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Resumo

A Dinamica de Sistemas Multicorpos tem sido responsavel por revolucio-
nar projetos de Engenharia Mecénica pela utilizacdo de modelos matematicos
para simulagao e otimizagdo do comportamento dindmico de uma ampla gama
de sistemas mecanicos. Estes modelos matematicos ndo somente podem for-
necer valiosas informacdes acerca de um sistema que caso contrario poderiam
ser obtidas somente através de experimentos com protétipos, como também
tém sido responsavel pelo desenvolvimento de diversos sistemas de controle
baseados em modelo.

Este trabalho representa uma contribuicdo para a modelagem dinamica de
sistemas mecanicos multicorpos por meio do desenvolvimento de uma nova
metodologia modular e recursiva que unifica as principais contribuigdes de di-
versos formalismos da Mecanica Classica. A razao para propor tal metodolo-
gia € motivar a implementagao de rotinas computacionais para a modelagem
de sistemas mecanicos multicorpos complexos sem depender de pacotes de
software de cddigo fechado e, consequentemente, contribuir para o ensino de
Dindmica de Sistemas Multicorpos nos niveis de graduagao e pos-graduacao.

Todos os desenvolvimentos tedricos sdo baseados em e motivados por
uma revisao critica da literatura, conduzindo a uma forma matricial geral das
equagdes dindmicas de movimento de um sistema mecanico multicorpos (que
podem ser expressas em termos de qualquer conjunto de variaveis adotado
para a descricdo dos movimentos realizados pelo sistema, ainda que tal con-
junto inclua variaveis redundantes) e a uma metodologia recursiva geral para
a obtencido de modelos matematicos de sistemas complexos, dado um con-
junto de equacdes descrevendo a dindmica de cada um de seus subsistemas
desacoplados e outro descrevendo os vinculos entre estes subsistemas (no
sistema) quando acoplado. Este trabalho também inclui algumas discussoes
acerca da descrigdo de movimentos (utilizando qualquer conjunto admissivel
de variaveis de movimento e admitindo qualquer tipo de vinculo que seja pas-
sivel de descrigao por invariantes), e das condigdes para a solugéo dos proble-
mas de dindmica direta e inversa dado um modelo matematico de um sistema
multicorpos. Finalmente, alguns exemplos de pacotes computationais basea-
dos na nova metodologia, juntamente com alguns estudos de caso, sdo apre-
sentados, ressaltando as contribuicbes que podem ser alcangadas por meio
do uso da metodologia proposta.

Palavras chave: Sistemas Multicorpos. Mecéanica Analitica. Mecanica Com-
putacional. Dindmica. Modelagem Matematica.



Abstract

Multibody System Dynamics has been responsible for revolutionizing Me-
chanical Engineering Design by using mathematical models to simulate and
optimize the dynamic behavior of a wide range of mechanical systems. These
mathematical models not only can provide valuable informations about a sys-
tem that could otherwise be obtained only by experiments with prototypes, but
also have been responsible for the development of many model-based control
systems.

This work represents a contribution for dynamic modeling of multibody me-
chanical systems by developing a novel recursive modular methodology that
unifies the main contributions of several Classical Mechanics formalisms. The
reason for proposing such a methodology is to motivate the implementation of
computational routines for modeling complex multibody mechanical systems
without being dependent on closed source software and, consequently, to con-
tribute for the teaching of Multibody System Dynamics in undergraduate and
graduate levels.

All the theoretical developments are based on and motivated by a critical
literature review, leading to a general matrix form of the dynamic equations of
motion of a multibody mechanical system (that can be expressed in terms of
any set of variables adopted for the description of motions performed by the
system, even if such a set includes redundant variables) and to a general re-
cursive methodology for obtaining mathematical models of complex systems
given a set of equations describing the dynamics of each of its uncoupled sub-
systems and another set describing the constraints among these subsystems
in the assembled system. This work also includes some discussions on the
description of motion (using any possible set of motion variables and admit-
ting any kind of constraint that can be expressed by an invariant), and on the
conditions for solving forward and inverse dynamics problems given a mathe-
matical model of a multibody system. Finally, some examples of computational
packages based on the novel methodology, along with some case studies, are
presented, highlighting the contributions that can be achieved by using the pro-
posed methodology.

Keywords: Multibody Systems. Analytical Mechanics. Computational Me-
chanics. Dynamics. Mathematical modeling.
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1 Introduction

1.1 Background and objetives

A brief analysis on the evolution of Engineering since the second half of the
twentieth century reveals that the increasing application of computational tools
in design and manufacturing is directly associated to almost every major ad-
vance observed. Computational modeling has been responsible for the over-
coming of several technological obstacles, expanding the frontiers of knowl-
edge, leading to increasingly complex projects and to the reconception of many
design paradigms.

One area of Mechanical Engineering in which the introduction of computa-
tional tools has been responsible for a major evolution is Multibody System Dy-
namics. Involving Rigid Body Dynamics, Structural Mechanics and Continuum
Mechanics, this area finds applications for machinery, mechanisms and robotic
systems, biomechanical systems, land, aerospace and water vehicles design,
including parametric identification and optimization, simulation and experimen-
tal validation, virtual reality design, control systems design, and studies of prob-
lems of impact, contact, flexibility and multi-physical interaction (SCHIEHLEN,
2007). For all these applications, several software packages have been devel-
oped, allowing the computational implementation of the methodologies already
developed for the study of Multibody System Dynamics.

However, it is noticeable that there is still a high dependence on proprietary
software for applications to Multibody System Dynamics which lead to “black-
box” or “gray-box” computational models in which the user can only control the
input data provided but not the modeling and simulation procedures. An evi-
dent disadvantage of this fact is that these packages do not allow the user to
clearly understand how the modeling and simulation algorithms actually work.
This makes it more difficult not only to interpret the obtained models, but also to
identify errors in the model. It is also often that some software packages have
some limitations that do not allow the choice of definition of some variables,



parameters, constraints and constitutive equations that might be relevant for
obtaing a particular model. Nevertheless, the main disadvantage of this depen-
dence on proprietary software resides in the fact that it is a extremely difficult
task to integrate different software packages (from different developers) within
a given project. Once a family of software packages is chosen for the pre-
processing, modeling, simulation and post-processing, it is sometimes not fea-
sible to use input and output data from these models in other software packages
(SCHIEHLEN, 1997). This represents a great obstacle to advances in Multibody
System Dynamics, not only to validating results but also to using them in collab-
orative researches in which different software packages are adopted. A third
obstacle, however, occurs in the modeling of complex multibody systems. In
general, these systems can be conceived as a set of constrained subsystems,
which can be quite different in terms of topology. At least in theory, various
software packages and modeling methodologies could be applied to obtain the
models of the subsystems, which could be used in the derivation of the equa-
tions of motion of the system. This scenario, in which the modeling of each
subsystem could be optimized by choosing the most appropriate methodology
for each case, seems not to be feasible due to this dependence on proprietary

software.

On the other hand, it can be noticed that these software packages are
based on implementations of modeling methodologies based either on Newton-
Euler or Analytical Mechanics formalisms. As will be discussed latter in this
text, each of these formalisms may be the optimal one for a particular appli-
cation. Thus, it might be possible to make a contribution to Multibody System
Dynamics that simultaneously reduce the dependence on proprietary software
and explore the modular modeling of multibody systems, bringing a new per-
spective to this area of knowledge.

The main objective of this work is to unify the contributions of the conven-
tional Classical Mechanics formalisms, developing a modeling methodology,
applicable to any multibody systems with a finite number of degrees of free-
dom, that must:

(1) Aid the systematization and algorithmization of the modeling procedures,
leading to accessible computational implementations (that can be per-
formed using general-purpose open source software and programming
languages, preferably).

(2) Work modularly, taking as input data the already known mathematical



models of the subsystems and a description of the constraints among
these subsystems.

(3) Be recursive, allowing its application to systems that can be conceived as
a hierarchical structure of subsystems (in which the complexity increases
from one level to the following).

Basically, the recursive modular methodology presented in this thesis proposes
a more straightforward conception of the modeling approach as illustrated in
Figure 1.1. In order to reach this goal, it is necessary that the novel methodol-
ogy does not present any restriction concerning the choice of model variables
and the nature of forces and motion constraints involved. Therefore, before
proposing contributions to the formulation of equations of motion, it is first nec-
essary to generalize the procedures for describing motions and constraints of
multibody systems, independently of the number or type of variables chosen
and of the nature of the constraints involved'. After that, a critical literature
review on the main contributions of each Classical Mechanics formalism is
performed and from it a general matrix form for the equations of motion of a
multibody system is proposed and the novel modeling methodology is devel-
oped.

This text also intends to promote a discussion on the possibilities of us-
ing this novel methodology for the development of new modeling algorithm for
multibody systems, using general-purpose software, programming languages
and its libraries. The intention is that future applications of this thesis could be
developed as open-source packages. However, it is not in the scope of this
text the development of computational packages that explore the full potential
of the novel methodology. All the packages and algorithms introduced in this

text are merely illustrative.

Another important objective of this thesis is to ensure that the novel method-
ology can somehow be used for an improvement of teaching of Multibody Sys-
tem Dynamics at undergraduate and graduate levels. To achieve this goal, it
is necessary to systematize the methodology in such a way that it can be pre-
sented as a step by step procedure, without restricting its scope of application,
however. The wide range of areas of knowledge to which this novel method-
ology is applicable, along with the fact that it unifies the main contributions of

' Actually it is assumed that any constraint in a given system must be describable in terms
of invariants expressed in terms of motion variables. This fact might impede the application of
the methodology proposed in this text, in its current state, to some problems involving impact
and contact.
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Figure 1.1: Comparison between conventional modeling approaches and the
proposed modular modeling methodology. Reproduced from Orsino e
Hess-Coelho (2015).

the main Classical Mechanics formalisms, makes it possible to explore its use
in both theoretical and applied courses on Multibody System Dynamics.

1.2 Research topics and publications

The candidate’s research on Multibody System Dynamics focused on two
main areas of application: the study of parallel mechanisms and of wheeled

single-track venhicles.

The candidate’s studies on the former area started during his undergrad-
uate research, whose objective was the formulation of a mathematical model
for the study of the effects of friction and flexibility in the dynamics of a parallel
asymmetric mechanism with a novel architecture. The techniques developed
for the modeling and simulation of the 2 RSS+PPaP (see Figure 1.2) mecha-



nism led to the development of some new algorithms that are applicable to the
study of generic parallel mechanism. A discussion on how these techniques
might be applied for deriving mathematical models of these systems led to the
publication of the paper “A contribution for developing more efficient dynamic
modeling algorithms of parallel robots” published in the International Journal
of Mechanisms and Robotic Systems (ORSINO; HESS-COELHO, 2013), in which
a modeling methodology for parallel mechanisms based on Kane’s method is
presented (see Figure 1.3) and applied to the 2 RSS+PPaP mechanism.

Figure 1.2: 2 RSS+PPaP mechanism. Reproduced from Orsino and
Hess-Coelho (2013).

