruht auf dem so genannten master-slave Ansatz, siche z.B [Jele 96,
Jele 01, Ibra 00a,Ibra 03]. In [Diaz 03] wird eine Alternative zur Semi-Diskretisierung
elastischer Mehrkorpersysteme beschrieben, welche wavelets verwendet.

Hauptaspekte der vorliegenden Arbeit

Der Hauptanspruch der vorliegenden Arbeit ist die Entwicklung robuster, genauer und
effizienter Zeitintegratoren fiir die Dynamik flexibler Mehrkorpersysteme. Insbesondere
wird ein einheitlicher Rahmen fiir die numerische Dynamik von Mehrkorpersystemen be-
reitgestellt, in denen Massenpunkte, Starrkorper und elastische Balken sowohl offene
als auch geschlossene kinematische Ketten bilden kénnen. AuBerdem werden (i) ein
fokussierter Uberblick iiber den Lagrangeschen und den Hamiltonschen Formalismus in
der Dynamik, (ii) fiinf verschiedene Methoden zur Realisierung von Zwangsbedingungen
mit ihren Zusammenhéngen und (iii) drei Alternativen fiir die zeitliche Diskretisierung von
Bewegungsgleichungen prasentiert. Die Zusammenhange zwischen den verschiedenen Me-
thoden zur Zwangsbedingungsbehandlung in Verbindung mit einer bestimmten zeitlichen
Diskretisierungsmethode werden bewiesen und ihre numerischen Verhaltensweisen wer-
den anhand von theoretischen Uberlegungen sowie mit Hilfe von numerischen Beispielen
verglichen.

Aus den verschiedenen Methoden zur Realisierung der Zwangsbedingung hervorgehende
Energie-Impuls-erhaltende Zeitschrittverfahren werden von Grund auf hergeleitet. Der
Vergleich ihrer numerischen Verhaltensweisen ergibt, dass die Lagrangesche Multiplikato-
ren-Methode zwar direkt auf relativ komplexe Probleme angewandt werden kann, jedoch
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muss dabei ein erweitertes System von DAEs gelost werden. Dessen Losung erfiillt die
Zwangsbedingungen exakt, allerdings wird die Methode fiir grofle mechanische Systeme
mit vielen Zwangsbedingungen sehr rechenaufwandig, und es treten schwerwiegende Kon-
ditionierungsprobleme auf. Die Lagrangesche Multiplikatoren-Methode liefert also genaue
Losungen, ist aber weder robust noch effizient. Problematisch bei der penalty-Methode
ist, dass die Erfiillung der Zwangsbedingungen stark von der Wahl des penalty-Parameter
abhéngt. Wahrend fiir hohere Genauigkeiten immer grofiere penalty-Parameter benotigt
werden, wird das Gleichungssystem zunehmend steifer. Obwohl die penalty-Methode
sehr genaue Ergebnisse liefern kann, wird dieser Aspekt durch die damit einhergehende
schlechte Konditionierung des Gleichungssystems bzw. den hohen Rechenaufwand, der
notig ist, wenn die schlechte Konditionierung durch einen besonders kleinen Zeitschritt
verbessert werden soll, negiert. Die auffallendste Eigenschaft der erweiterten Lagrangeschen
Methode ist der immens hohe Rechenaufwand, welcher sie im Vergleich mit den anderen
Methoden disqualifiziert. Es wird durch theoretische Analysen und durch numerische
Beispiele klar, dass die diskrete Nullraum-Methode in allen Kategorien exzellent abschnei-
det. Diese Methode liefert genaue Losungen — die Zwangsbedingungen sind exakt erfiillt,
der Rechenaufwand ist vergleichsweise gering, da das Gleichungssystem auf seine minimal
mogliche Dimension reduziert wird, und sie ist robust, da die Konditionierung des Glei-
chungssystems vom Zeitschritt unabhéangig ist.

Das Herzstiick der diskreten Nullraum-Methode ist die diskrete Nullraum-Matrix, deren
Haupteigenschaften in Bemerkung 3.2.7 zusammengefasst sind. Mit ihrer Hilfe werden
die Lagrangeschen Multiplikatoren aus dem zeitlich diskreten Gleichungssystem elimi-
niert und gleichzeitig die Dimension des Systems reduziert. Die wichtige Frage ‘Wie
kann eine diskrete Nullraum-Matrix gefunden werden?’ wird in der vorliegenden Arbeit
explizit fiir allgemeine flexible Mehrkorpersysteme beantwortet. Es kann festgehalten wer-
den, dass eine explizite Darstellung der diskreten Nullraum-Matrix immer wiinschenswert
ist, da sie den Rechenaufwand minimiert. Solch eine explizite Darstellung kann fiir die
meisten Anwendungsbeispiele gefunden werden, z.B. fiir die Massenpunktsysteme, die
Starrkorperdynamik, die offenen kinematischen Ketten und fiir die Dynamik flexibler
Balken, die in der vorliegenden Arbeit behandelt werden. Einzig bei der Simulation
der Dynamik der geschlossenen Kette ist eine spezielle Vorgehensweise notig, bei der die
diskrete Nullraum-Matrix implizit konstruiert wird.

In Abschnitt 6.3.1 wird die Vorgehensweise zur Simulation der Dynamik flexibler Mehrkér-
persysteme mit der diskreten Nullraum-Methode allgemein beschrieben. Sie fiithrt zu
einem neuen, robusten, genauen und effizienten Integrator fiir die flexible Mehrkorperdyna-
mik. Die explizit angegebenen diskreten Nullraum-Matrizen fiir die internen Zwangsbe-
dingungen in der Starrkorperdynamik und der Dynamik rdumlich diskretisierter Balken
sowie die angegebenen diskreten Nullraum-Matrizen fiir die externen Zwangsbedingungen,
die sich aus der Verbindung kinematischer Paare durch Gelenke ergeben, konnen dabei
benutzt werden.
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2 Finite dimensional equations of
motion

In classical analytical mechanics, the investigation of the temporal evolution of the states
of a macroscopic physical system is based on the analysis of a scalar quantity, the energy.
In contrast to that, a force-based approach leads to Newton’s second law. Two main
branches developed during the progression of analytical mechanics. The Lagrangian for-
mulation is evolved from the observation that there are variational principles behind the
fundamental laws of force balance. The Hamiltonian formalism focuses on the observation
of energy and can be embedded into a certain geometrical structure. Although for most
applications a representation of the formalisms in the framework of linear spaces is suffi-
cient, a short overview of a more abstract formulation is given here as well. ‘The treatment
may seem unnecessarily abstract, but it is of ultimate benefit for a thorough understand-
ing.” [Abra 78] A detailed presentation of these theories is established in [Mars 94] and a
more classical approach can be found e.g. in [Gold 85].

2.1 Lagrangian mechanics

2.1.1 Euler-Lagrange equations

Consider an n-dimensional real differentiable configuration manifold (see A.1) @ with local
coordinates ¢ = (¢!, ...,q") that are at least two times continuously differentiable real-
valued functions ¢*(t) : [to, 1] — R, i =1,...,n on a bounded time interval. Together with
the corresponding velocities ¢* = dq’/dt, the tangent bundle T'Q (see A.3), representing
the phase space in the Lagrangian formalism, is described. Given a Lagrangian function
L :TQ — R, the action integral S(q) = t';l L(q, q) dt is defined. Hamilton’s principle of
critical action states that

5S(q) = 5/:1 (g, q) dt = 0 (2.1.1)

where variations amongst the paths ¢'(t) with fixed endpoints are taken. If (2.1.1) is to
hold for arbitrary variations, the Euler-Lagrange equations

d <6L<q, @) ) 0L(q.@)
dt 0q oq

—0 (2.1.2)

are induced. Together with initial conditions q(to) = q,, ¢(to) = g, the n-dimensional sys-
tem (2.1.2) of second order differential equations defines a mechanical system’s dynamics
uniquely.
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2.1.2 Abstract Lagrange equations

For a given Lagrangian L : T() — R the fibre derivative FL : T() — T*@Q allows the
transition from the tangent bundle to its cotangent bundle T*@Q (see A.3) via

P i OL i ~
FL(q'.q") = (qva—q.i) = (¢',ps) 1=1,...,n (2.1.3)

Hereby L is called hyperregular if FL is a diffeomorphism.

Remark 2.1.1 The cotangent bundle 7*Q) (see A.3) has an intrinsic symplectic structure
that can be represented by the canonical symplectic form w : T(T*Q) x T(T*Q) — R,
w = dq' Adp;. Thus (T*Q,w) is a symplectic manifold (see A.10). Then 6 : T(T*Q) — R,
0 = pidq® constitutes the corresponding canonical one-form with df = —w (here d denotes
the exterior derivative see A.9).

By pulling these canonical forms on 7% back to T'Q), one obtains the Lagrangian one-form
01 : T(TQ) — R and the closed Lagrangian two-form wy, : T(TQ) x T'(TQ) — R

Defining the energy £ : TQ — R of a Lagrangian L as E(¢%,¢') = qigé — L(¢%, ¢"), a

vector field Y : TQ — T(TQ) is called Lagrangian vector field, if

(wp)v (Y(v),w) =dE(v) -w forallveTqQ and w € Ty(TQ) (2.1.5)

For hyperregular Lagrangians, wy is symplectic, thus Y is a Hamiltonian vector field
(see A.16) of E with respect to wy. For given initial conditions v(ty) = (qq,q,) € TQ,
a curve v(t) = (q(t),q(t)) satisfies the Euler-Lagrange equations (2.1.2) if and only if
it is an integral curve of Y through wv(tg). More generally, solutions of (2.1.2) can be
identified with the Lagrangian flow v : [tg, 1] X TQ — T(Q generated by the Lagrangian
vector field Y. Note that by slight abuse of terminology, for constant ¢ € [to, ¢;] the map
vy TQ — T(Q is also termed flow.

Proposition 2.1.2 (Energy conservation) The energy E is conserved along a solution
of the Fuler-Lagrange equations.

Proof: The skew-symmetry of wy, induces

L () = dB1) - 5(0) = (w0ue YV (©(0). 5(0) 216
= (Wo)ve(Y(v(1), Y (v(t)) =
for integral curves v(t) € TQ of Y. n

Proposition 2.1.3 (Symplecticity) The Lagrangian flow v : [to, t1|xTQ — TQ preserves
the symplectic form wy, i.e. viwy = wy, for allt € [ty, t1].
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Proof: Since Y is a Hamiltonian vector field (see A.16) of E with respect to wy, Lywy =0
holds. Using the Lie derivative Theorem (see A.15) one gets

d
%(’Uer) = ’U:Lwa =0 (217)
Thus v;wy, is independent of ¢, and since vy = Id, it equals wy,. [

Noether’s theorem states that the presence of symmetry in a mechanical system leads to
a quantity’s conservation along the solution of the equations of motion. If the Lie group
G (see A.17) acts canonically (see A.20, A.12) on the configuration manifold @) via ¢, this
action can be extended to an action ¢ = (¢, T¢) on T'Q in a natural way by tangent lift
(see A.4). A Lagrangian L : TQ) — R is called G-invariant with respect to the action
of G, if Lo (ﬁg = L for all g € G. Let g denote the Lie algebra (see A.18) of G and g*
its dual. Using the definition of the fibre derivative (2.1.3), a momentum map (see A.21)
Jp :TQ — g* for a G-invariant Lagrangian is given by

(T1(0).6) = (FL(v). &o(@)) = 5-€o(a) 219

where £o(q) € TQ is the infinitesimal generator (see A.20) of the action corresponding to
e

Proposition 2.1.4 (Momentum conservation) For a G-invariant Lagrangian, the mo-
mentum map J, is conserved along a solution of the Euler-Lagrange equations.

Proof: Taking the time derivative of the {-component of the momentum map yields

d . d (0L, 4oL\ , . 0L i
2= 4 (Greeta)) - (o5 ) @+ o5 (Teo(@) -0 (21.9)

q‘i

The G-invariance of L implies L(T exp(s§) - v) = L(v) corresponding to
oL

oL | i
980\ + 55 (T6(a) - 4) =0 (2.1.10)

at the infinitesimal level. Insertion into (2.1.9) yields

d ¢ (doL oL\ ,

Thus along solutions of the Euler-Lagrange equations, (2.1.11) vanishes. Since £ was
arbitrary, it follows that the momentum map J is conserved by the Lagrangian flow. m

2.2 Hamiltonian mechanics

While the Lagrangian formalism relies on the coordinate’s position and velocity in the
phase space T'Q), the Hamiltonian formalism considers the position and the momentum
conjugate to the velocity as independent coordinates in the phase space T*(Q, which is
the cotangent bundle (see A.3) to the configuration manifold Q.
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2 Finite dimensional equations of motion

2.2.1 Hamilton’s equations

The fibre derivative (2.1.3) is used to perform the Legendre transformation

oL
Di = o0 1=1,....n (2.2.1)
Then the Hamiltonian H : T*(Q) — R of a mechanical system is defined as
H(q',pi) = p;¢ — L(¢',q") (2.2.2)

Assuming that the transformation (¢%, ¢*) — (q*, p;) specified by (2.2.1) is invertible and
considering the partial derivatives of the Hamiltonian yields

UL 8¢ OL dg _ g
api Top; 0@ op;
b Copdreb (2.2.3)
OH  0¢ OL 9Ly 0L
9¢; 0q  0¢ 0@ o¢ O
Thus Hamilton’s equations
_ 0H(q,p)
Op
2.2.4
: 0H(q,p) 224)
p - 9q
q

together with initial conditions q(to) = q,, P(to) = P, are a 2n-dimensional system of first
order differential equations, which is equivalent to the Euler-Lagrange equations (2.1.2).

2.2.2 Abstract Hamilton equations

Consider the symplectic manifold (7*Q),w) mentioned in Remark 2.1.1. A vector field
X : T"Q — T(T*Q) is called Hamiltonian vector field (see A.16) of the function
H : T*Q) — R with respect to w, if ixyw = dH holds. Then X is denoted by Xpg.
Using the definition of the contraction ix of a vector field and a two-form (see A.8), this
condition reads more explicitly

(ix,w)z(y) =wz(Xu(z),y) =dH(z)(y) forallzeT*Q and y € T(T"Q) (2.2.5)
Hamilton’s equations (2.2.4) can be written as the evolution equations
z(t) = Xg (2(1)) (2.2.6)

Remark 2.2.1 In case of (7*Q,w) being a 2n-dimensional linear space, the Hamiltonian
vector field can be expressed in terms of the gradient of H as

Xy (2(t) =J- VH (2(t)) (2.2.7)

where the symplectic matrix J reads

J= ( _‘}n Ion ) (2.2.8)

with I, denoting the n X n identity matrix.
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2.2 Hamiltonian mechanics

Since (2.2.4) and (2.2.6) are apparently equivalent, for given initial conditions
z(to) = (gy, Py) € T*Q, a curve z(t) = (q(t),p(t)) satisfies Hamilton’s equations (2.2.4)
if and only if it is an integral curve of Xy through z(ty). More generally, a solution of
(2.2.4) can be identified with the Hamiltonian flow z : [to, t;] X T*Q — T*@ generated by
the Hamiltonian vector field Xg. Note that by slight abuse of terminology, for constant
t € [to,t1] the map z; : T*Q — T*Q is also termed flow.

Remark 2.2.2 (Equivalence of Hamilton’s and Euler-Lagrange equations) The tran-
sition from the Lagrangian to the Hamiltonian formalism given by the fibre derivative
(2.1.3) is a diffeomorphism for hyperregular Lagrangians. In this case, Hamilton’s equa-
tions (2.2.6) are equivalent to the Euler-Lagrange equations (2.1.2) in the sense that the
corresponding vector fields Y : TQ — T(TQ) and Xy : T*Q — T(T*Q) and their flow
maps v : [tg, t1] X TQ — TQ and z : [tg, t1] X T*Q — T*Q are related via pullback by the
fibre derivative

Y =(FL*Xy v=(FL) ' ozoFL (2.2.9)

Remark 2.2.3 (Hamiltonian and energy) Many applications are assumed to take place
in an inertial frame and furthermore it is assumed that all appearing external loads are
conservative. Then the Hamiltonian represents the total energy of the mechanical system.

Proposition 2.2.4 (Energy conservation) The Hamiltonian H is conserved along a
solution of Hamilton’s equations.

Proof: The skew-symmetry of w induces

%H(z(t)) = dH(2(t)) - 2(t) = (W) 2@ (Xu(2(t)), 2(t)) 2210
= (W)zw(Xu(2(t), Xu(=(t) =0
for integral curves z(t) € T*Q of Xpg. .

Proposition 2.2.5 (Symplecticity) The Hamiltonian flow z : [to,t1] X T*Q — T*Q
preserves the symplectic form w, i.e. zjw = w for all t € [ty,t1].

Proof: Since Xy is a Hamiltonian vector field (see A.16) of H with respect tow, Lx,w =0
holds. Using the Lie derivative Theorem (see A.15) one gets

d
—(zjw) =2z{Lx,w=0 (2.2.11)
dt

Thus zjw is independent of ¢, and since z¢ = Id, it equals w. [

Hence the rich theory on symplectic transformations (see A.12, [Mars 94|, [Mars 92],
[Abra 78], [Bern 98]) can be applied to Hamiltonian flows. Some important properties of
symplectic transformations are presented in the sequel. By the same argument as in the
proof of Proposition 2.2.5, the following proposition can be proved:
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2 Finite dimensional equations of motion

Proposition 2.2.6 The flow ¢ : [to,t1] X P — P of a vector field X on a symplectic
manifold (P,w) consists of symplectic transformations (i.e. @jw = w for all t € [to,t1]) if
and only if X is locally Hamiltonian.

Proposition 2.2.7 A symplectic transformation f : Py — P, between symplectic mani-
folds (Py,wq) and (Py,ws) of the same dimension is volume preserving.

Proof: Since the wedge product commutes with pull backs, the Liouville measure A (see
A.22) is preserved, i.e. f*A =A.

Alternatively for (P;,w;) and (Ps,ws) being symplectic vector spaces, the Jacobian (see
A.4) of f fulfils Df - J- DT f = J, taking determinants shows that |det Df| = 1. n

Proposition 2.2.8 states that the set of Hamiltonian vector fields is invariant under sym-
plectic transformations:

Proposition 2.2.8 Let f : P, — P be a symplectic transformation between the symplectic
manifolds (Py,wq) and (Pa,ws), i.e. f*we =wq. Then for every function H : P, — R

Proof: In view of the definition of a Hamiltonian vector field (see A.16) the following
equation holds

iXHofwl = d(H o f) = f* (dH) = f* (iXHWQ) = if*XH (f*WQ) = if*Xle (2.2.13)

Since w; is nondegenerate, the vector fields Xpor and f* Xy must be equal. ]

Similar to the Lagrangian formulation, Noether’s theorem states that in the presence of
symmetry in the mechanical system, there exists a quantity that is conserved along the
solution of Hamilton’s equations. The canonical action ¢ of a Lie group G (see A.17)
on the configuration manifold ) induces an action ggg = (¢g, T"¢y) on P = T*(Q by
cotangent lift (see A.6). Let g denote the Lie algebra (see A.18) of G and g* its dual.
If the Hamiltonian is invariant under the action of GG, i.e. H o (;39 =H forall g € G, a
momentum map J : T*Q — g* (see A.21) is given by

(J(2),€) = (2,¢0(q)) (2.2.14)

where £o(q) € TQ is the infinitesimal generator (see A.20) of the action corresponding to
e

Proposition 2.2.9 (Momentum conservation) For a G-invariant Hamiltonian, the mo-
mentum map J is conserved along the solution of Hamilton’s equations.

Proof: ¢, is the flow of the vector field &p that belongs to the function J(€) € F(P).
Differentiating the invariance condition H o ¢, = H with respect to g at the neutral
element e in the direction of &, one obtains

d

i (H ° gsg) ly—e€ = dH(2) - €p(2) = {H,J(€)} =0 forallécg (2.2.15)
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2.2 Hamiltonian mechanics

According to the properties of the Poisson bracket {-, -} (see A.23), it follows that for each
Lie algebra element &, J(&) € F(P) (see A.21) is conserved along the trajectories of the
Hamiltonian vector field Xy, thus the values of the corresponding g*-valued momentum
map J are also conserved along the solution of Hamilton’s equations. [

2.2.3 Examples of momentum maps

A physical interpretation of the specific conserved quantity is often desirable for practical
applications. Therefore, some common momentum maps are deduced in the established
theoretical framework.

Remark 2.2.10 The assumption of a Lagrangian being hyperregular, such that the tran-
sition to the Hamiltonian formalism given by the fibre derivative in (2.1.3) is a diffeo-
morphism, is reasonable for many applications. Since in this case Hamilton’s equations
are equivalent to the Euler-Lagrange equations (see Remark 2.2.2) the examples of mo-
mentum maps given here in the Hamiltonian formalism can be easily transferred to the
Lagrangian formalism.

Hamiltonian

The flow ¢ : R x T*Q) — T of a Hamiltonian vector field Xz on P = T*(Q) can be
interpreted as R-action on T*Q), i.e. G = g = R. According to Proposition 2.2.4, the
Hamiltonian is invariant under that action. The infinitesimal generator (see A.20) of the
action corresponding to & € g is given by

£r(2) = -plexp(s8), )] smo= Xu((0, 2))€ = Xi(2)¢ (2.2.16)

The condition X ;) (z) = {p(2) (see A.21) implies that J(§)(z) = H(z)¢ for all £ € g
and as expected, the corresponding momentum map J(z) = H(z) equals the Hamiltonian
itself.

Linear momentum

Let @ = R" and let G = R" operate on ) by translation, i.e. ¢ : G x ) — (@) is given by

¢(9.9) =9+4q (2.2.17)
Then the infinitesimal generator (see A.20) of the action corresponding to £ € g = R™ is
given by

d
So(q) = —d(exp(s€), q)]s=0= ¢ (2.2.18)

According to (2.2.14) a momentum map can be calculated as

(J(2).8)=p-& (2.2.19)

thus J(z) = p is the linear momentum.
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2 Finite dimensional equations of motion

Angular momentum

Let the Lie group of proper rotations G = SO(3) act on the configuration space @Q = R?
via

?(A,q)=A-q (2.2.20)

The action corresponding to the skew-symmetric matrix £ € g = s0(3) has the infinitesi-
mal generator (see A.20)

Eala) = T 6(exp(s6),)]c0= & - q (2221)

Identifying so0(3) with R*® (equipped with the cross product) via the isomorphism
TR — 50(3) (see A.24), the infinitesimal generator corresponding to & = @ € s0(3)
reads

fold) =n-q=pxq (2.2.22)

Using (2.2.14), a momentum map is given by

(J(2),6)=(q) p=(uxq) - p=(q@xp) p (2.2.23)

thus J(z) = q x p denotes the angular momentum.

2.3 Constrained mechanical systems

Many mechanical systems are not free to move in an n-dimensional configuration manifold
since they are subject to constraints. These restrictions are expressed as specific relation-
ships between certain coordinates, their rates of change, and possibly time. Geometric
restrictions are restrictions on the configuration of the system expressed in the form

g [to,tl] X Q — R™ (231)

and called holonomic constraints. The consistency condition that the constraints must be
fulfilled at all times induces the temporal differentiated form of the constraints f = dg/dt.
These are integrable kinematic restrictions of the form

f . [to, tl] X TQ — R™ (232)

Any constraint that cannot be put in the form of a geometric or integrable restriction is
called nonholonomic constraint. In both cases the number of degrees of freedom is reduced,
i.e. the mechanical system is constrained to a lower dimensional manifold. Furthermore,
one distinguishes between rheonomic constraints that depend explicitly on time and sclero-
nomic constraints where the time does not explicitly appear. This standard classification
of constraints is discussed in books on classical mechanics like [Gold 85, Toro 00, Mars 94],
examples of holonomic and nonholonomic constraints are expatiated in [Kuyp 03,Nolt 02].
In this work only scleronomic holonomic constraints are considered. Different methods
for their treatment are presented in the sequel.
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2.3 Constrained mechanical systems

2.3.1 Lagrange multiplier method

Consider a mechanical system in an n-dimensional configuration manifold ) subject to
holonomic scleronomic constraints g : @ — R™ requiring g(q) = 0. In this work it is
always supposed that 0 € R™ is a regular value (see A.25) of the constraints, such that

C=g7"'0)={qlgcQ g(qg) =0} CQ (2.3.3)

is an (n — m)-dimensional submanifold (see A.26), called constraint manifold. Just as C
can be embedded in @ via i : C' — @, its 2(n — m)-dimensional tangent bundle (see A.3)

TC ={(q.9)l(q.q) € TqQ,9(q) =0,G(q) - ¢ =0} C TQ (2.3.4)

can be embedded in T'Q in a natural way by tangent lift 7% : TC' — T'Q (see A.4). Here
and in the sequel G(q) = Dg(q) denotes the m x n Jacobian (see A.4) of the constraints.

Lagrangian formalism

A Lagrangian L : TQ — R can be restricted to L¢ = L|p¢: TC — R. To investigate
the relationship of the dynamics of L on T'C' to the dynamics of L on T'Q, the following
notation is used. C(Q) = C([to, 1], @, gy, q;) denotes the space of smooth functions sat-
isfying q(ty) = q, and q(t1) = g, where q,,q, € C C Q are fixed endpoints. Let C(C)
denote the corresponding space of curves in C' and set C(R™) = C([to, t1], R™) to be the
space of curves A : [tg,t;] — R™ with no boundary conditions. This notation has been
introduced in [Mars 01], where a large part of the theory presented here can be found.

Theorem 2.3.1 Suppose that 0 is a regular value of the scleronomic holonomic constraints
g:Q —R™and set C =g *0)C Q. Let L: TQ — R be a Lagrangian and LC = L|r¢
its restriction to TC'. Then the following statements are equivalent:

t1
(i) q € C(C) extremises the action integral S€(q) = / L%(q,q)dt and hence solves
to
the Euler-Lagrange equations for LC.

(i) q € C(Q) and A € C(R™) satisfy the constrained Fuler-Lagrange equations

%< P )- 9q +GT(g)-Xx =0

(2.3.5)
glgg = 0

(i) (g, N) € C(QxR™) extremise S(q, X) = S(q) — (X, g(q)) and hence, solve the Euler-
Lagrange equations for the augmented Lagrangian L : T(Q x R™) — R defined by

L(g, X\, q,A) = L(q,q) —g"(q) - A (2.3.6)

The proof given in [Mars 01] makes use of the Lagrange multiplier theorem (see e.g.

[Abra 88]).
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2 Finite dimensional equations of motion

Equations (2.3.5); are often called Lagrange equations of motion of first kind like, e.g. in
[Kuyp 03,Nolt 02]. Together with the constraints, they constitute a system of n+m second
order differential and algebraic equations (DAESs) of index three (see [Bren 96, Petz 86]),
which is also called descriptor form of the equations of motion and requires non-standard
methods for the numerical solution (see [Fuhr 91]). The last term in (2.3.5); represents
the constraint forces that prevent the system from deviations of the constraint manifold

(2.3.3).

Hamiltonian formalism

The augmented Hamiltonian H : T*(Q x R™) — R corresponding to the augmented
Lagrangian in (2.3.6) is given by

H(g,X\,p,7)=H(q.p)+g"(q)- A (2.3.7)

Since L is degenerate in A, the momentum 7r conjugate to A is constrained to be zero and
consequently the Legendre transform is not invertible. Pulling back the canonical form w
on T*() to the primary constraint set II C 7*(Q x R™) defined by @ = 0, one obtains a
closed, but possibly degenerate, two-form w'. Seeking Xz such that i XHwH = dH gives
no equation for A. However, the other equations constitute the constrained Hamilton’s
equations

g — 2dap)

op
p = —aH(,gZ’p)—GT(q) A (2.3.8)
0 = g(g

forming 2n + m first order differential and algebraic equations, which are equivalent to
(2.3.5). The general theory appropriate for degenerate systems is Dirac’s theory of con-
straints [Dira 50], see also [Mars 94]. A major difficulty in this approach is that there is
no canonical embedding of T*C' in T*(). However for hyperregular Lagrangians, such an
embedding is given in [Mars 01].

Remark 2.3.2 (Conservation properties of constrained systems) The constrained
systems (2.3.5) on T'C and (2.3.8) on T*C are standard Lagrangian and Hamiltonian

systems respectively, and therefore, have the usual conservation properties. See [Mars 01]
for further details.

A smooth solution (q,p,A)(t) of (2.3.8) naturally fulfils the consistency condition
dg(q)/dt =0, i.e. (q,p)(t) € T*C. Using (2.3.8); this condition leads to the ‘hidden’
constraints on momentum level (also called secondary constraints, see [Dira 50, Seil 99])
OH
= G - — =
fla.p)=Gla)- 5o

which are (by slight abuse of notation, see (2.3.2)) also denoted by f : T*Q — R™. They
can be explicitly incorporated into the equations of motion by a further augmentation of
the Hamiltonian in (2.3.7) according to

[:{<q7 )‘77>p777719> = H(q,p) + QT(Q) A+ fT(q,p) <Y (2310)

0 (2.3.9)
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2.3 Constrained mechanical systems

The Hamiltonian H : T*(Q x R™ x R™) — R gives rise to the 2(n 4+ m)-dimensional
system of DAEs

. 0H(q,
q = #+D§f(q,p)-7

p = —M—GT(q)-A—Dle(q,p) Y (2.3.11)

which is equivalent to that in (2.3.8), see e.g. [Bets 02b,Leim 04]. In this connection, par-
tial derivatives D; and Dj are associated with the usual Jacobian D (see A.4). Although
being formally desirable since the configuration variable and the momentum variable are
dealt with on an equal footing in the Hamiltonian formalism, the inclusion of the momen-
tum constraints does not alter the properties of the solution of the equations of motion
in the temporal continuous setting. The projection method presented in [Gear 85] con-
stitutes a different approach based on the stabilisation of an index reduced system of
DAEs.

Remark 2.3.3 (Secondary constraints / hidden constraints) In the temporal dis-
crete setting, algorithmic solutions of (2.3.8) obtained by numerical integration do not
a priori fulfil the secondary constraints (2.3.9) at the time nodes. However, the investi-
gation of several numerical examples dealing with point mass systems, rigid bodies and
geometrically exact beams (e.g. in [Bets 02d], [Bets 03]) has brought forward that the in-
corporation of the temporally differentiated form of the constraints has not lead to crucial
advantages (besides the fulfilment of the secondary constraints themselves). This fact is
also reported in [Gonz 99] and references therein. The solution of the smaller dimensional
Hamiltonian system has not been influenced considerably by their fulfilment. Therefore,
avoiding unnecessary computational efforts, in the sequel, the attention is restricted to the
enforcement of the constraints on configuration level, although the Hamiltonian formalism
allows for the incorporation of secondary constraints in an obvious systematic way.

Augmented Hamiltonian and Lagrangian formulation

The treatment of the constraints shall be represented generally by the scalar valued
C'-function P, : g(Q) — R that is required to be of the form

Pon(g(q)) >0 forallge @  P.n(g9(q)) =0 < g(q) =0 (2.3.12)

The extra function P,,, to treat the constraints is assumed to be composed of the functions
v=wv(t),R= R(g(q(t))). The product P.,,(g(q)) = vR(g(q)) must be scalar. Further
conditions on v, R can be deduced from (2.3.12). In order to unify the domains of the
functions composing H and L, the functions Py : T*Q) — R with Py(z) = Pe.on(g(q))
and Pp, : Q@ — R with P;(q) = P.on(g(q)) are introduced.

A deviation of the mechanical system from the constraint manifold is interpreted as a
contribution to the systems potential energy. In cases of conservative mechanical systems
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2 Finite dimensional equations of motion

(see Remark 2.2.3), where the Hamiltonian and the Lagrangian function can be separated
into the contribution of kinetic and potential energy, the following parametrisation is
introduced

Huy(z) = H(z) + Pu(z) = Tg(z) + Vu(z) + Pu(z)
Luwg(a,q) = L(g,q) — Pulq) = Tilq) — Vilg) — Pulq)

comprising the kinetic energy 7" and the potential energy V.

(2.3.13)

Remark 2.3.4 (Separable energies) In (2.3.13) the Hamiltonian and the Lagrangian are
separated into the contributions of the kinetic energy, the potential energy and the extra
function to treat the constraints. For the Lagrangian, also the dependence of the energies
on either the configuration or the velocity composing the phase variable v = (q, q) € TQ
is apparent. This separation is hidden for the Hamiltonian, since the unified parametri-
sation in the phase variable z = (q,p) € T*Q is useful for the discretisation using a
G-equivariant discrete derivative described in Section 3.1.1. In the sequel it is assumed
that the energy functions fulfil the following natural conditions:

(1) Haug, Lawg € CH(P,R) where P € {T*Q,TQ}
(11) DITH(z) = DQVH<Z) = DQPH(Z) =0

(i) Tw(z) >0 forall z€TgQ and Tu(z)=0 <= p=0

Tu@) >0 forall geTQ and Tu(g) =0 <« g—0 314
(iv) Vg is bounded from below, i.e. IV}; with Zielil“f*Q Vi(z) > Vi > —o0

V1, is bounded from below, i.e. IV} with qllég Vi(z) > V) > —o0

According to the method used to treat the constraints, the additional function P,,, takes
different forms. For the Lagrange multiplier method v = X, R(g(q)) = g(q). Hence
Prag(g(q)) = g"(q) - X and the augmented Hamiltonian and Lagrangian correspond to
those given in (2.3.7) and (2.3.6) respectively. The equations of motion are then obtained
by insertion of H,,, and Ly, into (2.2.4) and (2.1.2) respectively and supplementation of
the resulting systems by the constraint equations. This yields the constrained Hamilton’s
equations (2.3.8) and the constrained Euler-Lagrange equations (2.3.5).

2.3.2 Penalty method

In optimisation, the main idea of penalty methods is to eliminate the constraints and
to add high costs to infeasible points (see e.g. [Bert 95]). In the context of constrained
dynamical systems, the intention of penalty methods is to approximate the constrained
motion by unconstrained motions in a conservative force field. To this end, a penalty
function yields a contribution to the system’s potential such that it grows large when the
system deviates from the constraint manifold (2.3.3). Thereby, the penalty parameter
determines the severity of the violation of the constraints. Generally, as better approx-
imations of the constrained motion are achieved by increasing penalty parameters, the
structure of the resulting system becomes more and more unfavourable. There exist so
called exact penalty functions that yield the exact solution to the original constrained
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2.3 Constrained mechanical systems

problem for a finite value of the penalty parameter, but they introduce the difficulty of
not being differentiable (see e.g. [Luen 84]).

For the present investigation of constrained motions of mechanical systems, the question
whether or to what extent a sequence of penalty potentials will produce unconstrained mo-
tions that converge to a given constrained motion is answered in [Rubi 57] and [Born 96].
The penalty potential can be introduced in terms of the extra function P, to treat the
constraints defined in the last Section. Beyond (2.3.12), other conditions on P,,, to be a
penalty function are that

(i)  P.on, must be convex (2.3.15)
(ii) Peon must be at least quadratic in g o

The penalty function in use in this work is of the form Pp.,(g(q)) = 1nR(g(q)) with the
constant penalty parameter u € R and the function R : g(Q) — R such that (2.3.12) and
(2.3.15) are fulfilled. A widely-used example of a penalty function is Pp.,(g(q)) = ,qu(q) H2

Lagrangian formalism

Using the penalty method in the context of the Lagrangian formalism, the Lagrangian
function is augmented by the additional function Pr(q) = Ppen(g(q)) according to (2.3.13).
Inserting L, into the Euler-Lagrange equations (2.1.2) yields an n-dimensional system
of unconstrained second order differential equations. The accuracy to which the con-
straints are fulfilled by its solution depends on the magnitude of the penalty parameter.
In [Rubi 57], Rubin and Ungar prove the following important theorem. The proof relies on
the energy-conservation along solutions of the Euler-Lagrange equations (see Proposition
2.1.2) and the boundedness of the potential energy (see property (iv) in (2.3.14)).

Theorem 2.3.5 For a sequence of penalty parameters (jis) oy with im p, = oo, the limit

point (q(t),q(t)) = lim (q°(t), ¢°(t)) of the sequence of solutions — where (g°(t), q*(t))
solve the Fuler-Lagrange equations (2.1.2) corresponding to us — fulfils the constraints.
Furthermore there exists a multiplier X, such that (q(t), q(t),X) solve the constrained
FEuler-Lagrange equations (2.3.5).

In [Born 96|, Bornemann and Schiitte carry on with that issue and offer an abstract
approach relying on the weak convergence in the sense of distributions. They even give
explicitly the sequence converging to the correct Lagrange multiplier.

Hamiltonian formalism

In context of the Hamiltonian formalism, the use of the penalty method to enforce the
constraints requires the augmentation of the Hamiltonian by Py (z) = Ppen(g(q)) accord-
ing to (2.3.13). Then the 2n-dimensional system of unconstrained Hamilton’s equations
is obtained by insertion of Hg,, into (2.2.4). In cases where the Legendre transforma-
tion specified in (2.2.1) is invertible (see Remark 2.2.2), Theorem 2.3.5 can be directly
transformed to the following equivalent statement.
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2 Finite dimensional equations of motion

Theorem 2.3.6 For a sequence of penalty parameters (jis),o with im p, = oo, the limit

point (q(t),p(t)) = lim (q°(t),p°(t)) of the sequence of solutions — where (q*(t), p*(t))
solve the Hamilton’s equations (2.2.4) corresponding to ps — fulfils the constraints. Fur-
thermore there exists a multiplier X, such that (q(t), p(t),X) solve the constrained Hamil-
ton’s equations (2.3.8).

In Section (3.2.2) a corresponding result is shown for a certain class of discrete Hamiltonian
systems.

Remark 2.3.7 In practice, the penalty method entails a number of drawbacks:

(i) Moderate penalty parameters do usually allow unacceptable constraint violation.

(ii) Large penalty parameters lead to stiff systems that may cause unstable numerical
solutions.

2.3.3 Augmented Lagrange method

The augmented Lagrange method can be regarded as a combination of a penalty method
and a dual method. Dual methods are based on the idea that the Lagrange multipliers
are the fundamental unknowns in a constrained problem. They have meaningful inter-
pretations, such as the costs to keep the system on the constraint manifold. A physically
insightful interpretation of the augmented Lagrange method in the context of dynamical
systems can be found in [Blaj 02] and [Bert 95, Luen 84| offer a general introduction.
The extra function to treat the constraints by the augmented Lagrange method is a
combination of those used in the previous methods

Prug(g(a)) = g"(q)- X+ nR(g(q)) (2.3.16)

with the difference that 1 € R* needs not to tend to infinity to fulfil the constraints.
Instead of that, it may remain of relatively moderate value and the improvement in the
constraints is achieved by passing through an extra loop. The multipliers are determined
during an iteration process instead of being unknown variables.