Continuing this research on parallel mechanisms, alternative modeling and
simulation methodologies based on other conventional approaches (Newton-
Euler, Principle of Virtual Work, Lagrange’s and Maggi’s equations) were de-
veloped. Inevitably, the development of such a variety of methodologies led
to the necessity to draw a comparison among them. The paper entitled “Ana-
lytical mechanics approaches in the dynamic modeling of Delta mechanism”,
published in Robotica (ORSINO; HESS-COELHO; PESCE, 2015), takes the Delta
parallel mechanism (see Figure 1.4) as a benchmark for comparing four mod-
eling methodologies, based on the Principle Virtual Work, Lagrange’s, Maggi’s
and Kane’s equations.

After some implementations of these methodologies for different types of
mechanisms and for some similar mechanical systems, three conclusions could
be drawn:

(1) With minor modifications the methodologies could be adapted for appli-
cations to almost any type of multibody system.
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Figure 1.3: Modeling methodology for a parallel mechanism based on Kane’s
method. Reproduced from Orsino and Hess-Coelho (2013).

Figure 1.4: Delta parallel mechanism. Reproduced from Orsino,
Hess-Coelho and Pesce (2015).

(2) For different types of systems, different methodologies have better per-
formance for the derivations of the mathematical models.



(3) Even in different multibody systems, some steps of modeling might be
identical once these systems might have similar subsystems.

Taking these facts in considerations, the following research stage was to de-
velop a unifying modular modeling methodology that could be applicable to
generic multibody systems. The first development of such a methodology was
presented in the paper entitled “A contribution on the modular modeling of multi-
body systems”, published in Proceedings of the Royal Society A (ORSINO; HESS-
COELHO, 2015). In this text an extended and recursive version of this method-
ology is developed.

Still on the area of parallel mechanisms, the candidate explored the use of
the novel modular modeling methodology for the problem of mechanism (adap-
tive) balancing. This led to the publication of a book chapter entitled “Dynamic
Modelling and Control of Balanced Parallel Mechanisms” (ORSINO; COUTINHO;
HESS-COELHO, 2016) in the book “Dynamic Balancing of Mechanisms and Syn-
thesizing of Parallel Robots”, published by Springer.

The research on the area of wheeled single-track vehicles was mainly de-
veloped during a Split Fellowship Program, was developed at the BioMechani-
cal Engineering Department of Delft University of Technology?, under the super-
vision of Professor Arend L. Schwab, Two case studies were explored during
this research. The main one, was the development of an extended linearized
Whipple bicycle models that can be applied to study the influence of design
parameters on the wobble modes of this vehicle. In these extended models
the effects of the flexibility of the bicycle frame and of the rider’s body were
considered along with linear side-slip-tyre models. The comparison of these
models with the conventional Whipple model led to several stability analysis
that could determine which of the main design parameters have more influ-
ence on the dynamic behavior of the wobble modes. This case study might
lead to the publication of another paper soon. The other one, was the devel-
opment of the linearized model of a tadpole tricycle in order to compare its
dynamic behavior with a conventional bicycle. In order to derive this model,
a package of functions for Wolfram Mathamatica 10.2, called MoSsPack, that
implements the recursive modular modeling methodology presented in this text
was developed. This case study along with a brief introduction to MoSsPack
are presented in Chapter 5.

2 Delft, South Holland, The Netherlands.



1.3 Outline of the main topics

This thesis is organized in six chapters, the first being the introductory one
and the last reserved for the final conclusions and future work perspectives,
and one appendix. The content of this text can be divided in three main topics:
description of motion (Chapter 2), methodologies for deriving of equations of
motion (Chapters 3 and 4 and Appendix A) and implementation of computa-
tional packages for modeling (Chapter 5) of multibody systems.

Chapter 2 is devoted to kinematics of multibody systems. It starts with
a literature review in which a new unifying notation is introduced, in order to
comprise all possible alternatives for the description of motion of multibody
systems. Even unusual constraints whose order are higher than 1, like non-
material programmed constraints (JARZEBOWSKA, 2002; JARZEBOWSKA, 2008;
JARZEBOWSKA, 2012) and unconventional parametrizations of motion variables
in which quasi-accelerations, quasi-jerks, etc. are not trivially defined (i.e. they
can be other variables than merely time derivatives of the quasi-velocities) are
included. The only restriction that must be assumed for the statements and
results presented in Chapter 2 is that they only apply to systems with a finite
number of degrees of freedom. In the two last sections of this chapter, one
of the most important contributions of this thesis is presented: a modular and
recursive algorithm for obtaining an orthogonal complement of the Jacobian of
the invariants required to describe the constraints in a multibody system. This
algorithm is the basis for the novel recursive modular modeling methodology
presented in this thesis.

Chapter 3 is a brief but comprehensive literature review on the conventional
formalisms and techniques for deriving equations of motion for multibody sys-
tems. The notation in this chapter do not always coincide with the conventions
usually adopted for the formalisms described, once it is adapted to coincide
with the new notation adopted in Chapter 2.

In Chapter 4 the main contribution of this thesis is presented: the recursive
modular modeling methodology for multibody systems. The first two sections
of the chapter are devoted to the demonstration and description of the method-
ology (detailing all possible cases). Two other sections discuss sufficient con-
ditions for the solution of forward and inverse dynamics problems associated
to a system using models derived according to the procedures described in the
chapter. Another section discusses the modifications that must be performed



in the recursive modular modeling methodology in order to be able to derive
linearized equations of motion (without performing the complete derivation of
the non-linear ones). Along this five sections some didactic examples are dis-
cussed in order to illustrate, in detail, for the reader the step by step application
of the proposed methodology. The last section of Chapter 4 is devoted to a
qualitative comparison among the conventional modeling methodologies and
the one proposed in this text. It aims to express an assessment of these meth-
ods based on the personal experience of the author in applying them to his
own research topics (briefly introduced in the previous section). The content of
Chapter 4 is complemented by Appendix A, in which some techniques for using
energy-like functions in the derivation of the equations of motion of a multibody
system are presented.

Finally, Chapter 5 is dedicated to illustrate the wide possibilities of using
the novel methodology for the development of both general-purpose and spe-
cialized computational algorithms for the modeling of multibody systems. Two
packages for Wolfram Mathematica 10.2 developed during the candidate’s re-
search are introduced and some case studies are used to illustrate the ap-
plications of these packages, including the tadpole tricycle mentioned in the
previous section.

1.4 Notation

In this text, several mathematical alphabets (font styles) are used. Each of
them has an specific application, as shown in the “Symbol conventions”. It is
worth noting that:

* In this text, it is assumed that tuples and column-matrices are equivalent
representations of a multidimensional real coordinate space element. De-
noting by R” the real coordinate space of n dimensions, if x € R”, then it
can be represented as a tuple of n real entries or by a column-matrix with
n rows. Whenever matrix operations are involved in a particular context,

the column-matrix representation of these elements must be assumed.

* When meaningful, column-matrices might have its rows labeled as well

as matrices might have both rows and columns labeled. A label might
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refer to a sigle row (column) or to a set of them. For example:

Vy vy
Ve | —mv, 1 0

fu= v, |—mv, Su= # 0 1
v, |—mv, * [—x/z —y/zJ

The labels can also be used to define submatrices (subtuples) and to
denote specific elements of matrices (tuples). For instance:

(a) S.x..isthe submatrix defined by the rows of S, labeled by the sym-
bol #, which is an identity matrix.

(b) S.x... is the submatrix defined by the column of S, labeled by v,.

(¢) S.u.4.\, is the submatrix defined by the rows of S, labeled by the
symbol # and by the column of labeled by v,.

(d) S/%.*.vy = —y/Z.

(e) f/%.vz = —m Vz-

» Tuples of tuples are equivalent to a single tuple constituted by
the respective elements in the same sequence. For instance,
(t, (p1, P2, P3), (q1. G2)) = (&, p1, P2, P3, G1. G2). Tuples of matrices must be
understood as block-matrices assembled according to its row and column
labels (see Definition 2.9).

» Overbar notation (e.g. G, a) is used to indicate that the corresponding
symbol represents a constant or an invariant.

* Underbar notation (e.g. r, q) is used to indicate that the corresponding
symbol denotes a function, not a variable.

Overhat notation (e.g. 4«) is used to indicate that the corresponding sym-
bol is an nondimensional quantity. In the case of vector quantities, it also
indicates that the vector is a unity vector (e.g. i,).

* Superscripts used inside angle brackets (-) or double angle brackets (-).
refer the so-called order of the corresponding variables. Order 0 vari-
ables are related to the description of the configurations of a multibody
system, order 1 to the first time derivatives of these configuration quan-
tities, order 2 to the second time derivatives and so on. Basically, the
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angle brackets (-) notation is used to denote a set of variables of a par-
ticular order. For example, ¢‘* denotes a set of a-th order variables.
The double angle brackets (-} corresponds to a shorthand notation that
refers to a tuple constituted by all variables of a certain kind from 0-
th order up to the order indicated inside these brackets. For example,
q'® = (¢, ..., g, .. ., qg®)), 0 < a < B. For further details, see Sec-
tion 2.2.

o1, denotes the position vector of point p with respect to point o (i.e. the
vector defined by the directed line segment from o to p).

vpie denotes the velocity vector of a point p measured with respect to the
reference frame €.

wg e denotes the angular velocity vector of the rigid body (or reference
frame) B with respect to the reference frame €.

[x]s denotes the column-matrix representing the coordinates of the vector
x with respect to the coordinate system S.

[T]siz denotes the matrix representing the dyadic T with respect to the
coordinate systems R and S (i.e. ify = T - x, then [y]s = [T]siz [X]r)-

1 denotes the unit dyadic, i.e. if x is an arbitrary vector, then 1 - x = x.
[1]siz represents the transformation matrix describing the change of basis
between the coordinate systems R and S, i.e. if x is an arbitrary vector,
then [x]s = [1]sz [x]z.- Note that [1]zr = [1]sis = 1, with 1 denoting the
identity matrix.

cg and sy are used as shorthand notations for cos(0) a and sin(6), respec-
tively.
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2 On the description of motion of
multibody systems

To pursue the objective of proposing a new unifying modeling methodology
that is able to use already known models of subsystems to derive the equations
of motion of multibody systems, not being relevant the formalisms that led to
these models, it is necessary to be able to describe the corresponding motions
as generally as possible. It must be stated, however, that the concept of motion
is underlain by even more fundamental notions:

. classical physics implies a certain basic descriptive order and
measure. This may be characterized as the use of certain Carte-
sian coordinates and by the notion of universal and absolute order of
time, independent of that of space. This further implies the absolute
character of what may be called Euclidean order and measure (i.e.,
that characteristic of Euclidean geometry). With this order and mea-
sure, certain structures are possible. In essence, these are based
on the quasi-rigid body, considered as a constituent element. The
general characteristic of classical structure is just the analysability
of everything into separate parts, which are either small, quasi-rigid
bodies, or their ultimate idealization as extensionless particles. As
pointed out earlier, these parts are considered to be working to-
gether in interaction (as in a machine). (BOHM, 2005, p. 153)

According to the Classical Physics point of view, any motion in a multibody
system can be ultimatelly described as the motion of interacting rigid bodies
and particles in an Euclidean space. The concept of rigid body plays a funda-
mental role in both Classical and Analytical Mechanics once it not only can be
conceived as the basic constituent element of a mechanical system, but also
because it can be used to define the concept of reference frame:

A reference frame will be defined here as a set of non-colinear
points, with distances from each other invariant with time. A rigid
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body can be taken as a reference frame, since it fully meets the
conditions that define the latter. In practice, the concepts of rigid
body and reference frame will be used alternatively. A plane can be
adopted as a reference frame, for the same reason. A line or point,
however, does not constitute a reference frame, since it does not ful-
fill the conditions established in the above definition. (TENENBAUM,
2004, p. 92)

The objective of this chapter is to propose a general approach for interpret-
ing all types of descriptions of motion normally used in the modeling of multi-
body systems and to discuss how to obtain, from those descriptions, relevant
information for the modular modeling of such systems. The results presented
in this chapter apply to any mechanical system for which the ability to track the
motions of a finite number of points is enough to provide all the information
needed about all possible motions it is able to perform. In other words, all the
statements in the following sections apply to any multibody system with a finite
number of degrees of freedom.