Lagrangian formalism

As for the penalty method, the Lagrangian function is augmented by the additional func-
tion PL(q) = Pauwg(g(q)) according to (2.3.13). Starting with Ag = 0, in each iteration
the n-dimensional system of unconstrained Euler-Lagrange equations (2.1.2) with a fixed
value Ay, is solved for (g*, ¢). Then the multiplier is updated according to the Uzawa-like
rule

Ak1 = A + 1g(qy,) (2.3.17)

In each iteration the constraints are less violated and the iterations stop as soon as the
constraints are fulfilled satisfactorily.
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Hamiltonian formalism

Similarly the Hamiltonian is augmented by Py (z) = Pay(g(q)) according to (2.3.13).
Starting with Ay = 0, in each iteration the 2n-dimensional system of unconstrained Hamil-
ton’s equations (2.2.4) with a fixed value A, is solved for (g*, p*). Then the multiplier is
updated according to (2.3.17).

The main drawback of the augmented Lagrange method is that in practice this extra
iteration causes high additional computational costs.

Remark 2.3.8 It is known (see e.g. [Bert 95]) that in nonlinear constrained optimisation
problems, a sequence (x),.y of minimising solutions obtained by augmented Lagrange
iterations converges to a value & which, together with the limit A of the corresponding
sequence of multipliers (M), oy, solves the optimisation problem, where the constraints
have been enforced by Lagrange multipliers. The existence of both limit points is guar-
anteed, see [Bert 95]. In Section (3.2.3), a similar result is shown for a certain class of
discrete Hamiltonian systems.

2.3.4 Null space method

According to d’Alembert’s principle (see e.g. [Arno 78]) the work of the constraint forces on
any virtual variation g € TgC' vanishes. According to (2.3.4) for every q € C, the tangent
space TqC' is an (n — m)-dimensional subspace of T'Q. Consequently, its basis vectors
form the n x (n —m) matrix P(q) with corresponding linear map P(q) : R"™" — TqC.
This matrix is called null space matrix, since

range (P(q)) = null (G(q)) = TqC (2.3.18)

Hence admissible virtual variations can be expressed as g = P(q) - du with ou € R*™™.
With these preliminaries, d’Alembert’s principle reads

6q-GT(q)- A= (P(q)-6u)" -GT(q)-A=0 forall fu e R*™ (2.3.19)

Lagrangian formalism

According to (2.3.19) a premultiplication of the differential equation (2.3.5); of the con-

strained Euler-Lagrange equations by P”(q) corresponds to a projection of the equations

of motion into TgC' and eliminates the constraint forces including the Lagrange multipliers

from the system. The resulting d’Alembert-type equations of motion read
dt 0q oq

glgq) = 0

They constitute an n-dimensional system of second order differential and algebraic equa-
tions that is equivalent to the constrained Euler-Lagrange equations (2.3.5). Note that
the null space matrix is not unique, necessary and sufficient condition on P(q) is (2.3.18).
Due to the significant role of the null space matrix for formulation (2.3.20), it is often

(2.3.20)

termed ‘null space method’ like e.g. in [Benz 05]. In [Bets 05] a deduction of the equations
of motion in d’Alembert-type formulation and a short discussion of its different names
appearing in the existing literature (e.g. in [Ange 89, Yen 98, Kim 86]) can be found.
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2 Finite dimensional equations of motion

Hamiltonian formalism

Likewise, the premultiplication of (2.3.8), of the constrained Hamilton’s equations by
P7”(q) eliminates the constraint forces including the Lagrange multipliers from the system.
The resulting 2n-dimensional system of first order differential and algebraic equations

. O0H(q,p)
T 0
PT(q)- {er@HéZ,p)] _ 0 (2.3.21)
g(g) = 0

is equivalent to (2.3.8).

Construction of a null space matrix

A null space matrix can always be constructed by a decomposition of the R™ into the
tangent space to the constraint manifold TgC' and its orthogonal complement (TqC)L.
From linear algebra (see e.g. [Fisc 97]) it is known that the null space of the constraint
Jacobian and the range of its transposed are orthogonal complements in R", i.e.

R" = TqC o (TqC)"
= mull(G(q)) @ range(G'(q))
A QR-decomposition of the n x m transposed constraint Jacobian matrix yields
R, }

O(n—m) xm

(2.3.22)

G'=Q R=1[Q,,Q,- [ (2.3.23)
with the nonsingular upper triangular matrix R; € R™*™ and the orthogonal matrix
Q € O(n), which can be partitioned into the orthogonal matrices @, € R™ ™ and
Q, € R with

range(Q,(q)) = range(G'(q))
range(Qy(q)) = null(G(q))

Then P(q) = Q,(q) serves as null space matrix, which is sometimes called ‘natural
orthogonal complement’ (see [Ange 89]). A null space matrix constructed in the described
way is referred to as implicit representation of a null space matrix.

Alternatively, a velocity analysis can be performed, which is closely related to the consid-

(2.3.24)

erations of d’Alembert’s principle (2.3.19). According to (2.3.4) admissible velocities are
consistent with the constraints, i.e. they are elements of the (n —m)-dimensional tangent
space TqC' to the constraint manifold. Thus there exist independent generalised velocities
v € R"™™ with

q=P(q)- v cTgC (2.3.25)

If the admissible velocities ¢ € TgC' can be expressed in terms of n — m independent
generalised velocities, the corresponding mapping yields an explicit representation of an
appropriate null space matrix.
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2.3 Constrained mechanical systems

Remark 2.3.9 (Independent generalised velocities) The independent generalised ve-
locities v € R™™ may be classified as quasi-velocities because in general, their time
integrals need not result in generalised coordinates (see [Gree 88]).

A third possibility, which also yields an explicit representation of a null space matrix is
a parametrisation of the constraint manifold C' in terms of generalised coordinates, see
Remark 2.3.10.

2.3.5 Reparametrisation in generalised coordinates

Another way to deal with holonomic constraints is to formulate the equations of motion
directly in the remaining independent coordinates — the unconstrained generalised coor-
dinates. These coordinates are local coordinates in the constraint manifold C' (2.3.3).
Assume that there is a mapping

F:UCR"™™ —=C ie. g(q =g(F(u)=0 (2.3.26)

Lagrangian formalism

Reparametrisation of the Lagrangian L(u, %) = L(F(u), DF(u) - %) yields the Lagrange
equations of motion of second kind in terms of generalised coordinates

d (aim,m)  OL(u,w)

7 F =0 (2.3.27)

which is also termed the state-space form of the equations of motion. Since the con-
straints are fulfilled automatically by the reparametrised configuration variable (2.3.26),
the system is reduced to n — m second order differential equations. This is the minimal
possible dimension for the present mechanical system, which consists of precisely n —m
configurational degrees of freedom. For this reason, the concept of generalised coordinates
is, e.g. in the context of multibody dynamics, also called ‘minimal coordinate approach’
(e.g. [Gera 01], [Brem 04]). Besides the dimensional benefits, the Lagrange equations of
motion of second kind (2.3.27) comprise the challenge of finding an explicit representation
of the reparametrisation F' in (2.3.26). Such a reparametrisation is feasible for many prac-
tical applications, however there exist examples such as closed loop systems, for which it
is hard or even impossible to find.

Remark 2.3.10 If a reparametrisation of the constraint manifold is known, then the
Jacobian (see A.4) DF(u) of the coordinate transformation plays the role of a null space
matrix. Insertion of the coordinate transformation (2.3.26) and its Jacobian into the
d’Alembert-type equations of motion reveals that (2.3.20) and (2.3.27) are equivalent.

Hamiltonian formalism

For an introduction of generalised coordinates into the Hamiltonian formalism for con-
strained mechanical systems, the generalised momenta y; = oL [Ou; i =1,...,n—m,
which are conjugate to the independent generalised coordinates are defined. In anal-
ogy to (2.2.1), by Legendre transformation of the reparametrised Lagrangian f}(u, ), a
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2 Finite dimensional equations of motion

reparametrised Hamiltonian H (u’,y;) = y;4/ — L(u’,4') is obtained. The corresponding
equations of motion

Oy (2.3.28)
, — _of
v = ou

constitute 2(n — m) first order differential equations of the form (2.2.4).

Remark 2.3.11 (Suitability for temporal discretisation) Theoretically, all evolution
equations of constrained motion presented in this section are suited for temporal dis-
cretisation. However, the equations of motion emanating from the use of the Lagrange
multiplier method, the penalty method or the augmented Lagrange method possess a rela-
tively simple structure — in particular in conjunction with a formulation of the mechanical
system involving a constant mass matrix. Thus they are better suited for temporal dis-
cretisation in practice than the d’Alembert-type equations or the equations of motion
in generalised coordinates, where the configuration-dependent null space matrices cause
the temporal discretisation to be very involved. As an illustration of the complexity, the
reduced configuration-dependent mass matrix appearing in the equations of motion in gen-
eralised coordinates of a double spherical pendulum is given in Appendix D. In [Leim 04],
Chapter 7 it is also pointed out that the formulation of constrained equations of motion
in generalised coordinates cannot be recommended generally for time integration. How-
ever, there exist certain examples (see e.g. [Eich 98], Example 5.2.7) for which a temporal
discretisation of the state-space form is preferable.
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3 Temporal discrete equations of
motion

The equations developed in order to describe the desired evolution of a mechanical system
are rarely analytically solvable. Therefore it is necessary to approximate their solutions
numerically. Starting with the first numerical approaches by Euler (1768), numerical
integration of ordinary differential equations has a long history. Very popular methods
are e.g. Runge Kutta and linear multistep methods see e.g. [Butc 87, Hair 93, Hair 96,
Hair 04, Leim 04, Deuf 00, Eich 98, Arev 02] and references therein.

3.1 Mechanical integrators

Naturally, one seeks realistic approximations of the solutions of the evolution equations
that share the relevant properties of the real process. Mechanical integration schemes
aim at carrying over the geometrical properties of the real flow, like the preservation of
first integrals or the symplecticity, to the discrete approximation of the solution. Besides
the crucial qualitative reliability of numerical solutions possessing such properties, they
also improve the error propagation in long-time integrations. The energy-momentum con-
serving integrator used throughout this work relies on the concept of discrete derivatives
introduced by Gonzalez in [Gonz 96¢]. It is expatiated in the following Section 3.1.1.
This concept can be viewed as a special method within Galerkin-based finite element
formulations in time, introduced by Betsch and Steinmann in [Bets 00b, Bets 00a] and
described shortly in Section 3.1.2. During the last decades, much work has been done
in the field of energy-momentum conserving integrators, e.g. in [Bets Ola, Bets 01b,
Bets 02b, Cris 96, Jele 01,Ibra 03,Ibra 00b, Gonz 99, Gonz 00,Hugh 78,LaBu 76a,Noel 04a,
Noel 04b, Reic 95, Rome 02b, Simo 91a, Simo 91b, Simo 92a, Simo 94, Simo 95] to men-
tion just a few. Furthermore, energy decaying schemes have been widely investigated,
see e.g. [Arme Ola, Arme 01b, Arme 03, Bauc 96, Bott 02a, Hilb 77, Ibra 02a, Rome 02a].
On the other hand there is the class of symplectic-momentum integrators considered e.g.
in [Bart 96, Hair 04, Jay 96, Leim 94, Leim 96, Lew 03, Reic 96, Simo 92b, Kane 00, Mars 01,
Wend 97].

3.1.1 Discrete derivative

This formalism for the design of conserving time integration schemes for Hamiltonian
systems with symmetry is developed by Gonzalez [Gonz 96¢]. Many terms and definitions
introduced in Section 2.2.2 are transferred to discrete Hamiltonian systems. The concept
of discrete derivatives leads to implicit second order one-step schemes which conserve
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3 Temporal discrete equations of motion

the Hamiltonian along with at most quadratic integrals arising from symmetries of the
underlying continuous system.

Let P be open in a 2n-dimensional Euclidian space and let (P, w) be a symplectic space (see
A.10) serving as phase space for the Hamiltonian H : P — R. A discrete approximation
of Hamilton’s differential equations (2.2.6) is given by

Znt1 — Zn = WXy (Zn, Zni1) (3.1.1)

where h > 0 denotes the time-step and Xy : P — R?" is the discrete Hamiltonian vector
field, defined via the discrete analogue of (2.2.5)

Wy (X(Zn, Zni1)) = DH (20, Zn41) (3.1.2)

n+2

where the discrete derivative DH of the Hamiltonian is used on the right hand side.
The discrete Hamiltonian vector field Xy can be viewed as an approximation of the
exact Hamiltonian vector field Xy at the midpoint z,, = +(Zn41 + 25), in particular
Xu(Zn, Znt1) &~ XH(szr%) because of property (ii) in Definition 3.1.1.

Definition 3.1.1 (Discrete derivative) A discrete derivative for a smooth function
f: P — Risamapping Df : P x P — R?" with the following properties:

(i) Directionality: Df(x,y) - (y—«)= f(y) — f(x) forallx,ye P
(ii) Consistency:  Df(w,y)=Df(w)+ O (||ly—=|) forallz,yeP
with Hy — :BH sufficiently small

Here w = % (x +y) and H . H denotes the standard Euclidian norm in R*".

Proposition 3.1.2 (Energy conservation) With this construction, the Hamiltonian H is
conserved along a solution sequence (2n),cy ©of (3.1.1) in the sense that
H(zp41) — H(z,) =0 for alln € N.

Proof and further details can be found in [Gonz 96¢].

Example 3.1.3 (Discrete derivative) A general example of a discrete derivative is given
by

fly) — f(=x) —Df(';v) (y —x)
|y — ||

Df(x,y) = Df (w) + (y — =) (3.1.3)

which is a second-order approximation to the exact derivative at the midpoint.

Recall from Section 2.2.2 that invariance of the Hamiltonian under the action of a Lie
group G (see A.17) leads to the conservation of the momentum map J : T*Q — g* (see
A.21) along the trajectories of the Hamiltonian vector field. In order to transfer this
property to the discrete case for a G-invariant function f : P — R, i.e. fo ¢, = f for
all g € G, the discrete derivative is further specified by two more properties, defining the
G-equivariant discrete derivative.
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3.1 Mechanical integrators

Definition 3.1.4 (G-equivariant discrete derivative) A G-equivariant discrete deriva-
tive for a smooth G-invariant function f : P — R is a mapping Df : P x P — R*"
satisfying the requirements of a discrete derivative together with the following properties:

(iti) Bquivariance: D f(¢y(x), ¢4(y)) = [Do, (w)] " - DY f(x,y)
forall g € G and ¢,y € P
(iv) Orthogonality: DYf(x,y)-&p(w) =0 forallé cg, x,yc P

The G-equivariant discrete derivative D¢ H (Zn, Znt1) of a G-invariant Hamiltonian can
be inserted in the definition of the discrete Hamiltonian vector field (3.1.2) to define a
new system of Hamiltonian difference equations (3.1.1).

Proposition 3.1.5 (Energy-momentum conservation) If the action ¢ of G possesses
a momentum map J : P — g that s at most quadratic in z € P, then J is conserved
along the solution sequence (zy),cy of the new discrete system (8.1.1) in the sense that
J(&)(zn41) — J(&)(zn) =0 for alln € N and £ € g. Furthermore, the Hamiltonian is an
integral of the motion.

Proof and further details can be found in [Gonz 96¢].

Example 3.1.6 (G-equivariant discrete derivative) Assume that the regular symplectic
action ¢ of G on P has orbits of dimension s. Then a G-invariant function f : P — R
does not depend on the full 2n-dimensional space P, but only on the (2n — s)-dimensional
quotient space P/G. If a maximal set of independent invariants of G' can be found,
i.e. there exist G-invariant functions my,..., 79, s : P — R with the property that
Dm(z) € REn=9X20 hag rank 2n — s at each z € P, then f can be reduced to the function
f:7w(P) — R, defined by the expression f(mw(z)) = f(2) for all z € P. If the invariants
T, ..., Ton_s - P — R are at most of degree two in z, then a G-equivariant discrete
derivative for f is defined by the relation

DYf(@.y) = DJ(w(@),w(y))o D (w) (3.1.4)
= D'm(w) Df (n(z),m(y))

Where D denotes the discrete derivative given in Example 3.1.3.

Having in mind that P is open in a 2n-dimensional Euclidian space and represents the
phase space of a mechanical system, the following definition introduced in [Gonz 99] is
useful.

Definition 3.1.7 (Partial discrete derivative) To a discrete derivative Df(z,y) € R*"
one associates partial discrete derivatives Dy f(x,y) € R™ and Dy f(x,y) € R™ according
to the relation

Df(:c,y) ’ (uq”u’p) = le(mvy) T Ug + D2f(m7y) T Up (315)

for all u = (u,, u,) € R*. Furthermore, a discrete derivative operator d on R” is induced.
Let h: R®” — R and h : P — R be functions related by

h(z) = h(xz,) forall ¢ =(x,x,) € P (3.1.6)
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3 Temporal discrete equations of motion

Then d is defined as
dh(zg, y,) = Dih(z,y) (3.1.7)

Remark 3.1.8 For Hamiltonian functions being at most quadratic, the examples of the
discrete derivative (3.1.3) and the G-equivariant discrete derivative (3.1.4) coincide. In
this case, both formulas reduce to the midpoint rule. Furthermore, the concept of dis-
crete derivatives is equivalent to the assumed distance method in the context of the
c¢G(1)-method for at most quadratic Hamiltonians. This correlation is expatiated in
[Grah 02].

Remark 3.1.9 This concept constitutes a special method within the family of time-
stepping schemes emanating from finite element approximations in time. The crucial
advantage is, that the formulas (3.1.3) and (3.1.4) are given in closed form. Thus the con-
servation properties do not depend on the numerical solution of arising time integrals. In
particular, formula (3.1.3) can be interpreted as a quadrature for the time integral arising
in the ¢G(1)-method in (3.1.13), which fulfils the design criteria for energy conservation
(3.1.15) and for angular momentum conservation (3.1.16) respectively.

3.1.2 Galerkin-based finite elements in time

The following introduction to the continuous Galerkin (¢G) method in conjunction with
Hamilton’s equations is based on the work by Betsch and Steinmann in [Bets 00a,Bets 00b].
Its extension to nonlinear elastodynamics and to holonomically constrained mechanical
systems is presented in [Bets 0la,Bets 02b] respectively. The discretisation of Hamilton’s
equations relies on a Petrov-Galerkin finite element formulation in time. The result-
ing time-stepping scheme is exactly energy conserving, provided that the appearing time
integrals are calculated exactly. Since this is rarely feasible, the choice of appropriate
quadrature rules plays a crucial role concerning the conservation properties of the result-
ing algorithm.

Let the time interval [to,?;] be divided into n. nonoverlapping subintervals. For con-
venience a typical time interval [t,,,1] is transformed to a master element with local
coordinates « € [0, 1] according to

t—1,
h,

form=0,...,n.— 1.

Hamilton’s equations (2.2.6) in conjunction with the special form of the Hamiltonian

a(t) =

B = tost — by (3.1.8)

vector field given in Remark 2.2.1, read in the weak residual form

/01 CCONE (‘Z—i — haJ - VH(zh)) da =0 (3.1.9)

Together with the initial condition 2"(0) = z,_;, they serve as a vantage point. The goal
is to find a continuous piecewise polynomial 2" € P*(0,1)?" of degree k, satisfying (3.1.9)
for all 6z" € P¥71(0,1)?". The trial functions are given by

k+1

2"a) = Z M;(a)z; (3.1.10)
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3.1 Mechanical integrators

with the nodal shape functions M;(«), ¢ = 1,...,k + 1 being Lagrange polynomials of
degree k, such that at the time nodes a; € [0,1], M;(a;) = d;; holds and z; = 2"(;)
are the nodal values of z". Accordingly the global approximation to z : [tg, t;] — R?" is
continuous over the time element boundaries. In contrast to that, the approximation of
the test functions

k
62" () = ZMi(a)ézi (3.1.11)

with the reduced shape functions Mi(a), it =1,...,k being Lagrange polynomials of de-
gree k—1, allows interelement discontinuities. The reduced shape functions are determined
by the relation

dzh k+1 k R
= > Mi(a)zi =) Mi(a)z (3.1.12)
e
i=1 i=1
where the z;, ¢+ = 1,...,k consist of linear combinations of the nodal values z;,

i=1,...,k+1, see [Bets 0la] for details.
Eventually insertion of (3.1.10) and (3.1.11) into (3.1.9) yields the equations

k 1 1
Z/ M;M; daz; — h,J - / M;VH(z")doa =0 (3.1.13)
fori=1,...,k. An implicit one-step scheme can be obtained by

(i)  selecting the polynomial degree k. Then the integral over a polynomial of degree
2(k — 1) in the first term in (3.1.13) can be calculated exactly.
(ii) choosing a quadrature formula for the remaining integral in (3.1.13).

It can be shown easily, that the Hamiltonian is conserved along solutions of (3.1.13),
provided that the integrals are calculated exactly. If exact integration is not feasible, the
choice of the quadrature formula is crucial concerning the conservation properties and the
accuracy of the resulting time-stepping scheme. Scalar multiplication of (3.1.13) by J - 2;
and subsequent summation over ¢ = 1,..., k cancels the contributions of the first terms
and yields the condition

k 1
> / MVH(z"da -2 =0 (3.1.14)
i=1 70

which is identical with H,, — H,_; = 0 for exact integration. Consequently, the en-

ergy is exactly conserved along solutions of (3.1.13), if the quadrature rule in use sat-
isfies condition (3.1.14). Assuming that the Hamiltonian is separable and of the form
H(z) = ip" - M~ - p+ V(q) (where M is a symmetric, positive semi-definite, con-
stant mass matrix and V' the potential energy), the contribution of the kinetic energy to
(3.1.14) is a polynomial of degree 2k — 1 which can be integrated exactly. Consequently,
the quadrature rule applied to the calculation of the remaining integral in (3.1.14) has to
fulfil the design criterion

k 1
Z/ MiD1H<zh) do-q; =V, — Vi (3.1.15)
i=1 70
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3 Temporal discrete equations of motion

to ensure algorithmic energy conservation.

The requirement of algorithmic conservation of momentum maps imposes further restric-
tions on the evaluation of fol D1 H(2")da. E.g. in the case of vanishing external loading,
the condition for algorithmic conservation of angular momentum, i.e. L, — L, 1 =0, in
the context of the ¢cG(1)-method reads

/01 D H(2")da x q" (%) =0 (3.1.16)

The attempt to fulfil the design criterion (3.1.15) leads to the consideration of the as-
sumed distance method in [Bets 00a] for N-body problems (which is energy-momentum
conserving for at most quadratic Hamiltonians) or the assumed strain method for prob-
lems of nonlinear elasticity in [Bets 0la]. In [Gros 04], Grof offers a unified development of
higher order energy-momentum conserving time integrators for nonlinear elastodynamics,
the so-called enhanced Galerkin (eG) method, see also [Gros 05].

For constrained Hamiltonian systems, where the constraints are enforced using Lagrange
multipliers as additional variables, the multipliers as well as their corresponding test func-
tions are approximated by piecewise polynomials of degree k — 1 allowing discontinuities
across the time element boundaries. Thus the trial functions A"(«) and the test functions
SA"(a) are of the form (3.1.11). This leads to the so-called mixed Galerkin (mG) method
introduced in [Bets 02b].

As already mentioned in Remark 3.1.8, the ¢G(1)-method in conjunction with a non-
standard quadrature rule fulfilling the design criteria for algorithmic conservation of first
integrals is equivalent to the concept of discrete derivatives, see [Grah 02].

3.1.3 Variational integrators

While the time-stepping schemes in the preceding Sections 3.1.1 and 3.1.2 rely on the
discretisation of the ordinary differential evolution equations, the concept of variational
integrators is based on a direct discretisation of the variational formulation behind the
equations of motion. Due to the variational derivation of the time-stepping scheme, its
solution is symplectic (i.e. it conserves the same two-form on the phase space as the
underlying continuous system) and it also conserves momentum maps arising from sym-
metries in the true system. Furthermore, the energy error remains bounded along the
solution of the discrete system, thus the variational method does not artificially dissi-
pate energy. This is in contrast to the numerical damping pertaining to many standard
methods, see e.g. [Arme 0la, Arme 01b, Gros 00]. As a consequence of a theorem proved
by Ge and Marsden in [Ge 88|, it is not possible to achieve time-stepping schemes for
which the solution conserves momentum maps and the symplectic form as well as the
energy while using constant time-steps. Therefore, mechanical integrators were divided
into two classes, symplectic-momentum and energy-momentum integrators. However, the
symplectic-energy-momentum conserving algorithm proposed in [Mars 99] overcomes that
shortcoming by using adaptive time-steps. For the application of variational integrators
to constrained systems see [Wend 97] and a relation of variational integrators to Newmark
algorithms can be found in [Kane 00]. For a detailed introduction to discrete mechanics
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3.1 Mechanical integrators

and variational integrators see [Mars 01]. In the sequel the basic ideas of the concept of
variational integrators are sketched briefly.

Corresponding to a configuration manifold (), the discrete phase space is defined by @ x )
which is locally isomorphic to T'Q). For a constant time-step h € R, a path q : [to, t1] — @
is replaced by a discrete path q; : {to,to + h,,...,to + Nh = t1} — @, N € N, where
q;, = q,(to + kh) is viewed as an approximation to q(to + kh). Using the continuous
Lagrangian L : T'() — R a discrete Lagrangian L, : () X Q — R is introduced via

R I |
Ld(qka(IkJrl):L( o, "““h "“) (3.1.17)

and a discrete action sum Sy : Q¥ ! — R via

N-1

Sq = Z La(qr Gis1) (3.1.18)
k=0

The discrete variational principle states that the discrete path extremises the action sum
for fixed g, and g,. Similar to the deduction of the continuous Euler-Lagrange equations
(2.1.2) from the variational principle of critical action (2.1.1), the requirement 6S; = 0
yields the discrete Euler-Lagrange equations

D2La(@i-1:qi) + D1La(@r: Qi) =0 (3.1.19)

which must hold for K =1,...,N — 1. Let ® : Q x Q — @ x @, defined implicitly by
®(qy_1,9,) = (@), qi.1), denote the discrete map which evolves the system forward in
time. Furthermore, using the fibre derivative FLy : QQ X Q — T*(Q) with

FLa(ay Q1) = (@ D1La(Gy: Gres1)) (3.1.20)

a discrete two-form wy on @ x @ is defined by pulling back the canonical two-form w on
T*() given in Remark 2.1.1 and reads

2
wg =FL}(w) = &dq,’; Adgl, (3.1.21)

8(11%9%4—1

Then a tedious but straightforward calculation shows that ®*w,; = wy, i.e. the discrete
evolution map @ is discretely symplectic, see [Wend 97].
Besides the discrete symplectic structure, ® preserves discrete momentum maps related
to symmetries of the corresponding continuous system. Let & € g where g denotes the Lie
algebra of a Lie group G whose action leaves the continuous Lagrangian invariant. Then
the discrete Lagrangian is also invariant under that group action, i.e.

La(exp(s€)qy, exp(s€)qrs1) = La(Qy: Qry1) (3.1.22)
for s € R. Differentiating this equation and setting s = 0 implies
D1 Ly(qy, Qk+1) : gQ(qk) + Dy L4(qy, qk+1) . fQ(qu) =0 (3.1.23)

where & is the infinitesimal generator of the action corresponding to . As explained
above, @, ; extremises the action sum Sy, so if q,,,; is varied over s € R by
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3 Temporal discrete equations of motion

qi.1(5) = exp(sf) - g, then g, ,(0) extremises Sy, what means that dSg/ds|s—= 0.
This implies

DyL(qy, Qk+1) : fQ((IkH) + DlLd(qurla Qk+2) : fQ((IkH) =0 (3.1.24)

Subtracting equation (3.1.23) from equation (3.1.24) reveals that

DlLd(qurla Qk+2) : fQ(QkH) — D1 L4(qy, Qk+1) : SQ(Qk) =0 (3.1.25)

This equation shows that a momentum map Jy : @ x Q) — g* defined analogous to (2.1.8)
by

(Ja(@y> Grs1): &) = (D1La(q, Q1) Eo(ay)) (3.1.26)

is preserved by the algorithm ®.

A comparison of the performance of the time-stepping scheme (3.1.1) derived using the
concept of discrete derivatives to the time-stepping scheme (3.1.19) based on a discrete
variational principle, is documented in [Laue] for a simple constrained mechanical system.

Remark 3.1.10 (Hamiltonian formalism) Just as the standard Legendre transformation
(2.2.1) maps the Lagrangian phase space T'Q) to the Hamiltonian phase space T*Q), a
discrete Legendre transformation can be defined. With its help it can be shown, that a
discrete trajectory {g,}_, in Q can be regarded as either a trajectory {(qy, qy1)} oo

in Q x Q or equivalently as a trajectory {(qx, Py)} oo in T*Q, see [Mars 01] for details.

3.2 Mechanical integration of constrained equations of
motion

With the different theoretical approaches described in the preceding chapters, a variety of
combinations is at disposal to specify time-stepping schemes for constrained mechanical
systems. Early work on time integration of constrained dynamical systems has been done
e.g. by [Card 89].

Having decided to use the Hamiltonian formalism for the deduction of the continuous
equations of motion, the next step is to choose a temporal discretisation technique. The
concept of discrete derivatives by Gonzalez [Gonz 96¢] described in Section 3.1.1 is used
throughout this work. One reason for that is the intention to solve stiff systems (e.g. using
high penalty parameters) for which it has been reported that energy-conserving schemes
are better suitable, especially for long term simulations, see e.g. [Simo 93]. The concept of
discrete derivatives can be interpreted as a formal abstraction of conserving time-stepping
schemes, embedding them within the context of discrete dynamical systems. Its technical
merits lie in the possibility to prove the conservation of first integrals along the discrete
solution sequence by arguments which are in analogy to those used in the continuous
setting. In particular, the conservation properties are guaranteed by the design of the
concept, see Remark 3.1.9.

38



3.2 Mechanical integration of constrained equations of motion

In a typical time interval I,, = [t,,t,11] C [to, 1] with corresponding constant time-step

h = t,4+1 —t, (see Figure 3.1) the configuration and momentum vector are approximated
continuously by piecewise linear functions respectively

t—t,
L (g - a,)

t—t,
), ~ pot—— (Pry1 — Pn)

qt)l, ~ q,+
(3.2.1)

| h |
\ |
I
— >
t
tn tn-I—l
(qn’pn) (anrl’anrl)

Figure 3.1: Time interval I,, = [t,, tn4+1] C [to,t1] Of length h.

Using the canonical symplectic structure on 2n-dimensional linear spaces (2.2.8) for the
definition of the Hamiltonian vector field (3.1.2) and inserting this in the discrete equations
of motion (3.1.1), one arrives at the discrete Hamiltonian system

4,11 — 4, — hDGH(zm Zni1)
o ’ (3.2.2)

Py — P, = _hD?H<zn7zn+1>

which is the discrete counterpart of (2.2.4) involving the partial G-equivariant discrete
derivative defined in Section 3.1.1. By design of the G-equivariant discrete derivative, the
total energy and at most quadratic momentum maps are conserved along its solution (see
Proposition 3.1.5).

Augmentation of the Hamiltonian (2.3.13) according to the method to treat the constraints
and insertion of H,,, into (3.2.2) along with a possible supplement of the system by the
constraint equations eventually yields the desired energy-momentum conserving time-
stepping scheme for constrained mechanical systems.

3.2.1 Lagrange multiplier method

As described in Section 2.3.1, the augmentation of the Hamiltonian (2.3.13) according
to the Lagrange multiplier method is given by Py(z) = PrLy,(g(q)) = g (q) - A. The
Lagrange multipliers are approximated constantly within one time interval allowing in-
terelement discontinuities. Then the conserving time-stepping scheme for the constrained
Hamiltonian system (2.3.8) reads

qn+1 -q, = hDQGH(zna Zn+1)
Dy — P = _hD%H<zn7 zn+1> - hGT<qn7 qn+1) ' )\n+1 (323)
0 = g(qn+1)
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3 Temporal discrete equations of motion

where G(q,,,q,.1) = d°g(q,, g,.1) is the the partial G-equivariant discrete derivative
(see Definition 3.1.4 and 3.1.7).

A conservative Hamiltonian system with constant symmetric positive semi-definite mass
matrix M € R™" and potential V' : ) — R building the separable Hamiltonian (2.3.13)
satisfying the assumptions in (2.3.14) reads

Haug(2) = Tu(2) + Vi(2) + Pu(z) = IpT Mt Vig)+g"(q)- A (3.24)

2
Then (3.2.3) can be specified to
dp+1 — 4, = hM?l : pn+%
anrl — P, = _thV(qn7 anrl) - hGT(qn7 anrl) ' An-|—1 <325)
0 = g(qn-l—l)

Alternatively, the constrained scheme (3.2.5) can be derived from the Galerkin-based
mG(1)-method described in Section 3.1.2 as proposed by Betsch and Steinmann [Bets 02b].
By definition of the partial G-equivariant discrete derivative (3.1.7), the resulting scheme
(3.2.5) conserves the total energy and at most quadratic momentum maps, related to
symmetries of the underlying continuous system, along its solution sequence (z),,cx-
According to (3.2.5)s, the constraints are fulfilled exactly at the time nodes. With regard
to (3.2.5)1, the directionality property of the discrete derivative implies

(M7 poy1)’ G (@ @us1) - A1 = 0 (3.2.6)

This can be considered as the discrete counterpart of d’Alembert’s requirement that the
constraint forces are workless, see (2.3.19). Beyond that, omittance of the Lagrange
multiplier in (3.2.6) shows that with regard to (2.3.9) a temporal discrete counterpart of
the consistency condition is fulfilled.

For an implementation of the constrained scheme, (3.2.5); is solved for p,,, and inserted
into (3.2.5)5. This yields the (n 4+ m)-dimensional system

2
—M - (qn+1 - qn) - 2pn + thV(qnv qn—l—l) + hGT(qnv qn+1) ' An-l-l = 0

h (3.2.7)
Q(Qn+1)

to be solved for q,,,,, An41 although there are only n — m independent configurational
degrees of freedom. Another drawback of the constrained scheme is that the condition
number of the iteration matrix for the solution of the nonlinear system of equations is
of the order O(h™?), see [Petz 86] and proof in Appendix C.1. This implies that for
decreasing time-steps, the iteration matrix becomes more and more ill-conditioned.

Remark 3.2.1 (Preconditioning) One possibility to remove the conditioning problem
is the use of preconditioning techniques which decouple the condition number of the
iteration matrix from the time-step. E.g. Bottasso introduces a preconditioning method
in [Bott 05] which is very effective and easy to implement. However, preconditioning
techniques do not control the magnitude of the condition number.
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3.2 Mechanical integration of constrained equations of motion

3.2.2 Penalty method

With the augmentation according to the penalty method by
Py(z) = Ppen(g(q)) = 1R(g(q)) described in Section 2.3.2, a separable Hamiltonian
corresponding to (3.2.4) reads

Haug(2) = Tu(2) + Vi (z) + Pu(z) = T(p) + V(q) + nR(g(q)) (32.8)

with T'(p) = %pT - M~ p. Insertion into the discrete Hamiltonian system (3.2.2) yields
the energy-momentum conserving penalty time-stepping scheme

dn+1 —49n = hM_l'pn 1
o = (3.2.9)

P — P, = —hd“V(q,,q,.1)—hud“R(g(q,,q,.1))

The following proposition may be viewed as the discrete counterpart of Theorem 2.3.5
by Rubin and Ungar [Rubi 57]. It holds for the class of energy conserving time-stepping
schemes designed by the use of the discrete derivative given in Example 3.1.3. The
statement can also be derived for the subclass of energy-momentum conserving schemes
using the G-equivariant discrete derivative, but in the following form it is more general
and notationally simpler.

Proposition 3.2.2 Let z,, = (q,,, p,,) be consistent coordinates at time t,,, n € N arbitrary.
Let (p1s) ey C RT be an arbitrary sequence with lim pu, = oo and denote the solution of

§—00

the system (8.2.9) corresponding to jus by 25, . Let zn1 = lim 25, be the limit point

of the sequence of solutions. Then there exists a multiplier X, 11 such that (Zpy1, Ans1)
solve the constrained scheme (5.2.5).

Proof: For consistent initial data g, € C, g(q,,) = 0, thus the correct energy of the
mechanical system T'(p,) + V(q,) = H(z,) = Hp is conserved along the solution of
(3.2.9). Then for arbitrary n,s € N

T(pyy1) +V(a.1) + 1sR(gla, ) = Ho (3.2.10)

According to the assumptions (2.3.12) and (2.3.14), 7" and R are non-negative and V' is
bounded from below. It follows that 7',V and R are bounded from above, in particular,
there exists J3,, € RT with

MsR(Q(QZH)) < JZH (3.2.11)

Since the lower bound of V' is independent of n and s, there exists J,; € RT with

lim s R(g(g541)) < Jnia (3.2.12)
With lim p, = oo it follows that lim R(g(q; ,)) = 0 and then assumption (2.3.12)
implies

lim g(q;,,) =0 (3.2.13)
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3 Temporal discrete equations of motion

Let zp11 = (@y1, Prg1) = SILIEO z, 1 denote the limit point of the solution sequence

(25 +1)S€N of (3.2.9). Note that the existence of a limit point for the solution sequence fol-
lows directly from the corresponding result in the temporal continuous case (see [Rubi 57]).
Then it follows by the continuity of the constraint function that

9(q,,,) =0 (3.2.14)
i.e. (3.2.5)3 is fulfilled.

Besides the supplementation of the constrained scheme by the constraint equations, (3.2.5)
and (3.2.9) differ in the discrete derivatives

_DTg(qn—i—%) : An—i—l : (qn+1 - qn)

dPrag(9(dn: @ni1)) = DT g(dni1) A1+ 5 (i1 —4n)
anJrl - an
(3.2.15)
Wlth qn—f—% = %(anrl + qn) and
dPren(9(@ @511)) = 1D 9(g;,, 1) - Do R(g(a, 1))+
1sR(9(@nn) — 1D g(a, 1) - DoR(g(q; 1)) - (€hi — €n)
; p (41— 4,)
an-l—l - an
(3.2.16)

with qth% = 1(q5 .1 +4q,) and D,R(g(q)) denoting the Jacobian of R with respect to the
constraint function g.

(3.2.14) implies together with the assumptions (2.3.12) that
Pren(9(q,41)) = lim psR(g(q,,,)) = 0. In particular, the growth of Pp,, is bounded,

i.e. the following expression is bounded

DPpen(9(qny1)) = lim p,D"g(q;, 1) D,R(g(q,,1))
(3.2.17)
= DTg<qn+%) ’ SILI?OMSDQR(Q('Z;—Fl»

2

for small enough time-steps. Since 0 is a regular value of the constraints, DTg has full
rank in g, and g,,,,. If the time-step is small enough, it can be assumed that D g(q,, +%)

has also full rank, particularly it is injective. Hence there exist (02 +1)seN € R™ and
0n+1 c R™ with
6,1 = lim 6}, = lim 1, DgR(G(q,, 1)) (3.2.18)

and HOnHH < 00. Consequently with Qpi1 = %(an +4q,)
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3.2 Mechanical integration of constrained equations of motion

DTg(anrl) Oy (anrl - q,)
lim dPPen(g<qn7 qu—f—l)) = DTg<qn+%)'0n+1_ H2 H2 (qn+1_qn>
sTee qn+1 - q,

(3.2.19)

Thus (2,41, @,41) solve the constrained scheme (3.2.5). The uniqueness of the solution of
(3.2.5) implies 0,11 = Api1. n

Remark 3.2.3 In [Leye 04] a similar result is proved for the slightly more general case,
allowing for the dependence of the holonomic constraints on the total phase variable z.
In [Rubi 57,Born 96], the special penalty function Ppc,(g(q(t))) = |/g(q(t)) H2 is consid-
ered in the continuous (oco-dimensional) case and the weak convergence of 115g(g®(t)) to the
correct Lagrange multiplier is discussed. Since the discrete system is finite-dimensional,
weak and strong convergence are equivalent for ,,.1 = Slirgo nsDyR(g(q; . 1 ).

For an implementation of the penalty scheme, (3.2.9); is solved for p,,, and inserted into
(3.2.9)5. This yields the n-dimensional system

2

M - (@pi1 — a,) — 2P, + hd°V(q,. @, 1) + hpd“R(g(q,. q,11)) = 0 (3.2.20)

to be solved for q,,,,. The accuracy of the constraint fulfilment of the solution of (3.2.20)
depends on the penalty parameter. The condition number of the iteration matrix for the
solution of the nonlinear system of equations is of the order O(h?u), see Appendix C.4
for proof. This implies that for certain well balanced combinations of small time-steps h
and large penalty parameters pu, the system is well-conditioned.

3.2.3 Augmented Lagrange method

A separable Hamiltonian corresponding to (3.2.4) comprising the augmentation according
to the augmented Lagrange method Py (z) = Pau,(9(q)) = 9" (q)-A+1R(g(q)) described
in Section 2.3.3, reads

Haug(2) = T(2) + Vi (z) + Pu(z) = T(p) + V(q) + g" (q) - A\ + nR(g(q)) (3.2.21)

with T'(p) = %pT - M™' . p. For a fixed value A¥ € R™, insertion of (3.2.21) into the
discrete Hamiltonian system (3.2.2) yields the energy-momentum conserving augmented
Lagrange time-stepping scheme

T1—qn = hM7pl,
Pha—p, = —hdV(a, d) —hG (.. aiir) - Ny — hud“R(g(a,, ar4))
(3.2.22)
with 2" . 1(zF,, + z,). If the constraints g(g*, ) are not satisfied satisfactorily by
the solution of (3.2.22), the multiplier is updated similar to (2.3.17) according to
A = An +uD,R(g(qr ) (3.2.23)

with D,R(g(q)) denoting the Jacobian of R with respect to the constraint function g.
Then (3.2.22) is solved again for 21}
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3 Temporal discrete equations of motion

Proposition 3.2.4 Let z,, = (q,,, p,,) be consistent coordinates at timet,, n € N arbitrary.
Let i € RT be arbitrary and denote the solution of the system (3.2.22) corresponding to
}\ﬁH by thq. Let zp, 1 = klglgo szH be the limit point of the sequence of solutions. Then

the sequence of multipliers ()\QH)%N converges to the correct Lagrange multiplier X, 1,

such that (z,41, Ant1) solve the constrained scheme (3.2.5).

Proof: Let 2,11 = klim 2P, be the limit point of the solutions of (3.2.22). Note that the

existence of a limit point for the solution sequence and for the multiplier sequence follows
directly from the corresponding result in the temporal continuous case (see Remark 2.3.8
and [Bert 95]). Denote the limit point of the sequence of multipliers by

Aivr = lim ALy = A0+ Y pD,R(g(g50)) (3.2.24)
k=1

with AD,; = A,,. Then it follows that

lim D, R(g(gh,,)) = 0 (3.2.25)

k—o0

This and the convexity of R (see assumption (2.3.12)) imply

9(q,,1) =0 (3.2.26)

i.e. the constraints (3.2.5)3 are fulfilled in the limit point q,,,,. Besides the supplementa-
tion of the constrained scheme by the constraint equations, (3.2.5) and (3.2.22) differ in
the discrete derivatives dPpq4(9(@,,q,1)) given in (3.2.15) and

dPrug(9(dn, @ii1)) = D'g(ay,,) Anys +uDg(a), 1) D,R(g(qy, )+

T( -k k k
g (@ni1) - Ao HuR(g(an, )
He e (g — g
anJrl_an

— (D7algh, ) Moy + uD"g(dt, ) - D, R(g(at, ) - (abys — a,)

Hq]:rl—l _an2

(@1 — an)

(3.2.27)
With qg+% = 1(qk,, +q,), (3.2.25) and (3.2.26) imply
_ DTg(anr;) : 5\n+1 : (qn+1 - qn)
1 dPaug(9(qn: @nit) = D7 9(qns 1) Ansa— : 5 (941—90)
- an—l—l_an
(3.2.28)

Thus (2,41, Ant1) solve the constrained scheme (3.2.5). The uniqueness of the solution
of (3.2.5) implies Apy1 = Api1. n
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3.2 Mechanical integration of constrained equations of motion

Remark 3.2.5 In [Leye 04] a similar result is proved for the slightly more general case,
allowing for the dependence of the holonomic constraints on the total phase variable z.
Proposition 3.2.4 holds for the class of energy conserving time-stepping schemes designed
by the use of the discrete derivative given in Example 3.1.3. The statement can also be
derived for the subclass of energy-momentum conserving schemes using the G-equivariant
discrete derivative, but in the given form it is more general and notationally simpler.

For an implementation of the augmented Lagrange time-stepping scheme, (3.2.22); is
solved for p¥ ., and inserted into (3.2.22),. This yields the n-dimensional system

2
—M (Qﬁﬂ - qn) —2p, + thV(qn7 quJrl) + hGT(qm Qﬁﬂ) : )‘ﬁﬂ‘i‘

h
hud“R(g(q,.q%.,)) = O

to be solved for g¥,, using the fixed multiplier \E 4+1- Then the multiplier is updated

according to (3.2.23) and a more accurate solution is obtained by resolving (3.2.29). This

(3.2.29)

procedure is repeated iteratively until the constraints are fulfilled satisfactorily. The
magnitude of the parameter p influences the accuracy of the first solution in a new time-
step and thus determines the number of necessary iterations. It can remain of relatively
small magnitude if one allows many iterations. The condition number of the iteration
matrix for the solution of the nonlinear system of equations is of the order O(h?pu), see
Appendix C.5 for proof. Thus for small time-steps, the system is well-conditioned.

3.2.4 Discrete null space method

In complete analogy to the procedure outlined in Section 2.3.4 for the temporal continu-
ous case, a transition from the constrained scheme (3.2.3) to a discrete d’Alembert-type
scheme implicating a size reduction can be accomplished. This transition is introduced
by Betsch in [Bets 05] and termed ‘discrete null space method’.

A discrete null space matrix P(g,,q, ;) : R*™™ — R" whose columns form a basis
for the (n — m)-dimensional null space of the partial G-equivariant discrete derivative
G(q,,49,.1) =d°g(q,, q,.,) of the constraints, i.e.

range (P(qn, an)) = null (G(qn, qnﬂ)) (3.2.30)

must be found. Premultiplying (3.2.3 )2 by the transposed of the discrete null space matrix
cancels the discrete counterpart of the constraint forces and thus eliminates the Lagrange
multipliers from the scheme. The resulting d’Alembert-type time-stepping scheme for the
d’Alembert-type Hamiltonian system (2.3.21) reads

@ni1 — Gy — WDS H (2, 2p11) = 0
PT(qm Qni1) [anrl — D, + hD?H(zn, szrl)} =0 (3.2.31)
9(q,1) = 0
The following important proposition and proof have been taken from [Bets 05].

Proposition 3.2.6 The d’Alembert-type time-stepping scheme (3.2.31) is equivalent to
the constrained scheme (3.2.3).
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3 Temporal discrete equations of motion

Proof: Recapitulating the construction procedure of the d’Alembert-type scheme from
the constrained scheme, it is obvious that for given initial values (q,,p, ), a solution
(@ni1s Pri1s Ans1) of the constrained scheme (3.2.3) is also a solution of the d’Alembert-
type scheme (3.2.31).

Assume that (g, ,P,41) solve the d’Alembert-type scheme (3.2.31) for given (q,,p,)-
Note that condition (3.2.30) on the discrete null space matrix implies
null (P”(q,,, q,,,)) = range (G'(g,,q,.1)) (see e.g. [Fisc 97]). Together with (3.2.31), it
follows that

[anrl — DPn + hD?H<zn7 szrl)] € null (PT(qn7 anrl)) = range (GT<qn7 anrl)) (3232)

Accordingly, there exists a multiplier A,41 € R™ such that (g, ., P,i1; Ant1) solve the
constrained scheme (3.2.3). n

Therefore, the d’Alembert-type scheme has the same conservation properties as the con-
strained scheme. The total energy and at most quadratic momentum maps are conserved
along a solution sequence (2,), oy of (3.2.31) and the constraints are fulfilled exactly at
the time nodes.

If the Hamiltonian is separable as given in (3.2.4), p,, can be extracted from (3.2.31);
and inserted in (3.2.31),. This yields the n-dimensional system

2

PT(q,, =M - —q,) —2p, + hd®V(q,, =
(@0 Gns1) A (@it — a0) — 2P, (@0 @ns1) (3.2.33)

g(qn—i—l) = O

to be solved for g, ;. Note that this dimension is larger than the number of degrees
of freedom n — m of the constrained mechanical system. During the iterative solution
procedure for the system of nonlinear algebraic equations (3.2.33), the tangent matrix
assumes the form given in (B.2) in Appendix B.

Besides the smaller dimension, the main advantage of the d’Alembert-type scheme over
the constrained scheme is that due to the elimination of the Lagrange multipliers from
the scheme, the conditioning problem has been removed. The condition number of the
iteration matrix for the solution of the d’Alembert-type scheme is independent of the
time-step, see Appendix C.3 for proof.

Remark 3.2.7 (Properties of the discrete null space matrix) The discrete null space
matrix P(q,,, g, ) has the following properties:

() rank (P(q,, gup)) =7 —m
(11) G(qnv anrl) : P(qn7 qn+1) = Omx(n—m)
(iii) lim P(q,,q,.,)=U, with range(U,)=null(G(q,))

q9...—4,
Properties (i) and (ii) are equivalent to the necessary and sufficient condition (3.2.30) on
P(q,,q,..) to be a discrete null space matrix. Consistency of the approach is guaranteed
by property (iii), which is implied by (i) and (ii) due to the consistency property of the
discrete derivative (see Definition 3.1.1). It means that in the limit for vanishing time-
steps, the discrete null space matrix coincides with the continuous one.
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3.2 Mechanical integration of constrained equations of motion

Remark 3.2.8 (Explicit representation of the discrete null space matrix) For many
applications it is possible to infer a viable discrete null space matrix from the correspond-
ing continuous null space matrix by midpoint evaluation. This holds e.g. for the motion
of a single rigid body as shown in Section 4.3.4, for the treatment of spatially discretised
elastic beams presented in Section 5.4.4 and for lower kinematic pairs without relative
translational degrees of freedom described in Sections 6.1.4, 6.1.6, as well as for their
generalisations to open kinematic chains (see Example 6.2.3). For other applications,
slight modifications of the midpoint evaluation of the continuous null space matrix lead
to an appropriate discrete null space matrix. For example for the lower kinematic pairs
involving relative translational degrees of freedom treated in Sections 6.1.5, 6.1.7, 6.1.8,
these modifications can be detected by a careful inspection of the condition (3.2.30).

If no explicit representation of the discrete null space matrix can be found, nevertheless
an implicit representation can be used in any case.

Example 3.2.9 (Implicit representation of the discrete null space matrix) As in the
continuous case, the discrete null space matrix is not unique, necessary and sufficient
condition on P(g,,q,,) is (3.2.30). A general construction procedure for a discrete null
space matrix described in [Bets 05] rests on the decomposition of R™ into an m-dimensional
subspace with base vectors by, ..., b, and associated matrix W = [by,...,b,,| € R™*™
and an (n—m)-dimensional subspace with base vectors b,,, 11, . . ., b, and associated matrix
U = bui1,---,by) € R Then every (g, — gq,) € R" can be uniquely expressed
as

91— 9, =U - u+W- -w (3.2.34)

for some u € R"™™ and w € R™. To transform U to null (G(qn, q, +1)) the directionality
property of the discrete derivative

G(d,: gps1)  (@ni1 — 4,) =0 (3.2.35)

(see Definition 3.1.1) is taken into account. Substitution of (3.2.34) into (3.2.35) yields

w= - (G(qn7 qn+1) ’ W)

This representation of w can be inserted into (3.2.34) leading to

-G(g,,4,11) U - u (3.2.36)

qn+1 —-—q, = P(qrn anrl) ‘U (3237)

with the implicit representation of the discrete null space matrix defined by

P<qn7 qn+1) = |:In><n -W. (G<qn7 qn+1) . W)_l . G(qn7 qn+1)] U (3238)

For this construction procedure it is essential that the linear operator
G(q,.9,.1) - W : R™ — R™ is invertible. To guarantee the invertibility, W can be
constructed as follows. R™ can be decomposed into

R™ = null(G(q,)) @ range (GT(qn))

(3.2.39)
= TqC @ (Tq.C)*
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3 Temporal discrete equations of motion

Similar to the procedure in the continuous case in (2.3.23), performing a QR-decomposition
of the transposed constraint Jacobian at the time node t,, yields

(3.2.40)

G'(q,)=Q, R, —[W,,U,]- { R, }

O(nfm)xm
containing the nonsingular upper triangular matrix R,, € R™*™ and the orthogonal ma-

trix Q,, = [W,,,U,] € R™™ that can be partitioned into the n x m matrix W, and the
n X (n —m) matrix U,, with

range (W,) = range (GT(qn))

(3.2.41)
range (U,) = null(G(q,))

Le. the columns of U, form a basis for the nodal tangent space Tq C'. The matrices
W,,U, or alternatively G*(q,,),U, can be used in (3.2.38) to define a discrete null
space matrix.

Note that due to consistency property of the discrete derivative (see Definition 3.1.1), the
property q h% G(q,,9,.1) = G(g,) holds. Thus presuming that time-steps are small

n+1 n
for practical applications, one can assume that the m x m matrices G(q,,q, ) - W, or

alternatively G(g,,, 1) - G" (g,) are invertible.

Remark 3.2.10 (Properties of the discrete null space matrix (3.2.38)) Using W,,,U,,
determined by QR-decomposition in (3.2.40), the columns of the discrete null space matrix
given in (3.2.38) are pairwise orthonormal, hence cond (P(q,,,q,,,,)) = 1. This property is
advantageous for the numerical performance of the d’Alembert-type time-stepping scheme
(3.2.31) but not necessary for a discrete null space matrix. It states that the condition
number of the terms in the brackets in (3.2.31)9 is not deteriorated by the premultiplica-
tion of the transposed discrete null space matrix.

Remark 3.2.11 (Computational costs) Instead of the procedure described in Exam-
ple 3.2.9, a discrete null space matrix could be directly obtained as the least n — m
columns in the orthogonal matrix of a QR-factorisation of G(q,,, q,,,;). However, this fac-
torisation would be necessary at every iteration during the iterative solution of the system
of nonlinear algebraic equations (3.2.31), causing unacceptably high computational costs.
An acceptable compromise is the example (3.2.38) of a discrete null space matrix, where
the decomposition (3.2.39) has to be carried out at every time-step.

In general, an explicit representation of the discrete null space matrix is desirable for prac-
tical applications. Indeed, such an explicit representation is feasible for many applications
as presented in the sequel for mass point systems, rigid body motion and multibody sys-
tems consisting of rigid and elastic components.

3.2.5 Discrete null space method with nodal reparametrisation

Similar to the continuous case, for many applications a reduction of the system to the
minimal possible dimension can be accomplished by a local reparametrisation of the con-
straint manifold C' given in (2.3.3), in the neighbourhood of the discrete configuration
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3.2 Mechanical integration of constrained equations of motion

variable g, € C'. At the time nodes q,,,; is expressed in terms of the incremental gener-
alised coordinates u € U C R™ ™, such that the constraints are fulfilled

Fq :UCR"™ —=C ie g(q,41)=9(Fq (u))=0 (3.2.42)

Insertion of this nodal reparametrisation into the d’Alembert-type scheme redundantises
(3.2.31)3 and leads to the following time-stepping scheme

Fq (u)—q, — DS H (2, (Fq, (u).p,1)) = 0

(3.2.43)
PT<qn7 Fqn(u)) : [pn-f-l — P, t hD?H(znv (Fqn(u%pnﬂ))} =0

The following important proposition and proof have been taken from [Bets 05].

Proposition 3.2.12 The d’Alembert-type time-stepping scheme with nodal reparametri-
sation (3.2.43) is equivalent to the constrained scheme (5.2.3).

Proof: With regard to the construction procedure of the d’Alembert-type scheme with
nodal reparametrisation from the constrained scheme, it is obvious that for given initial
values (q,,, p,,), asolution (g, 1, Pp1, Ant1) of the constrained scheme (3.2.3) induces the
solution (u = F{Ii(qn +1):Ppyq) of the d’Alembert-type scheme with nodal reparametri-
sation (3.2.43).

Along the lines of the second step in proof of Proposition 3.2.6, it follows that for a
solution (u,p,,, ;) of the d’Alembert-type scheme with nodal reparametrisation (3.2.43)
for given (q,,,p,) there exists a multiplier A,; € R™ such that (Fgq (u),P,;1, Ant1)
solve the constrained scheme (3.2.3). ]

Thus the total energy and at most quadratic momentum maps are conserved along the
sequence (zn),cy = (Frn(w),p,),cn obtained from system (3.2.43) and the constraints are
fulfilled exactly at the time nodes.

If the Hamiltonian is separable as given in (3.2.4), p,, can be extracted from (3.2.43);
and inserted in (3.2.43)2. Then one has to solve the (n — m)-dimensional system

P'(q,,Fq (u))- %M (Fgq (u)—q,) —2p, + hd®V(q,,Fq (u))| =0 (3.2.44)

for the discrete generalised coordinate w and obtains the sought configuration g, ; via
the transformation (3.2.42).

Furthermore, the d’Alembert-type scheme with nodal reparametrisation retains the in-
dependence of the condition number of the iteration matrix on the time-step during the
solution procedure from the d’Alembert-type scheme (3.2.31), see Appendix C.2 for proof.
Altogether, this scheme features a combination of the required algorithmic conservation
properties and the good conditioning quality with a minimal dimension, i.e. the number
of equations equals exactly the number of degrees of freedom of the mechanical system.

Remark 3.2.13 (lterative and incremental unknowns) For the nodal reparametrisa-
tion (3.2.42) of g, in terms of discrete generalised coordinates w in the context of an
iterative solution procedure for the system of nonlinear algebraic equations (3.2.44), one
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3 Temporal discrete equations of motion

can distinguish between two types of unknowns. Using iterative unknowns, the config-
uration variable is updated in each step of the Newton-Raphson iteration according to
qlnfl = qun +1(u). On the other hand using incremental unknowns, the total increment
of the generalised coordinate in one time-step is determined during the Newton-Raphson
iteration and the configuration variable is then obtained from gq,,,; = Fg (u). The cor-
responding linearisations of (3.2.44) are given in Appendix B.1. See also [Jele 98,Sans 03]

for investigations concerning the interpolation of iterative or incremental rotations.

3.2.6 Summary

Table 3.1 summarises the theoretical aspects of the five different time-stepping schemes
resulting from the different methods to treat the constraints. In particular, for the La-
grange multiplier scheme (3.2.7), the penalty scheme (3.2.20), the augmented Lagrange
scheme (3.2.29), the d’Alembert-type scheme (3.2.33) and the d’Alembert-type scheme
with nodal reparametrisation (3.2.44), the performance in the categories dimension of the
system of equations, constraint fulfilment of the solution and dependence of the condition
number of the specific iteration matrix on the time-step h and possibly on the penalty
parameter p is compared. Thereby, n is the dimension of the configuration manifold and
m denotes the number of holonomic constraints.

Accordingly the constraints are fulfilled exactly for the largest dimensional constrained
scheme, as well as for the n-dimensional d’Alembert-type scheme and the smallest dimen-
sional d’Alembert-type scheme with nodal reparametrisation. For the penalty scheme the
accuracy of the constraint fulfilment improves for increasing penalty parameters. On the
other hand it improves during an extra iteration until a prescribed tolerance is reached
for the augmented Lagrange scheme. Thereby, ;1 remains of constant and moderate mag-
nitude. Besides the dependence of the condition number of the iteration matrix of all
schemes on a problem-dependent constant, their behaviour differs significantly. While the
constrained scheme becomes more and more ill-conditioned as the time-step decreases,
the penalty scheme can be well-conditioned for certain combinations of relatively small
time-steps and relatively large penalty parameters. Since the parameter p remains of
moderate magnitude, the augmented Lagrange scheme is generally well-conditioned for
small time steps. Both d’Alembert-type schemes possess the convenient independence of
the condition number on h and p. Apparently, the d’Alembert-type scheme with nodal
reparametrisation combines the advantageous properties of a small dimensional system
whose condition number is independent of the time-step and whose solution fulfils the
constraints exactly.
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3.2 Mechanical integration of constrained equations of motion

Table 3.1: Comparison of the theoretical aspects of the constrained scheme, penalty scheme, aug-
mented Lagrange scheme, d’Alembert-type scheme and d’Alembert-type scheme with nodal
reparametrisation.

H constrained | penalty | augm. Lag. ‘ d’Al. ‘ d’Al. rep.

number of unknowns n-+m n n n n—m
constraint fulfilment exact dep. on p | tolerance | exact exact
condition number O(h™3) O(h?p) O(h?p) const const
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4 Mass point system and rigid body
dynamics

In order to demonstrate the performance and especially the equivalence of the different
methods to treat the constraints presented in the preceding chapters illustratively, the
constrained dynamics of simple, small dimensional mechanical systems are examined first.
In this connection, mass point systems and rigid bodies serve as reliable examples.

4.1 Double spherical pendulum

€3
e €2 ll
q; g
Y
my

l
q-

mo
Figure 4.1: Double spherical pendulum.

The double spherical pendulum in Figure 4.1 is suspended at the origin of the inertial
frame {e;}. Massless rigid rods of lengths /; and I, connect the masses m; and my to each
other and to the origin, respectively. The gravitational acceleration with value g points
in the negative es-direction. The kinetic energy 7" and the potential energy V' are given
by the following expressions

T(p) = %pT M'p V(g =-yg { gle } M -q (4.1.1)
with
q(t) = { 328 } eR®  p(t) = “328 ] € R (4.1.2)
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4 Mass point system and rigid body dynamics

The constant 6 x 6 mass matrix corresponding to the given phase variable z = (g, p) of
the double spherical pendulum reads

(m1 -+ m2)13 m213

M = mgIg mgIg

(4.1.3)

Remark 4.1.1 (Generalised coordinates) The parametrisation of the double spherical
pendulum’s Hamiltonian in terms of generalised coordinates leads to the configuration-
dependent mass matrix given in Appendix D. It serves as an example of a configuration-
dependent mass matrix causing the temporal discretisation of the equations of motion in
generalised coordinates to be very involved.

The constraints are related to the constancy of the lengths of the rigid rods
((@)"-q' = 1)

((@)" - (a®) - 13)

g(q) =
(4.1.4)

N — N

92(q) =

They restrict possible configurations to the constraint manifold C' = 5121 X 5122 consisting
of two spheres, one about the origin with radius /; and one about the first mass with
radius Is.

All time-stepping schemes investigated in the sequel use the G-equivariant discrete deriva-
tive (see Definitions 3.1.4 and 3.1.7) given in Example 3.1.6, wherefore the reparametri-
sation of the Hamiltonian in terms of invariants is necessary. Due to the presence of
gravitation, the Hamiltonian H(q,p) = T(p) + V(q) consisting of the energies given in
(4.1.1) is invariant with respect to rotation of the mass point system about the axis es.
Consequently, the angular momentum’s component corresponding to the gravitational
direction L3 is a first integral of the motion of the double spherical pendulum, see Sec-
tion 2.2.3. The Hamiltonian can be reparametrised in the independent invariants 7 (z)
comprising

! (4.1.5)

and reads
H(m(z)) = % (”;r(f) 4 {m ;T;l):?(z) - 277;(1”) — g ((my +m2)my(2) + mams(2))
(4.1.6)
The constraints (4.1.4) can be rewritten as
dimo(z)) = 3 (mol=) ~ )
) (4.1.7)
p(m2(2) = 5 (m(2) - B5)
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4.2 Numerical investigations

Since the constraints (4.1.4) are quadratic in the configuration variable, the partial
G-equivariant discrete derivative reduces to the midpoint evaluation of the 2 x 6 con-
straint Jacobian, i.e.

G(qn qpni1) = [ (4.1.8)

4.2 Numerical investigations

4.2.1 Lagrange multiplier method

The energy-momentum conserving constrained time-stepping scheme (3.2.5) for the dou-
ble spherical pendulum takes the form

q4,+1 — 4, -1
p p e 9,3 O (4.2.1)
n+1 ~— Hn 3 n+s 2.
LT -2 = M. — 2 . )‘n
h ! l 031 } [ 0 ¢, ] o
0 = 9(q,11)

This system is in accordance with the example in [Gonz 99] and the mG(1)-method
in [Bets 02b].

Numerical results

In the simulation of the double spherical pendulum’s motion, the following parameters
have been used. The masses are m; = 10 and my = 5 and the rigid rods have the
lengths [y = l; = 1. The gravitational acceleration is given by ¢ = —9.81. The initial
positions of the point masses are g'(0) = e; and ¢*(0) = e; and initial velocities are
given by ¢'(0) = —2e, and ¢*(0) = —3ey. Snapshots of the motion of the double
spherical pendulum are shown in Figure 4.2 on the left. The diagram on the right confirms
the algorithmic conservation of the total energy and the component L3 of the angular
momentum corresponding to the gravitational direction.

It is well known (see e.g. [Bets 02b]) that the constrained scheme is second order accurate
in the phase variable and first order accurate in the multiplier. One can see in Figure 4.3
on the left that the calculated solutions converge quadratically to a reference solution
as the time-step decreases. The latter has been calculated using h = 107°. The right
diagram shows that the relative error in the multipliers drops off linearly for decreasing
time-steps.
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4 Mass point system and rigid body dynamics
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Figure 4.2: Double spherical pendulum: snapshots of the motion at ¢ € {0,0.3,0.5,0.7,0.9,1.1,1.3} and
energy and components of angular momentum vector L = L;e; (h = 0.01).

log(h)

10

-2

10°

-3 2 —1

10 lOg(h) 10 10

Figure 4.3: Double spherical pendulum: relative error e. = ||zLag — 2rer||/||2res|| Of the phase variable
and relative error of the multipliers ex = [|ALag — Ares|| /|| Ares|| for the constrained scheme

att =1.
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4.2 Numerical investigations

4.2.2 Penalty method

For the double spherical pendulum the penalty method can be interpreted as a replace-
ment of the rods by springs of stiffness p. The discrete energy-momentum conserving
time-stepping scheme (3.2.9) with Pp.,(g(q)) = ,qu(q)H2 is given by

dni1 — 4y -

% - M 1'Pn+;

Puii — P _ M_g[ e } o, 01T (20 ) = (@1(mo(2))* | D |
h 031 T6(Zn+1) — T6(2n) 0

m1(2nt1) = m7(2n)

2M(§2<7T7(zn+1)>)2 — (G2(m7((20)))? [ qO ]

Numerical results

Figure 4.4 shows the statements of Proposition 3.2.2. The fulfilment of the constraints
improves and the solution of the penalty scheme (4.2.2) for the double spherical pendulum
converges to that of the corresponding constrained scheme (4.2.1) as the penalty parameter
increases.

107 10°

10 10°

107 10

1og(12)

%g(ﬂ)

Figure 4.4: Double spherical pendulum: relative error e. = ||zpen — 2ZLag||/||ZLag|| Of the phase variable
and constraint fulfilment for the penalty scheme at¢ = 10 (h = 0.01).
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4 Mass point system and rigid body dynamics

4.2.3 Augmented Lagrange method

Enforcing the constraints by means of the augmented Lagrange method and using
Paug(g(q@)) = g7 (q) - X + ,qu(q)HQ, the time-stepping scheme (3.2.22) reads for the
double spherical pendulum

k
Any1 —9n -1 .k
k r = 2 _ (7 2 k.1
Pri1 — Pn es kol (91(m6(2n11)))” — (G1(m6(2n))) ] q, 1
Pt ZPn _ pf. B P ntd | 4
h g [ 03x1 } ntl TR 76(2n) — m6(2n) 0
- . 2 (x 2 0
! (92(m7(2n+1)))* — (g2(m7((2n))) ] e
I 77(Zn+1) — m7(2n) 9,1
AZE = )‘Zﬂ + QMQ(QQH)

(4.2.3)

It is solved iteratively until the desired accuracy has been reached for the constraint
fulfilment. The greater the parameter u is, the fewer iterations are required to reach this
accuracy, since for high penalty parameters, the constraints are already fulfilled to some
degree in the first iteration.

Numerical results

The improvement of the constraint fulfilment and the convergence of the solution of
the augmented Lagrange time-stepping scheme (4.2.3) to that of the constrained scheme
(4.2.1) during the augmented Lagrange iterations (AL-iterations) is depicted in Figure 4.5.
The results corroborate the statements of Proposition 3.2.4.

4.2.4 Discrete null space method with nodal reparametrisation

To derive an explicit representation of the discrete null space matrix pertaining to the dou-
ble spherical pendulum, the procedure described in Example 3.2.9 is applied with the dif-
ference that for the simple discrete constraint Jacobian given in (4.1.8), the
QR-decomposition can be performed explicitly (see [Bets 05]). According to (2.3.23),
the QR-decomposition of the transposed constraint Jacobian at ¢,, comprises the matrices

rl s

1
Unzl""OO

4.2.4
0 0 72 2 (424)

1
Wn:[d" 0]

0 d’

with the unit vector d2 = q%/l, € S?, a = 1,2 and the orthonormal basis r%, s € R3

n’Tn

of the tangent plane T 4o S2. Thus {r?,s% d>} form an orthonormal triad. For example

n)»=n? n

ro and s can be calculated via r) = R, - e; and s = R, - e;. Thereby, the matrix

R; € SO(3) is given by

(63 X dg) X (83 X dz)
l*+e; - q;

RY = (e] - d2) I3 + €;<\dz +

n

(4.2.5)
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S 10 L
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Figure 4.5: Double spherical pendulum: relative error e. = ||zaug — ZLag||/|| ZLag|| Of the phase variable

and relative error of the multipliers ex = ||Aaug — ALag||/|| ALag || @nd constraint fulfilment for
the augmented Lagrange scheme at ¢t = 10 (h = 0.01, u = 10°).
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4 Mass point system and rigid body dynamics

Insertion of W and U, into (3.2.38) yields the explicit representation of the 6 x 4 discrete
null space matrix for the double spherical pendulum

P1<q1 ql ) 0
P s = ny dn+1 3x2 1.2.6
(@0, @pi1) [ 032 P*(q2, 1) ( |

with the 3 x 2 submatrices of the form

(6% (0% (6% 1 (0% (0% (6%
P*(gn.dn41) = [I3><3 - qu ® qn+%] U, (4.2.7)

1
2

In view of (4.2.4) the 3 x 2 submatrices U¢, can be written as U = [r2, s%].

n’Tn

The nodal reparametrisation Fgq : U C R* — C introduced in (3.2.42) is partitioned

into
Tpi1 = Fga(u®) = 1o eXde(Uf{ ‘u®) € Sp (4.2.8)
with the incremental unknowns u® € R? for a = 1,2 and the exponential map
expge : TgeS*? — 5% given by
., . sin(|lv|])
exp e (v) = cos(HuH)dn + #u (4.2.9)

With these preliminaries, the d’Alembert-type time-stepping scheme with nodal reparametri-
sation (3.2.43) for the double spherical pendulum reads

Fq (u)—q,~hM™"' p,: = 0
es ” (4.2.10)

PT(qnaqn—l—l) "\ Pn+1 — Pn — th : [ 0
3x1

Numerical results

Figure 4.6 shows the convergence of the solution of the d’Alembert-type scheme with
nodal reparametrisation (4.2.10) to a reference solution calculated with the constrained
scheme (4.2.1) using a time-step h = 107°. It confirms the statement of Proposition
3.2.12.

4.2.5 Comparison

Table 4.1 summarises some important aspects of the schemes (4.2.1), (4.2.2), (4.2.3) and
(4.2.10). For all schemes, the simple first equation is solved for p, , and inserted in the
second equation. This yields the 8-dimensional constrained scheme, the 6-dimensional sys-
tem of discrete equations of motion for the penalty and the augmented Lagrange method
and the d’Alembert-type scheme with nodal reparametrisation reduces to 4 equations.
The CPU-time for each scheme is specified as the ratio between the computation time for
1000 time-steps (h = 0.01) by the scheme and that of the d’Alembert-type scheme with
nodal reparametrisation.
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10” 10”

log(h)

Figure 4.6: Double spherical pendulum: relative error e. = ||z 4 — ZLag|| /|| ZLag || Of the phase variable
for the d’Alembert-type scheme with nodal reparametrisation at ¢ = 1.

Although the augmented Lagrange scheme yields acceptable results in the categories con-
straint fulfilment and condition number, the high computational costs disqualify it in the
competition with the other schemes. These costs are caused by the high number of it-
erations required for the reduction of the constraint violation to the desired tolerance of
tol = 10710, see Figure 4.5.

Since the set up of the discrete null space matrix for the double spherical pendulum is rel-
atively involved (see Section 4.2.4), the calculation of 1000 time-steps by the d’Alembert-
type scheme with nodal reparametrisation requires approximately three times more com-
putational time than by the constrained scheme and by the penalty scheme. For larger
dimensional problems subject to a higher number of constraints (see Sections 5.5, 6.1.9,
6.2.4, 6.3), this relation is reversed. In the categories constraint fulfilment and condition
number, the reduced scheme performs excellently.

The constrained scheme fulfils the constraints equally well as the reduced scheme, but it
obviously suffers from increasing conditioning problems for decreasing time-steps.

For the penalty parameter ;1 = 10°, the penalty scheme is well conditioned, but the
constraint fulfilment in unacceptably inaccurate. In contrast to that, for 4 = 10, the
constraint fulfilment is improved, but the condition number deteriorates for h = 1072, Its
decrease for h = 1072 and h = 107* reveals the quadratic dependence of the condition
number of the time-step.
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4 Mass point system and rigid body dynamics

Table 4.1: Comparison of constrained scheme, penalty scheme, augmented Lagrange scheme and
d’Alembert-type scheme with nodal reparametrisation for the example ‘double spherical pen-

dulum’.
H constrained penalty augm. Lag. | d’Alembert
number of unknowns 8 6 6 4
n=6 m=2
CPU-time 0.3 0.3 7.2 1
p=10> p =101
constraint fulfilment 10716 1073 10°8 10710 10716
condition number

h =102 108 1 10° 1 1

h =103 10t 1 103 1 1

h=10""* 10 1 10 1 1
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4.3 Rigid body dynamics

€3

€2
€1

Figure 4.7: Configuration of a rigid body with respect to an orthonormal frame {e;} fixed in space.

4.3 Rigid body dynamics

Rigid body dynamics can be described from different view points. Classically, the evolu-
tion of the translational and rotational degrees of freedom under the influence of forces
and moments is studied. This leads to the well-known Newton-Euler equations for rigid
body dynamics (see e.g. [Schi 86, Kuyp 03, Ange 97]). Based on these equations many
conserving integrators have been designed [Krys 05b, Krys 05a, Simo 91b].

On the other hand, a rigid body can be viewed as a constrained continuum, in which all
lengths and angles are constrained to be constant. In this approach, the configuration of a
rigid body is described in redundant coordinates and the equations of motion assume the
form of DAEs described in Section 2.3.1. This formulation bears a number of advantages
see e.g. [Leim 04]. It circumvents the difficulties associated with the rotational parameters
[Bets 98, Ibra 95,Ibra 97, Bauc 03b] and is well suited for generalisation to the modelling
of geometrically exact beams as special Cosserat continuum described in Chapter 5 or
to multibody systems as investigated in Chapter 6, in which constraints are naturally
present. Concerning the temporal discretisation of the DAE approach, work has been
done e.g. by [Reic 96, Anit 04, Bets 01b, Bets 03]. The latter is used as a starting point
for the following presentation.