This chapter involves both a literature review on the main concepts of kine-
matics of multibody systems and some novel contributions, one of them being
a new notation introduced for the development of the proposed methodology.
Section 2.1 discusses the sufficient conditions for describing the motion of a
multibody system, including the concepts of generalized coordinates and con-
straints (along with their classifications). Section 2.2 introduces the concept of
generalized variables along with the corresponding notations to be used along
this text. Also, there is a brief discussion on the sufficient conditions for defin-
ing new sets of generalized variables, in replacement of the trivially defined
ones. Section 2.3 introduces the concepts of generalized constraint invariants
and of constraint order of a multibody system. Based on them the definitions of
generalized configurations, singular configurations and of number of degrees
of freedom of a multibody system are revisited and reformulated in order to be
compatible both with the conventional concepts and with the novel approach.
Section 2.4 establishes a fundamental theorem for the variations of motion vari-
ables concerning their compatility with the constraints of a multibody system.
Finally, Section 2.5 presents the central contribution of this chapter, which is
a modular and recursive algorithm for applying the result presented in the pre-
vious section for a multibody system that can be conceived as a hierarchical
structure of subsystems representable by a tree diagram. This algorithm is the
basis of the modular modelling methodology developed in this thesis.
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2.1 Sufficient conditions for describing the mo-
tion of a multibody system

Let .# denote a multibody system for which tracking the motion of a finite
number of points is enough to describe any possible motion that it is able to
perform. Let £ be a reference frame and E be a coordinate system rigidly at-
tached to £. Any motion of a point of .# with respect to € can be analytically
described by time histories of its Cartesian, homogeneous, cylindrical, spher-
ical, etc. coordinates in the system E. Such kind of coordinates will generally
be referred in this text as spatial coordinates, in order to avoid nomenclature
conflicts.

Obtaining such time histories, however, normally correspond to the final
objective of a typical multibody system dynamics analysis. Much more relevant
for the modeling of such systems is the so called instantaneous kinematics
approach in which the values of the spatial coordinates and its time derivatives
up to p-th order (p > 1) are known (or at least can be determined from the
available data) at a given time instant t*. In this case, it is implicitly assumed
that the corresponding time histories are class €* at t*. Moreover, it can be
stated that in the time interval [t*, t* + €[ the error of the approximation of the
actual time history by a p-th order Taylor polynomial is an infinitesimal' with
respect to €.

Although a finite number of spatial coordinates might be enough for the de-
scription of the motion of a multibody system, such a choice of variables will
hardly ever be the most appropriate to derive the corresponding mathemati-
cal model. Indeed, it is always possible to define a finite number of variables
to parametrize the descriptions of the spatial coordinates. Such variables, if
sufficient to uniquely determine the positions of any point? in a multibody sys-
tem, are called generalized coordinates. In this text, the tuple (which may be
interpreted as a column-matrix when convenient) representing the generalized

coordinates of the multibody system .#Z will be denoted by q§2>.

A particular
generalized coordinate in this tuple will be represented by the symbol qﬁz,, with

i being a generic index. Moreover, when there is no other multibody system

' Let x(t) and y(t) be two real valued functions of a real variable t, both defined in a neigh-
borhood of t = 0: y(t) is an infinitesimal with respect to x(t) or, in symbolic notation, y = o(x),
if and only if lim,_o(y(t)/x(t)) = 0. For example, t>/2 is an infinitesimal with respect to ¢ at
t =0once t%/2/t? = t'/2 and lim;_,o t*/2 = 0.

2 Actually, local uniqueness is enough, that is, if there is more than one configuration
corresponding to the same values of generalized coordinates, there must be a finite (non-
infinitesimal) distance between such configurations.
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(than .Z) in a particular context, the subscript .# can be omitted for the sake of

simplicity, i.e. the generalized coordinates tuple can simply be denoted by g
(0)

N

and a particular coordinate in this tuple by g

Let x denote any spatial coordinate of some point in .. If ¢'© represents

a tuple of generalized coordinates for ., then there must be a function x

parametrizing x in terms of the time variable t and of the generalized variables
0 je-
q"”,i.e.

x = x(t, q%) (2.1)

Thus, if the time history of the generalized variables of ./ is obtained for some
time interval, then, the corresponding time history of x can be given by the
expression: x(t) = x(t, ¢‘%(t)). Moreover, applying the chain rule it can be
stated that, if x is a class &* function, than there must be a function x(®) such
that the p-th time derivative of x can be parametrized as a function of time, of
the generalized coordinates and its time derivatives up to p-th order, i.e.:

d’x do‘q<0> qu<0>
ax_ (”)<t o L9 ) 2.2
dee — = \0T T dee (22)

Typically, the criteria used for choosing the generalized coordinates of a
system take into consideration the existing motion constraints, which often lead
to the selection of a minimal set of variables for a parametric description of its
possible motions. For example, in a simple pendulum, which is a system con-
sisting of a single particle (extensionless body) constrained to move in a cir-
cumference, the specification of a single angular coordinate 6 measured along
such circumference is sufficient to describe any possible configuration of this
system uniquely. Moreover, such a coordinate (as well as its time derivatives)
can assume any value without violating any constraint of the pendulum, corre-
sponding to a minimal parametric description for it. Consider now a spherical
pendulum, which is a system consisting of a single particle constrained to move
in a spherical surface. In this case, two angular coordinates, e.g. latitude and
longitude, are sufficient to describe any possible configuration of this system
uniquely, corresponding to a minimal parametric description for it.

However, it is not always practical to adopt a minimal description for the
configurations of a multibody system in terms of generalized coordinates. Con-
sider, for instance, the 4-bar mechanism shown in Figure 2.1. This system is
constituted by 4 rigid planar bars linked by ideal revolute joints at their edges.
Let £ be a reference frame and suppose that the bar ab remains fixed with
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respect to €.

6, : 6, Tix

Figure 2.1: Representation of a 4-bar mechanism. Adapted from Orsino and
Hess-Coelho (2015).

a

Noting that abcd is a quadrilateral in which the lengths of the sides remain
constant, in order to uniquely determine any configuration of this mechanism
with respect to the reference frame &, it is sufficient to specify a single internal
or external angle. Choosing only one angle among 6,, 6, and 6., for example
(see Figure 2.1), would be enough. Yet, if one tries to obtain the Cartesian co-
ordinates of ¢ as a function of 6, only, for instance, it will lead to cumbersome
expressions. Thus, although it is possible to obtain a mathematical model of
the 4-bar mechanism using a single generalized coordinate, this is not con-
venient. It would be much more practical to use 6,, 6, and 6. simultaneously
(ORSINO; HESS-COELHO, 2015). Such a scenario, however, corresponds to the
use of redundant (generalized) coordinates, i.e. coordinates whose values can
not be set arbitrarily without leading to some configurations that are not com-
patible with the constraints of the system. In this particular example, once the
value of one of the angles is given, the values of the other two can be uniquely
determined. Thus, whenever redundant coordinates are used in the modeling
of a multibody system, its motion constraints will lead to invariants of the form:

A (t,q%) =0 (2.3)

Such invariants do not only apply only to a particular configuration of a system
but for all the possible configurations it might have. Any time history q‘%(t)
compatible with the motion constraints of a system must identically satisfy these
invariants. This result also extends to the instantaneous kinematics approach,
i.e. equations (2.3) does not only impose restrictions to the possible values of
the generalized coordinates but also to its time derivatives.

However, not all constraints in a multibody system will be satisfied if mini-
mal sets of generalized coordinates are chosen or if invariants of the form (2.3)
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Figure 2.2: Representation of a knife-edge disc rolling in a plane. Adapted
from Orsino and Hess-Coelho (2015).

are enforced. Consider, for example, the system represented in Figure 2.2,
consisting of an ideal knife-edge disc rolling in a plane. Suppose that this sys-
tem satisfies the no-slip constraint: points of two distinct bodies must have the
same velocity (zero relative velocity) when in contact. Let & be a reference
frame rigidly attached to the plane and E = (o, X, ¥, Z) be a coordinate system
in € such that o is a point in the plane and %X and § are parallel to this plane.
Once there always must be a point c of the disc in instantaneous contact with
the plane, the velocity of this point with respect to £ must be zero at this cor-
reponding instant. Let the coordinates of ¢ in E be [c|, = (X, V., z.). Due to
the contact between the disc and the plane, it can be stated that z. = 0. The
coordinates x. and y, can assume any value without violating any constraint
of the system. Their rates, however, must satisfy some conditions in order not
to violate the no-slip constraint. Thus, invariants expressing the no-slip con-
straint can not be expressed as functions of the generalized coordinates and
time only; they must involve some of the time derivatives of the generalized
constraints.

In general, enforcing kinematic constraints in a multibody system will in-
volve the satisfaction of equations or inequalities of the following forms:

- do‘q<0> dpq<0>

(p) (0) a4q _

h (t,q ..... qpe 1t > 0 (2.4)
o do‘q<0> dpq<0>

(o) 0

Ko (t, q® el RRR i ) >0 (2.5)

Constraints that can not be represented by equations, i.e. that do not corre-
spond to invariants, are out of the scope of this text.
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Definition 2.1. A constraint is classified as holonomic either when it is auto-
matically satisfied by an adequate choice of generalized coordinates or when it
corresponds to invariants that can be expressed in the form presented in equa-
tion (2.3). When a holonomic constraint does not involve time (t) as an explicit
variable, it is further classified as scleronomic; whenever it does, the constraint
is said to be rheonomic (GOLDSTEIN; POOLE JR.; SAFKO, 2002).

A holonomic system is a multibody system in which all the constraints are
holonomic being the denomination nonholonomic system reserved for any sys-

tem in which at least one constraint is not holonomic.

Among the nonholonomic constraints, the so called simple nonholonomic
constraints (KANE; LEVINSON, 1985) stand out: such constraints can be ex-
pressed by invariants which are affine functions with respect to the time deriva-
tives of the generalized coordinates. A simple nonholonomic system is any sys-
tem in which all the constraints are either holonomic or simple nonholonomic

(existing at least one simple nonholonomic constraint). O]

Proposition 2.2. An isolated tridimensional rigid body is a holonomic system.
The positions of three noncollinear points of this body or six generalized coor-
dinates are sufficient to describe any configuration of a rigid body with respect
to any reference frame.