4.3.1 Constrained formulation of rigid body dynamics

The treatment of rigid bodies as structural elements relies on the kinematic assumptions
illustrated in Figure 4.7 (see [Antm 95]) that the placement of a material point in the
body’s configuration X = X;d; € B C R3 relative to an orthonormal basis {e;} fixed in
space can be described as

2(X,t) = p(t) + Xidi(?) (4.3.1)

Here X; € R, i = 1,2, 3 represent coordinates in the body-fixed director triad {d;}. The
time-dependent configuration variable of a rigid body

q(t) = E € R (4.3.2)
(
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4 Mass point system and rigid body dynamics

consists of the placement of the center of mass ¢ € R3 and the directorsd; € R*, I =1,2,3
which are constrained to stay orthonormal during the motion, representing the rigidity of
the body and its orientation. These orthonormality conditions pertaining to the kinematic
assumptions of the underlying theory are termed internal constraints. There are m;,; = 6
independent internal constraints for the rigid body with associated constraint functions
Sldf -dy 1]

1
§[dzT'd2—1]

9ini(@) = 1[al? ~dy — 1] (4.3.3)

which give rise to the following 6 x 12 constraint Jacobian

0 d 0 0 ]
0 0 dl o
0 0 0 dj
0 di di o
0 di 0 df
0 0 di dj

Gini(q) = (4.3-4)

where 0 denotes the 1 x 3 zero vector. For simplicity, it is assumed that the axes of the
body frame coincide with the principal axes of inertia of the rigid body. Then the inertia
tensor J with respect to the body’s center of mass has diagonal form with the principal
values

J;i = /(X]? + X?)o(X)dV (4.3.5)
B

for even permutations of i, j, k € {1,2,3} and with the mass density o(X) at X € B. It
can be related to the body’s Euler tensor with respect to the center of mass via

1
E = §(trJ)I —J (4.3.6)
where I denotes the 3 x 3 identity matrix. Then the principal values of the Euler tensor

E; together with the body’s total mass M,

M, = / o(X)dV (4.3.7)

build the rigid body’s constant symmetric positive definite mass matrix

M,g 0 0 0O
0 EI 0 0
0 0 BEI o
0 0 0 Bl

S
Il

(4.3.8)
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4.3 Rigid body dynamics

where 0 denotes the 3 x 3 zero matrix.
Corresponding to the configuration variable given in (4.3.2), the conjugate momenta read

o)

(
pt)=| P 18 € R? (4.3.9)

p;(t)

The Hamiltonian for the rigid body takes the separable form

i

1 _
H(g,p)=5p"- M- p+V(q) (4.3.10)

As described in (2.3.13), it can be augmented according to the method to treat the
constraints leading to the constrained Hamilton’s equations (2.3.8) including the Lagrange
multipliers or the Hamilton’s equations (2.2.4) including the penalty parameter or the
Hamilton’s equations (2.2.4) in the context of the augmented Lagrange method to enforce
the constraints. For the rigid body motion, the constrained Hamilton’s equations (2.3.8)
read

g = M"'p
. oV (q) T
= ‘Y _ ! . 4.3.11

4.3.2 Invariance of the Hamiltonian

The temporal discretisation of the equations of motion for the rigid body makes use of the
G-equivariant discrete derivative (see Definitions 3.1.4 and 3.1.7) given in Example 3.1.6,
wherefore the reparametrisation of the Hamiltonian in terms of invariants is necessary.
Assuming that the gravitational potential takes the form

V(g) = —gMel - (4.3.12)

the Hamiltonian is invariant with respect to rotation of the rigid body around the axis
e3. Consequently, the angular momentum’s component corresponding to the gravitational
direction L3 is a first integral of the motion, see Section 2.2.3. The Hamiltonian (4.3.10)
and the internal constraints (4.3.3) can be reparametrised in the independent invariants
7(2z) comprising

T (2) = @' e m(z) =dt - d, m3(2) = di - dy
mi(z) =di - ds m5(z) = di - dy T6(2z) = di - dy (43.13)
m7(2) :dg'ds mg(2) =p5~p¢ To(2) IP1T'P1
T0(2) = Py - Py m1(2) = Ps - Ps
such that
H(n(2)) = % <7r§;\Z) N ng(lz) N m;@(:) N 7T1g(32)) oM, () (4.3.14)
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4 Mass point system and rigid body dynamics

and
() -1
OB
Gon(m(2) = | Slma(z) — 1) (4315

4.3.3 Reduced formulation of rigid body dynamics

To deduce the d’Alembert-type equations of motion in the Hamiltonian formalism (2.3.21),
an appropriate null space matrix with property (2.3.18) needs to be found. Remember
that due to the consistency condition (2.3.9), ¢ = M ~1.p is constrained to the null space
of the constraint Jacobian. Thus admissible velocities can be expressed in the form

q=Piu(q) v (4.3.16)

with the independent generalised velocities v € R" ™™t In case of the rigid body, these
independent generalised velocities are called twist (see [Ange 88])

- [ ¥ ] (4.3.17)

w

The twist comprises the translational velocity ¢ € R3 and the angular velocity w € R3
in terms of which the director velocities can be written as

di=wxd;=—d;-w (4.3.18)

Thus (4.3.16) can be written as ¢ = P;n:(q) - t with the null space matrix for the rigid
body

I 0
0 —d;

Pua) = | —Ezi (4.3.19)
0 —d;

It can easily be verified that (4.3.19) has full column rank and with regard to (4.3.4) that
Gini(q) - Piy(q) = 0 is the 6 x 6 zero matrix.
Thus the d’Alembert-type equations of motion in the Hamiltonian formalism (2.3.21) can

be obtained by premultiplication of (4.3.11)s by the transposed of the null space matrix
(4.3.19).
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4.3 Rigid body dynamics

Equivalence to the Euler equations

Having accomplished the just mentioned premultiplication of (4.3.11), by the transposed
of the null space matrix (4.3.19), p = M - P;,:(q) - t can be inserted and (4.3.11), takes
the form

, : oV (q
PLala) M- Pusla) £+ Pla)- M Pula) ¢+ P 252 =0 (4320
employing (4.3.8) and the null space matrix (4.3.19) yields
M, I 0 o
T .M - P, — 3 _ _ oA 0
P;,(q)- M - Piu(q) 0 -3 Eyd) { 0 J] (4.3.21)
=1

where (4.3.6) and the property d? -dy =1, 1=1,2,3 have been taken into account.
In order to calculate the term P (q)- M - P, (q) - t in (4.3.20), the time derivative of
the null space matrix is performed first

0

0% [o o 0 0
. 0 —d; 0 di xw 0 w®d; —diQw
W=1e 4 0 dyxw 0 wdy—dy®w (4.3.22)
0 _;j; 0 m 0 wRdz—d3Qw
A straightforward calculation then gives the relationship
0
PT(q) M- Piy(q) t= ’ = 0 (4.3.23)
nt\d nt\q) -t = —wX<ZE1d1®dl>w | wx Jw o
=1
where use has been made of (4.3.6). Finally, the last term in (4.3.20) yields
oV (q)
ov f
PT (q) 2L _ 0@ ) (4.3.24)
0q g x V) m
’ od;

where f and m are the resultant external force and torque relative to the center of mass
of the rigid body, respectively. To summarise, the reduced equations of motion using
(4.3.20) can be written in the familiar form

M,p =
Jwtwxd w =

3~

(4.3.25)

which represents the well-known Newton-Euler equations for rigid body motion.
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4 Mass point system and rigid body dynamics

4.3.4 Temporal discrete equations of motion for the rigid body
Lagrange multiplier method

The energy-momentum conserving time-stepping scheme for the constrained Hamiltonian
system given in (3.2.5) can be directly applied to the present formulation of rigid body
dynamics. In this connection the partial G-equivariant discrete derivative (see Definitions
3.1.4 and 3.1.7) of the constraints needs to be specified. To this end, use is made of
the reparametrised constraints (4.3.15) in terms of the invariants (4.3.13). Since the
internal constraints are quadratic in g, the partial G-equivariant discrete derivative of the
constraints coincides with the midpoint evaluation of the constraint Jacobian (4.3.4), i.e.

Gint(Gn: @ny1) = Gine(@ri 1) (4.3.26)

The implementation of the constrained scheme (3.2.7) for the free rigid body leads to a
nonlinear system of algebraic equations in terms of n + my,; = 18 unknowns. It is worth
noting that the present discretisation approach for rigid bodies (i) does not involve any
rotational parameters and (ii) yields a second-order accurate energy-momentum method
(see also [Bets 01b]).

Penalty and augmented Lagrange method

Similar to the deduction of the penalty time-stepping scheme and the augmented La-
grange time-stepping scheme for the double spherical pendulum in the Sections 4.2.2 and
4.2.3, insertion of the reparametrised Hamiltonian for the rigid body (4.3.14) into the
general form of the penalty time-stepping scheme (3.2.9) or into the general augmented
Lagrange time-stepping scheme (3.2.22) yields the corresponding energy-momentum con-
serving time-stepping schemes for the motion of the rigid body.

Discrete null space method with nodal reparametrisation

In order to deduce the discrete d’Alembert-type equations of motion, a temporal discrete
null space matrix fulfilling the properties mentioned in Remark 3.2.7 respectively condition
(3.2.30) must be found. With regard to the midpoint evaluation of the constraint Jacobian
in (4.3.26), it is evident that a midpoint evaluation of (4.3.19) suffices the requirements,
ie.

Pint(qu qn+1) = Pznt(qn.;_%) - (4327)

NI= N= N

can be inserted into the d’Alembert-type scheme (3.2.31). Due to the six constraints of
orthonormality (4.3.3), the configuration space @ = R!? of the free rigid body is reduced
to the constraint manifold

C=R*xS50(3) CR*x R’ (4.3.28)
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4.3 Rigid body dynamics

where SO(3) is the special orthogonal group. A reduction of the number of unknowns can
now be achieved by introducing a rotation matrix R(0) € SO(3) parametrised in terms
of @ € R3, such that for I =1,2,3

(dl)n+1 = R(0> ’ (dl)n (4-3-29)

Thus the three rotational variables @ € R? play the role of the discrete generalised ro-
tational degrees of freedom (in other words they are incremental rotations) in the time
interval [t,,t,,1] which can be used to express the original nine unknowns associated
with the directors (dj),1 € R?, I = 1,2,3. Concerning the rotation matrix, use is made
of the Rodrigues formula, which may be interpreted as a closed-form expression of the
exponential map (see e.g. [Mars 94])

(@) — 11 SndlO g 1 sin(]0]/2) P
R(6) =exp(0) = I + 8 9+2< 187/2 )(9) (4.3.30)

When the above reparametrisation of unknowns is applied, the new configuration of the
free rigid body is specified by six unknowns u = (u,,0) € U C R*xR?3, characterising the
incremental displacement and incremental rotation in [t,, ¢, 1], respectively. Accordingly,
in the present case the nodal reparametrisation F,, : U — C introduced in (3.2.42)
assumes the form

(4.3.31)

Note that the present use of rotation matrix (4.3.30) is restricted to a single time-step
such that possible singularities of (4.3.30) are not an issue in practical applications.

Remark 4.3.1 Although the nodal reparametrisation (4.3.31) is written in form of incre-
mental unknowns, one certainly has the choice between an incremental update structure

and an iterative update structure during the iterative solution of the nonlinear algebraic
equation (3.2.44), see Remark 3.2.13 and Appendix B.

4.3.5 Treatment of boundary conditions and bearings by the null
space method

If certain degrees of freedom of the rigid body motion are constantly prescribed by bear-
ings, they are usually eliminated from the system of equations of motion by cancellation of
the corresponding equations from the discrete system (3.2.2). This can be accomplished
consistently in the framework of the null space method.

Fixing of one point in space
The fixing in space of a rigid body’s center of mass gives rise to the external constraints

giil@)=¢—c (4.3.32)
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4 Mass point system and rigid body dynamics

/

Figure 4.8: Symmetrical top fixed at origin.

where ¢ € R? is constant. For the purely rotational motion, the independent generalised
velocities reduce to v = w. Then the rigid body’s twist (4.3.17) can be expressed as

_ [ 2 ] cw =P (q) w (4.3.33)

with the null space matrix P'%) (@) pertaining to the external constraints (4.3.32). The ad-
missible  velocities in  (4.3.16) can be calculated by insertion  of
P (q) = Pi(q) - P)(q) with the internal null space matrix given in (4.3.19).

The discrete null space matrix can be obtained by midpoint evaluation
P (q,,q,.1) = P(F)(anr%). Application of the discrete null space method with nodal
reparametrisation leads to the reduced scheme (3.2.44) which is solved for the incremental
rotation vector @ € R3. In the present case the reparametrisation (4.3.31) can be used
with u, = 0.

The fixing of a point different to the center of mass of a rigid body also reduces its
independent generalised velocities to the angular velocity. For the symmetrical top in
Figure 4.8, one point on its symmetry axis is fixed at the origin. Assuming that the
location of the fixed point is characterised by coordinates p; with respect to the body
frame, i.e. @ = p;d;, the corresponding external constraints read

9@ =p+o (4.3.34)

Of course the translational velocity of the center of mass of the top is not zero. The twist
of the symmetrical top can be calculated from the angular velocity via

t= { ? } cw=P"(q) w (4.3.35)
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4.3 Rigid body dynamics

Figure 4.9: Rigid body constrained by sliding bearing.

As explained above, the total null space matrix is given by PF)(q) = Piu(q) - P (q)
and the discrete null space matrix can be inferred by midpoint evaluation. The nodal
reparametrisation of the directors takes the form given in (4.3.31)3 34 and the new place-

ment of the center of mass is given by

Sliding bearing

If a rigid body is fixed in space by a sliding bearing as depicted in Figure 4.9, one point
of the rigid body is constrained to slide in the direction of the axis m, giving rise to the
external constraints

giil@) =p+e—un—c (4.3.37)

where v € R denotes the displacement in the direction of m. Thus the sliding bearing
reduces the independent generalised velocities of the rigid body to

w

v = [ . } (4.3.38)

containing the translational velocity @ besides the angular velocity of the rigid body. Then
the twist of the rigid body can be calculated from the independent generalised velocities
via

t— ["; ﬂ.[ﬂ:pgg@.y (4.3.39)
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4 Mass point system and rigid body dynamics

As explained above, the total null space matrix is given by P®)(q) = Pi.(q) - Péft)(q)
and the discrete null space matrix can be inferred by midpoint evaluation. The nodal
reparametrisation of the directors takes the form given in (4.3.31)5 34 and the new place-

ment of the center of mass is given by
@1 =—exp(0) - 0, + ¢+ (u, +u)n, (4.3.40)

Remark 4.3.2 The treatment of lower kinematic pairs in Section 6.1 reveals that the
fixing of one point of a rigid body in space can be modelled as a spherical pair, where
the first body is totally fixed in space. Similarly, the sliding bearing coincides with the
modelling of a pair, consisting of one totally fixed rigid body, which is connected to the
other body by the combination of a spherical joint with a prismatic joint.

4.3.6 Numerical example: symmetrical top

The motion of a symmetrical top with a fixed point on its axis of symmetry (Figure 4.8)
is considered as an example. The shape of the top is assumed to be a cone with height
H = 0.1 and radius R = 0.05. The center of mass is located at L = %H, so that the
location of the spherical joint with respect to the body frame is given by

e=oad  [o]=10,0,-L] (4.3.41)

The total mass of the top is M, = %QWRQH, the mass density is assumed to be g = 2700
and the principal inertias with respect to the center of mass are

3M,
80

— 3M<P

Si=dh= 10

(4R*+ H?*)  Js

R? (4.3.42)

Then the principal values of the Euler tensor with respect to the center of mass follow
from (4.3.6) such that the mass matrix M € R'2¥!2 in (4.3.8) can be easily set up.
Gravity is acting on the top such that the potential energy function is given by (4.3.12)
with ¢ = —9.81. The initial angle of nutation is chosen to be § = 7/3. Accordingly, the
initial configuration is characterised by g € R'? with

d] = exp(€€1) ey Y =—0= Ld3 (4343)

In order to provide an illustrative example, the case of precession with no nutation is
considered. Let w, denote the precession rate and w, the spin rate. The condition for
steady precession can be written as (see e.g. [Magn 71])

MygL M, — M
wy = =22 2L 2w, cos(f) (4.3.44)
M3u)p M3

Here, M are the principal values of the reduced mass matrix (4.3.21). In the present case

M= (P"(q)) -M-PP(q) =T+ M, (|e|’I - 0® o) (4.3.45)
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4.3 Rigid body dynamics

or, in view of (4.3.21)
I
M =Y Jid;@d;+ ML’ (dy ® di + d ® d) (4.3.46)
=1

Accordingly, the principal values of the reduced mass matrix to be inserted into (4.3.44)
are given by

My, =J,+M,L*  Ms=Js (4.3.47)

Note that the reduced mass matrix conforms to the well-known parallel-axis theorem.

Consistent initial velocities ¢ € R'? can be calculated by employing the null space matrix
in (4.3.35). Accordingly,

e
—~d;
~d;
—d;

q= cw=P(qg) w (4.3.48)

with the initial angular velocity vector given by
w = wyes + wsds (4.3.49)

and the precession rate w, = 10.

Lagrange multiplier method

The energy-momentum conserving constrained time-stepping scheme for the motion of
the heavy symmetrical top follows from (3.2.5).

The motion of the center of mass ¢(t) = x1(t)e; + x2(t)es + x3(t)es is depicted in Fig-
ure 4.10 on the left hand side. For the time-step h = 0.001, a constant evolution of the
x3-coordinate can be observed, corresponding to the steady precession of the top. The
diagram on the right hand side shows the evolution of the energies and the components
of the angular momentum. Apparently, the algorithmic conservation of the total energy
and the angular momentum’s component corresponding to the gravitational direction is
confirmed. Furthermore, corresponding to the steady precession of the top, the evolution
of the kinetic and potential energies are also constant.

Penalty method

The discrete energy-momentum conserving penalty time-stepping scheme (3.2.9) with
Ppen(9(q)) = po]|g(@)|)” is used.

Figure 4.11 shows the statements of Proposition 3.2.2. The fulfilment of the constraints
improves and the solution of the penalty scheme for the heavy symmetrical top converges
to that of the corresponding constrained scheme as the penalty parameter increases.
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Figure 4.10: Heavy symmetrical top: motion of the center of mass and energy and components of
angular momentum vector L = L;e; (h = 0.001).

107 . .
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Figure 4.11: Heavy symmetrical top: relative error e, = ||zpen — ZLagl|/||2Lag|| Of the phase variable
and constraint fulfilment for the penalty scheme at ¢t = 3 (h = 0.01).
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Augmented Lagrange method

Enforcing the constraints by means of the augmented Lagrange method, the time-stepping
scheme (3.2.22) is solved using Pay,(g(q)) = g*(q) - A+ pJHg(q)H2 with g = 10°.

The improvement of the constraint fulfilment and the convergence of the solution of the
augmented Lagrange time stepping scheme to that of the constrained scheme during
the augmented Lagrange iteration (AL-iteration) is depicted in Figure 4.12. The results
corroborate the statements of Proposition 3.2.4.

* AL-iteration AL-iteration

* AL-iteration

Figure 4.12: Heavy symmetrical top: relative error e. = ||zaug — ZLag]|/||#Lag| Of the phase variable
and relative error of the multipliers ex = ||[Aaug — ALag||/||ALag|| @and constraint fulfilment
for the augmented Lagrange scheme at t = 3 (h = 0.01, p = 10%).
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Discrete null space method with nodal reparametrisation

Similar to (4.3.27), an explicit representation of the discrete counterpart of the null space
matrix for the heavy symmetrical top with a point on the symmetry axis fixed used in
(4.3.48), reads

(4.3.50)

P(F)(qrw qn+1> = (Zl\;
)

NI= N= N

Insertion of (4.3.50) and the reparametrisation of the directors (4.3.31)3 34 and that of the
placement of the center of mass given in (4.3.36) into (3.2.43) yields the d’Alembert-type
time-stepping scheme with nodal reparametrisation. Figure 4.13 shows the convergence
of the solution of the d’Alembert-type scheme with nodal reparametrisation to a reference
solution calculated with the constrained scheme, using the time-step h = 1075, It confirms
the statement of Proposition 3.2.12.

Figure 4.13: Heavy symmetrical top: relative error e. = ||z 41 — ZLagl| /||2Lag | Of the phase variable for
the d’Alembert-type scheme with nodal reparametrisation at ¢t = 0.1.

Comparison

The summary of the computational aspects of the different schemes in Table 4.2 shows
that the calculation of 1000 time-steps using the 3-dimensional d’Alembert-type scheme
with nodal reparametrisation takes the least computational time. The fulfilment of the
constraints can be considered as numerically exact, since the constraint violation is smaller
than the tolerance tol = 107!° used in the Newton-Raphson iteration. In combination with
the well-conditionedness for all time-steps, these properties distinguish the d’Alembert-
type scheme with nodal reparametrisation to be the most favourable time-stepping scheme
for the rigid body motion.

The CPU-time for each scheme is specified as the ratio between the computation time
for 1000 time-steps (h = 0.01) by the scheme and that of the d’Alembert-type scheme

76



4.3 Rigid body dynamics

with nodal reparametrisation. Although the constrained scheme yields a 21-dimensional
system of equations, the calculation of 1000 time-steps is substantially quicker than us-
ing the 12-dimensional penalty or augmented Lagrange scheme, where the set up of the
G-equivariant discrete derivative of the extra function for the treatment of the constraints
is quite involved. As expected, the constraints are fulfilled numerically exactly by the
constrained scheme and the condition number of the iteration matrix deteriorates for
decreasing time-steps.

For decreasing time-steps, the condition numbers of the penalty scheme and the aug-
mented Lagrange scheme are decreasing, which is in accordance with it’s theoretically
computed quadratic dependence on the time-step.

Although the constraint fulfilment by the augmented Lagrange scheme is acceptable, its
high computational costs disqualify it in the competition with the other schemes. Just so,
the bad constraint fulfilment using x = 10° and the high condition numbers for p = 10'°
do not recommend the use of the penalty scheme for the simulation of the rigid body
motion.

Apparantly the d’Alembert-type scheme with nodal reparametrisation surpasses the other
schemes by provdiding quickly a highly accurate solution without suffering from condi-
tioning problems.

Table 4.2: Comparison of constrained scheme, penalty scheme, augmented Lagrange scheme and
d’Alembert-type scheme with nodal reparametrisation for the example ‘heavy symmetrical

top’.
H constrained penalty augm. Lag. | d’Alembert
number of unknowns 21 12 12 3
n=12 m=9
CPU-time 1.4 2.7 7.2 1
p=10> p =101
constraint fulfilment 10~16 1074 1079 1079 10714

condition number

h =107 106 10* 10° 10* 1
h=10"3 10° 103 107 103 1
h =104 1012 103 10° 103 1
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5 Objective formulation of
geometrically exact beam dynamics

Modelling geometrically exact beams as a special Cosserat continuum (see e.g. [Antm 95])
has been the basis for many finite element formulations starting with the work of Simo
[Simo 85]. The formulation of the beam dynamics as Hamiltonian system subject to
internal constraints, which are associated with the kinematic assumptions of the under-
lying continuous theory, has the advantages that external constraints representing the
connection to other components of a multibody system can be easily incorporated.

Many current semi-discrete beam formulations avoid the introduction of internal con-
straints by using rotational degrees of freedom, see e.g. [Jele 98], [Ibra 98]. However, it has
been shown by Chrisfield & Jelenic [Cris 99], that the interpolation of non-commutative
finite rotations bears the risk of destroying the objectivity of the strain measures in
the semi-discrete model. This can be circumvented by the introduction of the director
triad, which is constrained to be orthonormal in each node of the central line of the
beam. The main advantage is that the directors belong to a linear space. The spatial
interpolation of the director triad in (5.3.1) leads to objective strain measures in the
spatially discretised configuration. This idea is independently developed in [Rome 02b]
and [Bets 02d]. [Rome 04] offers an overview on the effects of different interpolation tech-
niques concerning frame invariance and the appearance of singularities. Furthermore, this
subject is elaborated in [Bets 98, Ibra 95, Ibra 97,Ibra 02b, Jele 99, Jele 02, Bott 02b).

While the authors in [Bets 02d] restrict themselves to the specification of the weak form
of balance equations for the beam in the static case, in [Bets 03] the equations of motion
are given as Hamiltonian system subject to holonomic constraints, which are realised by
the Lagrange multiplier method. As expatiated in Section 2.3, the Hamiltonian formal-
ism provides the possibility to use different methods for the constraint enforcement. In
Section 3.2 (see also [Leye 04]) various methods are compared and the results are illus-
trated with the examples of mass point systems and rigid bodies in Chapter 4. The same
methods are used here for the realisation of the internal constraints of the beam.

The major difference between the beam formulation in [Bets 03] and that presented in
the sequel (see [Leye 06]) is the reparametrisation of the Hamiltonian. Since objectivity
of the strain measures is a main goal of the formulation, it suggests itself to parametrise
the rotationally invariant Hamiltonian directly in the invariants of the Lie group SO(3).
Consequently the strain measures are approximated objectively. This is an ideal basis for a
temporal discretisation using the concept of G-equivariant discrete derivatives by Gonzalez
[Gonz 96¢] presented in Section 3.1.1, which leads to energy-momentum conserving time-
integration of the equations of motion. Thus a time-stepping scheme is obtained which is
objective and by construction energy-momentum preserving.
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5 Objective formulation of geometrically exact beam dynamics

5.1 Kinematics

Figure 5.1: Configuration of a beam with respect to an orthonormal frame {e;} fixed in space.

In [Bets 02d], Betsch and Steinmann introduce frame-indifferent finite elements for the
geometrically exact beam theory, in the sense that they inherit the objectivity of the
underlying continuous beam strains. The concept is a generalisation of the description
of the rigid body as a ‘one-node structure’ in Section 4.3.1. It relies on the kinematic
assumption illustrated in Figure 5.1 (see [Antm 95]) that the placement of a material
point in the inertial frame {e;}, which is identified by its position vector X (¢%) € By C R?
in the reference configuration By, can be described by

x(C", s,t) = p(s,t) + ("dy(s, ) (5.1.1)

Here (¢1,¢%,(? = s) € R? is a triple of curvilinear coordinates with s € [0, L] C R being
the arc-length of the line of centroids ¢(s,0) € R? in the reference configuration. {d;}
represent an orthonormal triad. The directors d,(s,t),x = 1,2 span a principal basis
of the cross-section at s and time ¢t which is accordingly assumed to stay plane. In the
reference configuration, ds is tangent to the central line ¢(s,0) but this is not necessary
in a deformed configuration. This allowance of transverse shear deformation corresponds
to the Timoshenko beam theory (see [Warb 76]). In contrast to kinematic assumption for
the placement of a material point in a rigid body (4.3.1), the sum over the repeated index
in (5.1.1) comprises k = 1,2 and the spatial extension of the beam in the longitudinal
direction is accounted for by the parametrisation in s.

Remark 5.1.1 Setting up the Lagrangian L : TQ) — R, L = L(x, &) where x is specified
in (5.1.1) and @ denotes its temporal derivative, one comes across the fact that the
kinetic energy is independent of ds. Due to that property, the Lagrangian is degenerate
and it follows that p, = 0L/ dds = 0. One can still pass to the Hamiltonian formulation
using Dirac’s theory (see [Bets 03, Dira 50] and references therein). Thereby, the relevant
momenta are denoted by p and the corresponding configurational quantities by q. The
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5.2 Dynamics of the beam as Hamiltonian system subject to internal constraints

Hamiltonian depends on the reduced phase space variable z = z(s,t) with

M Q(Sv t)
2(s,1) = qu, 2 = | dy(s.t) | eR™
L p Y p(s7 t)
(5.1.2)
[ #(s1) P,(s,1)
Q<S7t) = ql(sa ) S Rg ]5(3, t) = pl(sat € Rg
L q2(87t) p2(87t)
5.2 Dynamics of the beam as Hamiltonian system
subject to internal constraints
The beam’s kinetic energy can be written in the form
1 [* 1
T(p(t) = 5/ p’-M  -pds (5.2.1)
0
with the non-singular reduced mass matrix (see Remark 5.1.1)
A 0 0
M = 0 MJI O (5.2.2)
0 0 MI

where I and O denote the 3 x 3 identity and zero matrices respectively, A, is the mass
density per reference length and M pl, Mp2 can be interpreted as principal mass-moments
of inertia of the cross-section.

In the present case the potential energy function is assumed to be the sum of stored and
external energy

V(q(t)) = Viue(q() + Vi (1)) = / Wine(T(q), K (g)) ds + / Weni(g) ds (5.23)

Wz is the density of the conservative external loads and W, is a strain energy density
function expressed in terms of the objective strain measures

I'(q) = Tle; Fi:diT-go,s—éi

(5.2.4)
K(q) = Kie; K; = 3eij (d;f ~djs— (df - d;s)li—0)

where ¢;; is the Kronecker delta and ¢, the alternating symbol. An interpretation of these
strain measures can be found in [Antm 95], whereupon I} and I’y measure shear strains,
I elongation, K; and K, quantify flexure and K3 torsion. The constitutive equations

n = ant m = avvznt
- ar - 0K

(5.2.5)

define the resulting shear forces ni,ns and axial force ng and the resulting bending mo-
menta mq, my and torsional moment mg respectively.
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5 Objective formulation of geometrically exact beam dynamics

The assumption of orthonormality of the director triad gives rise to six independent holo-
nomic internal constraints of the form (4.3.3) at each point of the central line of the
beam. Independent of the method in use, the treatment of the configuration constraints
is represented by the extra function P, : g,,;(Q) — R introduced in (2.3.12). For the
geometrically exact beam, the contribution of the unfulfilled constraints to the Hamilto-
nian can be calculated as

Py(z(t)) = /0 v(s, 1) R(g;n:(q(s,1))) ds (5.2.6)

As mentioned in Remark 5.1.1, Dirac’s theory must be used to derive the equations of mo-
tion for the geometrically exact beam in the Hamiltonian formalism. The transition form
the Lagrangian formulation (with a degenerate Lagrangian) to the Hamiltonian formula-
tion is performed in detail in [Bets 03]. Along the lines described there, but neglecting
the secondary constraints (see Remark 2.3.3) and using the augmented Hamiltonian in-
troduced in (2.3.13), one arrives at the following infinite dimensional equations of motion
for the geometrically exact beam

q(s,t) = opH(z(s,1))
p(s,t) = —dqH(z(s,t)) (5.2.7)
0 = —dq H(z(s,1))

where ¢ denotes the functional derivative (see A.5).

Remark 5.2.1 If the Lagrange multiplier method is used to enforce the constraints, the
system (5.2.7) is supplemented by the constraint equations g,,,(q(s,t)) = 0 of the form
(4.3.3).

5.3 Hamiltonian formulation of the semi-discrete beam

Figure 5.2: Configuration of a spatially discretised beam with respect to an orthonormal frame {e;} fixed
in space.

To perform a discretisation in space, n,,,4. nodes subdivide the central line of the beam into
finite elements, see Figure 5.2. Isoparametric finite element interpolations are introduced,
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5.3 Hamiltonian formulation of the semi-discrete beam

using Lagrange-type nodal shape functions N, (s) and Dirac deltas M,(s) = d(s — sq4)

associated with the nodal points s® € [0, L], a = 1,.. ., Nyode

Nnode Nnode
=3 Na(s)e®(t) di(s,1) Z N,(s)ds(t) I=1,2,3
nC:Ljdle nnode
pl(s,t) = > Nals)pa(t) pli(s,t) Z No( I=1,2 (5.3.1)
node ivvode
(s,t) = Y Nals)z"(t) Z M,
a=1

Thus the semi-discrete mechanical system is characterised by the phase vector

z'(t) .
z(t) = : € R21mnode z(t) = [ Zagg } e R*!
i znnode<t> |
T4l T [ (1) ]
q(t) = ’ (t) € R1?"node q°(t) = dy (1) € R™? (5.3.2)
' d;(t) o
[ g (1) ] | d3(t) |
[ p'(t) ] p2(t) ]
i) = | ¢ | emme ) = | piw) | ew
| pnete(t) | | p5(t) |

Insertion of (5.3.1) and (5.3.2) into the kinetic energy (5.2.1) yields

1 Nnode

T (p(1)) = 3 a;ﬁ“f : (MZB> = %pT : (M")_l P (5.3.3)

. . . rh . .
with the consistent 9n,04e X 9Mpoqe Mass matrix M consisting of the submatrices

MasI 0 0
0 0 AMLI

(5.3.4)

L L
Maﬁ:/O A,N,(s)Ns(s)ds ]\/[(’;5:/0 MJNo(s)Ng(s)ds r=1,2

Remark 5.3.1 Provided that the nodes are numbered appropriately, for a k-node beam el-
ement, the compact support of the shape functions N,, a« = 1,...,k causes
Mas = M)y = MZ2; = 0 for o — 3] > k. Thus the symmetric, global mass matrix

M" is banded with nonzero elements on the diagonal and on k£ — 1 subdiagonals.

Insertion of v"(s,t) from (5.3.1) into (5.2.6) yields

Nnode

Piy(z(t) = ) v () R(g5(a*(1))) (5.3.5)

a=1
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5 Objective formulation of geometrically exact beam dynamics

i.e. the constraint fulfilment is enforced at the nodes. The nodal internal constraint
functions g¢,(q®) € R® of the form (4.3.3) can be combined to

Gint(@' (1))
gini(q(t)) = : € R™int (5.3.6)
gini (gt (t))

with My, = 6Mpoge. Similarly, the 61,04 X 121,04 Jacobian of the internal constraints
takes the form

Ghig) 0 0
G? ,(q?
Gutaty = | 5 T (537
0 0 Gre(ge)

with G¢

int

(@) given in (4.3.4) for a =1,.. ., Nyode-
After the spatial discretisation (5.3.1), (5.3.2) has been inserted, the potential energy
(5.2.3) reads

Vh(fl(t))Z/O Wmt(l‘(qh(syt))’K(qh(s,t)))ds+/0 Weu(q"(s,1)) ds (5.3.8)

The special form of (5.3.8) depends on the behaviour of the material under consideration
and on the external potential.

Example 5.3.2 (Gravitation) Let the external conservative load be the gravitation in the
negative es-direction with gravitational acceleration g and define g = [0, 0, ¢, 0, 0,0, 0, 0, O]T.

Vi (a(t) = /O Wonr(q" (s, 1)) ds = /0 T M (s, 1) ds
o ; - (5.3.9)
= Y M) / No(s)ds = 3 Way(g*(1))

Example 5.3.3 (Hyperelastic material) Assume that the hyperelastic material behaviour
of the beam is governed by the stored-energy function

1 1
Wint(I', K) = QI‘T D" T+ §KT .D¥ . K (5.3.10)
with
GA, 0 0 ELL, 0 0
D'=] 0 GA, 0 Df=| 0 EL 0 (5.3.11)
0 0 FEA 0o 0 GJ
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5.3 Hamiltonian formulation of the semi-discrete beam

Insertion into (5.3.8) yields

L

Vida®) = 53000 [ (R as +0F [ (@) s

0

(G J G S
' '

- ;ZD rMe)  +DE  Kla®) (5:3.12)
= > Wi(I'(a(t), K" (g(t))
where
Wi (T (q(t), K"(q(t))) = %[Df;]”l-h(q(t))JngKf(q(t))} i=123 (53.13)

The composition of (5.3.3), (5.3.5) and (5.3.8) yields the Hamiltonian for the semi-discrete
beam H"(z(t)) = T"(p(t)) + V"(q(t)) + Pj(2(t)) and the semi-discrete Hamiltonian

system of equations, which has to be solved for z*(t), a = 1,..., npode
@) = DprH"(0)
p*(t) = —Dg-H"(2(t)) (5.3.14)
0 = —DgeH"(2(t))

Remark 5.3.4 If the Lagrange multiplier method is used to enforce the constraints, the
system (5.3.14) is supplemented by the constraint equations g,,,(g(t)) = 0 introduced in
(5.3.6), resulting in the constrained Hamilton’s equations of the form (2.3.8).

5.3.1 Discrete strain measures — objectivity

Insertion of the interpolation (5.3.1) for g" in (5.2.4) yields the discrete strain measures
I'(g"), K(g"), which inherit the objectivity of the underlying geometrically exact beam
theory. Consider superposed rigid body motion of the discrete beam configuration

(G =ct@ ¢ (dF=Q-di =123 (53.15)
with c(t) € R? and Q(t) € SO(3). Then for all s € [0, L] and i = 1,2, 3 one gets

L)) = ((d9) - (") — b
- nz NoNpo(Q - df)" - (c+ Q- ¢") — i3

a,f=1

Mnpode

- Z NaNs,s (d)" - 0" — 63

a,f=1

(5.3.16)

Mpode
due to the completeness of the Lagrangian shape functions Z N, = 1 implying

a=1
Nnode

Z N, sc = 0. Accordingly,

a=1

N((¢)) =Ld") K@) = Kid") (5.3.17)
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5 Objective formulation of geometrically exact beam dynamics

and the discrete strain measures corresponding to the interpolation (5.3.1) are invariant
with respect to superposed rigid body motion. This is in contrast to beam elements based
on the interpolation of rotational degrees of freedom, see [Cris 99].

Further details on the only sketched proof of the objectivity of the discrete strain measures
can be found in [Bets 02d].

5.4 Objective energy-momentum conserving
time-stepping scheme

The objectivity of the strain measures relies on the fact that I, K;, i = 1,2, 3 are scalar-
valued isotropic functions of the vector argument q. Thus they do not depend on the full
configuration vector g, but on the scalar products of the vectors
{p*,d}, d5, g‘,cpﬁ,df,dg,dg la, B = 1,...,Npoge }, which are invariant with respect to
superposed rigid body motion. Consequently, V;,; is an isotropic function. Detailed in-
spection of the kinetic energy of the discrete beam (5.3.3) and the extra function to enforce
the constraints (5.3.5) shows that these parts of the Hamiltonian are rotationally invariant

as well.

Remark 5.4.1 From (5.3.9), it can be seen that in Example 5.3.2 V", is invariant with

€

respect to rotations about the gravitational axis only, whereas T", P" and V', are in-

variant under the action of the full Lie group SO(3). For simplicity but without loss of

generality, it is assumed from now on that V. is invariant under the action of all ele-

ments of SO(3) as well, thus the composition H"(z(t)) = T"(p(t)) + V"(q(t)) + P"(2(t))
is also invariant under the action of SO(3). Therewith Example 5.3.2 is excluded in the
theoretical considerations.

These considerations suggest parametrising the entire isotropic Hamiltonian in the invari-

ants of the Lie group SO(3).

5.4.1 Invariance of the Hamiltonian

Assume that the semi-discrete Hamiltonian H” is invariant under the action of the Lie
group SO(3), i.e.
H"(2)=H"(Qoz) forall Q< SO(3)and z € R?!"node (5.4.1)

where @) o z denotes the multiplication of each three-dimensional vector component of z

by Q, i.e.
Q¢
Qoz=| (5.4.2)
Q . p;lnode

Then H" is an isotropic, scalar valued function with vector arguments, hence by Cauchy’s
Representation Theorem (see e.g. [Antm 95]) H” can be expressed in terms of the invari-
ants
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5.4 Objective energy-momentum conserving time-stepping scheme

S(z17 A "zn"OdE) - {(ya)T : yﬁ|]‘ S 07 S /6 S nnOdeaya e {¢a7d(1x7dg7 dg)pg)p??pg}}
(5.4.3)

S is the set of all possible scalar products of the three-dimensional vectors composing the
phase vector z in (5.3.2) and contains %(7nmde + 1)np04e elements.

Remark 5.4.2 The elements of S are functionally dependent in the sense of Olver [Olve 86].
The Lie group SO(3) operates semi-regularly on the n = 21n,,,4.-dimensional phase space
P with orbits of dimension s = 3. According to Theorem 2.17 in [Olve 86] there exist
precisely d = n —s = 21n,,4. — 3 independent invariants 7; : P — R composing the maxi-
mal set 7w = [my,...,mq)". The invariants 71 (z), ..., m(2) are functionally independent if
and only if the Jacobian Dm(z) € R¥" is of rank d for each z € P. Any other invariant
Te, € > d of the group action does depend on the quotient space P/SO(3) = w(P), i.e. it
is of the form 7.(2) = m.(m1(2), ..., m4(2)).

If a maximal set 7 of independent invariants can be found, then the Hamiltonian can be
reduced to

H":w(P) - R with H'(w(z)) = H"(z2) (5.4.4)

According to Proposition 2.2.9, the invariance of the Hamiltonian under the action of
a Lie group G with Lie algebra g leads to the temporal conservation of a momentum
map J : P — g* along the solution of Hamilton’s equations. Along the solution of the
semi-discrete Hamiltonian system (5.3.14), a momentum map is conserved in the sense
that > ""mfe J(2(t)) = ¢ for all ¢ € [tg,t1] where ¢ € R? is constant. For G = SO(3), the
momentum map is the sum of the angular momentum at each node J(z%) = g¢* x p*.
The set of invariants S in (5.4.3) comprises the elements

1% (z) = (") - ¢° 757 (z) = ()" - df 5% (z) = (d3)" - dj

% (z) = (d3)" - dj m5’(z) = (p2)" - P m’(z) = (p})" - Pl

w2 (z) = (p3)" - Py e’ (z) = ()" - df 7’ (z) = (™) - dj

i (z) = ()" - dj i (z) = (dY)" - dj iy (z) = (d3)" - df

Ty (2) = (d3)" - dj iy (2) = (p2)" - pf e (2) = (p2)" - Py (5.45)
i (2) = (p})" - Py mr(z) = (") pl  mlz)=(e) P
T (2) = (") Py o (2) = (d})" - pl w5t (z) = (df)" - pl

o (z) = (d)" - p} oy (z) = (d3)" - pf) oy (2) = (d3)" - p{

mor (z) = (d3)" - pj mos (2) = (d3)" - p]} o7 (z) = (d3)" - p{

mos (z) = (d3)" - p}

a,f = 1,...,Npege. According to Theorem 2.17 in [Olve 86] (see Remark 5.4.2), one
can choose d = 21n,,,4. — 3 functionally independent invariants of those given in (5.4.5),
generating the maximal set 7 in which the Hamiltonian can be parametrised.
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5 Objective formulation of geometrically exact beam dynamics

5.4.2 Fully-discrete Hamiltonian system for the beam in terms of
invariants

According to the spatial finite element discretisation (5.3.1), the phase space variable
(5.3.2) at time t,, is given by

Nnode

Zi(s) =2"(s,tn) = > Na(s)zy €R” neN (5.4.6)

with 2% = 2%(t,), a = 1..., Nyode-
Using (5.3.3), (5.4.5) and t; = 5,ty = 6,t3 = 7, the kinetic energy at time ¢, can be
written in the form

Mpode

Th(m(z) = Z > T (z0)
i=1 a,B=1

Nnode

:—Z (20) + (Mag) 75" () + (Mig) 77" (20)

a,B=1

(5.4.7)

where MQB,M;B,Miﬁ are the entries of the consistent mass matrix (5.3.4), see Re-
mark 5.3.1.

Inspection of the internal constraints (4.3.3) obviously shows on which invariants in (5.4.5)
the constraints at the node o do depend on. With p; = 2,ps = 3,p3 = 4,ps = 11,
ps = 12, pg = 13 the function to treat the constraints (5.3.5) at time ¢, can be written as

Nnpode

Pli(m(2n)) = > 0" (t) R (G501 (150 (20))s s (G (et (20))) (5.4.8)
a=1

With 71 = 8,7 = 9,73 = 10,k; = 13, ke = 12, ks = 11 the objective strain measures

I'(q"), K(q") at time t,, take the form

Mpode

Li(m(zl) = ) Nals) 0 (zn) — b3 i=1,2,3

a,f=1

(5.4.9)

Mpode

Ki(m(zh) = 3 Nals) [ O(zn) — 10 (20)| i=1,2,3

a,f=1

Assuming that also the external energy density function is invariant under the action of
SO(3) (see Remark 5.4.1), i.e. Weyy(2") = Wep(m(2")), the potential energy (5.3.8) at
time ¢,, reads

V(7 (20)) :/OL Wine(I(7(21)), K (70 d5+/ Weae(m(2")) ds (5.4.10)

Of course, the integrals transform to sums over the nodes due to the spatial discretisation
(5.4.6).

Summarising, the SO(3)-invariant Hamiltonian of the beam at time ¢, is of the form

H"(z,) = ﬁlh(ﬂ'(zn)) = Th(w(zn)) + f/h(ﬂ'(zn)) + ZSI’}(W(zn)) (5.4.11)

88



5.4 Objective energy-momentum conserving time-stepping scheme

Using the partial

G-equivariant discrete derivative (see Definitions 3.1.4 and 3.1.7) of

the Hamiltonian in (5.4.11), one arrives at the fully-discrete constrained Hamiltonian
equations (3.2.2) for the dynamics of the geometrically exact beam, which have to be

SOlVGd fOI‘ ngrl = [q%Jrla ngrl]u o = 1; e 7nnode
4p1— 4, = h D%aHh(zm Zni1)
Phy — Py = —hDgeH"(2n, 241) (5.4.12)
0 = —hDGoth(zn, Zn+1)

Remark 5.4.3 If

3

the Lagrange multiplier method is used to enforce the constraints,

the 21n,,4.-dimensional system (5.4.12) is supplemented by the constraint equations
9..:(q(t)) = 0 introduced in (5.3.6), resulting in the 27n,4-dimensional constrained
Hamilton’s equations of the form (3.2.3).
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5 Objective formulation of geometrically exact beam dynamics

5.4.3 Overview

Table 5.1 gives an overview over the phase vector, the Hamiltonian and Hamilton’s equa-
tions corresponding to the continuous, the semi-discrete and the fully-discrete case re-

spectively.

Table 5.1: Overview over the phase vector, the Hamiltonian and Hamilton’s equations corresponding to
the continuous, the semi-discrete and the fully-discrete case respectively.

90

|| phase vector | Hamiltonian | H. e.
3 H(z) =
é Z(Svt) = [q(sat)vi)(svt)] € R21(512) T(p) + V(q) + PH(Z) (527)
S (5.2.1) (5.2.3) (5.2.6)
%; 2" (s,t) 7:: N, (s)z*(t) € R?! (5.3.1) H(z") = H'(z) =
“; 2 =[g(t).p*(1)] € R* T"p) + V@) + Plh(z) |31
g (5.3.3) (5.3.8) (5.3.5)
z(t)  =[2'(t),..., 2" ede(1)] € R ot
Nnode H(ZZ) = Hh(ﬂ'(zn» =
2| 2hs) = No(s)z € R* (5.4.6 . .
% () a=1 () © ( ) Th(ﬂ'(zn)) + Vh(ﬂ'(zn)) +
:i v g B (5.4.7) (5.4.10) (5.4.12)
LE ph V4
zZn = [zh,..., zlnode] € R node P (m(zn))
(5.4.8)




5.4 Objective energy-momentum conserving time-stepping scheme

5.4.4 Time-stepping schemes for the beam dynamics

In the sequel, the actual fully-discrete Hamiltonian equations for the dynamics of the
geometrically exact beam are deduced for the different methods to enforce the constraints.
They constitute nonlinear, objective, energy-momentum conserving one-step schemes.
According to (5.4.12), the partial G-equivariant discrete derivatives of 7,V and P have to
be calculated. Therefore formulas (3.1.3) and (3.1.4), given in Example 3.1.6, are applied.
For the kinetic energy (5.4.7) one obtains

Nnode
DpaT" (20, 2u11) Z Y DT (e (20), 70 (2n41)) © D7’ (2,11 (5.4.13)

1=1 a,f=1

Since T/ : R, — R, using (3.1.3) yields

T (meP(zns)) = T (727 (20)

DT (7 (20), 73 (2n41)) = _ _ e (5.4.14)
o (Zn41) = T (20) &
for i = 1,2,3. Then it follows from (5.4.7) that
Sl = 1M1 s = Lapy s = Loz, 5.4.15
9 T*2—§( aﬁ) T~3—§< aﬁ) (5.4.15)

Because of the parametrisation of the Hamiltonian and particularly the stored energy
in the quadratic invariants and the special strain measures (5.2.4) of the beam theory
in use, an energy-momentum conserving time-stepping scheme is obtained by applica-
tion of the G-equivariant discrete derivative in Example 3.1.6 to the stored energy with
f = Wiy o (I',K) and 7 from (5.4.5). This is equivalent to the application of the
G-equivariant discrete derivative to the stored energy with f = W, and 7 = (I~“, K o,
see Appendix E.

Remark 5.4.4 A special modification in the temporal discretisation of the stored energy
terms to obtain an energy-conserving integrator (e.g. ¢G(1)-method in connection with
the assumed strain modification in [Bets 0la,Simo 86a] or interpolation of the strains at
different times instead of evaluation of the strains at the temporally interpolated config-
uration in the case of nonlinear elasticity in [Simo 92a, Gonz 00]) is unnecessary here.

For many methods to treat the constraints (e.g. Lagrange multiplier method, penalty
method, augmented Lagrange method), (5.4.8) can be transformed to

6 Mpode

z,) =Y > PMxs(zn) (5.4.16)

i=1 a=1

and the G-equivariant discrete derivative can be calculated along the lines of (5.4.13),
(5.4.14). For the three methods mentioned, the scalars 5%, =1,...,6 will be specified
in the following subsections accordingly.
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5 Objective formulation of geometrically exact beam dynamics

Lagrange multiplier method

Using the Lagrange multiplier method, the function representing the treatment of the
constraints takes the form Py (z) = Plag(gin:(@)) = gi,,(q)-X with the Lagrange multiplier
A € R®. Thus the contribution of the constraints to the Hamiltonian in (5.2.6) can be
calculated as

v(s, 1) = As, 1) R(Gini(q(5,1))) = 9ini(q(s,1)) (5.4.17)

and insertion of the interpolation (5.3.1) yields corresponding to (5.3.5)

Nnode

a \T ( « @
Plig(gine(@()) = D (g (@) - A%(2) (5.4.18)
a=1
with the nodal Lagrange multipliers A% € R®. (5.4.18) can be written in terms of the
invariants at time ¢,, as follows

6 Tpode

Plig(m =D D AN(t) (G, (5 (20)) (5.4.19)

i=1 a=1

In the G-equivariant discrete derivative DY P . the scalars corresponding to (5.4.14) take

Lag>
the values

1
Sa :§A§‘ 1=1,2,3 a=1,...,Node

PLagi

(5.4.20)
S2 =X =456 a=1,..., e

PLag’L !

Corresponding to the treatment of the internal constraints for a rigid body in Section
4.3, the gradients of the invariants 7, at the nodes coincide with rows of the midpoint
evaluation G7,,(q;, 1) of the constraint Jacobian for the rigid body in (4.3.4).

2

Remark 5.4.5 The use of Dirac deltas as shape functions for v = A in (5.3.1) relates the
multipliers directly to the spatial nodes. As explained in Section 3.2.1, the multipliers
are discontinuous across time elements, particularly the multipliers are constant at each
spatial node during the time interval [t,,t,1) and jump at the time nodes. For this
reason all multipliers appearing in the time-stepping scheme are evaluated at the time
node t,41 and their time dependence is not indicated in (5.4.20).

Penalty method

The penalty potential being in use here is composed by a spatially and temporally constant
penalty parameter © € R and the squared norm of the constraints

2
The same steps as in the previous paragraph for the Lagrange multiplier method lead to

Nnode

Pl (@im(a®)) = Y ullgt(a*®)] (5.4.22)

a=1
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5.4 Objective energy-momentum conserving time-stepping scheme

and finally
6 Nnode 9
PPen Z Z :u gznt ia(zn))) (5423)
i=1 a=1

The scalars (corresponding to (5.4.14)) arising in D€ PL result in

a I ao .
]-:’Peni - Z [ Pi <zn+1) + o, (Zn) - 2] L= 17273 a = 17 <+« y Npode
(5.4.24)
S, = 1 [ (Znga) + 700 (20)] i =4,56 a=1,... Mo

Augmented Lagrange method

In the augmented Lagrange method the function to treat the constraints is the sum of
those just described

ois.0)= | M0 R0 - [ o ] (5.4.29

Therewith, it ensues

Npode
o « (0% (0% 2
PRig(@ine(a@" (1) = D (g)" (@"(6)) - X* (1) + 1l | g5n(a™* ()| (5.4.26)
a=1
and finally
B 6 TNnode 9
PRig(m(z)) =D D> A () (Gh0); (mp (25)) + p (5500 (mp (20)))
i=1 a=1
5.4.27
AY(t) =0 XO(t,) = A@kmas (1) ( )
)\a=k+1(tn) - ,\a’k(tn) + Mg?nt(wgﬁ(zﬁ), o ,ng(zfl)) a=1,..., Nnode
Accordingly, the scalars corresponding to (5.4.14) in DGP,Qug are composed by
(e 1 [ ILL o o N
SPAL = §>‘i k 1 [7Tpi (zZH) + 7, (zn) — 2] 1=1,2,3 a=1,...,Node
(5.4.28)
Sg;\]jgi =2 4 [70%(2 2k ) + 70 ()] i=4,5,6 a=1,...,Nnode

Discrete null space method with nodal reparametrisation

The description of the spatially discretised beam in terms of the phase vector given in
(5.3.2) is a generalisation of that of rigid bodies in (4.3.2) and (4.3.9), which can be
considered as a ‘one-node structure’. The independent generalised velocities of the semi-
discrete beam are given by its twist

tl
t= : € RO"node (5.4.29)
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5 Objective formulation of geometrically exact beam dynamics

where, analogous to (4.3.17), the twist of the a-th node t* € R® reads
o { © } (5.4.30)

comprising the nodal translational velocity ¢® € R? and the nodal angular velocity w® €
R3. Now the redundant velocities ¢ € R?"nede of the semi-discrete beam may be expressed
as ¢ = P;u(q) - t where the 12n,,04. X 67,04. internal null space matrix P, (q) is given
by

Pi(q) 0 - 0
Piu(q) = 0 P?nt:(qQ) 0 (5.4.31)
S S
and P ,(q%) is the null space matrix associated with the a-th node, which with regard

to (4.3.19) reads

I 0
0 —df
Pila) = |, = (5.4.32)
2
0 —dS

Remark 5.4.6 (Relation to kinematic chains) From the treatment of simple kinematic
chains in Section 6.2.1 it will become clear, that a spatially discretised beam can be
interpreted as a chain of rigid bodies for which the interconnections are prescribed by the
connectivity of the spatial finite element method, see e.g. [Hugh 00].

In analogy to the treatment of rigid bodies by the discrete null space method in Sec-
tion 4.3.4, assembly of the nodal discrete null space matrices P, (qy, g5 1) = Py, (q° Jr%)
given by the midpoint evaluation of (5.4.32), yields in a straightforward way the discrete
null space matrix P (q,,, 4, 1) = Pint(q@, 1 ) for the semi-discrete beam. Premultiplica-
tion of (5.4.12), 3 by its transposed and insertion of p,,; from (5.4.12); into (5.4.12 )o3
reduces its dimension to 67,,04e-

Analogous to the reparametrisation of the free rigid body’s new configuration at time ¢,,,4
in (4.3.31), the configuration of the semi-discrete beam can be expressed in terms of the
incremental unknowns

’U,l

u= : € R%ete u® = (u?,0%) € U C R® x R (5.4.33)

unnode

characterising the nodal incremental displacement w$ and nodal incremental rotation 8%
in [t,,t,+1], respectively. Accordingly, in the present case the nodal reparametrisation
introduced in (3.2.42) assumes the form

Qni1 = Fy,(u) € Q = R%™de x (SO(3))"mode C R¥mode x RMmode (5.4.34)
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5.5 Numerical example: beam with concentrated masses

with
P, +ug
exp(6”) - (df)n
q,., =F.(u") = —~ o a=1, ..., Node 5.4.35
+1 qn( ) eXp(?\) . <d2>n ( )
exp(6?) - (d3)n

5.5 Numerical example: beam with concentrated

masses
/ F2 / F1
L | L |

€3

(4] €2

Figure 5.3: Initial configuration of the beam with concentrated masses.

The following example represents a three-dimensional extension of the plane version pre-
viously dealt with in [Bott 02a,Bets 03]. The results documented in these works could be
recalculated using the present formulation. However, a three-dimensional loading is cho-
sen here to demonstrate the performance of the present formulation in a general setting.
The initial configuration of a beam with concentrated masses can be seen in Figure 5.3.
For this problem the following parameters have been used: half-length I = 1, concentrated
masses M = 10 and m = 1, mass density per reference length A, = 0.27, mass moment
of inertia of the cross-section M, = 9 - 107®, beam stiffness parameters EI = 0.16,
FA = 48-10°% GJ = 0.1230769 and GA = 1.84615 - 10°. The hyperelastic material
behaviour of the beams is specified in Example 5.3.3. The temporally bounded external
loading has the form

. P1 = 1.361 + 1.062 + 0.863
F,@(t) - f(t)PH P2 = —1.261 — 1.682 + 1.083 (551)
with the function
(I =cos(2nt/T))/2 for t<T
ft) = { 0 for £ T (5.5.2)

and T' = 0.5.

No other external loads are present in this example. The numerical results are based on
a constant time-step h = 0.01 and an equidistant spatial discretisation of the central line
of the beam by 22 linear beam elements.
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5 Objective formulation of geometrically exact beam dynamics

5.5.1 Lagrange multiplier method

An impression of the motion and deformation of the spatially discretised beam with
concentrated masses is given in Figure 5.5 by snapshots of consecutive configurations.
Thereby, the small concentrated mass at the midnode is hidden by the cuboids represent-
ing the orientation of the spatial elements. The edge directions of a cuboid are specified
by the director triad at the left element node. The conjugate stress resultants n., m. of
the e-th element are obtained as pointwise evaluation of the resultants in the Gauf3-points.
The cuboids are coloured by a linear interpolation of the weighted sum of the norms of
the stress resultants HneH + 10HmeH € [0,2] in the elements. Thereby, blue represents
zero, while red represents two. The evolution of the conjugate stress resultants in the
11-th spatial element is depicted in Figure 5.4 on the right hand side. The conservation
properties of the algorithm can be checked in Figure 5.4 in the left diagram. After the
vanishing of the external loads at ¢ = 0.5, the total energy and all components of the
angular momentum are conserved.

0.06 T T T T | )
o
Qo
-~ = = = strain energy L
N
3 0.04 RN l/' N PN (2R total energy 2
@ [N [ N A 'Y €
c 7 \ I ' ! J 1 1 S
@ 0.02 \ ' v K \ 8
’ Y ’ A} 7 =}
B AN ) Y Vo 7]
v v v vy Vo [}
oll! v A/ J vy V) =
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£ 02 I
=1 [0]
€ Of == = = o= = = - - - ——— = === === == - € . . ]
£ L g ML L RN :
g -==N Y ATAY R e WSS T
g | K P L 2 o i Yo e’ Y it v
= A g 17N 7 ) no
— H r . . - af N -
= 0.4 Ly € o o ‘\nq\l‘ '\ﬂ ,‘.' MR A W 3 v
< S o4l TS ,uY A PR
g) 0.6 ﬂ‘ % . 4 ve AR SRS
G -
%)
& _os ‘ ‘ ‘ \ O o2 s \ ‘ ‘
0 5 10 15 20 25 0 5 10 15 20 25

Figure 5.4: Beam with concentrated masses: energy and components of angular momentum vector
L = L;e; and stress resultants in 11-th element (h = 0.01).
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5.5 Numerical example: beam with concentrated masses
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Figure 5.5: Beam with concentrated masses:

{2.5,7.5,12.5,17.5,22.5, 25}.
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snapshots of the motion and deformation at ¢ <
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5 Objective formulation of geometrically exact beam dynamics

5.5.2 Penalty method

The penalty function P given in (5.4.22) is used. The linear decrease of the constraint
violation for increasing penalty parameters can be seen in Figure 5.6 on the right hand
side. This verifies the first statement of Proposition 3.2.2. The second statement, that
the solution of (5.4.12) using the Penalty method converges to that using the Lagrange
multiplier method is visualised in the left diagram in Figure 5.6.

10 10° 10° 10 10° 10° 10° 10

log () log ()

Figure 5.6: Beam with concentrated masses: relative error e. = ||zpen — 2Lag||/|| 2Lag|| Of the phase
variable and constraint fulfilment for the penalty scheme att =1 (h = 0.01).

5.5.3 Augmented Lagrange method

The same beam deformation problem is calculated using the augmented Lagrange method
with the function P/’;ug given in (5.4.26) and p = 10°. All statements of Proposition 3.2.4
are verified by the three diagrams in Figure 5.7. The convergence of the configuration
calculated by solving (5.4.12) using the augmented Lagrange method to that using the
Lagrange multiplier method can be observed. Similarly the multipliers approach the true
Lagrange multipliers during the augmented Lagrange iteration (AL-iteration). Further-
more, the decrease in the constraint violation is demonstrated.

5.5.4 Discrete null space method with nodal reparametrisation

Figure 5.8 shows the convergence of the solution of the d’Alembert-type scheme with
nodal reparametrisation to a reference solution calculated by the constrained scheme
using a time-step h = 1075, It confirms the statement of Proposition 3.2.12.
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5.5 Numerical example: beam with concentrated masses

AlL-iteration AL—iterzation

AlL-iteration

Figure 5.7: Beam with concentrated masses: relative error e, = ||zaug — ZLag||/||ZLag || Of the phase
variable and relative error of the multipliers ex = ||Aaug — ALagl|//||ALag|| @and constraint
fulfilment for the augmented Lagrange scheme at ¢ = 0.58 (h = 0.01, u = 10°).

3 -2

10 10" log(h>107 10

Figure 5.8: Beam with concentrated masses: relative error e. = ||zq a1 — ZLagl| /|| #Lag|| Of the phase
variable for the d’Alembert-type scheme with nodal reparametrisation at ¢ = 0.05.
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5 Objective formulation of geometrically exact beam dynamics

5.5.5 Comparison

Table 5.2 summarises the computational performance of the four schemes under consider-
ation for the simulation of motion and deformation of the beam with concentrated masses.
For this problem involving spatial finite beam elements in the context of geometrically
nonlinear elastic deformation, the condition number is relatively high. Its deterioration
for decreasing time-steps cannot be observed until the time-steps drops under the value of
h = 107 for the Lagrange multiplier method. For the other schemes, almost no influence
of the time-step or the penalty parameter on the condition number is observable, it stays
nearly constant at a relatively high value.

The ‘coupling’ of the director triads by the connectivity assumptions of the spatial finite
element method improves the constraint fulfilment for the penalty method in general and
for the augmented Lagrange method in the first iteration. Thus only a small number
of iterations is required to reduce the constraint fulfilment under the desired tolerance.
However, neither the penalty method nor the augmented Lagrange method can compete
with the numerical exact constraint fulfilment of the constrained scheme and the discrete
null space method.

The high numerical effort caused by the assembly of the internal forces Dg, Vi, for all
nodes & = 1,...,Nyoqe in (5.4.12) assimilates the computational time by the different
schemes despite the large differences in the system’s dimensions. Nevertheless, the aug-
mented Lagrange schemes requires the highest computational time to calculate 100 time-
steps due to the extra iterations in each time-step. The costs for the assembly of the
null space matrix in (5.4.32) and the more involved update structure preponderates the
benefits of the small dimensional system. The penalty method requires less computa-
tional time, although twice the number of equations are solved in each time-step, whereas
the assembly and solution of the three times larger dimensional system in the Lagrange
multiplier method is only slightly more expensive.

Nevertheless, the d’Alembert-type scheme with nodal reparametrisation performs superior
to the other schemes, since it combines numerically exact constraint fulfilment with the
lowest possible condition numbers.
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5.5 Numerical example: beam with concentrated masses

Table 5.2: Comparison of constrained scheme, penalty scheme, augmented Lagrange scheme and
d’Alembert-type scheme with nodal reparametrisation for the example ‘beam with concen-
trated masses’.

H constrained penalty augm. Lag. | d’Alembert
number of unknowns 414 276 276 138
n =276 m =138
CPU-time 1.1 0.8 1.6 1
p=10> p=10%°
constraint fulfilment 10716 1077 10710 10710 10716
condition number
h=10"° 10! 109 109 10 109
h =10 1013 10 10 10 10
h=10"7 101° 1010 109 1010 109
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6 Multibody system dynamics

The description of rigid body dynamics in terms of redundant coordinates presented in
Section 4.3 as well as that of geometrically exact beams as special Cosserat continuum
in Chapter 5, can be generalised to multibody systems consisting of rigid and elastic
components in a systematic way. The internal constraints pertaining to the underlying
kinematic assumptions of the components of the multibody system are retained and the
interconnecting joints between the components of multibody systems constitute the so-
called external constraints. Thus the constrained formulations of the equations of motion
for rigid body motion or beam dynamics provide a uniform framework to include both
types of constraints.

6.1 Lower kinematic pairs

The coupling of rigid bodies by means of configurational constraints constitutes so-called
kinematic chains, see [Ange 88, Ange 97]. In this context, the rigid bodies are often termed
links. The links are coupled pairwise, hence two neighbouring links, whose relative motion
is constrained, form a kinematic pair. These can be divided into two classes, namely upper
and lower kinematic pairs. An upper kinematic pair arises when the contact between two
bodies takes place along a line or a point. Examples are a cylinder or a sphere rolling
on a plane. The appearing constraints may be any kind of holonomic or nonholonomic
constraint. Often they can be replaced by a combination of lower pairs, see [Gera 01].
Opposite to that in a lower kinematic pair, contact takes place along a surface common
to both bodies.

In the sequel, a detailed description of the external constraints caused by joints connecting
lower kinematic pairs and their treatment by the the constrained formulations of the equa-
tions of motion, as well as the d’Alembert-type formulation, is presented (see [Bets 06]).
The penalty method and the augmented Lagrange method are set aside from now on,
since the theoretical considerations at the end of Section 3.2 and the examples up to now
(see Chapters 4 and 5) revealed that the performance of the constrained scheme and the
d’Alembert-type scheme with nodal reparametrisation is substantially superior, especially
concerning the computational costs and the accuracy of the constraint fulfilment.

With regard to Section 4.3, the configuration of the a-th rigid link in a kinematic chain
can be characterised by redundant coordinates q* € R'2. Thus the configuration of two
rigid links, denoted by 1 and 2, can be characterised by redundant coordinates which may
be arranged in the configuration vector

q(t) = { (1) } c R* (6.1.1)
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6 Multibody system dynamics

6.1.1 Constrained formulation

The constrained formulation of each rigid body leads to constraint functions g¢,, € R® of
the form (4.3.3) along with constraint Jacobians G, of the form (4.3.4). For the 2-body
system at hand this yields

gini(@) = [ 32:?3;; } (6.1.2)

together with

1 (1

Gint<q) = [ sz)(q ) G?n?(QQ) } (6'1'3)
Accordingly, the 2-body system under consideration leads to m;,,; = 12 internal constraints
with associated constraint Jacobian Gj,;(q) € R'?*?4, The coupling of the two bodies by
means of a specific joint leads to further constraints termed external constraints. Table 6.1
gives an overview over lower kinematic pairs J € {R, P,C, S, E}, that will be investigated
in the following. Depending on the number of external constraints mgﬁ they give rise to,
the degrees of freedom of the rel(%ive motion of one body with respect to the other is

decreased from 6 to r) = 6 — mg,;.
Table 6.1: Different types of lower kinematic pairs with corresponding number of external constraints
(/) and number or relative degrees of freedom ().

Megt

H revolute (R) ‘ prismatic (P) ‘ cylindrical (C) ‘ spherical (S) ‘ planar (E)

mt) 5 5 4 3 3

ext

r) 1 1 2 3 3

Remark 6.1.1 (Elementary pairs) From the six types of lower kinematic pairs, those
five giving rise to maximal quadratic configurational constraints are investigated. The C,
S, and E pair can be obtained as compositions of the R and P pair, which are termed ele-
mentary pairs. See e.g. [Ange 88| for further background on the classification of kinematic
pairs.

()

ext
systematic approach to constrained dynamical systems presented in Section 2.3 allows

the arrangement of the corresponding constraint functions in the vector valued function
g¥) : Q =R» — R™” which may be written in partitioned form

) _ gint(q)]
97 [ggz<q>

Each kinematic pair is characterised by altogether m’) = my,, + m,;) constraints. The

(6.1.4)

Similarly, the constraint Jacobian G e R x24 pertaining to a specific kinematic pair
can be written as

G (q) = { g(gi((gi } (6.1.5)
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6.1 Lower kinematic pairs

The Hamiltonian for the kinematic pair takes the separable form given in (3.2.4) with the
constant mass matrix

e

0 M (6.1.6)
where each submatrix M* € R'?*12 coincides with (4.3.8). As described in (2.3.13), the
Hamiltonian can be augmented according to the method to treat the constraints, leading
to the constrained Hamilton’s equations (2.3.8) including the Lagrange multipliers or the
Hamilton’s equations (2.2.4) including the penalty parameter or the Hamilton’s equations
(2.2.4) in the context of the augmented Lagrange method to enforce the constraints.
Temporal discretisation using the concept of G-equivariant discrete derivatives described
in Section 3.1.1 leads to the discrete system (3.2.2), which in the special case of the
Lagrange multiplier method takes the form (3.2.5).

6.1.2 Reduced formulation

In this section the construction of continuous null space matrices for the kinematic pairs
under consideration is outlined. Similar to the case of a single rigid body treated in
Section 4.3.3, the twist of a pair of two free rigid bodies reads

tl
t= { - } (6.1.7)
where, analogous to (4.3.17), the twist of the a-th body t* € RS, is given by

$o = { " } (6.1.8)

wa

Now the redundant velocities ¢ € R?! of the kinematic pair may be expressed as
q = P;,4(q) - t where the 24 x 12 matrix P, (q) is given by

Pznt(q)_|: 0 P2 (%) (6.1.9)

and P ,(q%) is the null space matrix associated with the a-th free body, which with

regard to (4.3.19) reads

0
—dS
—dS

Ja
—d;

P2(q%) = (6.1.10)

S O O M~

Note that by design G;ni(q) - Pini(q) = 0, the 12 X 12 zero matrix.

In a kinematic pair J € {R, P,C, S, E'}, the interconnection of the two rigid bodies by
means of a specific joint restricts the relative motion of the second body with respect to
the first body (see Table 6.1). The relative motion can be accounted for by introducing
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6 Multibody system dynamics

r) joint velocities 7(/). Thus the motion of the kinematic pair can be characterised by
the independent generalised velocities v(/) € R with

) — t!
v o= 111
{ ) } (6 )

In particular, introducing the 6 x (6 + 7)) matrix Pi’m(t‘])(q), the twist of the second body
t? € RS can be expressed as

t2) = p2U)(g) . ) (6.1.12)

ext

Accordingly, the twist of the kinematic pair J € {R, P,C,S, E'} can be written in the
form

) — PV (q) - ) (6.1.13)

with the 12 x (6 + r(/)) matrix P(J)(q), which may be partitioned according to

ext

I6><6 06><T(J)
PY)(q) = (6.1.14)
ex 2,(J
Pex(t )<q)
Once Pgﬁ(q) has been established, the total null space matrix pertaining the kinematic

pair under consideration can be calculated from

[ lent<q1) 012><r(‘7) ]
J(J
P?,(q*) - P2 (q)

ext

PY(q) = P,u(q)- P(q) = (6.1.15)

Finally, the 24-dimensional redundant velocity vector of the kinematic pair can be ex-
pressed in terms of the independent generalised velocities (/) € R6 via

qg=PY(q) v (6.1.16)

Provided that PQ’(J)(q) has been properly deduced from (6.1.12),

ext

g € null (GY)(q)) (6.1.17)

and the above procedure warrants the design of viable null space matrices which auto-
matically satisfy the relationship

G (q) - PY(q)=0 (6.1.18)

To summarise, in order to construct a null space matrix pertaining to a specific kinematic
pair, essentially relationship (6.1.12) is applied to deduce the matrix PZ’(J)(q). Once

ext

Pigﬁ(t‘] )(q) has been determined, the complete null space matrix pertaining to a specific

pair follows directly from (6.1.15).

Remark 6.1.2 Similar to the procedure for the design of appropriate null space matrices
outlined above, the relationship between rigid body twists and joint velocities is used
in [Ange 89] to deduce the ‘natural orthogonal complement’ in the context of simple
kinematic chains comprised of elementary kinematic pairs.
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6.1 Lower kinematic pairs

6.1.3 Discrete null space method with nodal reparametrisation

To deduce the discrete equations of motion (3.2.5) for the kinematic pair in the Hamil-
tonian formalism using the concept of G-equivariant discrete derivatives, the partial
G-equivariant discrete derivative (see Definition 3.1.4 and 3.1.7) of the constraints needs
be specified. It is obvious from the above treatment of the single rigid body, that the
discrete counterparts of Gy,;(q) and Pj,(q) are given by

Gin(q,, qn+1) = Gin (anr%)

6.1.19
Pint(qn7 qn+1) = Pmt(anr%) ( )
and it can be easily checked that

In Sections 6.1.4 to 6.1.8 it is shown that all external constraint functions associated
with the kinematic pairs under consideration are at most quadratic in the redundant
coordinates. Consequently, due to the properties of the partial G-equivariant discrete
derivative, the discrete constraint Jacobians are given by

J J
G (s 9ni1) = Giat(@s 1) (6.1.21)

for J € {R,P,C,S, E}.
It thus remains to provide a discrete version of Pi;c(t‘])(q). Then the discrete version of the
null space matrix pertaining to the external constraints (6.1.14) reads

emt(qnv anrl) = PZ,(J) (6122)

p) Isis  Ogyr(n) }
ext (qrqu-‘,—l)

and the total discrete null space matrix pertaining the kinematic pair under consideration
is given by

+ ) 019570

(]1 1
nr3
07 (6.1.23)
P?nt<qi+%> : Pe:v(t )(qrw qn—f—l)

PG, qui1) = Pint(s1) - Pod (G Gnit) = [

where (6.1.19) has been taken into account.
To this end, the fulfilment of condition (3.2.30) respectively, the properties mentioned
in Remark 3.2.7 are required. Since in the present case (6.1.20) is already fulfilled, the

following condition remains as a design criterion for the Pgﬁ(qn, d,.1)

G @ny1)  Pint(@ni1) - PO (G Gpir) = 0 (6.1.24)

(J)

ot X (64 7)) zero matrix.

where 0 is the m

Remark 6.1.3 The discrete null space matrices designed so far for internal constraints in
(4.3.27) and (6.1.19) suggest the midpoint evaluation of Péﬁ(q) as well. Indeed, for the
examples of kinematic pairs given in Sections 6.1.4 and 6.1.6, Pgﬁ(qn n %) yields viable

discrete null space matrices. However, this circumstance is closely related to the facts that
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6 Multibody system dynamics

first of all, the appearing constraints are at most quadratic in the configuration variable,
secondly, that there exists a reparametrisation of the constraint manifold in the temporal
continuous setting (2.3.26), which is likewise maximal quadratic in the generalised coor-
dinates and thirdly, that no relative translational degrees of freedom are present. It will
become evident for the kinematic pairs in Sections 6.1.5, 6.1.7, 6.1.8 and in the context
of closed loop systems described in Section 6.2.3 that the midpoint evaluation of Péﬁ(q)
does not yield viable discrete null space matrices in general. While a slight modification of
the midpoint evaluation yields an explicit representations of a discrete null space matrix
in the case of kinematic pairs with translational degrees of freedom, one has to revert to
the implicit representation for the closed loop system.

Corresponding to the independent generalised velocities v/) € RS+ introduced in
(6.1.16), the redundant coordinates g € R*! of each kinematic pair J € {R, P,C, S, E'}
may be expressed in terms of 6 4+ r(/) independent generalised coordinates. Concerning
the reparametrisation of unknowns in the discrete null space method, relationships of the
form

Qs = F((]i)(u(J)) (6.1.25)
are required, where
pu = (ui,@l,'ﬁ(")) c R6+7 (6.1.26)

consists of a minimal number of incremental unknowns in [t,, ¢, ;1] for a specific kinematic
pair. In (6.1.26), (u,, 0") € R® x R3 are incremental displacements and rotations, respec-

tively, associated with the first body (see Section 4.3.4). Furthermore, 9/ € R™" denote
incremental unknowns which characterise the configuration of the second body relative to
the first one. In view of (6.1.1), the mapping in (6.1.25) may be partitioned according to

1 1 (.1 pl
qn+1 = Fq}L(ugme ) 6.1.27
o, = FE;L(J)(N(J)) (6.1.27)
Here, Fé%(u;, 0') is given by (4.3.31). It thus remains to specify the mapping Fg;(‘])(p,(‘]))
for each kinematic pair under consideration. Of course, the mapping Fé‘i) is required to
satisfy the constraints specified by (6.1.4), i.e. g/)(F) (")) = 0, for arbitrary p(/).

Remark 6.1.4 As mentioned in Remarks 3.2.13 and 4.3.1, either incremental or iterative
unknowns can be used during the iterative solution of the nonlinear algebraic equation
(3.2.44). Details concerning the linearisation for both cases can be found in Appendix B.

In the following Sections 6.1.4 to 6.1.8 details of the treatment of specific kinematic pairs
J €{R,P,C,S, E} are provided. In essence, the present approach requires the specifica-
tion of (i) the external constraint function ggﬁ(q), along with the corresponding constraint
Jacobian Ggﬁ(q), and (ii) the null space matrix Pi;v(t‘])(q), which is needed to set up the
complete null space matrix (6.1.14). Then (iii) the corresponding discrete null space ma-
trix is deduced according to the design criterion (6.1.24) (see Remark 6.1.3). Finally, (iv)

the mapping Fg;f‘]) (u(" )) is specified, which is needed to perform the reparametrisation
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6.1 Lower kinematic pairs

of unknowns according to (6.1.25), and allows the reduction of the discrete system of
equations of motion to the minimal possible dimension.

In the sequel the location of a specific joint on the a-th body is supposed to be charac-
terised by coordinates o with respect to the body frame {d} for a = 1,2

0" = e (6.1.28)

6.1.4 Spherical pair

€1

Figure 6.1: Spherical pair.