Proof. Consider that, without any loss in generality, at a given time instant the
configuration of an isolated rigid body B with respect to an arbitrary reference
frame € is known. At any other time instant, the distance between two points in
this body must be exactly the same as it was in that reference configuration. Let
by be a point of B whose position is tracked. In general, three coordinates are
sufficient to describe the position of by with respect to its reference configura-
tion. In any configuration, any other point b; of B must lie in a spherical surface
centered in by whose radius is equal to the already known distance between
bo and b;. Thus, tracking the position of b; too would require only two extra
coordinates (to uniquely specify the position of a point in a spherical surface).
Suppose that both by and b; are tracked. Any point in the straight line bgb; can
simply be located by the already known distances to by and b; without requir-
ing any extra coordinate. Let b, be noncollinear to by, and b;: it must remain
in the intersection of two spherical surfaces, one centered in by, and the other
centered in by, whose radii are the already known distances between b, and
each of these points. Such an intersection corresponds to a circumference.
Therefore, a single extra coordinate is sufficient to locate b, in this intersection.
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When b, b; and b, are tracked, a fourth point b will remain in the intersection
of three spherical surfaces with known radii centered at each of these three
points. Such an intersection corresponds to two points lying in different sub-
spaces between those defined by the plane byb;b,, which means that once the
position of b in the reference configuration is known, it is possible to uniquely
determine which of these two points is b in a new configuration, without requir-
ing the definition of any extra coordinate. Finally, once all the constraints of
B can be automatically satisfied by an appropriate choice of a minimal set of
generalized coordinates, according to Definition 2.1, it can be classified as a
holonomic system. O

2.2 Generalized variables

As discussed in the previous section, any variable used to describe a con-
figuration of a multibody system can be parametrically described in terms of
time and of a set of generalized coordinates adequately chosen to model such
system. Consequently, any variable related to the motion of a system (which
involves configurations and related rates) can be parametrized in terms of time,
generalized coordinates and its time derivatives up to some order. For some
systems, however, it might be convenient to adopt reparametrizations, in which
the a-th time derivatives of the generalized coordinates are replaced by a
set of a-th order generalized variables. In the literature, first order general-
ized variables are commonly called quasi-velocities (NEJMARK; FUFAEV, 1972;
CAMERON; BOOK, 1997; JARZEBOWSKA, 2009; PAPASTAVRIDIS, 1988), second
order generalized variables are called quasi-accelerations (MARUSKIN; BLOCH,
2007; PAPASTAVRIDIS, 1988; UDWADIA; PHOHOMSIRI, 2007a) and third order, are
called quasi-jerk (MARUSKIN; BLOCH, 2007). Higher order generalized variables
do not receive any special denomination. Note that generalized coordinates
can also be referred as 0-th order generalized variables.

In this text, the tuple (or column-matrix) representing the a-th order gener-
alized variables of a multibody system .#Z will be denoted by q§2‘>. A particular
generalized variable in this tuple will be represented by the symbol q;‘?,, being
i a generic index. Again, when there is no other multibody system (than .Z) in
a particular context, the subscript .Z can be omitted, i.e. the a-th order gener-
alized variables tuple can simply be denoted by ¢‘® and a particular variable

in this tuple by q_<,o‘>. Moreover, the following notations will be adopted:
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+ q'P) represents the tuple (or column-matrix) constituted by all generalized
variables up to G-th order, i.e.:

« g¥ B > a, represents an alternative set of 3-th order generalized vari-
ables defined as the (8 — a)-th time derivative of ¢', i.e.>:

dﬁ*aq«x)
dtb—«

g —

« q%8+I6) > 0, represents the tuple (or column-matrix) constituted by
q%®) and its time derivatives up to x-th order, i.e.:

d* ()
g8 — (q«ﬁ»

Let v(g'%) denote the number of a-th order generalized variables for mod-
eling a multibody system .#. Once the (3+1)-th order generalized variables are
defined to replace the time derivatives of the 3-th order variables, such transfor-
mation of variables will be properly defined provided a tuple (or column-matrix)

E§§+1> constituted by u(EﬁZ“)) = max{//(q§§+1>), u(qﬁ?)} invariants as follows:

81 (6. ) - 0 26)

It must be noticed, however, that above some order, it is not convenient to de-
fine other generalized variables than the time derivatives of the previous order
ones. Indeed, if qﬁ? = /f“” forall 3 > a > o, it can be stated that the model
of system .# has trivial generalized variables above o-th order. Moreover, if
o =0, i.e., the generalized coordinates are given and all other generalized vari-
ables are defined as ¢'® = ¢/®?, then it can be said that the model of system

A has trivial generalized variables.

Example 2.1. Let % be a mechanical system constituted by a single free rigid
body B whose motion is described with respect to an arbitrary reference frame
€. Consider thatE = (e,, &,, &,, &,) is a coordinate system fixed to £ and that
B = (b, by, b,,b,) is a coordinate system that moves along with B. Let the
transformation between the coordinate systems B and E be defined by a unit
quaternion (q., q). Define the following generalized coordinates for modeling

3 Whenever useful, it can also be adopted the following convention: g(®® = gf®.
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X
q<f) =gy = q- éx q<50> = x = rbo\eo . éx
qg)) = qy:q'éy q<60> =Y = TIple, 'éy
(0) (0) (@)
d3 ZQX:qéZ a7 :Z:rboleo'éz
0
| 4% =a

Note that once (¢., q) is a unit quaternion, the following relation must be satis-
fied:

F+@+a2+q—1=0 (b)

Moreover, the matrix defining the transformation of coordinates between E and
B is given by (BOTTEMA; ROTH, 1979, p. 11):

R+ —a—a 269y —G:9.)  2(0xG. + G=qy)

Mge=| 2(qeay + ) @—a?+a2—a* 2(q,9. — G.9.) (c)

2(9x9. — 9:qy)  2(Gy9.+9:Gx) G — G — G+ a2

Let w3 e denote the angular velocity of B with respect to &, vy ¢ = I, e, be the
velocity of b, with respect to £ and define the following quasi-velocities:

¢} = w, = wge - b, a4 = v = vo e - &,
q_<2:l> =Wy = 03¢ -By q_<1> =V, = Vp e - € (d)
Cl_<31> =Wz = 0pje - Bz CI_<61> =V, = Vp e " &,
It can be proved that (BOTTEMA; ROTH, 1979, Secs. 2.3 and 2.4):
0 —W, Wy
g ep = | w. 0 —w. (e)
—Wy Wy 0
which leads to the following identities:
wx =2(q:Gx + G.Gy — Gy G2 — GxG)
Wy = 2(—G.4x + GGy + G4z — Gy ) (f)
W, = 2(qyqx — Gxqy + 9 G= — 9.Gc)

In this model seven generalized coordinates and six quasi-velocities are de-
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) =7 and u(qé.?) = 6. Suppose that the generalized variables

are trivial above first order. There must be I/(Eg)) = 7 invariants defining the

transformation of variables between the time derivatives of the generalized co-

ordinates and the quasi-velocities. Taking the time derivative of equation (b)

along with the identities (f), it can be stated that the following invariants define

this transformation of variables:

(

\

E.<11) = qqu + qydy + CIzdz + qtdt =0

E<21> = Wx — 2 (thx + qzc./y - qydz - qXQt) =0

E.<31> =Wy — 2 (_CIqu + qtqy + QXq.Z - qydt) =0

E<41) =W, _2(quX_qqu+thZ _qut):O (g)

e =v,—x=0

E.<61>:Vy_y:0

e =y, —2=0

After some algebraic manipulations, such equations lead to the following iden-

tities:

: 1 1 1

0x = 54cWyx — 54, Wy + 50yW,

- 1 1 1

qy = quwx + EQtwy - §qxwz

- 1 1 1

q. = _quwx + quwy + eqwz
: 1 1 1

de = _ﬁqxwx - quwy - quwz (h)
X = Vy

)l/ =Vy

zZ =V,

Consider, for instance, the motion in which w, = 2 (constant) and all the other

quasi-velocities are zero. Adopting as initial conditions all generalized coordi-

nates being zero but ¢g. = 1, it can be noticed that the solution of the system of



23

ordinary differential equations (h) is:

;

x=y=z=0
d=q. =0
gy = sin (302t)

g. = cos (%Qt)

\

From the definition of quaternion parameters, it can be noticed that these ex-
pressions correspond to a pure rotation around the axis through b, defined by
the unit vector &,. The angle of rotation is given by 6 = Qt, i.e., as expected,
the corresponding motion is a rotation with constant angular velocity. O]

In this example, it could be noticed that it is possible to express ¢‘© ex-
plicitly as a function of ¢! and g‘*’. Orsino and Hess-Coelho (2015) prove (in
Lemma 2.1) a generalization of this result. Let .# be a multibody system and
let c<"+1> denote tuples (or column-matrices) constituted by invariants describ-
ing the transformations of variables between q/% and q<°‘+1> Suppose that all

!> pelong to class €7~ for all a such that 0 < o < B. If all the Jaco-
bians [Oc, o) /8q '], for 0 < & < 3, are full rank matrices for the given values
of (t, g%, ¢'%"), then it is possible to express ¢2'* (8 > a) as an explicit
function of time and generalized variables of .# up to 3-th order, i.e.:

qﬁgm _ q</2|oo< 'qgﬁﬁ») (2.7)

2.3 Generalized constraint invariants

Let # be a mechanical system whose motion can be parametrically de-
scribed by a finite number of variables. Suppose that the motion constraints of
this system either are automatically satisfied by some proper selection of gen-
eralized coordinates or can be represented by a finite number of invariants that
can be expressed in the form of equation (2.4). Also, consider that non-trivial
(a + 1)-th order generalized variables are related to the time derivatives of the
a-th order ones by a transformation of variables described by invariants that
can be expressed in the form of equation (2.6). For each o > 0 obtain the
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following time derivatives, for all p such that 0 < p < o:

do=* /-

s (Pe(t.ale™)) =0 (2.8)

d7=* /_ _

dto—e (C.<%p?k(t’ q%’»’ qﬁz‘p 1>)> =0 (29)
Replace each qﬁg_‘f” in equations (2.8, 2.9) by their corresponding expressions

in terms of t and qﬁf» given by equations (2.7). After such replacements, all

the left-hand sides of the equations (2.8, 2.9) that remain non-degenerate, i.e
that are not identically zero by any values of t and qﬁﬁ, are denominated o-th
order generalized constraint invariants of .4 and can be generically denoted
by a tuple (or column-matrix) as follows:

ay(t.ay") =0 (2.10)

Definition 2.3. The constraint order of ., denoted by v9,, is defined as the
least integer o for which the following conditions are simultaneously satisfied:

(1) All of the constraints of .Z either are automatically satisfied by some
proper selection of generalized coordinates or can be represented by a
finite number of generalized constraint invariants that can be expressed

in the form of equation (2.10).
(2) The model of system . has trivial generalized variables above o-th order.

(3) aﬁ? (when present) is an affine function with respect to qﬁ‘}.