Constraints and constraint Jacobian

The S pair (Figure 6.1) prevents all relative translation between the two bodies, thus it
entails three external constraints of the form

gl g =*— ' +0°—0' =0 (6.1.29)

The corresponding constraint Jacobian is given by the constant 3 x 24 matrix

GONg)=[-T —olI —oiI —oiI T QI G3I 1] (6.1.30)

Continuous form of the null space matrix

The motion of body 2 relative to body 1 is characterised by r(*) = 3 degrees of freedom.
Specifically, with regard to (6.1.11) 7% = w?, the angular velocity of the second body.
Accordingly, in the present case, the vector of independent generalised velocities reads

tl
v = { 2 } (6.1.31)
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6 Multibody system dynamics

Recall that the twist of the first rigid body given in (6.1.8) consists of its translational
velocity gél and its angular velocity w!. Taking the time derivative of the external con-
straints (6.1.29) and expressing the redundant velocities in terms of the independent
generalised velocities (6.1.31) yields

©? = !+ w! x o' — w? x @ (6.1.32)
Now it can be easily deduced from the relationship > = P> (q) - 1), that
I —ol o2
P2 (q) = o e 6.1.33
ext (q) 0 0 I ( )
so that (6.1.14) yields
Ioxs Opxs
s
Pi(q) = [ 2(5) (6.1.34)
Pext (q)

Furthermore, the null space matrix for the S pair follows directly from (6.1.15). It is given
by

P; (ql) Ogx3
PY)(q) = Piu(q) - P5)(q) = [ o (6.1.35)
m exr , S
P2.(¢%) P2 (q)
with
I ¢ ¢
0 0 -—d
P (q%) - P2 (q) = - (6.1.36)
0 0 —gig
0 0 -—dj

Obviously with regard to (6.1.30) the present design procedure for Pim(ts )(q) guarantees

that
GY)(q)- P®(q) =0 (6.1.37)

ext

Discrete version of the null space matrix

As stated in (6.1.21) the partial G-equivariant discrete derivative of the constraints of the
spherical joint is given by

G (@ @i1) = GE)(dni1) (6.1.38)
With regard to (6.1.30) the discrete counterpart of (6.1.33) is chosen as

P2 (@0 @) = P (@041) (6.1.39)
It can be easily verified that this choice fulfils the design conditions (6.1.24). In particular,

S S

GEl(@ns1)  Pint(@ui1) - PEN(us1) = 0 (6.1.40)
Accordingly,

PO(g i) = (g, ) (6.1.41)

is a viable discrete null space matrix for the S pair.
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6.1 Lower kinematic pairs

Reparametrisation of unknowns

To specify the reduced set of incremental unknowns (6.1.26) for the S pair, (6.1.31) induces
9 = 0% e R3, the incremental rotation vector pertaining to the second body. Then the
rotational update of the body frame associated with the second body can be performed
according to

(d)ni1 = exp(6°) - (d7)n (6.1.42)
Enforcing the external constraints (6.1.29) at the end of the time-step implies

Pri1 = Pyt T Oni1 — Cnit (6.1.43)

Eventually, the last two equations can be used to determine the mapping

(6.1.44)

Figure 6.2: Cylindrical pair.

For the C pair (Figure 6.2) a unit vector n! is introduced which is fixed in the first body
and specified by constant components n} with respect to the body frame {d;}}

n' =n;d; (6.1.45)
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6 Multibody system dynamics

In addition to that for k = 1, 2, two vectors

m! = (ml).d} (6.1.46)

K

are introduced such that {mi, m}, n'} constitute a right-handed orthonormal frame. The
motion of the second body relative to the first one can be described by r(©) = 2 degrees
of freedom: Translation along n! and rotation about m'. The translational motion along
n! may be characterised by the displacement u? € R, such that (see Figure 6.2)

e+ o' +utn! = p* + o (6.1.47)
For the subsequent treatment it proves convenient to introduce the vectors
P =" +0° (6.1.48)

fora=1,2.

Constraints and constraint Jacobian
<) _

ext —

(mi); : (pz - pi)
951 (q) = %Lfl))f_(gf B ?17)1 ) (6.1.49)

(nl)T : d% — M2

The C pair entails m 4 external constraint functions that may be written in the form

where 7y, 75 are constant and need be consistent with the initial conditions. The first two
components of (6.1.49) conform with (6.1.47) and thus confine the translational motion
of the second body relative to the first one. Similarly, the last two components of (6.1.49)
restrict the relative rotational motion. The constraint Jacobian associated with (6.1.49)
is given by the 4 x 24 matrix

m)T G Gh G ! gmhT dml) g
G(C)(q): —-(my)" Gy G2 G (my)" of(m3)" o3(m3)" o5(m3)"
07 nl(d)" md)T nid)” of  (myT o o
07 nl(d)" mi)T nid)” of  of @) o
(6.1.50)
with
G = (ml)i(p* — ') — olm} (6.1.51)

fork =1,2and i =1,2,3.

Remark 6.1.5 (Singularities in the constrained formulation) For certain applications,
e.g. in cases where the joints are located in each body’s center of mass, i.e. 0% = 0,
a = 1,2, the constraint Jacobian (6.1.50) is singular, whenever the rotation axis n! is
colinear with either of the directors d? or d3 used to check the fulfilment of the constraints
(6.1.49). In this case either the sixth or the seventh column in (6.1.50) can be expressed
as a linear combination of the second, third and fourth column.
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6.1 Lower kinematic pairs

Continuous form of the null space matrix

Corresponding to the 7(©) = 2 degrees of freedom characterising the motion of the second
body relative to the first one, the independent generalised velocities of the relative motion
read

-2
£©) _ { i ] (6.1.52)

where, in addition to u? already introduced in (6.1.47), 62 accounts for the angular velocity
of the second body relative to the first one. Specifically, one gets

w? = w' + *n! (6.1.53)
The vector of independent generalised velocities pertaining to the C pair is now given by
tl
v =1 42 (6.1.54)
62
Differentiating (6.1.47) with respect to time and taking into account (6.1.53) and (6.1.47),
a straightforward calculation yields
W2 =@l +w' x (p°— ") +i’n' +0%0° x n' (6.1.55)

Now the twist of the second body can be expressed in terms of the independent generalised
velocities via ¢*(©) = Pi’m(tc)(q) (@) with the 6 x 8 matrix

I ol —22 n' o2xnl
PL@=|, 7% ¢ 6.1.56
ext (q) 0 T 0 nl ( )
Then (6.1.14) yields
[ I 0
Pl q) = | ") ] 6.1.57
N = prog) (6.1.57)
Finally, with regard to (6.1.15), the null space matrix for the C pair is given by
[ P; (q") 062
P9 (q)=| _mt ) } (6.1.58)
| PLu(e”) - PL (@)
with
I o A‘PQ n! 0®>xmn!
0 -di 0 n'xd
P.(q") - PLi(q) = - noa (6.1.59)
0 -di 0 nlxd

It can be easily checked by a straightforward calculation that the present design procedure
for P2 (q) ensures that

ext

GS)(q)- Piulq)- P (g) =0 (6.1.60)
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6 Multibody system dynamics

Discrete version of the null space matrix

).
);

In the present case the discrete null space matrix does not coincide with P(C)(qn 1
Instead, with regard to the midpoint evaluation of the constraint Jacobian in (6.1.50
the discrete counterpart of (6.1.56) is chosen as

SOiLJr% - SOiJr% (m%)nJr% X (m%)n+% !
0 1 0 n

2
P27(C)

x n!
ext (qn7 qn-l—l) = 1

"2 | (6.1.61)

n—l—%

Remark 6.1.6 In general (mg),,1 X (mjy), 1 does not coincide with n,_,, although
2

m} x m} = nl in the continuous case. This is due to the fact that in the discrete setting
the internal constraints of orthonormality of the director frame {d}} are only enforced at
the time nodes.

In any case it can be easily verified that (6.1.61) fulfils the design conditions (6.1.24).
Finally, in view of (6.1.23), the discrete null space matrix for the C pair assumes the form

Pi.(q},.) O x2
P(q,. q.1) = RN (6.1.62)
* P?nt(qi_’_%) ’ Pe’m(t )(qnv qn-l—l)
where
1 ‘Pi_i_%/\_ ‘Pi_,_% (m%)nJr% X (m%)nJr% Qi_,_% X nrll_i_%
2 2 2,(C) 0 _(d%)nJr% 0 nyll_’_l X (d%)nJr%
Pint(anrl)'Pext (qnvqn—i—l) = = 1 ? 9
2 0 —(d2)n+% 0 nnJr% X (d2)n+%
| 0 _(dg)n-f—% 0 n;+% X (dg)n-i-% i
(6.1.63)

Reparametrisation of unknowns

For the C pair the configuration of the second body with respect to the first one can
be characterised by 9@ = (u2,6?) € R2. Here 62 accounts for the incremental relative
rotation which may be expressed via the product of exponentials formula

(d)ni1 = exp(6') - exp (6*(nh),) - (d))n (6.1.64)
Enforcing the external constraints (6.1.47) at the end of the time-step implies
o1 = P T Oh1 — Opiy + (uh +u?)ny (6.1.65)

Accordingly, the mapping Fg;(c)(u(c)) can be written in the form

[ i+ ul+exp(6') - [oh —exp (2(nl),) - 0 + (u + u?)n)] |
q2 | = FZ(C’)(M(C)) _ exp(q\l) exp (92(,’,/5)”) . (d%)n
o exp(8)-oxp (R0, - ),
- exp(6') - exp (6%(n1),) - (d),

(6.1.66)
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6.1 Lower kinematic pairs

6.1.6 Revolute pair

Figure 6.3: Revolute pair.

As for the cylindrical pair use is made of the unit vector n! given by (6.1.45), which
specifies the axis of rotation of the second body relative to the first one.

Constraints and constraint Jacobian
(R) _

ext = D external constraint functions which may be

The R pair (Figure 6.3) entails m
written in the form

802 . 801 4 92 . 91
gy =] ()T -di —n (6.1.67)
(nh)" d% — 72

Analogous to the cylindrical pair 7y, 7> are constant and need be consistent with the initial
conditions. The corresponding constraint Jacobian is given by the 5 x 24 matrix

" ~I —9%21 —9%21 —9%,21 I I I oI
G, (q) = 0; n%(d%)T n%(d%)T n%(dé)T 0; (an)T o’ O; (6.1.68)
0" ni(dy)" ni(dy)" ni(dy)” 0F 0" (n')" O

Remark 6.1.7 (Singularities in the constrained formulation) For certain applications,
e.g. in cases where the joints are located in each bodies center of mass, i.e. @® = 0,
a = 1,2, the constraint Jacobian (6.1.68) is singular, whenever the rotation axis n! is
colinear with either of the directors d or d; used to check the fulfilment of the constraints
(6.1.67).
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6 Multibody system dynamics

Continuous and discrete form of the null space matrix

Both the continuous and the discrete null space matrix for the R pair can directly be
inferred from the previous treatment of the cylindrical pair. Since the R pair does not
allow translational motion of the second body relative to the first one, the corresponding
column in the null space matrix (associated with %2) of the C pair has to be eliminated.
This is consistent with the fact that the R pair has only one (r® = 1) degree of free-
dom which characterises the rotational motion of the second body relative to the first
one. In particular, relationship (6.1.53) applies again. Note that, similar to (6.1.55), the
translational velocity of the second body can be expressed as

W2 =l +w' x (o' — %)+ 6%0* xn' (6.1.69)

which follows from differentiating the first three constraint equations resulting from (6.1.67)
with respect to time and taking into account (6.1.53). Now, similar to (6.1.56), (6.1.69)
gives rise to

2 1 2 1
PP = |1 & exn (6.1.70)
0 I n

In this connection note that the first three constraints resulting from (6.1.67) imply that
0° — o' = ¢! — . Proceeding along the lines of the previous treatment of the C pair
one now gets

P; (Q) O6x1
PR (q) = [ ot o (6.1.71)
P?,(q)- P2 (q)
with
I 92/—/?)1 0> x n!
0 —-d?>° n'xd
P2.(q) - P2P(q) = el ! 6.1.72
(@) () 0 @ nixd ( )
0 —di n'xd;

In addition to that, the discrete null space matrix for the R pair follows from the mid-point
evaluation of (6.1.71), that is,

PU(q,,q,11) = P (g,.1) (6.1.73)

Reparametrisation of unknowns

For the R pair the mapping F 2;1(R) (™) can be directly obtained from that of the C pair
by fixing u* = 0. Then the incremental rotational motion of the second body relative to
the first one is specified by 9®) = §? € R. With regard to (6.1.66) one thus gets

L+ ul + exp(8) - o) - exp (92@) ) - el
exp( 01 - exp (92 D) - (
exp( 91 - exp (02 )
exp( 01 -exp (6%( (n) )n) - (

gy = Fy0(p™) = (6.1.74)
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6.1 Lower kinematic pairs

6.1.7 Prismatic pair

Figure 6.4: Prismatic pair.

In the case of the P pair (Figure 6.4) translational motion of the second body relative to
the first one may occur along the axis specified by the unit vector n!, which as before is
specified by (6.1.45). Analogous to (6.1.47) one gets the kinematic relationship

e+ ot +uln' = + o? (6.1.75)
Furthermore, the kinematic constraint

w? = w! (6.1.76)

applies to the P pair.

Constraints and constraint Jacobian

The P pair entails mg;) = 5 external constraint functions that may be written in the form
(my)" - (p* — p)
- (ms)” - (p? — p')
9ot (@) = | (d))" -dy—m (6.1.77)
(dé)T : d§ — 2
(d:%,)T : d? -

where 7;, ¢ = 1, 2, 3 are constant and need be consistent with the initial conditions. Again,
m! € R and p* € R? are given by (6.1.46) and (6.1.48), respectively. Note that the
constraints resulting from the last three components of (6.1.77) conform with (6.1.76).
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6 Multibody system dynamics

The constraint Jacobian emanating from (6.1.77) is given by the 5 x 24 matrix

[ _<m%)T G;l G%:Z Gi?, (m%)T Q%(m%)T Q%(m%)T Q%(m%)T 1

) _<m%)T G221 Gy, G (m%)T Q%(m%)T Q%("?%)T Q%(m%)T
R B S
0 0 (ds) 0 0 0 0 (d5)

L o" 0" o (@)t of (4T 0 or

(6.1.78)

where the G;’s are again given by (6.1.51).

Discrete null space matrix

To get proper representations of both the continuous and the discrete null space matrices
for the P pair, the previous treatment of the C pair requires slight modification. To this
end one essentially has to remove 62 so that only %? remains to characterise the motion
of the second body relative to the first one () = 1). Then (6.1.55) yields

02 =@l +w' x (¢*— ") +i’n' (6.1.79)
such that
P I 12 nl
PE=|, Y 77 ] (6.1.50)

Analogous to (6.1.61), the discrete version of (6.1.80) is given by

17 o 1 1
P2 g g Y= | T Pues T Pupy (Miney X (Ma)iyy (6.1.81)
0 1 0
such that the discrete null space matrix for the P pair can be written as
P; (a) 1) 06x1
PPN G @) =| o (b2 (6.1.82)
! Pzznt(qi_’_%) ’ Pi’m(tp)(qna qn+1)
where
2,(P 0 —(d}), 1 0
P(@ 1) Po (@ doin) = e (6.1.83)
0 _(d2)n+% 0
2
L 0 _(d3)n+% 0 |
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6.1 Lower kinematic pairs

Reparametrisation of unknowns

The mapping Fg;fp )(u(P )) can be inferred from the corresponding one for the C pair,
equation (6.1.66), by setting 6% = 0. Accordingly,

©
1 2
2 _ 2(P),,(P) exp(0°) - (d7)n
T = FL (1) ~ (6.1.84)
! exp(?\l) ) (dg)n
exp(6') - (d3)n

with incremental unknowns pu*) = (ul, 0" u?) € R® x R? x R.

6.1.8 Planar pair

Figure 6.5: Planar pair.

As before in the context of the cylindrical pair, for the E pair (Figure 6.5) use is made
of the orthonormal frame {m!, ml n'}, with n! = n!d; and m! = (ml),d}. In the
present case the motion of the second body relative to the first one can be characterised
by ) = 3 degrees of freedom. Specifically, the second body may rotate about the axis
specified by n! and translate in the plane spanned by m} and mi. Correspondingly, the

rotational motion can be described by the kinematical relationship
w? = w' + 6°n! (6.1.85)

whereas the relative translational motion may be accounted for by two coordinates
(u2,u3) € R?, such that

p’=p' +uim} (6.1.86)

As before, p* = * + 0 for a =1, 2.
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6 Multibody system dynamics

Constraints and constraint Jacobian

The E pair gives rise to mgft) = 3 external constraint functions that may be written in
the form
" (n")" - (p* —p')
9eri (@) = DT df —m (6.1.87)

where 71, 2 are constant and need be consistent with the initial conditions. Note that the
first component of (6.1.87) conforms with (6.1.86), whereas the last two components of
(6.1.87) conform with (6.1.85). The constraint Jacobian emanating from (6.1.87) is given
by the 3 x 24 matrix

. —(nh)" Gg Gég Gég nHT 2 (mHT B(nH)T B(nH)T
G..i(q) = 0" n%(dé)T n%(d%)T né(dé)T 0" (n")T 0" 0"
0" ni(dy)" ny(dy)" ni(d3)" 0F 0" (n')” 0"
(6.1.88)
with
G;=n}(p’ —p') —oin’ (6.1.89)
forv=1,2,3.

Continuous form of the null space matrix
Differentiating (6.1.86) with respect to time and taking into account (6.1.85) yields
02 =Pl +w! x (p? — ')+ i2ml 4+ 620> x n' (6.1.90)

The last equation in conjunction with (6.1.85) indicates that the twist of the second body
can be expressed in terms of the independent velocities v®) = [t! 42, 12, 0?7, such that
t>(F) = Pi’m(tE) v Here the 6 x 9 matrix Pi’m(tE) is given by

I o —2 m! ml o®xn!
PQ’(E) — P P 1 2 0O 6.1.91
ext (q> 0 I 0 0 nl ( )
Then (6.1.14) yields
I 0
PO (q) = 6x6 T6x3 6.1.92
ext (q) [ Pi;g(tE) (q) ( )
Finally, with regard to (6.1.15), the null space matrix for the E pair is given by
Pi.(q)  Ogs
PP (q) = { ot - 6.1.93
D= Pla) PP () (6.1.59)
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with
[T cpl/—\goQ m! ml o*xmn!]
0 —-d 0 0 n'xd
P;.(q) P (@) = = o (6.1.94)
0 —di 0 0 n'xd;

It can be easily checked by a straightforward calculation that the present design procedure
for PQ’(E)(q) ensures that

ext

GL)(q) - Piu(q) - PE)(q) =0 (6.1.95)

Discrete version of the null space matrix

In the present case the discrete null space matrix does not coincide with P (q,, +1 ).
Instead, it can be easily verified that the choice

2,(FE
Pe:v(t )(qn7 qn+1) =

I (‘pl - LPQ)TH—% (m%)n—i-% X ('n’l)n—i—l (nl)n—‘,—% X (ml)n—i-% Qn—}—% X nn-i—%
0 I 0 0 n

(6.1.96)

satisfies the design conditions (6.1.24). Finally, in view of (6.1.23), the discrete null space
matrix for the E pair assumes the form

P‘l t(ql 1) 06x3
PG @) = | o (b 2\ oo (6.1.97)
i P?nt(qi_’_%) ' Pe’ar(t )(qnv anrl)
where
2.(E
Pzznt(qi+%) ' Pe:v(t )(qn7 qn-l—l) =
[ 1 o 1 1 1 1 2 1 }
I (‘P /\LP )n—}—% (m2)n+% X (n )n—}—% (n )n—i—% X (ml)n—i-% Qn-i—% X 'n’n_’_%
0 _(ilé)nJr% 0 0 n111+% X (dg)nJr%
i 0 _(dg)ﬂri’% 0 0 n111+% X <d§)"+ ]

Reparametrisation of unknowns

In the present case the configuration of the second body with respect to the first one can be
characterised by the incremental variables 9% = (u2, 42, 6?) € R®. Here 62 accounts for
the incremental relative rotation which may be expressed via the product of exponentials
formula

(&)1 = exp(8)) - exp (6%(m),.) - (), (6.1.99)
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Enforcing the external constraints (6.1.86) at the end of the time-step implies

90i+1 = Soiwrl + Q%wrl - Q?wrl + ((ui)n + ui)(mlli)n'f'l (6.1.100)

Accordingly, the mapping Fg;(E ) (u'®)) can be written in the form

2 pa(m) g (B)) — exp(6') - exp (6°(n1),) - (dP)n
Tn+1 @ () exp(81) - exp (92('2\1)11) (d3)n
exp(8') - exp (62(nl),) - (d3)n

(6.1.101)

6.1.9 Numerical examples

Revolute pair

Figure 6.6: Initial configuration of the revolute pair.

First of all, the free flight of a revolute pair (Figure 6.6, see also Figure 6.3) is investigated.
The first body consists of a cylinder of length ! = 15, radius r* = 2 and mass Mé = 100.
The second body consists of two parts, a hollow cylinder of length [? = 4.2, outer radius
ry = 2.1, inner radius 77 = 2 and mass M2' = 1. The hollow cylinder is slipped over the
first body and connected to a solid cylinder of length /> = 10 and radius r* = 2.1 and
mass Mfﬁ = 1. Consequently, the total mass of the second body is given by M 3, = 2 and
the principal values of the inertia tensor with respect to the center of mass are given by

[J}] = [1975, 1975, 200] (6.1.102)
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and
[JZQ] = [12.64083, 32.3717, 26.14083| (6.1.103)

respectively. Relative to the respective body frame the location of the revolute joint is
characterised by

l0/] =10,0,5]  [0}] = [~2.5,0,0] (6.1.104)
Furthermore, the unit vector (6.1.45) is specified by

[ni] = 10,0,1] (6.1.105)
The initial configuration of the revolute pair is characterised by ¢* = ¢$'e; with

[pi] =13,3,8] [l =[5.5,3,13] (6.1.106)
along with

di=e di=e; (6.1.107)

for I = 1,2,3. The corresponding consistent initial relative rotation is #2 = 0. Consistent
initial velocities can be computed by using the null space matrix (6.1.71), such that

q=P"(q) ™ (6.1.108)
where the independent generalised velocities are specified by
-0 -
P! 10
v B = | W =] =20 (6.1.109)
0° —20
[ —15 ]

No external forces are acting on the R pair such that the total energy and the vector of an-
gular momentum are first integrals of the motion, see Figure 6.8. To illustrate the motion
of the R pair, Figure 6.7 shows some snapshots at ¢ € {0.06,0.08,0.11,0.15,0.17,0.18}.
Furthermore, the evolution of the relative rotation 6%(t) is depicted in Figure 6.9.

Table 6.2 reveals that the implementation of the constrained scheme (3.2.7) leads to 41
unknowns, whereas the discrete null space method with nodal reparametrisation (3.2.44)
yields a reduction to 7 unknowns. Furthermore, from Table 6.2 the condition number of
the iteration matrix for the constrained scheme and the reduced scheme can be compared.
Accordingly, the condition number of the reduced scheme is of constant and moderate
value, whereas the iteration matrix of the constrained scheme becomes more and more
ill-conditioned for decreasing time-steps.

The second-order accuracy of the d’Alembert-type scheme with nodal reparametrisa-
tion (3.2.44) can be observed in Figure 6.10. The relative error in the phase variable
e, = Hz — zref”/}}zref” at t = 2 drops off quadratically as the time-step decreases.
The diagram on the left hand side shows the convergence to a reference solution calcu-
lated with the d’Alembert-type scheme with nodal reparametrisation using a time-step
h = 107%, thus it represents the consistency of the scheme. The diagram on the right hand
side shows the convergence to a reference solution calculated with the constrained scheme
(3.2.7) using a time-step h = 1075. It confirms the statement of Proposition 3.2.12.
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t = 0.06

10 15
t=0.11

10 15
t=0.17

10 15

-5

t=0.08

t=0.15

-5

t=0.18

Figure 6.7: Revolute pair: snapshots of the motion at ¢ € {0.06,0.08,0.11,0.15,0.17,0.18}.
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1.1567

1.1567 1

energy

1.1567 1

1.1567 . . . . . . . . .
0

4000

2000 L

—2000 L

~4000 | A

angular momentum

_6000 . . . . . . . . .

Figure 6.8: Revolute pair: energy and components of angular momentum vector L = L;e; (h = 0.01).
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Figure 6.9: Revolute pair: relative coordinate 6%(¢) (h = 0.01).
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10° log(h) 10 107 107 log(h) 107° 107

Figure 6.10: Revolute pair: relative error of phase variable with respect to a reference solution (h =
10~5) calculated with the d’Alembert-type scheme with nodal reparametrisation (left) and
with the constrained scheme (right).

Table 6.2: Comparison of constrained scheme to d’Alembert-type scheme with nodal reparametrisation
for the example ‘revolute pair’.

H constrained d’Alembert
number of unknowns 41 7

n=24 m=17

CPU-time 5.8 1
condition number

h =102 1013 102

h=10"3 1016 102

h=10"* 101 102
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Cylindrical pair

10 body 1

10 ./body2
- ssleoﬁl\s

Figure 6.11: Initial configuration of the cylindrical pair.

The free flight of a cylindrical pair (Figure 6.11, see also Figure 6.2) is investigated next.
The first body consists of a cylinder of length I* = 30, radius 7! = 2 and mass M; = 4.
The second body is modelled as a hollow cylinder of length [? = 6, outer radius r2 = 3,
inner radius r? = 2 and mass Mi = 3. The principal values of the inertia tensor with
respect to the center of mass are given by

[J}] = [304, 304, §] (6.1.110)
and
[J?] = [18.75,18.75,19.5] (6.1.111)

respectively. The cylindrical joints are located in the center of mass of each body. Con-
sequently, relative to the respective body frame the location is characterised by

0] = [0,0,0]  [g] = [0,0,0] (6.1.112)
Furthermore, the unit vector (6.1.45) is specified by
[ni] = [0,0,1] (6.1.113)

The initial configuration of the cylindrical pair is characterised by ¢® = ¢'e; with

[0l =10,0,0]  [¥f] = 1[0,0,~11] (6.1.114)
along with

dj=e; di=e; (6.1.115)
for I = 1,2, 3. Note that corresponding consistent initial relative coordinates are u? = —11

and 6% = 0. Consistent initial velocities can be computed by using the null space matrix
(6.1.58), such that

qg=P9(q) v (6.1.116)
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where the independent generalised velocities are specified by

0
50
-1
@ 0
1
©) _ w _ -1
v e iy (6.1.117)
62 0
35.5
| 100 |

No external forces are acting on the C pair such that the total energy and the vector of
angular momentum are first integrals of the motion, see Figure 6.13. To illustrate the
motion of the C pair, Figure 6.12 shows some snapshots at ¢t € {0.1,0.3,0.7}. Furthermore,
the evolution of the relative degrees of freedom w?(t) and 62(t) is depicted in Figure 6.14.
From Table 6.3, the condition number of the iteration matrix for the constrained scheme
and the reduced scheme can be compared. Accordingly, the reduced scheme is well con-
ditioned for all time-steps, whereas the condition number of the constrained scheme in-
creases heavily for decreasing time-steps. Note that the implementation of the constrained
scheme (3.2.7) leads to 40 unknowns, whereas the discrete null space method with nodal
reparametrisation (3.2.44) yields a reduction to 8 unknowns.

20

Figure 6.12: Cylindrical pair: snapshots of the motionat¢ =0.1,¢t=0.3,¢t = 0.7.
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Figure 6.13: Cylindrical pair: energy and components of angular momentum vector L = L;e; (h = 0.01).
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Figure 6.14: Cylindrical pair: relative coordinates u?(t) and 62(t) (h = 0.01).
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6 Multibody system dynamics

Table 6.3: Comparison of constrained scheme to d’Alembert-type scheme with nodal reparametrisation
for the example ‘cylindrical pair’.

H constrained ‘ d’Alembert
number of unknowns 40 8
n=24 m=16
CPU-time 1.2 1
condition number
h =102 10t 102
h=10"3 1014 102
h=10""* 107 102
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6.1 Lower kinematic pairs

Planar pair

Figure 6.15: Initial configuration of the planar pair.

Now the free flight of a planar pair (Figure 6.15, see also Figure 6.5) is investigated. The
E pair consists of a parallelepiped of mass M = 5 and side lengths I, =1, = 16, I = 0.5,
such that the principal values of the inertia tensor with respect to the center of mass are

given by
5125 5125 640
JN=|— —, — 6.1.118
= e (6.0.118)

The second body is modelled as a pyramid with mass Mi = 2, side length of the square
base 2 = I2 = 2 and height [? = 3, leading to the principal values of the inertia tensor
with respect to the center of mass

43 43 4
Jl= = —= =
i) [40’40’5}

(6.1.119)
The location of the planar joint relative to the respective body frame is characterised by
0] = [0,0,0.25]  [g]] = [0,0,~1] (6.1.120)

Furthermore, the orthonormal frame needed for the description of the relative motion is
specified by

[nzl] = [07 0, 1] [(mbz] = [17 0, O] [(m%)z] = [07 1, O] (6'1'121)

such that the pyramid is constrained to slide on the top surface of the parallelepiped. The
initial configuration of the planar pair is characterised by % = ¢fe; with

loil = 15,5,5]  [¢f] = [~2,-2,6.25] (6.1.122)
along with
di=e di=e (6.1.123)
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6 Multibody system dynamics

for I = 1,2,3. Correspondingly, consistent initial values for the relative coordinates are
given by

uj=-7 ui=-7 0*=0 (6.1.124)
Consistent initial velocities are specified by using the null space matrix (6.1.93), so that
q=PP(q) " (6.1.125)

with independent generalised velocities

0
P! 20
w! 20
vV B = @2 | =] —10 (6.1.126)
i3 150
6° —120
—60

Note that, for clearness of exposition, the initial velocity of the mass center of the first
body has been set to zero (¢! = 0). Snapshots of the planar pair at consecutive instants
illustrate the simulated motion in Figure 6.16. Since no external forces are acting on the
planar pair, both the energy and the vector of angular momentum are conserved quanti-
ties. The corresponding algorithmic conservation properties are confirmed in Figure 6.17.
Furthermore, Figure 6.18 depicts the evolution of the relative coordinates specifying the
configuration of the second body relative to the first one.

Table 6.4 again verifies that the condition number of the iteration matrix can be signifi-
cantly improved by applying the discrete null space method. In this connection, recall that
the implementation of the constrained scheme (3.2.7) is based on
n +mF) = 24 + 15 = 39 unknowns, whereas the application of the discrete null space
method with nodal reparametrisation (3.2.44) yields a reduction to n — m® = 9 un-
knowns. This has an impact on the computational costs, which are about five times
higher for the constrained scheme.
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Figure 6.16: Planar pair: snapshots of the motion at ¢ € {0.02,0.04,0.05,0.06,0.07,0.08}.
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Figure 6.17: Planar pair: energy and components of angular momentum vector L = L;e; (h = 0.001).
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Figure 6.18: Planar pair: relative coordinates u?(t), u3(t) and 6%(t) (h = 0.001).
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6.1 Lower kinematic pairs

Table 6.4: Comparison of constrained scheme to d’Alembert-type scheme with nodal reparametrisation
for the example ‘planar pair’.

H constrained d’Alembert
number of unknowns 39 9
n=24 m=15
CPU-time 4.9 1
condition number
h =102 1010 102
h =103 103 102
h=10""* 1016 102
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6 Multibody system dynamics

Figure 6.19: Schematic illustration of a simple open kinematic chain.

6.2 Simple kinematic chains

Combinations of kinematic pairs constitute kinematic chains. Only simple kinematic
chains, where each link is coupled to maximal two other links are considered in this work.
If every link is coupled to exactly two other links, the resulting closed chain is also called
linkage. An open kinematic chain, where precisely two links, the end links, are coupled
to only one other link is also termed manipulator. From the rich robotics terminology,
only the notation relevant for the following investigations are introduced, further discus-
sion on the subject can be found e.g. in [Ange 88, Ange 97, Gera 01, Schi 86, Eich 98|.
The Denavit-Hartenberg nomenclature described in the second and third reference is a
powerful notation to describe the architecture of simple kinematic chains consisting of
elementary kinematic pairs, i.e. of revolute and prismatic pairs. Its variable applicability
exceeds the frame of the following investigations in kinematic chains, thus only parts of
the notation are introduced.

6.2.1 Open kinematic chains

Simple open kinematic chains, that can be described as an extension of the previous
treatment of lower kinematic pairs, are considered in this section. In particular, only
chains consisting of the elementary R and P pair are considered, since all other kinematic
couplings can be described as a combination of those.

Let a serial manipulator, as depicted schematically in Figure 6.19, consist of N + 1 rigid
bodies numbered by @ = 0,...,N and N axes n’,...n"~!, where corresponding to
(6.1.45), n® is specified in the a-th body frame by

n® =n;d} (6.2.1)
The N joints connecting the bodies in the simple open kinematic chain are numbered by

a=1,..., N and corresponding to (6.1.28) the location of the a-th joint in the (o —1)-st
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6.2 Simple kinematic chains

Figure 6.20: Pair in a simple open kinematic chain.

and a-th body is characterised by
0ol = gomlgo? 0™ = o0d? (6.2.2)

Assuming that none of the links are fixed in space, the manipulator can be described in
terms of n = 12(N + 1) redundant coordinates

q°(t)
q(t) = : €R” (6.2.3)
g™ (t)

generalising (6.1.1). The rigidity of each link gives rise to six internal constraints
g%.,(q*) € RS of the form (4.3.3) along with constraint Jacobians G ,(q*) € R%*12
of the form (4.3.4) for a = 0,..., N. Similar to (6.1.2) and (6.1.3) they can be combined
to the My, = 6(N + 1)-dimensional vector of internal constraints g;,,(q) and the m;,; x n
internal constraint Jacobian matrix Gj,.(q).

The coupling of two neighbouring links in Figure 6.20 by a revolute or prismatic joint yields
five external constraints g°%,([q°',q*]T) € R® with constraint Jacobians
G2, ([a* !, q%)") € R** given in (6.1.67) and (6.1.68) for the R pair and in (6.1.77) and
(6.1.78) for the P pair respectively. Similar to (6.1.4) and (6.1.5) all
° = My + m°, = 6(N + 1) + 5N constraints pertaining to the open loop system

and the corresponding constraint Jacobians can be combined to

Gmt(q )
Ggmt (q)

The Hamiltonian for the open kinematic chain takes the separable form given in (3.2.4)
with the constant mass matrix

o

m ext

9°(q) = [gzggg } eR™  G°(q) = {

} c R™xn (6.2.4)

M° O --- 0
o M' .- 0

M = . . . (6.2.5)
0 o --- MV

where each submatrix M® € R'?*12 coincides with (4.3.8).
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6 Multibody system dynamics

Accordingly, the continuous constrained Hamiltonian equations can be inferred directly
from the procedure presented in Section 2.3 and corresponding time-stepping schemes
can be chosen from Section 3.2. Note that using the Lagrange multiplier method, the
time-stepping scheme (3.2.5) is n +m® = (23N + 18)-dimensional. Opposite to that, the
simple open kinematic chain has n — m® = N + 6 degrees of freedom.

6.2.2 Null space method

The first step in the reduction procedure according to the null space method for lower
kinematic pairs presented in Section 6.1.2 is the introduction of the a-th bodies twist
t* € RS given in (6.1.8). Then the redundant velocities of N + 1 free rigid bodies can
be expressed in terms of the twist ¢ € RO+ according to ¢ = Pjn(q) - t where the
12(N + 1) x 6(N + 1) internal null space matrix

Py’ 0 - 0
0 Pig") - 0
Piu(q) = : t: . (6.2.6)
0 0 - PL(dY)

consists of submatrices Py,

(@) of the form (6.1.10).

The treatment of the revolute pair in Section 6.1.6 and of the prismatic pair in Section 6.1.7
can be easily generalised to the kinematic chain at hand. Let the a-th pair in the chain
be a revolute pair. Then using P;’CgR)(q) of the form (6.1.70), the relationship between
the a-th and (a — 1)-st body’s twist can be written as

o o tafl

t* = P2 (q) - [ o } (6.2.7)
Partitioning Pgy”(q) = [Pey”"(), Pei™"(@)), with Pgi™"(q) € R™® and
Pj;&gR)’b(q) € R%%! | equation (6.2.7) may be rewritten as

t' =P (q) 7+ P a) - 00 (6.28)
where

(k). I gno— gote a,(R),b 0% x no1

P (q) = [ 0 e IQ ] P g) = { et } (6.2.9)

Similarly for the a-th pair being prismatic, using P?m’(tp)(q) of the form (6.1.80) yields
o ta—l

t* = P5"(q) - { 0o } (6.2.10)
or in partitioned form

t = P (a) 47+ P g) i (6.2.11)
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with

T Soafl _ Soa

Pa,(P),a _
(9) 0 I

ext

o noz—l
Pw;(tp%b(q):{ 0 } (6.2.12)

As already stated, any kinematic chain can be decomposed into combinations of R and
P pairs. Therefore using the scalar generalised velocity v*, k = 1,..., N (with v* = *
if the k-th joint is a revolute joint and v* = @* if the k-th pair is a P pair), the twist of
the a-th link in a general series manipulator can be obtained from recursive application
of formula (6.2.8) and (6.2.11):

= P%0(q) - t° + Z Pk (q (6.2.13)

with P20 (q) = Iy and fora =1,..., N

ext

P>Y(q H pL)e (6.2.14)

ea:t ext

and k=1,...,N

k+1
( emtJ) “ ) e:z:tJ) ° o > k
a,k
Pt (q) = Ph D (6.2.15)
ea:t o = k
0 a <k

where the matrices P\’ )a( ) and Pem *(q), J € {R, P} are either of the form (6.2.9)

ext

or (6.2.12) depending on whether the a-th pair is a R or P pair.

Example 6.2.1 (Pure R chain, null space matrix) For a kinematic chain consisting
purely of R pairs, calculating the matrix products in (6.2.14) and (6.2.15) leads to the
following more explicit expressions

I i o1
P (q) = 3x3 ZQ (6.2.16)
0343 I3,
and
ok k—1
gr" x
[ b1 } a>k
Plila)={ [ @ xnt 62.17)
b1 a=k
n
0 a <k
with
a—1
g™ =0 +3 (g — o) (6.2.18)
1=k
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6 Multibody system dynamics

Example 6.2.2 (Pure P chain, null space matrix) For kinematic chains consisting
purely of P pairs, the matrix products in (6.2.14) and (6.2.15) are given more explic-
itly by

0 _
Pe(q) = | T #—@ (6.2.19)
0353 I3y
and
. k1
P:(q) = [ 0 } a>k (6.2.20)

Accordingly the 6(N + 1)-dimensional twist of the simple open kinematic chain under
consideration can be written in terms of the independent generalised velocities v° € RV 16
of the simple open kinematic chain as

t=P,(q) v° (6.2.21)

or more explicitly using the submatrices given in (6.2.14) and (6.2.15)

t° Isy6 0 e 0 t°
t! Py, Pl 0O 2

_ . . ‘ . 7 (6.2.22)
N pyo  pN1I . pNN N

ext ext ext

where for clearness of exposition the dependence on q is not indicated in the matrix
representation of P?_,(q).
Eventually, in analogy to formula (6.1.15) for the total null space matrix pertaining to a
kinematic pair, the redundant 12(N + 1)-dimensional velocity vector of the open chain can
be expressed as g = P°(q) - v° with the total n x (n — m®) null space matrix pertaining
to the open chain

P°(q) = Pin(q) - P,(q) (6.2.23)

ext

where P;,,(q) is given in (6.2.6).

Discrete null space method with nodal reparametrisation

From the treatment of kinematic pairs in Section 6.1.2 it is obvious, that the discrete null
space matrix pertaining to the internal constraints equals the midpoint evaluation of the
continuous one, i.e.