For the sake of brevity, the subscripts .# will be omitted in the remainder
of this section. For every ¢ > v°, it can be stated that there is a matrix A =
A(t, ¢~ and a column-matrix b = b (t, g¢o~1)) such that the column-

matrix g‘°’ can be expressed as follows:
G =Aq9 + bV =0 (2.11)

Note that A is the Jacobian matrix of the o-th order generalized constraint in-
variants with respect to the o-th order generalized variables for every o > v°.
Whenever o-th order generalized constraint invariants are not present in the
model for ¢ > v°, §° can be supposed to be an empty tuple and A can be
supposed to be a 0 x v(g""’) empty matrix.

If Ais not a full rank matrix for any values of t and g‘"~1 then some of

the invariants in the column-matrix g'°> can be expressed as linear combina-
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tions of the remaining ones*. Thus, such invariants are redundant and can
be removed, being the remaining ones referred as independent generalized

constraint invariants. In this case, the new matrix A has full rank.

Definition 2.4. Let .# be a multibody system whose constraint order is equal
to v°. A generalized configuration of .4 can be defined as being the tuple
(t,q%"~1)). Denote by A the Jacobian matrix of the o-th order independent
generalized constraint invariants with respect to the o-th order generalized vari-
ables for o > v°. A singular (generalized) configuration of ./ is any eventual
tuple of values (t, g"~1)) for which A is not a full rank matrix.

Definition 2.5. The number of degrees of freedom of ./, denoted by v# (or
v*,), is defined as the nullity® of the matrix A in any non-singular configuration
of /. Also, ./ can be classified as a v#-DOF system. Itis worth noting that this
definition is also valid when A is an empty matrix: in these cases, v* = v(q"").

Example 2.2. Consider the system &, represented in Figure 2.3, and consti-
tuted by four rigid bodies: B, (base), B;, B, (rigid rods whose transverse sec-
tions have negligible dimensions) and B (slider). The kinematic pairs (B, B1),
(B1, B,) e (B,, Bs) are ideal spherical joints and the kinematic pair (B, Bs) is
a prismatic joint.

777U ////B )

Figure 2.3: Representation of system 2.

Define po, p; and p, as the geometric centers of the spherical joints (Bg, B;),
(B1, B,) and (B, Bs3), respectively, and let ¢; and £, denote the lengths of the
rods B; and B,, i.e., {1 = [|rp,ip, || @nd &> = ||rp,ip, . Suppose that the axis of
the prismatic joint (Bo, B3) is parallel to an unit vector X and passes through
po- Define the coordinate system E = (po, X, ¥,2) which remains fixed with
respect to By. To describe the motion of this system with respect to B, define

4 Note that the coefficients of such linear combinations can be functions of t and g{*"~1).
5 The nullity of a matrix is defined as the dimension of the kernel of the linear transformation
defined by this matrix.
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the following generalized coordinates:

q<99> = (X1 01,21, %2, 2, 22, 0) @)

with (x1, y1, z1) and (x, y», z2) being the Cartesian coordinates of p; and p, in
E and 6 denoting the angle between the lines pop; and p;p,. Consider that
the model of & has trivial generalized variables. Due to the constraints of this
system, the following invariants must be established:

(

3 =X+ i+ -£=0
=(0) __

dpr =1 =)+ —y2)+(a—2)—£45=0
G =y =0 (b)
63?4 =2=0

| @Y=+ 3+ 23— — 3 — 2l =0

All the constraints in & either are automatically satisfied by the selected
generalized coordinates or can be represented by some generalized constraint
invariants of order 0 or higher. Taking the first time derivative of equations (b),
it can be noticed that according to Definition 2.3, the constraint order of & is
vp = 1 and the corresponding matrix Az is given by:

X1 % 2 X Vo 2 6
1 [ 2x1 2y 27 0 0 0 0
2 12(—x) 2001—y2) 2(zm—2) 2(—x1) 200n—-w) 2(z—=z) 0
Az = 3 0 0 0 0 1 0 0 ©
4 0 0 0 0 0 1 0
5 | 0 0 0 2X5 2y 27, 259Z1£2_

Whenever s, = 0, the system of equations (b) has only four solutions:

(

x1 = ¥ vi=z21=0 xx=41+4 Vo=2=0 6=0

xlz—él y1:21:0 X2:—£1—£2 y2222:o 6=0 (d)

Xlzel y1221:0 nggl—gg yZZZQZO =

xi=-—4 vhw=z=0 xo=—41+4 Ypo=2=0 6=

\

In any of these generalized configurations, the columns labeled by y;, Z, and 6
are identically zero and A4 has rank 4; in any other generalized configurations
its rank is equal to 5. According to Definition 2.4, all of the generalized configu-
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rations (d) are singular. Moreover, following definition 2.5, it can be stated that
v, =2,i.e., Pis a2-DOF system.

Consider now that q;f,’> = (x1,y1, 21, %2, Y2, 22), i.e. @ is not used as a gener-
alized coordinate anymore. In this case the first 4 invariants of equation (b) are
sufficient to completely describe the constraints of &. In this case, matrix A

is given by:
X1 " Z X2 o 2
1 [ 2x1 2y 27 0 0 0 1
Ap = 2 120a—x) 20h—y) 2(z—2) 20e—x) 202—-n) 2(2—2z) (e)
3 0 0 0 0 1 0
41 0 0 0 0 0 1

Note that matrix A% has full rank (equal to 4) at every generalized configuration,
including the ones described by (d). Thus, there will be no singular generalized
configurations in this case.

This example illustrates that some singularities in the description of motion
of multibody systems are due to the kind of generalized variables chosen.

B3

Figure 2.4: Singular generalized configurations of the variant of .

Example 2.3. Consider now the following variant of system &, discussed in
the previous example: adopt ¢; = 1, £, = 2 and suppose that the axis of the
prismatic joint is defined by y, = 1 and z, = 0. Take qfq?> = (X1, Y1, 21, X2, Y2, 22, 0)
again: whenever s, = 0, the corresponding system of generalized constraint
equations of order 0 leads to three different solutions:

21:0 X2:—|—2\/§ _)/2:1 2220 0=0

W=

X =+ Nn=

x1=0 vi=—1 z7=0 x=0 w=1 =0 0=m
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In the first two of these generalized configurations (which are symmetric with
respect to the yz plane of E), the rank of the corresponiding matrix A is equal
to 4, and in the last one, it has rank 3. Thus, these are the generalized singular
configurations of this variant of & (outlined Figure 2.4).

2.4 Variations of motion variables

The application of Functional Analysis to the development of modeling
methodologies for multibody systems is useful to apply the descriptons of mo-
tions and constraints (kinematics) to the derivation of the equations of motion
(dynamics) of these systems.

Let €¥(£2) denote the linear space (over R) of class ¢ real-valued functions
defined in a closed interval Q C R. The addition and scalar multiplication in this
linear space are defined respectively by: (wy + w,)(t) = wi(t) + we(t) and
(Aw)(t) = Aw(t) forall w, wy, w, € (), t € Qand A € R. In addition, define
a norm for €¥(2) as follows (GELFAND; FOMIN; SILVERMAN, 2000):

1%
lwll =) " max
teQ
k=0

Also, if w is a tuple (or column-matrix) of class €*(Q2) functions, define ||w|| =

d*w
T (t)‘ (2.12)

max; ||w,||, being the norms in the right-hand side of this equation obtained
by (2.12).

Let 4 be a v*-DOF multibody system whose constraint order is equal to
v°. Take an integer o > v°, and suppose that a generic motion of .Z during
a time interval Q is described by tuples g‘¥(t) of class €°~%(Q2) functions, for
0 < a < o, with ¢! representing the a-th order generalized variables of the
model of .. Also, define for 0 < o < o the functions §g‘*, which will be
called variations of the a-th order generalized variables, satisfying the condition
maxq ||8q'¥ || = € for some € > 0.

Let v{* be a tuple constituted of arbitrary p-th order motion variables which
can be defined as any variables that can be expressed as explicit functions of
time and generalized variables up to p-th order, i.e., there must exist a function
v such that v = v (t, q¢)). Suppose that v’ is a class €* function and
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consider the following first order Taylor series expansion®:

!<p>(t' q<<p>>(t) + 6q<<p>>(t)) =
!<p>(t1 q«p»(t)) + 6y<p>(t, q«"»(t); 6q<<p>>(t)) + o(e) (2.13)

with v (t, %) (t); 8q)(t)) given by:

dv <p> P
(p) oY () §gied - 2=
Sv¥(t, a'¥(1):8a")(1) = 5 Z (1) (2.14)
The variation of v{® is the function vi.”)(t) defined by:
8v<p>(t) _ 5!<p>(t q<<">>(t); Sq«p»(t)) (2.15)

Let o > max{p, v°}, and suppose thatin a given time instant t* all the values
of g‘°~1)(¢*) are known. Adopt 5q¢*~*)(t*) = 0 and consider that each 5q‘*
is a tuple of class €°~*(Q2) functions, for 0 < a < o, with Q denoting a closed
interval, t* € Q and (t* + ¢;) € Q for some €, > 0. The following Taylor series
expansions are valid in this case’:

p

5q°) (t* + €;) Z 6q<”+""’ (t*) + o(eZ*) (2.16)
O

Moreover, using equation (2.7), it can be stated that:

Ptk 5q(p+mp>

8q ) = D g 8a() (2.47)

a=0

However, by hypothesis, all §¢‘ (t*) = 0for0 < a < (0—1); thus, if (o+k) < o,
i.e. kK < (o0 — p), then, according to equation (2.17), 5g‘**~'?)(t*) = 0. Also,
from this same equation, it can be stated that:

8q° (1) = 5o 54 (1) (2.18)

Therefore, equation (2.16) can be rewritten as follows:
5? o 5q<o\p>
(0 —p)! 0q'

6 Denote by o(¢) any terms or sum of terms in a Taylor series expansion satisfying the
following property:

8P (t° + &) = 84 (") + o(¢7 ™) (2.19)

o lo(@)l

e—0 €

=0

" In this expansion, the following property is assumed: “the derivative of the variation is
equal to the variation of the derivative” (LANCZOsS, 1986, Sec. 11-9).
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Furthermore, according to equations (2.14) and (2.19), it can be stated that:

o—p
SV (£ + &) = (agt_ VT8 + ole ) (2.20)

with V(#:2) defined as follows:

av<p> aq<0\p>
(poy _ 2= =
v - aqr oqlo) (2.21)

Definition 2.6. Let .# be a multibody system whose constraint order is equal
to v°. Adopt ¢ > v°, and consider that at a time instant t* the values of all
generalized variables q‘°’ (t*) are known and satisfy the constraints of the sys-
tem, i.e., if there are any independent generalized constraint invariants then
qo' (t*, q'o)(¢*)) = 0. In this case, the corresponding variations of the gener-
alized variables at t* are said to be compatible with the constraints of ./ if and
only if g9 (t*, ‘o (t*) + 8q°) (t*)) = o. O

Proposition 2.7. Adopt the same hypothesis and conventions presented in
Definition 2.6. If ‘7’ (t*, g%7)(t*)) = 0 then the values of 5q)(t*) are compat-
ible with the constraints of .Z if and only if:

6C7<U>(t*. q<<<7)>(t*); 6q<<0>>(t*)) =0 (2.22)

Proof. According to Definition 2.6, the values of 8q{°!(t*) are compatible the
constraints of ./ if and only if:

¢7<0>(f*, q«"»(t*) + 8q<<">>(t*)) -0 (a)
Using a Taylor series expansion similar to the one in equation (2.13), then:

(7<J>(t*, q«"»(t*) + Sq«"»(t*)) —
c7<">(t*, q«"»(t*)) + 5C7<0>(t*, q«"»(t*); 6q<<">>(t*)) +o(e)=0 (b)

However, by hypothesis, §°'(t*, g‘°?(t*)) = 0. Thus:
5 (¢, ') (¢7):81°)(£")) = ofe) ©

Once 8G@ is a linear function of the §¢‘*, with 0 < a < o, and considering
that € = max,, ||5g‘||, equation (c) implies that §G‘”> must be identically zero
(GELFAND; FOMIN; SILVERMAN, 2000, p. 12). O

Theorem 2.8. Let .# be a v#-DOF multibody system whose constraint order is
equal to v°. Choose an integer o > v° and consider that in a given time instant
t* the values of q‘"~1)(t*) are known and do not violate any constraint of ..
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Adopt 8q¢e—1)(t*) = 0. It can be stated that, unless (t*, g‘°~1)(t*)) corresponds
to a singular generalized configuration, there is a rank v#* matrix S such that
AS = 0. Thus, for every variation 5’ compatible with the constraints of .#Z
there must be a column-matrix ¢‘© € R*" such that:

87 (") = S §(t") (2.23)

Consequently, if v{?’ denotes any column-matrix (or tuple) of p-th order motion
variables (p < o), considering the definition of V{*:?) given in equation (2.21), it
can be stated that, for any variation §v‘*(t*+¢.) compatible with the constraints
of . there is a column-matrix §°) € R** such that:

o—p

SVt +e,) = (Ugt_ Pl V) § G () + o(e7*) (2.24)

Proof. Assume that §q‘°~*)(t*) = 0. Equation (2.22) can be written as follows:
Asq9(t")=0 (2.25)

From this equation, it can be stated that any variation 5q'°) (t*) compatible with
the constraints of .# must lie in the kernel of the linear transformation defined
by matrix A. According to Definition 2.5, the dimension of the kernel of this
linear transformation is equal to the number of degrees of freedom of .Z (v*).
Thus, there must exist a full rank matrix S with »# columns such that AS = 0.
Such a matrix is called an orthogonal complement of A. Moreover, it there is
any other matrix S’ such that AS’ = 0, it can be stated that the rank of §” must
be less than or equal to v#. Therefore, any variation §q‘°’(t*) compatible with
the constraints of .# can be expressed as a linear combination of the columns
of S. It means that, there must exist a column-matrix ¢'“’(t*) € R*" such
that 5q‘°’(t*) can be given by equation (2.23). Finally, equation (2.24) can be
obtained by applying equation (2.23) to (2.20). O

From Theorem 2.8 it can be stated that any (compatible) variations of vari-
ables of motion in a v#*-DOF multibody system .# can be expressed as a linear
combination of v# independent parameters. The coefficients of these linear
combinations can be expressed as functions of the generalized configuration
of /. The most intuitive choice for a matrix S satisfying the conditions of The-
orem 2.8 is trying to choose some independent variables among the elements
of the column-matrix §q‘°’(t*) and, by some algebraic manipulations in the o-th
order constraint invariants, express explicitly all the remaining elements of this
column-matrix as linear combinations of the independent ones.
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Assume, without loss of generality?, that the column-matrix 5g‘”(t*) and
the matrix A can be partitioned in the following form:
(o) (o)
qy aqx 5q'7 (t*
sqo(ty=| () (2.26)
A = |:A# A_* :| 6q<f'>(t*)

In this case, equation (2.25) can be written as follows:

A,8q 9 (t)+A. 8¢ (t") =0 (2.27)

g

It can be ensured that 6q_<#>(t*) represents an independent set of v* variations
of generalized variables if A, is an invertible matrix®. Thus, denoting by 1, an

identity matrix of order v#, it can be stated that:

6q<0> t* lu#
6q<">(t*) = () = 8q_<;[>(t*) (2.28)
5(].(*0)(1'*) —A__l A_#
Finally, from this last equation, it can be identified that:

(o)

a
< a | 1. G (t7) = 8¢ (+*) (2.29)
CI<*U> -A'A,

Even though the method illustrated in equations (2.26 — 2.29) seems to be
the most intuitive one to obtain an orthogonal complement of A, it must be
highlighted that any algorithm that is able to derive an expression for a rank v*
matrix S such that AS = 0 shall also apply.

Example 2.4. Back to system & presented in Example 2.2, it can be noticed
that unless ¢; = 45, x> will never be zero. Moreover, if ¢; = 45, then x, = 0 only
in a singular generalized configuration of this system. The same can be stated
about configurations in which s, = 0 (see Figures 2.3 and 2.4). Furthermore,
y1 and z; will only be simultaneously zero in singular configurations too.

Thus, whenever y; # 0, the variations of 56z; and 8x, can be adopted as
being independent, and the method presented in equations (2.26 — 2.29) leads

8 Once it is always possible to reorder the columns of A based on any ordering assumed
for g{.

% Note that, once A is a full rank matrix, there must be (u(dﬁ‘})—u#) columns of A constituting
an invertible square matrix.
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to:
i [ 2 g
5xq X2 X2
. X — X122 X1 (Xz - X1)
dy1 Y1X0 Y1%2
oyl 1 0
oyl
8% 0 1 (@)
3o
dy» 0 0
oY) 0 0
50 X2
0
- i £1£259

On the other hand, when z; # 0, the variations of 8y, and 6x, can be assumed

as independent, leading to:

. [ g ]
8xq X2 X2
551 ' °
_ ixe —x1ys X (x —xp)
8Zl Z1 X2 21 X2 .
dy1
8 0 1 (b)
3%,
dy» 0 0
82, 0 0
86 X2
0
- - i Zlezsg i
This example illustrates the statement of Theorem 2.8. ]

Example 2.5. Let & denote a mechanical system consisting of an ideal rigid
sphere 8 rolling without slipping in a rigid surface U. Suppose that the sphere
always touches the surface in a single point. Denote by U = (u,, @, G4y, 1,) @
coordinate system rigidly attached to U and consider that the Cartesian coordi-
nates of the instantaneous contact point between the sphere and the surface in
U are denoted by (x, y, z). Moreover, consider that S = (s, §,,8§,,8,) is a coor-
dinate system rigidly attached to 8, that s is the geometric center of the sphere
and that the transformation between S and U is defined by a unit quaternion
(g, q) = (g, g0 + g,0, + g,0,). Finally, let (v, v, v.) denote the compo-
nents of vy inUand (w,, wy, w,) denote the components of wgy in Utoo. Define
the following generalized variables to describe the motion of § with respect to
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a2 = (a4 9y, 42, Gc. X, Y, 2) (@)

a5 = (Wa, Wy, Wy, Vi, Vg, V) (b)

Let U be defined by an equation of the form y(x, y, z) = 0. and suppose, without
any loss in generality, Vy(x, y, z) points to the half-space in which § moves. For
the sake of brevity, define, with all the partial derivatives being evaluated at the
contact point coordinates (x, y, z):

5} 0 5}
= () () (2
1 Oy 1 Oy
o ey

(c)
_ 10y
V. 0z

Yz

’YXZ%GX

Denoting by r the radius of this sphere, it can be stated that the coordinates
of s in U are given by [s]y = (x,y, z) + F(7x, Yy, 7). Considering that (¢.,q) is
a unit quaternion, that (v,, v, v,) = Z[s]y and that the skew-symmetric repre-
sentation of (wy, w,, w,) is given by [i]UIS [1]J|S, the following invariants define
the transformations between the quasi-velocities and the time derivatives of the
generalized coordinates in this model:

p
Ec<5’12>l - qux + dey + qzdz + Qtdt =0

E;’l; - wy - 2(qqu + QtCIIy - qXQZ - qut) - O

cS’z>1 =W, — 2(_CIydx + Qqu +9:G. — qzqt) =0

(1 —
S5 =Ve— X = (F1) =0
_ d _
o=V =y — 5 (F1) =0
_ d _
Sp=v.-z- 5 (Fr) =0

\

Due to the no-slip constraints present in this system, the instantaneous contact
point between 8§ and U must have zero velocity with respect to U. This fact
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leads to the following identity:

Vy 0 —W, Wy Ve
v, | =7 w, 0 -—w, v, (e)
V, —Wy, Wy 0 Y,

Thus, the following invariants are obtained:

(1)

Jsi=Vx =T (Wy s —w.7y) =0
G5h = Ve = T (o % — wiy2) =0 (f)
6591%: V, = 7 (We Yy —wyYx) =0

A possible matrix S¢ for this system can be given by the following expression:

Wy Wy w,
w, [ 1 0 0 |
Wy 0 1 0
w, 0 0 1 (9)

Vy 0 rY, —rqy

Vo [ =7z 0 rYx

V2 _rIYy —IYx 0

Consider, for instance, that U is defined by the equation y(x,y,z) =
z—uy?> = 0. Inthiscase, v, = 0, v, = —2uy/\/1+4u2y? and v, =
1/4/1+4p2y2. Letb be a point in the surface of 8, whose local coordinates
are given by [b]s = (0,0, —F). Define v'* as follows:

v = [bly = [s]y + [1]ys [Pls (h)
It can be stated that:
Wy Wy w, Ve VoV,
v 0 —F(1-2¢2-2¢?) 2F(qyq.—a:q.) 1 0 0 _
|
VO = v 1 F(1-2q2 - 2q2) 0 ~27 (.. +4,q:) 0 1 0 0

v | =27 (9,0, — 4xqc)  2F(GxG. + 4,q:) 0 0 0 1
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Moreover:
Wi wy w,
v 0 —T(1-2¢2=2¢2—7.) 27 (0,9, — GG — 3 %) 0
VODSs = vO | F(1-2¢2-2¢2 - 1.) 0 ~27 (00 + G,G: — 3 %:)
vO 1 =2F (9,9, — @xq: — 1,) 27 (Guq. + 4y 0 — 21.) 0

Consider that, at a time instant t*, y(t*) = 0 (and, consequently, v, = 0, 7y, = 0,
v, =1land v, = 1), q.(t*) = q,(t*) = q.(t*) = 0 and g.(t*) = 1. In this config-
uration, b is instantaneously in contact with 8, and, as expected, V%! S, = 0.
Indeed, by Theorem 2.8, v\%(t* + ;) = o(e;), i.e., the variation of the posi-
tion of b in a time interval [t*, t* + €[ is negligible comparatively to ¢, for ¢,
sufficiently small. O

Example 2.6 (2D rigid body element). Let % denote a system constituted by
a single rigid body B that is constrained to perform a plane motions only, i.e.,
given any two points of B their trajectories must be plane curves and the cor-
responding planes must be parallel. Such a system can be conceived as a 2D
rigid body element. Let N denote the reference frame with respect to the mo-
tion of B is described and define a coordinate system N = (o, X, ¥, Z) such that
X and y are unit vectors which are parallel to the planes of motion and z is a unit
vector orthogonal to these planes. Thus, if p is any point of B, then v, x - Z = 0.
Due to this condition, it can also be stated that wsx - X = 0wz - ¥ = 0. Thus
choosing a particular point b* of B and denoting vy n = vg.X + vs,¥ and
wsN = Ws ,Z, the following quasi-velocities can be defined for the modeling of

B ql = (v, VB.y, W3,z ).

Moreover, once 2 is a holonomic system, to describe its configurations, it
is enough to specify the position of a one point of B along with the orientation
of a line orthogonal to Z that moves along with this rigid body. For instance, if
ps and pg , denote the x and y coordinates of b* in N and 65 represents the
angle between a line orthogonal to z that moves along with B and the direction
of X, the following generalized coordinates can be defined for the modeling of
RB: ¢ = (pp.x. Pz, 0s). In this case, g2 = ¢’

Another alternative for describing a generic configuration of & is by select-
ing a finite number of points of B as shown in Figure 2.5. Once the position of
a point and the orientation of a line are enough for it, the positions of at least
two points of B are sufficient for specifying the position of any other point of
this body. Referring to these tracked points of B as nodes and denoting them
by bx and their corresponding Cartesian coordinates by (ps « «, Ps.«.y), it can
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Figure 2.5: Representation of a 2D rigid body element.

be stated that a possible set of generalized coordinates for this system can be
defined as the collection of the Cartesian coordinates of all these nodes (with

the number of nodes begin equal to or greater than 2). Also, in this case, let

q§> = (VBx, VB.y, WB 2, q;?)). Thus, the 0-th order generalized constraint invari-

ants of this system can be given by equations of the form (with £ ,; ; representing
the distance between b; and b, i < j):

(Psix = P5jx)’ + (PBiy — PBjy)* — L3, =0 (a)

Sometimes b* will not not be one of the nodes of the model. In such cases,
suppose that its position is specified in terms of two nodes b; and b;. There
must exist two adimensional constants 44 and o5 such that:

Tpsp, — Y Iy, jp, + ps Z X Ty, (b)
The time derivative of this equation leads to the following identity:
Vi, IN = Vps N + W3, (;53 Iy b, — Y52 X rbj\b,) (b)
In general, for any node by:
Vo n = (Ve X+ vy §) + ws . (B3 Tom, — V82 X Ty, + 2 X Tpp,)  (C)

Using equation (c), any quasi-velocity of the model of % can be expressed as
a function of (vg ., vs ,, ws .). Thus, S can be expressed as follows:

VB x VBy W3, 2
Vi [ 1 0 0 ]
VR 0] 1 0
Sg= ws, | 0 0 1 @

Pix | 1 0 (1 =As) psiy +Y8P5jy + P8 (PBjx — PBix) — PBAy

P k.y i 0 1 —(1—48) Ps.ix — ¥8P3jx + 05 (PBjy — PBiy) + P kx|
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The last 2 rows shown in matrix S4 actually represent the general expression
of the rows that correspond to a generic node by, i.e., there must be a pair of
rows like these for each node used in the model of %. O

2.5 Descriptions of motion in modular multibody
formulations

The definitions and results presented along this chapter are valid for any
finite degree-of-freedom multibody system. However, in order to propose mod-
ular formulations which are able to use already known mathematical models of
subsystems to derive the equations of a multibody system, some extra state-
ments and techniques must be discussed.

First of all, it must be noticed that whenever the modular approach is used,
a multibody system can be conceived as a hierarchical structure of subsystems
that can be represented by a tree diagram. Consider for instance the models of
a bicycle (7"), a 5-bar mechanism () and a 3RRR mechanism (@) presented
in Figures 2.6, 2.7 and 2.8, respectively. The bicycle model is conceived as a
tree structure with 3 levels: the root (level 0) corresponds to the bicycle model
w itself; the first level consists of the subsystems of 7 which are the rear
wheel Z, the front wheel # and the assembly &/ constituted by the body of
the rider and by the frame, handlebar and front fork of the bicycle; the second
level, in this example, consists of the subsystems of o, which are the system
2 constituted by the body of the rider and the frame of the bicycle and the sys-
tem # constituted by the handlebar and front fork of it. The 5-bar mechanism
model & is conceived as a tree structure with 4 levels: the root corresponds
to the system itself, the first level consists of its subsystems, which are the left
and right actuators, o/, and /; respectively, and the mechanism &; the sec-
ond level, is constituted by the subsystems of &, which are the left and right
kinematic chains, #;, and 7% and the payload Z; finally, the third level is con-
stituted by the bars %., %., %: and 9% which are subsystems of the chains
., and #;. A similar hierarchical structure is presented to model the 3RRR
mechanism @, with the diference that in this case the actuators are supposed
to be subsystems of the corresponding kinematic chains.

Let ., denote a generic system at the n-th level of a tree structure. For in-
stance, for the bicycle model, #y = W', M, € {S, R, F} and M, € {RB, I }; for
the 5-bar mechanism model, #y = P, 4, € {A., Ax, R}, My € {H., Hr, L}
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Figure 2.6: Representation of the model of a bicycle, #". Adapted from
Orsino and Hess-Coelho (2015).

P
g, R Ay
7, £  Ii
e U B B U

dL dR

Figure 2.7: Representation of the model of a 5-bar mechanism, 2.

Q

Hn s I <L

Figure 2.8: Representation of the model of a 3RRR mechanism, G.

and M3 € {U., B, Ur, Br}; finally, for the 3RRR mechanism model, .Z, = @,
My € {9, I, K-, L} and My, € {dx, U, B | K € {n,B,C}}. Also, denote
by S(.,) the set of all subsystems of .Z,, i.e. #,.1 € S(.,) if and only if
M, is a subsystem of #Z,. For example, in the 5-bar mechanism model,
S(R) = {7, %=, £} and S(#z) = {U=, Br}, whereas in the 3RRR mechanism
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model, S(#x) = {x, Ux, Bk} for all K € {A, B, C}.

Let qﬁf denote the tuple of a-th order generalized variables used in the

description of motion of .Z,. Such variables either come from the model of a
subsystem of .Z, or are extra variables, defined exclusively for modeling this
system. Denote by qﬁf «,,, the subtuple of qﬁf constituted by the a-th order
generalized variables of the model .#, that come from the subsystem .Z, .1,
i.e. qﬁ‘%":ﬂm = qﬁgjﬂ forall M,.1 € S(4,). Also, let qﬁgj_@ denote the subtuple
corresponding to extra a-th order generalized variables. Moreover, consider
that c‘lﬁ‘f denote the tuple constituted by a-th order generalized constraint in-
variants of .Z,. These invariants describe either internal constraints of some
subsystem of .#, or constraints among these subsystems, which might be re-
ferred to as external constraints. Thus, analogously, the subtuples G5’ ,,, are
be defined by c‘/ﬁz‘n}_ﬂm = 67%)“ for all #,.1 € S(A4,), whereas the subtuple
dﬁfd is constituted by the external constraints of .#,. Summing up, it can be

stated that:

09 = (a9 (...aS ) Vbl € S(My) (2.30)
ay = (@, (....ag . .)€ S(ay) (2.31)

Suppose that the constraint order of .Z, is equal to v7, and choose any
integer o > v, . It is worth noting that the Jacobian matrix of the o-th or-
der generalized constraint invariants with respect to the o-th order generalized
variables can be written, apart from the rows corresponding to the external con-
straints, as a block-diagonal matrix. Indeed, consider for instance the model
of the 5-bar mechanism presented in Figure 2.7; the Jacobian Ag can be ex-
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pressed as follows'?:

® 4 T 7,
o -Age.@.@ Agoz | Agoar A@.@.%L- as’
0 Ay 0 0 (7.;??%
Ay = o) (2.32)
A 0 0 Az, 0 A% s,
7 | o 0 0 Az, | @5,
ay. | ay | ah | Sk
Moreover, Ay, for K € {R, L} can be expressed as follows:
® Uy By
@ -A%K.e.ea Ao A%K.e.%- ay.
Aw.= U | 0 Ay, o |ay, (2.33)
B | 0 0 A, | @5,
qﬁ?ﬁ . q;}?. Uy q;ii? B

Definition 2.9. Let X, Y and Z denote arbitrary matrices for which it is mean-
ingful to label the rows and columns. Such matrices will be shortly referred as
labeled matrices. Define W = (X,Y) as the labeled matrix defined according

to the following rules:

(1) The sets of labels identifying the rows and columns of W are the union of

the respective sets of labels of X and Y.

(2) Let / denote a row label and j a column label of W. The entry of W
corresponding to these labels is denoted by W ; ;. Assume that if either |
is not a row label or j is not a column label of X, then X ;; = 0. Do an

analogous assumption for Y.

(3) Define W;; = X, ; + Y.

It can be noticed that the “tuples of labeled matrices” can be interpreted as an

operator with the following properties:

10 |n this example the row labels are presented both in the left and right sides of the matrix:
the left ones corresponds to the “shorthand forms”, while the right ones are the “full forms”,
which shown in this example only to clarify what the labels stand for. A similar consideration
can be done about the column labels which are shown above in “shorthand form” and below in
“full form”.
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* (X,Y)= (Y. X)
* (XY, Z)=((X.Y). Z2) = (X, (Y. Z))

Theorem 2.10. Let ./, be a uj;n-DOF system in the n-th level of a hierarchical
structure representing the model of a multibody system whose constraint order
is equal to v°. Choose an integer o > v° and consider that in a given time
instant t* the values of q%‘1>>(t*) are known, do not violate any constraint of ./Z,
and do not correspond to a singular configuration of .Z,. Adopt 5q§;n’1»(t*) =
0. Suppose that, if .Z, has any subsystem, for every .#,.1 € S(.#,) both
the Jacobian matrix A,,, of the o-th order generalized constraint invariants
of . ,.1 with respect to its o-th order generalized variables and an orthogonal

complement S 4, ,, of this Jacobian are known. Define matrix R 4, as follows:

n

Ru,= Ruyoe (- Stprr---)) With Ry oo = 1, Vulllni1 € S(AM,)  (2.34)

Let C,, be an orthogonal complement of B, = Ay, Ru, With Ay, . rep-
resenting the Jacobian matrix of the o-th order external generalized constraint
invariants of /., ‘7%.9’ with respect to its o-th order generalized variables, qﬁz.
It can be stated that a matrix S 4, satisfying the conditions of Theorem 2.8 can
be obtained by the following expression:

S/%n — R/%n C/%n (235)

Proof. It must be proved that the nullity of B4, is equal to v/, and consequently,
the ranks of both C 4, and S 4, will be equal to v7, too. Consider, without loss of
generality, that ., has k subsystems denoted by /%,[il with ¢ being an integer
index and 1 < < k. In this case, A,, and R4, can be expressed by:

@ ﬂ,[ﬂl Ce ﬂr[il e %1[73!1
@ _A/%n.@.@ Aﬂn,@,ﬂgﬂl A, o, A/%n.ea..%,[fﬂl_
ﬂ,[71+]1 0 A/%Lﬂl 0 0
Ay = : : : : : (a)
MM, 0 0 A, 0
M, 0 0 0 ol A




Considering that, by hypothesis S
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® |l My} My
e 2 0 | ] o] .| o]
A 1o S o ... o0
o
Ro — b oEE b (b)
A 1o 0 S 4, 0
M, 0 0o ... 0 .S

is an orthogonal complement of A

/%[L] )
n+1 n+1
thenA w S u = 0. Thus:
gty 2y
1
® Ay e
D |Adnoe A/%n.e./%[ﬂl S/Iﬂl A/%n.aa./l[*ﬂl S/%Lﬂl
(1l

Au, Ru, = Aot ° o o (c)

M, 0 0 0 |

Therefore it can be stated that:

Every variation 6q§2 lying in the image of the linear transformation de-
fined by the matrix R4, is compatible with all the internal constraints of
A, (once all the rows corresponding to internal constraint invariants in
A, R4, are identically zero).