Pint(@n; @ni1) = Pint(4 1) (6.2.24)

Similar to the midpoint evaluation of the total null space matrix pertaining to the R pair
in (6.1.73), the discrete versions of (6.2.9) are given by

a,(R),a a,(R),a a,(R),b a,(R),b
Po (@0 @) = Pet ™ (@) PE"(0 @sr) = PE"(@011)  (6:2.25)
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6.2 Simple kinematic chains

For the P pair, the discrete null space matrix pertaining to the external constraints is not
equal to the midpoint evaluation of the continuous one. With regard to (6.1.81), for the
a-th pair being prismatic, the discrete counterparts of the matrices in (6.2.12) are given
by

a,(P),a
Pex(t ) (qn7qn+1) =

Cl{*l/\ 6%
1 SonJr% o Lanr%
0 1

(6.2.26)

a,(P),b
Pex(t ) (qnvanrl) =

[ (M8 )y x (M), ]
0

Then the discrete counterpart P ,(q,,q,,,) of the null space matrix pertaining to the
external constraints of the open kinematic chain consists of the discrete submatrices for
a,k = 1,...,N denoted by P*%(q,,q,.,) and P**(q,,q,_), which can be calculated
by insertion of the discrete null space matrices pertaining to the specific a-th pair given
in (6.2.25) and (6.2.26), into formulas (6.2.14) and (6.2.15). Eventually, in accordance
with (6.1.23) for kinematic pairs, the total discrete null space matrix for the simple open
kinematic chain is given explicitly by

PO(qn’ qn—l—l) = Pmt(qn—f—%) . ngt(qrw qn-‘rl) (6227)

Example 6.2.3 (Pure R chain, discrete null space matrix) For a simple open kine-
matic chain consisting purely of R pairs, the discrete null space matrix coincides with the
midpoint evaluation of the continuous one, i.e. P°(q,, g, 1) = Pint(anr%) : Pgwt(anr%).

The reparametrisation q,,,; = Fig (u°) € C of the configuration vector in terms of the in-
dependent incremental unknowns pu® = (ug, 0° v, ... N ) € RY¥*6 can be accomplished
successively for the N kinematic pairs in the chain. Depending on whether the a-th pair
is a R or P pair, 9¢ = 6 or ¥* = u® and the reparametrisation given for the R pair in
(6.1.74) or for the P pair in (6.1.84) is applied. As for kinematic pairs or for the motion
of a single rigid body, for the reparametrisation of the first body in the open chain, body
0, formula (4.3.31) is used.

Example 6.2.4 (Pure R chain, nodal reparametrisation) For a simple open kinematic
chain consisting purely of R pairs, the reparametrisation of g%, € R”?, a =1,..., N is
based on a product of exponentials formula (4.3.30), which characterisess the incremental
rotational motion in terms of the incremental joint angles 6!,..., 0. Accordingly, the
director frame of the a-th body at the end of a time-step is given by

«

(d)s1 = [T exp(8°) - exp(8* (mF 1)) - (df)n (6.2.28)

k=1

In addition to that, the placement of the center of mass of the a-th body with respect to
the inertial frame {e;} is given by

o =0+ (@M1 = (0 )nsa) (6.2.29)
k=1
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Figure 6.21: Schematic illustration of closed kinematic chain.

Example 6.2.5 (Pure P chain, nodal reparametrisation) For a simple open kinematic
chain consisting purely of P pairs, the reparametrisation of the director frames is trivial,
all director frames are updated according to the rotational increment of the first body,
ie.

~

(df)nt1 = exp(0°) - (dF)n (6.2.30)

In addition to that, the placement of the center of mass of the a-th body with respect to
the inertial frame {e;} is given by

@ = @0+ Y (0" )it — (@"F)nir + (uf + uF)nlY) (6.2.31)
k=1

6.2.3 Closed kinematic chains

Unlike for open kinematic chains, where any combination of the lower kinematic pairs
described in Section 6.1 can be combined to a movable kinematic chain, the question
how many degrees of freedom a closed kinematic chain has, is much more challenging.
Generally, it cannot be determined by investigation of the topology of the chain alone
(see e.g. [Ange 88]).

The investigation of closed kinematic chains as sketched in Figure 6.21 usually starts with

¢, loop closure

the associated open kinematic chain in Figure 6.19, which is subject to m¢,,

conditions

geut(q) =0 (6.2.32)

connecting the first body with the last one in the open chain.
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For general closed loop systems, it is often hard or even impossible to find an explicit
representation of a continuous null space matrix by analysis of the independent generalised
velocities or in terms of a reparametrisation of the constraint manifold (see Section 2.3.4).
If one succeeds in finding an explicit representation, it is very unlikely that a midpoint
evaluation serves as a viable discrete null space matrix or that the necessary modifications
to a midpoint evaluations can be detected, see Remark 3.2.8. Consequently, one has
to revert to the implicit representation of the discrete null space matrix described in
Example 3.2.9, relying on the decomposition of R", which is relatively expensive. Thus it
is reasonable to make use of the explicit representation of the discrete null space matrix
P°(qg,,q,,) in (6.2.27) by the introduction of a multiplicative decomposition of the closed
kinematic chain’s discrete null space matrix

Pc(qm qn+1) = P0<qn7 qn+1) ’ szt(qm qn+1) (6233)

into that of the associated open kinematic chain P°(g,, g, ;) and the discrete null space
matrix P¢,,(q,,q,,,) pertaining to the loop closure condition (6.2.32). Inspection of the
design condition of discrete null space matrices (3.2.30) yields

¢ ¢ G’ ny 4n - P? n»4n
G (qn’qn—f—l)'P (Qnaqn—f—l) = Gc<q q +1) <q q +1)

A -Pt..(a,.4q, 6.2.34
e:vt(qrw qn+1) P (qn7 qn—l—l) t( +1) ( )

Assuming that the associated open loop system has been treated appropriately, the upper
entry in the matrix in (6.2.34) equals the m® x (n — m®) zeros matrix. Then the nodal
reparametrisation of the configuration variable q,,,, = Fg (p°) € C C R in terms
of the independent incremental unknowns of the open kinematic chain

ue = (ug, 6°, 9", ..., 9V) € RV+6 is used to define the reduced (n—m?®—m¢

¢ .+)-dimensional

constraint manifold

C={u eR"™|g(Fq, (1) =0, g,,(Fq,(u°)) = 0} (6.2.35)

According to the procedure described in Example 3.2.9, an implicit representation of

the (n — m°) x (n — m® — m¢

¢y) discrete null space matrix Py, (q,,q,,,) relies on a

decomposition
- L
R"™™ = TC & (TC) (6.2.36)

that can be found using the QR-decomposition of (G<,,(q,) - P°(q,))".

Remark 6.2.6 (Semi-explicit discrete null space matrix) Insertion of the implicit rep-
resentation of P¢,,(q,,q,,,) and the explicit representation of P°(q,,q, ) in (6.2.33)
yields a semi-explicit representation of the discrete null space matrix pertaining to the
closed kinematic chain.

Remark 6.2.7 (Computational costs) The complexity of the QR-decomposition of a
n X m matrix is of the order nm?. Since the number of constraints in the open kinematic

chain m? = my,; + mg,, is usually higher than the number of closure conditions m¢_,,

m® > m¢,,, the decomposition of R*™ relying on the QR-decomposition of the (n —
m°) x m¢,, matrix (G<,,(q,) - P°(q,))" is substantially cheaper, than the decomposition

ext ext

of R based on the QR-decomposition of the n x m = n x (m° +m¢,,) matrix G* (q,,).

ext

i.e.
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Figure 6.22: Initial configuration of the six-body linkage.

6.2.4 Numerical example: six-body linkage

As an example of a closed loop system, the simple closed kinematic chain consisting of six
rigid bodies interconnected by revolute joints in Figure 6.22 is considered. This example
has been analysed kinematically in [Witt 77, Lerb 05]. Simulations of the oscillation of
the six-body linkage, whereby the initial configuration as well as the configuration at the
turning point lie in one branch of the angle relation in Figure 6.25, have been reported
by [Fuhr 88,Kim 86]. In [Kreu 79], the reduced equation of motion is deduced symbolically
and its sectionwise integration is proposed. A similar problem consisting of six bars is
investigated in [Ange 86, Ange 89]. Some historical remakrs on this ‘invertible cube’ and
on Paul Schatz’s interesting interpretation of the features of its motion can be found in
Appendix F.

The initial configuration of the six-body linkage forms a cube of side length [ (see Fig-
ure 6.22). Bodies 0, 2 and 4 are identical and bodies 1,3 and 5 are identical. Furthermore,
body 1 is a mirror image of body 0. Accordingly, it suffices to provide the details of body
0. Detailed investigation of the multibody’s kinematics and symmetries reveals that the
linkage moves without collision of contiguous bodies provided that the angle v does not
exceed /6 (see [Witt 77]). Body 0 has density ¢ = 1000, length [ = 0.1 and angle
v = 0.167m. Setting a = tan~, in the initial configuration the center of mass of body 0
with respect to the inertial frame {e;} is given by

al/4

o =pjei  [pil=| 1/2 (6.2.37)
—al/4
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In the inertial frame, the corners of this tetrahedral have the coordinates

—al/4 3al /4 —al/4 —al/4
[ei] = | —1/2 [f] = | —1/2 [ef] = | 1/2 [l =1 /2 | (6.2.38)
al/4 al/4 al/4 —3al/4

and the mass of body 0 is given by M, = pa*l?/6. Furthermore, the inertia tensor of
body 0 with respect to its center of mass in the initial configuration can be written as

J'=J)e ®e; (6.2.39)
with
o ola? 1/3+a?/4 a/6  —a®/12
— 2
[J)] = o a/6 a?/2 a/6 (6.2.40)

—a’/12  a/6 1/3+a*/4
The principal values of the inertia tensor with respect to the center of mass are given by

202 +1+Va*r+1 2a°+1—+Va*+1
’ 2 ’ 2

=0 @) (62.41)

With these preliminaries, the constant symmetric positive definite mass matrix for rigid
body 0 can be inferred from (4.3.8). For simplicity, the director frame is assumed to
coincide with the corresponding principal axes. Their directions relative to the inertial

frame are characterised by
~0 a’—1—+a*+1

Rt b RS SR TR Y )

a a
(6.2.42)

~0 0

[(dl)z] = [_1707 1] [(&2)1] = [1

Then the director frame {d)} of body 0 is gained by normalisation. Together with the
placement of the center of mass given in (6.2.37), the 12-dimensional configuration variable
q° is defined. Subsequent mirroring at the diagonal planes of the cube configuration yields
the other components q', ..., q° of the redundant configuration vector g € R™ of the six
body linkage with n = 72 . Let all revolute axes n®, a = 0,...,5 be directed inwards the
cube and let % o = 1,...,6 be defined as the angle through which body « is rotated
relative to body a — 1 in the positive sense about the axis n®~! of the a-th revolute joint.
All angles are zero in the cube configuration. Note that body 6 equals body 0.

In the associated open kinematic chain, the revolute joint connecting body 5 to body 0
is cut, thus six rigid bodies are interconnected by five revolute joints with external con-
straints g%, ([q*" %, ¢°]"), @ = 1,...,5 of the form (6.1.67). The independent generalised
velocities are given in (6.2.22). Body 0 is fixed totally in space at its center of mass. The
corresponding constraints read

¢’ —c

T 40 0
f e; ~dy —mn
9eort\d 6.2.43
da) | S (6.2.13)

0 0
e; - d;— 3
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where the constant ¢ € R? can be inferred from (6.2.37). This reduces the independent
generalised velocities of the open loop system to the n —m? = 5 relative angular velocities
in the hinges v° = [0, ..., 6%]” and the independent incremental unknowns of the associ-
ated open loop system to p® = [0',...,0°]7. An explicit representation of the continuous
72 x 5 null space matrix P°(q) and the discrete null space matrix P°(q,,, q,,) for the
pure R chain is derived in Section 6.2.2 in Example 6.2.1 and Example 6.2.3 respectively.
Note that ¢° = 0 € R'? due to the total fixing in space of body 0 and therefore the first
12 rows in the 72 x 5 null space matrices equal the 12 X 5 zero matrix.

The open loop system is subject to the m¢ , = 5 additional loop closure constraint

ext
g¢,.(q@) = 0, in particular, similar to (6.1.67) the closure condition reads

@0 — 0 + @76 — g0F
9o (Q) (n®)" dz — 1 (6.2.44)
(n°)7 - dy — )

The orthonormality conditions (4.3.3) on each body’s director triad constitute m;,, = 36
internal constraints. According to Table 6.1, each revolute joint gives rise to 5 external
constraints. Together with the fixing in space of body 0, the number of external constraints
iS Mz = 36, thus the total number of constraints m = my,; + me,; = n and it is not clear
whether the system has any degree of freedom. To answer this question, the dependency
of the constraints combined to g(q) € R™ has to be investigated. To this end it has to
be examined whether all configurations in the constraint manifold

C = {q € R72‘ g?nt(qa> = 07 o= 07 ctt 57 ggxt(q) =

6.2.45
9o (@) =0, a=1....5 gia(q)— (6.2.45)

are regular points (see A.27), i.e. the rank of the 72 x 72 constraint Jacobian G(q) has
to be calculated for all kinematically admissible configurations q € C'. It turns out, that
only 71 constraints are independent. Therefore, the number of independent constraints is
m = 71 and the system has n — m = 1 relative configurational degree of freedom.

Remark 6.2.8 (Lagrange multiplier method) For the use of the Lagrange multiplier
method leading to the continuous constrained Hamiltonian equations presented in Sec-
tion 2.3, it is required that the constraint Jacobian has maximal rank. Consequently 71
independent constraints must be used and one constraint equation is omitted.

The relative configurational degree of freedom can be chosen in {01!, ... 65}. For reasons
of symmetry, only two relative angles of the system are nonequal. The following relations
hold

' =0=0" 0*=0"=¢" (6.2.46)
Then the relationship
sin(0)(1 + sin(0?)) = sin(6?) (6.2.47)

can be inferred form the formulation of the closure constraints (6.2.44) in the rela-
tive degrees of freedom of the associated open loop system, see [Witt 77]. Together

146



6.2 Simple kinematic chains

with the conditions |sin(f')] < 1 and [sin(6?)] < 1, (6.2.47) yields ' € I, %] and

0 € [-5, %’T] Figure 6.25 shows the relation between ' and 6% for a full revolution of
the six-body linkage which bears two problems. First of all, it is ambiguous and secondly,
it involves vertical tangents. Therefore, the reparametrisation of the relative angles in
one independent relative degree of freedom must be partitioned according to the different

periods of the motion as indicated in Figure 6.25.

s=1 0'e [—g,m 62(0") = arcsin <%) e [—%,0]
s=2 0*¢c|o, g] (%) = arcsin <%) € [0, %]

(6.2.48)

_ R 2091y _ : sin(6") T n
s=3 0 €] 2,0] 0(0") = arcsm(l_sin(el) 6[2, 6]

in(6?) Tmow
—4 02 il 01(02) = 7 — . % e
s 6[0,2] (60%) T arcsm(lJrsin(QQ) €l 5 2]

A consistent reparametrisation of the all relative rotational degrees of freedom of the
associated open kinematic chain pu® € R reads

86{173} 86{2,4}
0! 01(02)
02(91) 02
e = FS(Ql) _ oL pe = FS(QZ) _ 91(92) (6.2.49)
62(6") 02
o 0(6)

Thus the independent generalised velocities of the closed kinematic chain are given by
ve = 6" for s € {1,3} and v° = 62 for s € {2,4}.

The Jacobian of the reparametrisation (6.2.49) plays the role of a null space matrix in the
temporal continuous setting, see Remark 2.3.10. This yields

s € {1,3} s € {2,4}
v = sztél v = PthQQ
1 Dy20*
D1 6* 1 (6.2.50)
Po, = 1 Pz, = | Det!
Dy 6* 1
1 Dy20*

Using the null space matrix pertaining to the associated open loop system in (6.2.22), a
continuous null space matrix for the six-body linkage at hand is given by

P* = P°(q) P

ext

(6.2.51)

Remark 6.2.9 The closed form reparametrisation (6.2.49) is feasible because the system
under consideration possesses such distinct symmetry properties as given in (6.2.46) and
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6 Multibody system dynamics

(6.2.47). A major drawback of the reparametrisation (6.2.49) is that the dependence is
highly nonlinear. Furthermore its Jacobian includes the angle 6! or 62. Therefore the
continuous null space matrix for the six-body linkage (6.2.51) cannot be used to infer a
temporal discrete null space matrix by midpoint evaluation or slight modifications of that,
see Remark 3.2.8.

An alternative continuous null space matrix involving only the configuration variable q
of the six-body linkage and being at most quadratic in it, can be derived as follows.
Considering the associated open kinematic chain, with regard to (6.2.13), the twist of the
body 5 can be expressed as

t° = P> (q) tO+ZPm ' (6.2.52)

On the other hand, the 6-th revolute joint interconnecting body 0 with its neighbour
body 5 relates their twists and the relative angular velocity associated with the 6-th
revolute joints according to formula (6.2.8). Accounting for the interchanged order of the
neighbouring pairs, this relation reads

£ =Py (q) -t + P (q) - (—6°) (6.2.53)
where
5,(R),a I 56— o6 5,(R).b 0% x n’
Pea:t (q) = 0 I Pext (q) = n5 (6254)

Equating (6.2.52) and (6.2.53) yields the loop closure condition in the form
(PZi(a) — Py (q) ﬂ+ZPm (6.2.55)

where P>%(q) = P5’(R)’b(q) has been set. With regard to P>Y(q) given in (6.2.16) and

ext exrt
P> (q) given in (6.2.54), it can be easily verified that Piﬁ( )— P20 (q) = 0, since

ext

5
Z o) = 0 (6.2.56)

k=0

with @%° = %6 (see Figure 6.21, where the corresponding relation for a closed chain
consisting of four rigid bodies can be observed). Accordingly, from condition (6.2.55), it
remains

> Pl =0 (6.2.57)

which can be written more explicitly as
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6.2 Simple kinematic chains

91

9‘2

95,1 < T g5,2 % nl g5,3 X 2 g5,4 N g5,5 ¥ nt p5,6 % n° 93 0
no nl n2 n3 nt nb 94

9’5

9’6

0 3

where (6.2.17) and (6.2.18) have been used.

Remark 6.2.10 According to the treatment of closed kinematic chains in [Ange 88|, the
nullity of the matrix in (6.2.58) equals the number of degrees of freedom of the closed
kinematic chain. Since its nullity equals one, only one relative joint velocity can be chosen,
the other five can then be determined similar to (6.2.50). This coincides with the former
consideration of the constraint Jacobian G(q), whose rank deficiency turned out to be
equal to one.

Taking the symmetry of the system given in (6.2.46) into account, equation (6.2.58) yields

p, 0t + p,6* =0 (6.2.59)
with
pi = Ply(q)+Piia) + Pi(q) (62:60)
p. = Pli(a)+PZiq) + Pli(q)
Thus from (6.2.59) the following relation of #' and 62 can be deduced
. pT . p .
0> = ——L2¢! (6.2.61)
P; "D
Now by velocity analysis equation (6.2.50) can be rewritten as
v° = P¢_(q)f" (6.2.62)

which holds throughout the motion of the six-body linkage. It involves the continuous
null space matrix pertaining to the closure of the linkage

1
pr{ "Dy
Pg )
Pi@=| 1 (6.2.63)
_DPi "D
PQT )

1

Analogous to (6.2.51), a continuous null space matrix for the closed six-body linkage is
given by

P(q) = P°(q) - P,.(q) (6.2.64)
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6 Multibody system dynamics

Remark 6.2.11 The deduction of this null space matrix relies on the dependence of the
columns in the matrix in (6.2.58). More specific, it relies on the assumption, that the
columns of (6.2.58) can be combined into two linearly dependent vectors, i.e. it as assumed
that a linear combination with only two coefficients, namely 1 and —(p? - p,)/(pt - py)
equals zero. This is the case for configurations q € C, where all constraints are fulfilled.
Thus the matrix in (6.2.63) qualifies as null space matrix pertaining to the loop closure
condition in the temporal continuous case. However, at intermediate configurations, e.g.
at the midpoint g, 1 ¢ C, the columns of (6.2.58) are linearly dependent, but more than
two different coefficients are needed for a linear combination that equals zero.

Neither the continuous null space matrix (6.2.51) deduced by reparametrisation of the con-
straint manifold (6.2.49) nor that in (6.2.64) obtained from the velocity analysis (6.2.62)
serves as a basis for an explicit representation of a discrete null space matrix. Thus
the semi-explicit construction procedure for the discrete null space matrix described in
Section 6.2.3 (see Remark 6.2.6) must be used. To this end the one-dimensional con-
straint manifold in (6.2.45) is written in reduced form corresponding to (6.2.35) using the
reparametrisation given in Example 6.2.4.

C={n eR’|g°(Fq, (1) =0, g, (Fq, (1)) = 0} (6.2.65)

According to (6.2.36) the decomposition of the R into the tangent space to the reduced
constraint manifold and its orthogonal complement can be accomplished using the eval-
uation at g,, of the 5 x 5 matrix G¢_,(q) - P°(q) which reads

ext

n? x rl nl x r? n? x r3 n3
T, T, T,

(n® xn%) (d))"- (n° xn') (d})" - (n® xn?) (dy)
5 ’I’L5

(dy) 1
)" (0 xnl) (dy)" - (n® x n?) (dy)

1
1
(d3)" - (n® x n%) (d;

N

where r*

= 0% — g>F and g** is given in (6.2.18).

Remark 6.2.12 (Discrete null space matrix) Similar to the rank deficiency of the full
72 x 72 constraint Jacobian G(q), the matrix in (6.2.66) has rank 4. Thus 4 independent
rows of (G¢,(q,) - P°(q,))" must be chosen for the QR-decomposition leading to the
implicit representation of Pg_,(q,,q, ;) form which the semi-explicit representation of
the discrete null space matrix pertaining to the six-body linkage can be calculated (see

Remark 6.2.6).

Remark 6.2.13 (Explicit discrete null space matrix) To reduce the computational
costs, an explicit representation of the discrete null space matrix is naturally preferable.
If one succeeds in finding the QR-decomposition of (G<,,(q,,) - P°(q,))" explicitly, for-
mula (3.2.38) yields the desired explicit representation of the discrete null space matrix
P...(a,,q,.1). For the simple example of a double spherical pendulum treated by the

discrete null space matrix in Section 4.2.4, an explicit representation of a discrete null
space matrix could be achieved in this way.
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6.2 Simple kinematic chains

Numerical results

Consistent initial velocities ¢ € R™ follow from g = P4 using one of the continuous
null space matrices given in (6.2.51) or (6.2.63). In the numerical example ' = 30 has
been chosen. Gravity is acting on the system with g = —9.81.

Figure 6.24 gives an impression of the motion by showing snapshots at consecutive in-
stances. Algorithmic conservation of the total energy for the present conservative problem
is corroborated in Figure 6.23. Due to the presence of gravitation and the total fixing in
space of body 0, no component of the angular momentum is a first integral of the motion.
The evolution of the coordinates 6'(¢) and 62(t) is depicted in Figure 6.25 as well as the
relation of 62(6') described in (6.2.48). A characteristic of the motion of the six-body
linkage is that the distances oy, 09,03 between opposite corner nodes (the three space
diagonals in the initial cube configuration) remain constant (see [Scha 98]). Figure 6.26
verifies the algorithmic conservation of these distances. Note that due to the magnitude
of the initial angular velcity, the six-body linkage performs full revolutions. This can be
considered as an amelioration to the simulation of oscillations reproted in the existing
literature. Table 6.5 shows a comparison of the simulations of the motion of the six-body
linkage using the constrained scheme (3.2.7) and the d’Alembert-type scheme with nodal
reparametrisation (3.2.44) respectively. Although a 143-dimensional system of equations
has to be solved using the constrained scheme, approximately the same computational
time is needed as for the setup and solution of the one equation in the d’Alembert-type
scheme with nodal reparametrisation, since the implicit representation of the discrete null
space matrix pertaining to the closure condition has been used. Concerning the condi-
tioning issue, the advantageous properties of the advocated discrete null space method
are obvious in view of Table 6.5.

= = =kinetic energy
''''' potential energy
! total energy

angular momentum

Figure 6.23: Six-body linkage: energy and components of angular momentum vector L = L;e;
(h = 0.01).
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Figure 6.24: Six-body linkage: snapshots of the motion at ¢ € {0.02,0.04,0.08,0.09, 0.13,0.26}.
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Figure 6.25: Six-body linkage: relative coordinates ¢'(¢) and 6%(t) (h = 0.01) and angle relation 6%(61).
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Figure 6.26: Six-body linkage: distance between opposite corner nodes (h = 0.01).
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6 Multibody system dynamics

Table 6.5: Comparison of constrained scheme to d’Alembert-type scheme with nodal reparametrisation
for the example ‘six-body linkage’.

H constrained d’Alembert

number of unknowns 143 1
n=72 m=71

CPU-time 1 1
condition number

h =102 10° 1

h=10"3 108 1

h=10""* 1011 1
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6.3 Flexible multibody system dynamics

6.3 Flexible multibody system dynamics

The description of rigid bodies and spatially discretised geometrically exact beams as
constrained continua in terms of the configuration variables given in (4.3.2) and (5.3.2)
respectively allows their coupling to a multibody system consisting of rigid and elastic
components in a systematic way. As a generalisation of (5.3.2), (6.1.1) and (6.2.3), their
configuration vectors are combined into the general configuration vector q(t) € R™ where
n equals twelve times the actual number of nodes present in the system. As already
mentioned in Remark 5.4.6, a spatially discretised beam can be interpreted as a chain
of npeqe rigid bodies for which the interconnections are prescribed by the connectivity
of the spatial finite element method. Furthermore, a rigid body can be considered as a
‘one-node structure’, i.e. it is a special case of a geometrically exact beam, for which the
spatial distribution is degenerate to a single point. Two examples of multibody systems
comprising elastic components are given in the sequel before the general procedure for the
treatment of arbitrary multibody systems by the discrete null space method is outlined
in Section 6.3.1.

Figure 6.27: Coupling of a beam to a rigid body.

Example 6.3.1 (Coupling of a beam to a rigid body) The configuration variable of the
multibody system in Figure 6.27 reads

q'(t)
q(t) = 5 € R (nodetD) (6.3.1)

q'mote (t)
q(t)

It is subject to the internal constraints of the form (4.3.3) respectively (5.3.6) and the
external constraints representing the coupling by a specific joint expatiated in Section 6.1.
Interconnecting e.g. the last beam node to a rigid body by means of a specific joint
J € {R,P,C, S, E} reduces the relative motion of the rigid body with respect to the
beam to the 7/} joint velocities 7(/) (see Table 6.1). Similar to (6.1.11), the mo-
tion of the multibody system is characterised by the independent generalised velocities
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6 Multibody system dynamics

v € Rmoiet™”) with
v= : (6.3.2)

The 12(n,,04e + 1)-dimensional redundant velocity vector of the multibody system can then
be expressed via

q = P(q> V= Pmt(q) : Pemt(q) ‘v (633)

The 12(np0ge + 1) X 6(1p0qe + 1) internal null space matrix is given by

[ P;,.(q") 0 0 0
0 P? (q%) --- 0 0
int
P;.(q) = : : : : (6.3.4)
0 0 e P?:t0d€< nnode) 0
o o - 0 Pi(q") |

with Pj,,(g®) given in (6.1.10) for o = 1,...,npeae, 7b and 0 denoting the 12 x 6 zero
matrix. From (6.1.14) it can be inferred that the 6(n,oqe + 1) X (6npoge + 7)) external
null space matrix reads

[T 0 --- 0 0q» |
0 I - 0 04,0
Pemt<q> = (635)
0 0 I 04,0
| 0 0 P (q) |

Here I and O denote the 6 x 6 identity and zero matrices respectively. Different forms
of the external null space matrix Pex(t )(q) accounting for specific joints can be found in
Section 6.1.

Example 6.3.2 (Rigid connection of two beams) A rigid connection between the node
by € {1,...,n} ..} with nodal configuration Vector g € R in the first beam (which
contains nmde nodes) and the node by € {1,... } with nodal configuration vector

2,b2 : . 9
g>” in the second beam (which contains nmde

node
nodes) gives rise to the following six

constraint functions

so2,b21bsol ,b1 tbg le
diT . dz —
9%i(q) = E 1b1;T dabg_ ; (6.3.6)
(d3™)" d“Q—ns

where " and g point from ' respectively ¢*% to the rigidly connected point.
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6.3 Flexible multibody system dynamics

Thus there are no relative degrees of freedom of the node by with respect to the node b,
and its twist can be calculated in terms of the twist of the node b, via

t2,b2 — P27(F)(q) . tl,bl (637)

ext

with the 6 x 6 null space matrix pertaining to the rigid connection

,F I 172/_\171
P (@) = [0 e ] (6.3.8)
Then the mapping ¢t = P.u(q) - v of the independent generalised velocities

v € Roactmioae) to the twist of the multibody system ¢ € RO(mosetioae) via the
external null space matrix P..;(q) reads explicitly

_ i} _ } 1,1
A I ... 0 ... 00 --- 00 ---0 t.
1o E tl.’bl
" 0 I 00 00 0
: tl’n%wde
M ode 0 --- 0 ... T O --- 00 ---0
L = e | (6.3.9)
+2 o --- 0 ... 0T --- 00 --- 0 .
: : . 2: . oo .o .o t27b‘271
$2:02 o - P ... 00 - 00 -0 (20241
n-2 . . . . . . . . . . . :
-t2’node_ 0 - 0 ... 00 --- 00 --- I_ 202

6.3.1 General treatment by the discrete null space method

A further generalisation to multibody systems consisting of several elastic and rigid com-
ponents can be accomplished in a straightforward way. Specific nodal configuration vec-
tors g%, g° € R'? are coupled according to the procedure described for kinematic pairs,
regardless whether they represent a node in a spatially discretised beam or a rigid body’s
configuration. The order in which the nodal configuration vectors are combined to the
configuration vector of the multibody system (see e.g. (6.3.1)), defines the positions of
the node-specific block-matrices in the internal null space matrix (see e.g. (6.3.4)). It also
prescribes the assembly of the external null space matrices representing specific couplings
in the total external null space matrix (see e.g. (6.3.5) and (6.3.9)).

A general procedure for the treatment of multibody systems consisting of rigid and elastic
components by the discrete null space method comprises the steps described in Table 6.6.
All alternatives for the construction of the discrete null space matrix in step (iii) yield
equivalent results, but they differ significantly in the arising computational costs (see
Remark 6.2.7). From the computational point of view, the explicit representation in
alternative iii.1 is most desirable. If it is not feasible for the problem at hand (e.g. for
most closed loop systems) the semi-explicit representation in alternative iii.3 states a
reasonable compromise while the implicit representation in alternative iii.2 requires the
highest computational costs.
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Table 6.6: General procedure for the treatment of flexible multibody systems by the discrete null space

(i)

(iii)

158

method.

definition of the order in which the nodal configuration variables (regardless whether
they represent a node in a spatially discretised beam or a rigid body’s configuration)
are combined to the configuration variable of the multibody system q € R"”

identification of independent constraint functions and full-rank Jacobian; comprising
Mm;ne internal constraint functions and m.,; external constraint functions correspond-
ing to n. couplings or bearings

1
G
g(q) _ gext(q) c R™ G(q) _ ext(q) c Rmx”
9eit(q) G.(q)

Ne

where m = Mypt + Megr = Ming + ML, + ...+ mls,

construction of a full-rank discrete null space matrix P(q,,, q,,,,) € R™ =™ fulfill-
ing G(q,,,4,+1) - P(q,,q,.1) = 0 by employing one of the alternatives outlined in
the sequel

alternative iii.1 (explicit representation)
construction of a continuous null space matrix P(q) € R™®™ fulfilling

G(q) - P(q) =0 by a) or b)

a) velocity analysis (see Section 2.3.4): successive reduction of the redundant
velocities ¢ € R™ to the independent generalised velocities v € R*™™
e internal constraints: ¢ = Pyy(q) - t, t € R int

e first external coupling or bearing:
q - Pznt(q) ’ Pixt(q) : Vla vl e Rn_mi"t_méxt

e last external coupling or bearing:
4= Piu(q) Pey(a)- ... Pila) v, veR™™

e P(q) = Piu(q) - Piylq) - ... - Plsy(q)

b) explicit analytical QR-~decomposition of the transposed constraint Jacobian in

terms of ¢: G* = [Q,,Q,] - R yields P(q) = Q,(q) (see Section 2.3.4)

midpoint evaluation of the continuous null space matrix P(q,, +%) or slight modifi-
cation of the midpoint evaluation yields P(q,,q, ) (see Remark 3.2.8)
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(iv)

alternative iii.2 (implicit representation)
QR-decomposition of G*(q,,) yields the necessary submatrices to infer P(q,,, q,;)
via formula (3.2.38) (see Example 3.2.9)

alternative iii.3 (semi-explicit representation)

e explicit representation of internal discrete null space matrix:
Pint(qn7 qn+1) = Pmt(qn—i—%)

o if possible: P¢,,(q,,q,,,) is obtained explicitly by midpoint evaluation
Pgmt(anr%) for ¢ = 1,...,n. or by slight modification of that (see Re-
mark 3.2.8)

e if not possible: QR-decomposition of

C Cc— T . . .« .
(Gemt(qn) ' Pmt(qn) . Pixt(qn) et Pe:vtl(qn)) ylelds lmphCltly
P...(a,.q,.1) for ¢ = 1,...,n, via formula (3.2.38) (see Remark 6.2.6
and Example 3.2.9)

b P(qnv qn+1) = Pimf(qrw qn+1) ' Pimt(qrw qn+1) Tt PZa:ct(qu qn+1)

solution of the resulting nonlinear algebraic system by applying one of the alterna-
tives outlined in the sequel

alternative iv.1 (d’Alembert-type scheme)
solution of time-stepping scheme (3.2.33) for g,,,, € R"

alternative iv.2 (d’Alembert-type scheme with nodal reparametrisation)
nodal reparametrisation (3.2.42) q,,,; = F¢q_(p); solution of time-stepping scheme
(3.2.44) for p € R*™
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6.3.2 Numerical example: spatial slider-crank mechanism

elastic
2 beam

rigid
connection

Figure 6.28: Initial configuration of the spatial slider-crank mechanism.

The multibody system under consideration is a three-dimensional slider-crank mechanism.
The initial configuration is depicted in Figure 6.28. It consists of a horizontal elastic beam
of length 6, which is discretised by 20 linear beam elements and characterised by the axial
and shear stiffness FA = GA = 10° and bending and torsional stiffness EI = E.J = 10%.
The middle node (node 11) is rigidly connected (see Example 6.3.2) to the first node
of the elastic slider of length 4, which is discretised by 15 linear beam elements and
characterised by the axial and shear stiffness EA = GA = 10° and bending and torsional
stiffness FI = E.J = 10°. The hyperelastic material behaviour of the beams is specified in
Example 5.3.3. The end of the slider is supported by a sliding bearing (see Section 4.3.5)
which allows it to slide parallel to the x-axis in the xy-plane. The inertia properties of
both elastic beams are characterised by the mass density per reference length A, = 20 and
the principal mass moments of inertia of the cross-section M ; = Mg = 10. The ends of the
horizontal beam are connected via spherical joints to rigid bodies (see Example 6.3.1),
which are modelled as pyramids of height H = 1.5 with square bases of edge length
A = 0.2 and total mass M = 1 respectively. To allow true three-dimensional motion,
both rigid bodies are supported by spherical joints fixed in space (see Section 4.3.5).

A force parallel to the x-axis F'(t) = f(t)e; with

[ 1000sin(7t) for ¢ <2
ft) = { 0 for £ 9 (6.3.10)

is applied at the end of the slider with a sinusoidal time variation for the first two seconds
of motion. After the force is removed the system undergoes free vibration, since no other
external loads are present. The results presented in the sequel have been obtained by
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6.3 Flexible multibody system dynamics

solving the d’Alembert-type scheme with nodal reparametrisation (3.2.44). Figure 6.29
shows a series of snapshots of the motion and deformation of the slider-crank mechanism
during the first and second revolution. The cuboids of the initially horizontal beam are
coloured by a linear interpolation of the norm of the resulting momenta HmeH in the
elements whereas the slider is coloured by the norm of the resultant forces HneH Thereby
blue represents zero while red represents 3000. The deformations depicted in Figure 6.29
are the original deformations, they have not been scaled for the illustration.

The orbit of the rigid connection point between the beams in Figure 6.30 also emphasises
the large deformation the system is undergoing. It starts as a circle but soon leaves
that path due to the large bending of the initially horizontal beam. The diagrams in
Figure 6.31 show the stress resultants in the rigidly connected elements for the horizontal
beam on the left and for the slider on the right hand side. One can see that the horizontal
beam undergoes much bending deformation whereas in the slider the axial and shear
forces dominate. Figure 6.32 shows that after the removal of the external forces at t = 2
the total energy is conserved exactly. It also reveals that the strain energy amounts a
substantial part of the total energy.

Comparison

The same problem has been calculated using the constrained scheme (3.2.7). The schemes
are equivalent, consequently the solutions are identical and both schemes fulfil the con-
straints exactly. Table 6.7 summarises the simulations using both schemes. A remarkable
difference is in the dimensions of the system of equations of motion. For the present prob-
lem, the constrained scheme requires the solution of 722 equations whereas the system
for the d’Alembert-type scheme with nodal reparametrisation is 214-dimensional. This
has a big impact on the computational costs, the constrained scheme requires more than
twice the CPU-time than the d’Alembert-type scheme with nodal reparametrisation to
simulate 10 seconds of motion and deformation of the slider-crank mechanism. For the
time-step h = 1072 the condition number of the constrained scheme is of the order 10*°
and it increases substantially for decreasing time-steps, whereas it is of the order 10* or
less for arbitrary time-steps in the d’Alembert-type scheme.
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2 t=4.63 2 t=25.99

Figure 6.29: Spatial slider-crank mechanism: snapshots of the motion and deformation at
t €{0.47,0.79,2.15,3.35,4.63, 5.99}.
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Figure 6.31: Spatial slider-crank mechanism: stress resultants in
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orbit of the rigid connection point in the xz-plane.

rigidly connected elements in the ini-

tially horizontal beam (left) and in the slider (right) (h = 0.01).
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Figure 6.32: Spatial slider-crank mechanism: energy (h = 0.01).

Table 6.7: Comparison of constrained scheme to d’Alembert-type scheme with nodal reparametrisation
for the example ‘spatial slider-crank mechanism’.

H constrained d’Alembert
number of unknowns 722 214
n =468 m = 254
CPU-time 2.3 1
condition number
h =102 1010 104
h=10"3 1011 103
h=10"* 1014 103
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7 Conclusions

Energy-momentum conserving time-stepping schemes emanating from the use of different
methods for the constraint enforcement have been deduced from scratch in this work. The
derived algorithms have been compared by means of theoretical investigations as well as
with the help of examples. Particular emphasis has been placed on their robustness, accu-
racy and efficiency for the simulation of flexible multibody dynamics. It turned out that
the Lagrange multiplier method can be applied in a straight-forward manner to complex
settings. However this approach requires the solution of the augmented system of DAEs
which yields exact constraint fulfilment on the one hand, but on the other hand becomes
computationally expensive for large problems subject to a high number of constraints and,
moreover, is subject to severe conditioning problems. The Lagrange multiplier method
yields accurate solutions but is neither robust nor efficient. Using the penalty method,
the high sensitivity of the constraint fulfilment to the choice of the penalty parameter is
troublesome. While proper enforcement of the constraints requires high penalty param-
eters, the system becomes increasingly stiff. The dependence of the condition number
on the time-step and the penalty parameter is clearly demonstrated in the example of
the double spherical pendulum. Although the penalty method can perform relatively
accurate, this property is negatived by high condition numbers or high computational
costs as a consequence of a small time-step balancing the high penalty parameter. The
most striking property of the augmented Lagrange method is its immensely high com-
putational effort which disqualifies it in the competition with the other methods. It has
been shown by theoretical analysis and numerical examples that the discrete null space
method with nodal reparametrisation performs excellently in all respects. This approach
yields accurate results — the constraints are fulfilled exactly, the computational costs are
comparatively low since the system of equations has the minimal possible dimension and
it is robust due to the independence of the condition number on the time-step. Therefore,
this method is investigated in detail in this work.

The construction of a discrete null space matrix lies at the heart of the discrete null
space method. The key properties of a discrete null space matrix are summarised in
Remark 3.2.7, based on the necessary and sufficient condition (3.2.30). With its help the
Lagrange multipliers are eliminated from the temporally discretised constrained scheme
and the systems dimension is reduced. The primary question ‘How can a discrete null
space matrix for a specific problem be found?’ is answered explicitly for general flexible
multibody dynamics. It can be stated that an explicit representation of the discrete null
space matrix is generally desirable, since it minimises the computational costs. Such an
explicit representation is feasible for most applications, e.g. for the examples in this work
comprising mass point systems, rigid body dynamics, open kinematic chains and flexible
multibody dynamics. Solely the simulation of the dynamics of the closed loop system
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requires special treatment, involving an implicit representation of a discrete null space
matrix.

The explicit representation of a discrete null space matrix can be inferred from a corre-
sponding continuous null space matrix either by midpoint evaluation at q,, 1 or by slight
modification of the midpoint evaluation, see Remark 3.2.8. The necessary continuous null
space matrix can also be constructed in two different ways, either via velocity analysis
or by performing an explicit QR-decomposition of the transposed continuous constraint
Jacobian in terms of the configuration variable, see Section 2.3.4. The latter approach has
been used for the example of the double spherical pendulum while all other continuous
null space matrices have been constructed via velocity analysis. The third possibility to
obtain a continuous null space matrix as the Jacobian of the reparametrisation of the
constraint manifold in terms of generalised coordinates mentioned in Remark 2.3.10 can-
not be used to construct an explicit discrete null space matrix by midpoint evaluation or
slight modification of that, since it involves generalised coordinates. This fact is shown
exemplarily for the six-body linkage, see Remark 6.2.9. The six-body linkage constitutes
an example, for which it is not possible to construct a continuous null space matrix in
terms of the configuration variable, from which an explicit discrete null space matrix can
be inferred. Thus the discrete null space matrix has to be constructed implicitly.

The implicit construction of a discrete null space matrix, based on the QR-decomposition
of the transposed constraint Jacobian at every time-step, is always feasible, see Exam-
ple 3.2.9. However, to reduce the computational effort, it is recommendable to use a
semi-explicit representation of the discrete null space matrix as proposed in Remark 6.2.6
for closed kinematic chains. Its construction is based on the idea of identifying those
constraints which impede the construction of an explicit discrete null space matrix (typi-
cally these are the closure constraints) and to set up an explicit discrete null space matrix
corresponding to the remaining constraints. Then the null space matrix pertaining to the
identified (closure) constraints can be obtained implicitly and a semi-explicit represen-
tation of the total null space matrix is gained by multiplication of the explicit and the
implicit discrete null space matrices, see Section 6.2.3.

An instructive outline for the treatment of general multibody systems by the discrete null
space method is given in Section 6.3.1, providing a new robust, accurate and efficient
integrator for flexible multibody dynamics. Thereby, particular use can be made of the
discrete null space matrices pertaining to the internal constraints for rigid bodies and spa-
tially discretised beams and of the discrete null space matrices pertaining to the external
constraints arising from the interconnection of kinematic pairs by joints which are given
explicitly in this work.

7.1 Outlook

This study is of course by no means considered to close the rather active field of research
on computational methods for flexible multibody dynamics. Various topics seem to be
attractive for future investigations.

e The considerations in this work are restricted to holonomic constraints on the con-
figuration level. In [Bets 04] the discrete null space method has been generalised to
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nonholonomic equality constraints and applied to a rigid ball, rolling on an inclined
plane. This can be considered as the foundation for a systematic construction of
discrete null space matrices pertaining to the integrable holonomic constraints on
the momentum level, arising from temporal differentiation of internal or external
configurational constraints.

Flexible structures considered in this work are elastic beams, discretised using struc-
tural finite beam elements. The discrete null space method could also be applied
to other structural elements like shells or plates and their coupling to multibody
systems. Furthermore, the application to flexible bodies which are discretised by
continuum finite elements and coupled to other bodies are of interest.

The discrete null space method could be extended to inequality constraints occurring
e.g. in contact problems.

It is of interest to test the discrete null space method in conjunction with other
temporal discretisation methods, e.g. variational integrators leading to symplectic-
momentum conserving time-stepping schemes.

A very important field of application of multibody dynamics are actuated systems.
An extension of the discrete null space method to optimal control problems seems
to be a challenging and worthwhile task.
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A Definitions

The following standard definitions can be found in a variety of books. The list includes
parts of the representations in [Abra 78], [Mars 94], [Bern 98|, [Agri 01], [Choq 77],
[Arno 78], [Luen 84]:

Definition A.1 (Differentiable manifold) Let M be a connected, topological Hausdorff
space. A chart on M is a pair (¢,U), where U is an open set in a Banach space X and
¥ is a bijection of U onto some subset of M,

U —p(U)Cc M

If two charts (¢, U) and (¢, U') have an overlapping image in M, then

V=) (wU) Ny (U)) and V' = (¢ )71 (¢(U) N1’ (U")) are open sets in X. Hence
the mapping (¢¥')' o4 : V — V' is defined. The two charts are called compatible if
this mapping is C*°. A union of compatible charts is called atlas, and two atlases are
equivalent if their union is also an atlas.

M is called differentiable manifold if M has an atlas. If every chart has domain in an
n-dimensional vector space, M is called n-manifold. In other words, M is covered by a
union of compatible charts, and the differentiable structure on M is an equivalence class
of atlases.

Definition A.2 (Bundle, fibre) A bundle is a triple (E, B, ) consisting of two topological
spaces I/ and B and a continuous, surjective mapping 7 : E — B. B is called the base. If
for all x € B the topological spaces 771(x) are homeomorphic to a space F, then 77!(z)
is called fibre at x.

Definition A.3 (Tangent vector, tangent space, tangent bundle, cotangent bundle)
Two curves c¢q, ¢y : R — M in an n-manifold M are called equivalent at x, if

c1(0)=cy(0)=2 and (Y 'oec)(0)= (¢ " ocy)(0)

in some chart 1. This definition is chart independent. A tangent vector v to a manifold
M at x € M is an equivalence class of curves at @. Let U be a chart of an atlas for M
with coordinates * = (x1,...,x,). The components of the tangent vector v to the curve

(@Zfl oc): R — R™ are defined by

. d ,
ot = a(w* oc)'li=o wherei=1,...,n

The set of tangent vectors to M at @ forms a vector space, called the tangent space to M
at @, denoted by Tp M.
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The union of the tangent spaces TeM to M at all points @ € M is the differentiable
manifold

TM = U TaeM

reM

Together with the natural projection 1a : TM — M, which takes a tangent vector
v € TeM C TM to the point x, the tangent bundle (T M, M, 1)) is defined. If the base
and the projection are clear from the circumstances, the tangent bundle is denoted by
TM.

Let € = (x1,...,2,) be local coordinates on M and let v = (vq,...,v,) be components
of a tangent vector in this coordinate system. Then (x,v) = (x1,...,Zn,v1,...,0,) give
a local coordinates system on T'M.

If each vector space Tx M is replaced with its dual 7, M, and the canonical projection
7o : T"M — M is introduced analogously to 7ps, one obtains the cotangent bundle
(T*M, M, myr), which is often simply denoted by T*M.

Definition A.4 (Derivative) Let M and N be differentiable manifolds (see A.1) and
f: M — N amap. f is called differentiable, if f is given by differentiable functions in
local coordinates on M and N. The derivative (or tangent lift) at any point & € M is
the linear map

constructed in the following way: for v € TxM choose a curve ¢ :| — €,e[— M with
c(0) = x and velocity vector ¢/(0) = v. Then Tg f - v is the velocity vector at ¢t = 0 of
the curve foc: R — N, ie.

Tof -0 = 4 (6(0)) o

If M and N are finite dimensional, the derivative is also denoted by D f and called the
Jacobian. If N =R and identifying the tangent space of R at any point with itself (as it
is usually done with vector spaces), one gets the linear map df(x) : Ty M — R. That is
df(x) € T;; M and reads in coordinates

0
df is called differential of f. Using the operators 57 One can identify a basis of Tgp M
xl

0 0 . 0 . y
by <%, el %) The dual basis to Eye is dx', thus

df(z) = o=

holds for any smooth function f : M — R.
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Definition A.5 (Functional derivative) Let P be a smooth infinite-dimensional mani-
fold. Moreover assume that P is a subset of an infinite-dimensional linear space V' with
interior product (-,-) : V' x V. — R. The functional derivative of a smooth functional

)
f:P—Rat e P, denoted by %, is the unique element of V| if it exists, satisfying

<%>U> =T,f forallveT,P

Definition A.6 (Cotangent lift) Let M/ and N be two manifolds, and let f : M — N be
a diffeomorphism. The cotangent lift of T*f : T*N — T*M of f is defined by

(T"f(as),v) =(as, Tf-v)
where as € TgN, v € TpM, r € M, s € N and s = f(r).

Definition A.7 (k-form) A two-form w on M is a function wg : Toe M X Te M — R that
assigns to each point @ € M a skew-symmetric bilinear form from the tangent space Tp M
to M at x.
More generally, a k-form o on M is a function wg : TpM X ... x Tg M — R that assigns
to each point * € M a skew-symmetric k-multilinear form from the tangent space T'p M
to M at x.

Definition A.8 (Interior product) Let « be a k-form on a manifold M and X : M — T'M
be a vector field. The interior product ixa of X and « (sometimes called contraction and
denoted by i(X)a) is the (k — 1)-form

(ix)a(vs, . 05) = az(X (@), 05, ., 05)
for x € M and (vy,...,v;) € T M.

Definition A.9 (Exterior derivative) The ezterior derivative da of a k-form o on M is
the (k + 1)-form on M, which is uniquely determined by the following properties:

(i) If ais a O-form, ie. o = f € C®(M), then da is the one-form
which is the differential of f.

(ii) da is linear in a.

(i) da satisfies the product rule, that is

dlaNpB)=daAB+(—1)ands

where « is a k-form and (3 is a [-form.

(iv) d?=0,ie. d(da) =0 for any k-form a.

(v) dis a local operator, i.e. da(x) only depends on « restricted to
any open neighborhood of . If U C M is open, then

d(aly) = (da)lv
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Definition A.10 (Symplectic manifold) A symplectic manifold is a pair (P,w) where P
is a manifold (see A.1) and w is a symplectic form, i.e. w is a closed, (weakly) nondegen-
erate two-form (see A.7) on P.

w is called closed if dw = 0, where d is the exterior derivative (see A.9), and it is
called weakly nondegenerate if for z € P the induced map w% : TP — T4P with
Wy (x)(y) = wz(x, y) is injective, i.e. let & € TP, if wz(x,y) =0 for all y € Ty P then
= 0. In the case of strong nondegeneracy w% is an isomorphism.

If P is finite dimensional, weak nondegeneracy and strong degeneracy are equivalent.

Definition A.11 (Pull back, push forward) Let f : M — N be a C*-map between the
manifolds (see A.1) M and N and « be a k-form on N. The pull back f*« of o by f is
the k-form on M given by

(f*()é)m(’Ul, e ,Uk) = Oéf(m)(Ta;f U1y v ,Tmf . ’Uk)

forx e M, vy,...vp € TegM and Tx f the derivative (see A.4) of f.
IfY : N — TN is a vector field on N and f is a diffeomorphism, the pull back f*Y is a
vector field on M defined by

(f*Y)x)=Tgf toYof

where @ € M and Ty f~! the derivative (see A.4) of f~1.
If f is a diffeomorphism, the push forward f, is defined by f, = (f~1)*.

Definition A.12 (Symplectic/canonical transformation) A differentiable map
f: P — P, between symplectic manifolds (P;,w;) and (P, wy) (see A.10) is called sym-
plectic (or canonical transformation) if

f*u)z = w1
That is, by definition of the pull back of a 2-form (see A.11)

(ffw2)z(@,y) = wa, 5 (T2 f(®), T2 f(y)) = w1, (2, y)

for each z € P and all (x,y) € TzP;, with the derivative (see A.4)
Tzf . TzPl — Tf(z)P2

Definition A.13 (Jacobi-Lie bracket) Let M be a smooth C* manifold, f € F(M) and
X, Y : M — TM two vector fields on M. Then the derivation

f—= XY =YX/

where X[f] = df - X determines a unique vector field denoted by [X,Y] and is called
Jacobi-Lie bracket of X and Y.
Thus X(M) (the set of vector fields on M) coincides with the set of derivatives on F(M).

Definition A.14 (Lie derivative) Let o be a k-form (see A.7) on M and let X : M — T'M
be a vector field with flow ¢ : R x M — M. The Lie derivative of o along X is given by

s 1 * *
Lxa= llg%g ((pra) —a) = %S"t‘ﬂt:O
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Let f: M — R be a real-valued function and X : M — T M a vector field on M. The
Lie derivative of f along X is the directional derivative

Lxf=X[f]=df X

If M is finite dimensional

of

T

Let Y : M — T'M be a vector field on M. Defining

Lxf

LxY =[X,)Y]
where [X, Y] is the Jacobi-Lie bracket (see A.13) gives the Lie derivative of Y along X.
Theorem A.15 (Lie derivative theorem) Let o, X, Y and ¢ be defined as in (A.14) and
recall the definition of the pull back (see A.11). Then the following statements hold:

d * * d * *

%cptoz:gotﬁxoz and %cptY:gotﬁxY

Definition A.16 (Hamiltonian vector field) Let (P,w) be a symplectic manifold (see
A.10). A vector field X : P — TP is called Hamiltonian vector field if there exists a
function H : P — R such that

iXu) =dH

where ix is the interior product (see A.8) and d the exterior derivative (see A.9). Then
X is denoted by Xy and is called Hamiltonian vector field of H with respect to w.

The relation between Hamiltonian vector fields and 2-forms can also be expressed in terms
of the Lie derivative (see A.14) by demanding

LXHW =0

since Carton’s formula states Ly = dix + ixd, by definition ddH = 0 and w is closed
(see A.10).

Definition A.17 (Lie group) A Lie group is a group G and at the same time it is a
differentiable manifold (see A.1). The group structure must be compatible with the
manifold structure in the sense that the group operations

GxG—=d G—GG

(g:h)—=gh g gt
are C°° maps.

Definition A.18 (Lie algebra) Let VV be a vector space and [.,.] : V xV — V a Lie
bracket, i.e. it is a bilinear, skew-symmetric map which fulfils the Jacobi-identity:

(A, [B,Cl|+ [B,[C, A+ [C,[A,B]] =0forall A,B,C e V
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Then the pair (V,[.,.]), is called Lie algebra.

More specific, every Lie group G induces a Lie algebra: the vector space X (G) of left
invariant vector fields on G is isomorphic to the tangential space T.G to G at the neutral
element e. Define the Lie bracket for £, € T.G by

[€,n] = [Xe, Xy](e)

where X¢, X, are the vector fields induced by ¢ and 7 respectively and [X¢, X, is the
Jacobi-Lie bracket (see A.13) of vector fields. This makes T.G into a Lie algebra. It is
denoted by g = Lie(G) and is called Lie algebra of G.

Definition A.19 (Exponential map) Let G be a Lie group (see A.17). For all
¢ € g = Lie(G) (see A.18) let 7¢ : R — G denote the integral curve of the left-invariant
vector field X on GG induced by &, which is defined uniquely by claiming

Xe(e) =¢ 7(0) =e
Je(t) = Xe (7e(t)) forallt e R
The map

exp:g — G
exp(§) = (1)

is called exponential map of the Lie algebra g in G.

Definition A.20 (Action, infinitesimal generator) Let G be a Lie group (see A.17) and
P be a symplectic manifold (see A.10). Corresponding to £ € g = Lie(G) (see A.18) the
action ¢¢ : R x P — P is defined by

¢* (s, 2) = ¢(exp(s€), z)
where z € P. Thus ¢¢ is a flow on P. The corresponding vector field £p on P is given by
d
Ep(2) = —-d(exp(s€), 2)s=o
s
and is called the infinitesimal generator of the action corresponding to &.

Definition A.21 (Momentum map) Let the Lie algebra g (see A.18) act canonically (see
A.20, A.12) on the symplectic manifold P (see A.10). Suppose there is a linear map
J : g — F(P), such that the vector field belonging to the smooth function J(¢) : P — R

XJ(&)Igp for allﬁeg

The map J : P — g* defined by

for all £ € g and z € P is called momentum map of the action.
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Definition A.22 (Liouville measure) Let (P,w) be an 2n-dimensional symplectic man-
ifold (see A.10). Then the Liouville volume is defined by

(~1)%

A= WAL AW
n times
In canonical coordinates (¢',...,q" p1,-..,pn), A has the expression

A=dg"' A ANdg" Ndpy A ... Ndp,
The measure associated to A is called Liouville measure.

Definition A.23 (Poisson bracket) Let (P,w) be a symplectic manifold (see A.10) and
F,G € F(P) with the corresponding Hamiltonian vector fields Xp, X¢ (see A.16). Then
the Poisson bracket is defined by

{F, G}z) = wz(Xr(2), Xc(2))
where z € P.

Definition A.24 (Hat map) The Lie algebra so(3) (see A.18) of the Lie group SO(3) (see
A.17) can be identified with R?® via the isomorphism ™ : R® — s0(3) (called hat map),
defined by

0 —as (45}
a = [al,ag,ag] D—>a: as 0 —ay
—a9 aq 0

Definition A.25 (Regular value) Let M, N be differentiable manifolds (see A.1) and
f: M — N be of class C1. A point n € N is called regular value of f if for each
m € f~1({n}), T).f is surjective.

Proposition A.26 Let M, N be differentiable manifolds (see A.1) and f : M — N be of
class C*=. Suppose that n € N is a reqular wvalue of f. Then
f7Yn) ={m|m € M, f(m) =n} is a submanifold in M.

Definition A.27 (Regular point) Let f : R® — R™ be of class C!. A point & € R satisfy-
ing f(x) = 0 is called regular point of f if the differentials (see A.4)
dfi(x), i =1,...,m are linearly independent.

Proposition A.28 At a reqular point € R™ of the C*-function f : R®™ — R™, the tangent
plane to the surface S = {x € R"|f(x) = 0} is equal to T ={y € R"|Df(x) -y = 0}.
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B Linearisation of the
d’Alembert-type scheme

The residual R(q,,,,) € R" of the d’Alembert-type time-stepping scheme is the nonlinear
equation in terms of the configuration variable q,, ., € R™ given in (3.2.33). Linearisation
of the residual by truncation of its Taylor expansion after the linear term yields the
familiar linear equation

R(qln+1) + DR(qln-H) : Aanrl =0 (B.1)

which is solved for Aq,, ., = ¢4, — ¢!, repeatedly until | R(q'")|| < e, where ¢ is some

prescribed tolerance.
With regard to (3.2.33) the tangent matrix assumes the following form which is deduced
explicitly in [Bets 05].

P"(q,.4,.1) S(q )}

DR " — ny In+1 n+1 B2

(@)= | P (B.2)

Here S(q,,.,) is given by

aGT<qn7 qn+1)
aqn+1

S(Qn+1) = DT(qn+1)_ 'l(qn+1)

. B.3)
(d%gu(q.,, q, (
= DT(q,.1) _Zlb(anrl) ( ba( +1))
b—1 qn+1

and the abbreviations

2

T<qn+1) = ﬁM ’ (qn+1 - qn) - 2pn + thV(qrw qn+1) (B4)
and
T T -1\ 7

have been introduced.

B.1 Linearisation of the d’Alembert-type scheme with
nodal reparametrisation

For the reparametrisation q,,,; = Fg (u) with u € R"™™ introduced in (3.2.42), in the
context of an iterative solution procedure for the system of nonlinear algebraic equations
(3.2.44) one can distinguish between two types of unknowns. In both cases the tangent
matrix includes the (n —m) x n matrix

DR(Fgq,(u)) = P'(q,, Fq,(u)) - S(Fq,(u)) (B.6)

where S can be calculated from (B.3).
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B Linearisation of the d’Alembert-type scheme

B.1.1 lterative unknowns

Using iterative unknowns, the configuration variable is updated in each step of the
Newton-Raphson iteration according to qi#l = Fq +1(u) such that the constraints are
fulfilled. Truncation of the Taylor expansion of this reparametrisation after the linear
term reads
dih = Fg (0) + SFg (aw)]-

ot e Dna IS0 (B.7)

= qln+1 + DFqﬁLH(O) U

l
n+1

Insertion into (B.1) yields the (n —m)-dimensional linear system, which has to be solved
for the iterative unknowns u

R(qanrl) + DR(qanrl) -DF g (0)-u=0 (B.8)

n+1

B.1.2 Incremental unknowns

Alternatively, a configuration variable fulfilling the constraints can be expressed as
gt = Fq (u't!), with u't! e R~

Then its linearisation reads

d

! ! !

qntrll — Fql"(U) + o [Fq (u JrleAu)]ezo (B.9)
e qn+1 —'— DFqn<u)‘Au

and the (n — m)-dimensional linear system to be solved for Au reads
R(qy;1) + DR(g,.,) - DFq (u')- Au=0 (B.10)

In each iteration, the reduced unknowns are updated according to u*' = u! + Au and in
each time-step (after the iteration is complete, i.e. | = l,,4,), the configuration variable is
determined by q,,,; = Fq_(u'™).
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C Conditioning issues

C.1 Lagrange multiplier method

The constrained (n+m)-dimensional time-stepping scheme (3.2.7) which has to be solved
for q,, 1, A4 suffers from conditioning problems. For decreasing time-steps, the system
becomes more and more ill-conditioned. In particular the following calculations prove,
that the condition number of the iteration matrix for the solution of the nonlinear system
of equations is of the order O(h™3).

The iteration matrix of the residual (3.2.7) takes the form

DR — {g hfﬂ (C.1)
where the n x n matrix IN reads more explicitly

N = %M +hX (C.2)
with

x_ 9 (dV (@, Gnir) + G (@, @ryr) - Ant1) ©3)

a(]n+1
Accordingly the order of the blocks of DR is

U o0 o

This yields HDRH = O(h™!) in an arbitrary matrix norm HH Using Gaussian elimina-
tion, the inverse of DR can be computed as

-1

N'-N'6¢'" N'.¢.N' N'.G' N

i ! C.5
WINT -G N7 —hNT (C5)

(DR)™ = [

where N = (G -N~t. GT). Let M = M - My be the LU-factorisation of M. Then
(C.2) can be rewritten as

2 h?
N = EML : <I+ 3M;l X - M;l) - My, (C.6)
and N~ ! reads

oy hoo W 2\ e
N1:§MU1-<I+3ML1-X-MU1) -M;? (C.7)
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C Conditioning issues

For sufficiently small time-steps, H%QM XM {]1 H < 1 holds. Then application of the
Neumann series expansion (see e.g. [Deuf 03]) leads to

h2 -1 o] h2 k
(I + ?le X - MUl) => (—EMLl X - MUl) (C.8)
k=0

Cutting the expansion after the second term yields

4 _h IR -1
N'=2(M'-oM' X M (C.9)

Similarly, it can be shown that N = (G -N'. GT)f1 can be written as

. _ 2 [/ - _ 2 4 . .
leﬁ(MlJr%Ml-X-Ml) (C.10)

where M = G- M- G" and X = G- X - G”. Substitution of (C.9) and (C.10) into
(C.5) shows that the order of the blocks of (DR)™! is

om 1
o ona) (e

Consequently, |[(DR)~!|| = O(h~2) and the condition number of the iteration matrix of
the constrained scheme is given by

x(DR) = | DR||||(DR)~"|| = O(h™?) (C.12)

C.2 Discrete null space method with nodal
reparametrisation

The (n —m)-dimensional d’Alembert-type time-stepping scheme with nodal reparametri-
sation (3.2.44) is unconditionally well-conditioned. The following calculations show, that
the condition number of the iteration matrix is independent of the time-step, regard-
less whether iterative or incremental unknowns are in use. From (B.8) and (B.10), the
iteration matrix of the residual (3.2.44) can be inferred to be

2
DR-DFq =X +1Y +Z (C.13)

with
= PT(qn7 anrl) - M - DFqn(u)
a (dGV(qrw qn—l—l))

Y = PT<qn7qn+1)'

4,0 -DFq, (u) (C.14)
OGT ns Qi
Z = —Pqq.)- 0 )y DRy ()
8qn+1
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C.3 Discrete null space method

This yields HDR : DFan = O(h™'). Let X = X - Xy be the LU-factorisation of X.
Then (C.13) can be rewritten as

2 (R h _
DR-DFq, =X (I+ Xt (?Y + 5Z) ~XU1) Xy (C.15)

and its inverse reads

1 h 2 h -
(DR-DFq )™ = §X{]1 : (I +X <5Y + 52) -X{,l) X! (C.16)
For sufficiently small time-steps, HX21~ (%QY + gZ) ~X{]1 H < 1 holds. Analogous to the

procedure in Section C.1, application of the Neumann series expansion (see e.g. [Deuf 03])
leads to

I+X;' h2Y+ 7). x;! _1—i X! h2Y+ 7). x;! k (C.17)
L 9 9 U - — L 9 9 U :
Cutting this expansion after the second term yields

1 h ht., h
(DR-DFq ) = o) (X—1 -X". <5Y + 52) -X‘1> (C.18)

and consequently H (DR . DF(]")f1 H = O(h) and the condition number of the iteration
matrix of the d’Alembert-type scheme with nodal reparametrisation is independent of the
time-step

k(DR-DFq )= HDR-DFq"HH (DR-DFqn)*1 | ~1 (C.19)

More precisely, x(DR - DFgq ) = c where ¢ € R is a problem dependent constant.

C.3 Discrete null space method

Although the d’Alembert-type scheme (3.2.33) can be implemented directly using the
iteration matrix in (B.2), the there given form is not suitable for the conditioning consid-
erations. As described in [Bets 05], using the decomposition (3.2.34) in conjunction with
the matrices W, U, given in (2.3.23) implies

qiz—i—l = Qn+Un'ul+Wn"wl

Aq,yy = Up-Au+ W, Aw (C.20)

Insertion into (B.1) results in two equations including S and T given in (B.3) and (B.4)
respectively. Multiplying the second resulting equation by P* - S - W, - (G- Wn)f1 and
subtracting it from the first resulting equation yields

KU(ql +1) Au = _RU(ql +1)
m w C.21
Ku(dh.) -Aw — —Ru(gh,,) (©21)
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C Conditioning issues

with
! T ! ! ! -1 !
Ku(qn—H) = P (qnv qn+1) . S(qn+1) : |:I - Wn : (G(qn+1) ' Wn) : G(qn—i—l)] ' Un
~1
Ru(‘]fwrl) = PT(qrw qgwrl) ) |:T(qln+1) - S(‘Ifwﬂ) W, (G(‘Ifwrl) ) Wn) ‘Q(warl)}
K.(q,.,) = G(d,,) W,
RW(qurl) = g(Qferl) + G<qln+1> Uy, - Au
(C.22)
Since K (g, 1) is obviously independent of the time-step
K(K,) = || K| K. =~ 1 (C.23)
holds. More precisely, x(K,) = ¢, where ¢, € R is a problem dependent constant.

Among the matrices composing K (g, ), only S(g'.,) given in (B.3) depends on the
time-step. Analogous to (C.13), it can be written as K, = 2X + AY + Z and

K(K,) = || K| K| ~ 1 (C.24)

or more precisely k(K ,) = ¢, with the problem dependent constant ¢, € R can be shown
in the same way.

C.4 Penalty method

Besides the time-step, the n-dimensional penalty system’s (3.2.20) condition number is
influenced by the penalty parameter p. In the sequel it is shown, that the condition
number of the iteration matrix is of the order O(h?pu), thus for well balanced time-steps
and penalty parameters, the penalty system is well-conditioned. In particular the use of
relatively high penalty parameters, leading to acceptable constraint fulfilment, requires
the use of relatively small time-steps. In this case, the system has the property of being
stiff, see [Hair 96].

The iteration matrix of the residual (3.2.20) takes the form

9
DR =M +hX + huY (C.25)
with
9 (dV(a,,q,.1))
B dq +1 C.2
n 26
Od° R(g (G dys1) (C.26)
8(]nﬂ

Under the reasonable assumptions of relatively small time-steps h < 1 and relatively
large penalty parameters p > 1 which are necessary for an adequately accurate solution,
the first and last terms in (C.25) are leading and obviously HDRH = O(h™' + hpu) holds.
Let M = M, - My be the LU-factorisation of M. Then (C.13) can be rewritten as

2 (R h*p 1
DR:ﬁML- I+M; - EX+TY My ) - My (C.27)
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C.5 Augmented Lagrange method

Assuming further that h? is decreasing quicker than p is increasing, i.e. p is of the
-1 (h? h? -1

M7 (X + Y ) - MG < 1 holds,

Analogous to the procedure using the Neumann series expansion in Section C.3 it can be

shown here, that the inverse iteration matrix reads

order O(h~?), for sufficiently small time-steps,

2 2
(DR)™! = g (M—l - M. (%X + ;%“Y) : M—l) (C.28)

This yields H(DR)”H = O(h + h*p) and consequently

k(DR) = ||DR|||| (DR)™"|| = O(h*p) (C.29)

C.5 Augmented Lagrange method

As for the penalty scheme, the condition number of the iteration matrix of the n-dimensional
augmented Lagrange time-stepping scheme (3.2.29) is of the order O(h?u). But in con-
trast to the penalty scheme, the parameter p can remain of moderate magnitude and the
constraint fulfilment is achieved through an extra iteration. Thus for small time-steps,
the augmented Lagrange scheme is well-conditioned.

The iteration matrix of the residual (3.2.29) takes the form

2
DR = %M +hX + hpY (C.30)
with
0 (dGV(qu qn+1) + GT(qnv quJrl) . AI:LJrl)

8qn+1 C.31
O R(g(a,. q,.1)) (C31)

6qn+1

Analogous to the procedure for the penalty scheme in Section C.4, it can be shown that
that

k(DR) = | DR|||| (DR)™" || = O(h*p) (C.32)
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D Configuration dependent mass
matrix of the double spherical
pendulum

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

mg‘

Figure D.1: Double spherical pendulum.

A description of the double spherical pendulum in Figure 4.1 in terms of generalised

coordinates u = [ul, ul, u? u3]T € R?* relies on the angles

uf = < (es, q%) ug =< (e, e, e, (q%)) a=1,2 (D.1)

where IT e, e,) is the projection to the (e;, es)-plane, and for av = 2 the origin is moved
to the position of the first mass, see Figure D.1.

Then the reparametrisation of the constraint manifold C' = S7 x S? introduced in (2.3.26)
reads

[ 1y sin(ul)sin(ud) T
1 cos
{1 sin
D.2
Iy sin(u (D-2)
ly cos(u
ly sin(u

Corresponding to the kinetic and potential energy of the double spherical pendulum in
(4.1.1), the reparametrisation of the Hamiltonian in generalised coordinates is given by
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D Configuration dependent mass matrix of the double spherical pendulum

H:T*C — R with

A(uy) = Jy" - (M) -y + V() (D3)

with the configuration-dependent reduced mass matrix M(u) = DTF(u) - M - DF(u).
Insertion of M from (4.1.3) and the Jacobian of the transformation (D.2) yields

12 (m1 + ma)
0
lymaly (sin(u}) sin(u?) + cos(ui) cos(ui) cos(u?) cos(u3))

| 1y cos(uf)maly (sin(ud) sin(u?) cos(u3) — cos(ud) sin(u?) sin(u?))

0

N 13 (—1 + (cos(u%))z) (my + my)

—Iy sin(ul) sin(ud)mayly cos(u?) cos(u3)

| Ly sin(u)mals (cos(uy) sin(ui) cos(u3) + sin(uy) sin(uf) sin(u3)) |

[ 1ymaly (sin(ul) sin(u?) + cos(ul) cos(ud) cos(u?) cos(u?))
1

(ui
—1y sin(ul) sin(ud)msls cos (u?) cos (u3)
(

I2m (1 — (cos(u2))? + (cos(u2))? (cos(u2)) )
)

—12 cos(u?) cos(u3)mq sin(u?) sin(u3

Iy cos(ud)maly (sin(ui) sin(u?) cos(u3) — cos(ui) sin(u?) sin(u3))

Iy sin(ul)mals (cos(ud) sin(u1?) cos(u?) + sin(u3) sin(u?) sin(u3))

mae = —12 cos(u?) cos(u3)my sin(u?) sin(u3)

~Bms ((cos(ud))* (cos(u))” — 1+ (cos(ud))” — (cos(ed))” (cos(u3)°)

The presence of highly nonlinear entries in M (u) causes a temporal discretisation of
Hamilton’s equations in terms of generalised coordinates (2.3.28) to be very involved.
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E Discrete derivative of the stored
energy function

For clearness of exposition, the dependence of the stored energy function of the geometri-
cally exact beam W;,, on the bending strain measures K is ignored. Also the integration
over the arc-length is not indicated, since it is not relevant for the following purpose.
Then corresponding to (5.2.3), the potential energy pertaining to the internal elastic
deformation reads Vj,(q) = Wi (I'(q)). According to (5.2.4), I' is quadratic in the
configuration variable g. Consequently, after reparametrisation in the quadratic invariants
7(2) given in (5.4.5), the strain measures I'(m(z)) in (5.4.9) are linear in .

Despite the formal differences, the following two alternatives to apply the discrete deriva-
tive in Example 3.1.6 to the beams stored energy function are equal. In particular, the
terms in equal colours coincide.
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E Discrete derivative of the stored energy function

Alternative 1

Defining f = Wiy o I' and using 7 from (5.4.5), the G-equivariant discrete derivative of
the potential energy pertaining to the internal elastic deformation reads

D Vini(2ns 2011) = D W (F (0 (20), W (2011))) - Dv(2,,1) =

DpW (f G(ﬁﬂ(ﬁzn b))+ w(zn)))) - Dp G(w(znm + vr(zn») - Dm(z,,0)+

‘ 2

HT"(Z?HI) - 7T(Zn/>

(DpW (T (r(zasn) +7(20)) ) - Dl (S(m(z000) + w(20))) ) - (w(z000) - ﬂ<zn>>]

(W(zn+1) - W(zn)) : D7r(zn+%)

Alternative 2

Defining f = W, and replacing 7 in Example 3.1.6 by I' o 7, the G-equivariant discrete
derivative of the potential energy pertaining to the internal elastic deformation reads

D Vit (20 201) = D pW (L (m(20)), L (m(2011))) - Dz (T(m(z,0)) ) =

2

<w<z,,>>)) Dl (7(2,01)) - DR, 1)+

)
N

=

—

VR

/j)

hal

R\

A

N
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F Invertible cube by Paul Schatz

The mechanism treated as an example of a six-body linkage in Section 6.2.4 is an in-
vention of the artist, inventor and technician Paul Schatz. The following abridgement
of his biography has partly been taken from the web pages of the Paul Schatz-Stiftung
http://www.paul-schatz.ch and from http://www.fzk.at, where Franz Zahaurek offers a
detailed report on the invertible cube and programmes for the simulation of its motion.
Paul Schatz was born in Constance on December 22nd, 1898. Already during his teenage
years, he was an ardent admirer of those days aviation pioneers. After World War I,
he began to study mathematics, mechanical engineering, and philosophy at the Munich
College of Technology. Alike many of his contemporaries, he was seeking a connection of
technics and arts. Between 1924 and 1927, he worked as a sculptor of wood and at the
same time, he studied intensively anthroposophy. In 1927 he published the book [Scha 27],
whose title has been translated as ‘A Quest of Art Based on the Strength of Perception’.
In the same year, he and his wife, Emmy Schatz-Witt, moved to Dornach (Switzerland),
where he lived and worked until his death on March 7th, 1979.

In 1975, his second book [Scha 98] was published, wherein the first of two parts is devoted
entirely to the invertible cube. On page 40, it is explained, that when the first model of the
invertible cube was released in 1930, it could be observed that the way people ‘invert’ the
cube gives information on their personality. Extrovert natures put it over in an outward
direction, as depicted in Figure 6.24, while introvert people put it over in the opposite
direction. The specialty about the invertible cubes motion is the rhythmically pulsatile
kinematics. It consists of the interplay of diastole (expansion) and systole (contraction)
which is characteristic for the inversion. Furthermore, the ratio of four pulsations per one
full revolution is associated with the ratio of pulse and breathing of the human organism,
which is considered to be of great ‘dynamical relevance’.

A requirement for the ‘preforced motion’ (i.e. motion having only one degree of freedom) in
both directions, is the composition of the cube by pairwise laterally reversed bodies. The
principle can be generalised to an invertible cuboid or an invertible rhombus, where the
neighbouring revolute axes are skew. Invertible bodies are frequently applied in industrial
processes of mixing and agitation, e.g. the ‘turbula’ and the ‘inversina’ are inventions by
Paul Schatz which have a long history of development in engineering.

A model of the invertible cube can be built by cutting out the contour in Figure F.2 and
gluing it together according to the letter’s guidance.

The timeform of the invertible cube (i.e. the space, where the invertible cube passes
through during a full revolution) yields the so-called oloid. It correlates with the convex
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Invertible cube by Paul Schatz

hull of two circles in orthogonal planes, each containing the center of the other one, see
Figure F.1. Its motion is qualitatively resembling that of a fish’s fin. With minimal
energy input, it can circulate large volumina of fluids, thus it is used widely in sewage

preparation.

Figure F.1: Timeform of the invertible cube: oloid.
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Invertible cube by Paul Schatz

Der umstulpbare Wirfel nach Paul Schatz
© 2000 Franz Zahaurek <http://www.fzk.at>

a

Figure F.2: Model to build an invertible cube.
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