. Moreover, considering that R 4, is a block-diagonal matrix and analyzing

the statement of Theorem 2.8, it can be noticed that R ,, is a maximal
rank matrix with such property. Thus, every variation Sq;: compatible
with all the constraints of ., (both internal and external) must lie in the
image of R, .

If x lies in the kernel of A,, R4, then y = R, x will lie in the kernel of
A,. By the previous statement, the converse is also true, i.e., if y lies
in the kernel of A, then there must exist a column-matrix x such that
y = R4 x. Thus, the dimension of the kernel of A 4, (which, according to
Definition 2.5, is v/7, ) is equal to the dimension of the kernel of A4, R.,.
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iv. As it can be noticed in equation (c), apart from the rows corresponding
to the external constraint invariants, all the remaing rows of A,, R 4, are
identically zero. Then, the kernel of A, R, is identical to the kernel of
By =Au,Ru,

Finally, if C.4, is an orthogonal complement of B 4,, its rank is equal to v/, and,
according to statement iii, S.4, = R.x, C.4, Will be a rank v, matrix satisfying

the conditions of Theorem 2.8 for the multibody system ... O

In order to be able to use the same notation for multibody systems .#, that
have no subsystems (which are the leaves in the tree structures), itis enough to
define R4, = 1. In this case C,, will be defined as an orthogonal complement
of By, = Auw,o Ru, = Au,o = Au,, and S, = Ry, Cy, = Cy,. It will
be shown in Chapter 4 that matrices C,, have a key role in the derivation of
the equations of motion of a multibody system when the proposed modular
modeling methodology is used.

Example 2.7. Consider the 5-bar mechanism (%) presented in Figure 2.7. In
order to model it according to the hierarchical structure shown in the tree dia-
gram, it is first of all necessary to describe the motions of the subsystems </, ,
Ar, L, Uy, Ur, B, and Bx, which are the leaves of the tree. For this system, a
left-right symmetry is supposed, i.e. subsystems ¢/, and o/;, for instance, have
identical mathematical models, which will simply be denoted by </«, the same
happening to the pair of subsystems %, and %: (model %x), as well as to %,
and A; (model ABy).

Actuators o/, and /. Let wx denote the angular speed of the rotation motion
of the axis of the actuator o/x and ix denote the electrical current in the
armature circuit of this actuator. Adopt qé}g = (wx, ix). No generalized

constraint invariants are needed for this selection of variables.

Bars %, and %:. Followingthe analysis shown in Example 2.6, the positions of
the centers of the two revolute joints defined by %« and </« and by %x and
Py are enough to fully specify any of its configurations. However, since
the former center remains fixed with respect to the mechanism base, only
the Cartesian coordinates of the latter are enough as generalized coor-

dinates of %, i.e. qéf; = (Pug.2.x Pug.2.y)- Also, following Example 2.6, it
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can be stated that if qé}}f = (Mt Vit yr Witz Pix 2,50 Pug.2,y)> then:

Vit x + Wit 2Nt (Pux2.y — Pli1y)

0 Vitey — Witz Nt (Pl 2,2 — Pl 1,%)
Gy, = (a)

VuK,X - qu,Z(l - /YUK)(puKQ,y - ﬁuK,l,y) - buK,2,X

L VUK,y + qu,Z(l - /yux)(pUK,Zx - ﬁuK,l,X) - p’uK,Zy i

W,z

Vs | =i (P 2y — Puty)
VUK,y +’$’UK(DUK,2,X - ﬁUK,l,x)
(b)

S%K = C%K = Wi,z 1

/jUK,Zx _(pUK,Zy - ﬁuK,]-xy)

Puccy | TPz = Puctsx) |

Bars %, and %:. Again, the models for these subsystems are based on Ex-

ample 2.6. Two nodes, coinciding with the corresponding centres of the

revolute joints, are chosen. Thus, qu = (PBe1xr PBelys PBe2ixr PBe2y)s

1 . . . . .
q‘;gz = (VBK,X, VB v WBy 21 PBy,1,xr PBy,1,y1 PBx.,2,x PBK,2,y) and:

VBK,X + wBK,er‘BK(p‘BK,Z,y - p‘BK,l,y) - p‘BK,l,X

VﬂK,y - w'BK,Z,Y‘BK(pBK,Z,X - pBK,l,X) - pBK,l,y

. = (c)
Vi x — Way 2 (1 — V8, ) (PBe2y — PBety) — PBe2x
| Vaey T Ws, 2 (1 —4s,) (PBr2x — PBe1x) — PBe2y |
VB, x VB:{,Y Way, 2
V%<,x ]- 0 0
wag,Z 0 0 1
. . (d)
S(@K = CQK = p'BK,l,X ]. 0 +’YBK(p‘BK,2,y - p{BK,lvy)

DBK,l,y O 1 _/)\/‘BK(pBK,Zx - pBK,l,X)
Pp.2x | 1 0 —(1—9s)(PBe2y — PB1y)
D{BK,2,y | 0 1 + (1 - /?‘BK) (pBK,2,X - pBK,l,X)_
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Payload #. The payload will be modelled as a single particle, being two Carte-
sian coordinates sufficient to describe its configuration. Thus, adopt:
q§> = (x,y) and q§:> = (x,y). No generalized constraint invariants are

needed for this selection of variables.

Kinematic chains 7%, and ;. Akinematic chain % is constituted by two sub-
systems, %x and 3Bx. In the modeling of this system, it is convenient to
define two extra generalized coordinates: 64 representing the angle be-
tween the longitudinal direction of the bar Ux and the horizontal line of
the base of the mechanism and ¢y representing the angle between the
longitudinal directions of the bars B and this same horizontal, both mea-
sured in the counterclockwise direction (see Figure 2.9). Thus, adopt
q;?g@ = (6%, ¢x) and q;ig_@ — (6x, ¢x). The invariants associated to the
external constraints in this system are given by:

pBK,l,X - p'l,(K,Z,x

_<1> pBK,l,y - buK,Z,y
QK - qu,Z

¢K - wBK,Z

Denoting by a,, and az, the lengths of bars Ux and By, it can be stated
that, using the new coordinates defined:

(

PBet1x = Plg2.x = Pux1x + au, c0s(6k)
p’BK,l,y = puK,Z,y = ﬁuK,l,y + éuK SIn(GK)

(f)
PBy2.x = Plx,1,x T Ay COS(QK) + as, C05(¢K)

PBy2y = ﬁqule + éuK Sm(eK) + §BK sm(¢K)
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Thus, expressions for Ay, . R%. and and Cy, are given by:

VB x  VByy Wy, 2 Wik, 2 éK d)K
1o o 0 1 1 0]
21 0 0 -1 0 0 1 (h)
By, =
311 0 spasyse sedu, 0 0
410 1 —cpds Y8 —Codue 0 0]
Ox b«
Vo | —Socdu,  —Spcdn A, |
Viey | Cocdite  CopdnVmy
¢y — W, ; 0 1 (i)
Wik, z 1 0
Ox 1 0
¢ | 0 1

Figure 2.9: Extra generalized coordinates defined in the model of the 5-bar
mechanism.

Unactuated 5-bar mechanism %. The unactuated 5-bar mechanism 2 is
constituted by the subsystems 7., #; and Z. Itis convenient to define an
extra generalized coordinate x representing the angle between the lon-
gitudinal directions of B, and B, measured in the counterclockwise di-
rection (ORSINO; COUTINHO; HESS-COELHO, 2016). Thus, adopt g2 = (x)
and qu;?@ = (x). The invariants associated to the external constraints in



48

this system are given by:

| s
Pr 2y — Y
ay., = PBe2x — X 0)
Pre2y — Y
| X~ (W2 — Ws,.2) |

Noting that x = ¢z — ¢, it can be stated that:

Xy X 6L Or o2 b=
110 0 1 0 0 1 -1
2 (-1 0 0 —Sg,, a_uL 0 —S¢., 53L 0
} _ (k)
Bs= 3|10 -1 0 coay 0 Cp, 3n, 0
4 (-1 0 0 0 —Sp, a_uR 0 —S¢r é‘BR
5 0 -1 0 0 Cox éuR 0 Cor é‘BR
oL Or
X _S61,—¢1.5¢r ayy, S¢1, 502 —¢r IUr
Sx Sx
)./ Cor Sor,—¢r, Uy, _ C950:—¢r U
Sx Sx
x . (SGL*d’R IBg =56, ¢y, é‘BL)guL . (SQR*Q’L aB, —Sor—¢r ‘§’BR)‘§HR
SxaBy By SxdBy By (|)
Ca= 6, 1 0
Or 0 1
db Sor,—¢r AUy, _ Sor—¢r AUg
L Sx B, SxdB;,
) SoL—01, 9y, _ Soa—grqug
R L SXQQ;R Sx arBR .

Actuated 5-bar mechanism &. System & is constituted by the subsystems
o, dx and Z. No extra generalized variables are needed in this final
step. Moreover, the invariants associated to the external constraints in
this system are given by:

_ éR - wR/ﬁR
qg".@ = . (m)
Or — wL/ﬁL



Therefore, it can be stated that:

Wy,
Co

Wr
o

0

I,

0:

6x
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In Chapter 4, it will be shown how the matrices C can be used in a recursive

algorithm for obtaining the equations of motion of this system.

]
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3 Multibody System Dynamics — a
comparative literature review

A general comparison among methodologies for obtaining the equations of
motion of multibody systems points out that they can differ in two fundamental
points:

» The approach for including constraint effects in the derivations.

» The techniques used to describe the action of external forces and inertial
effects.

The principles underlying such methodologies, however, are just two: they are
based either on the principles of Newtonian Mechanics (Newton’s laws of mo-
tion) or on the fundamental principles of Analytical Mechanics.

The essential difference between the Newtonian and Analytical Mechanics
approaches is the concept of force. In the former, forces have a key role on
describing the interaction between material bodies (even the constraint effects
are modeled as forces), while in the latter, the generalized forces are supposed
to be methodological intermediate in the relation between the motion of a body
and its interaction with the physical environment as a function of the instanta-
neous state of the system (JAMMER, 2012; MAUGIN, 2013). In Analytical Me-
chanics, concepts of work and energy are more important than the concept of
force, not being necessary (although sometimes convenient) to use forces for
describing the effects of constraints on the dynamics of a multibody system.

3.1 Newton-Euler formalism

Newton-Euler formalism is one of the most traditional approaches used in
the derivation of equations of motion of multi-rigid-body systems. The so called
Newton-Euler equations are based on Newton’s laws of motion and on the de-
scriptions of translation and rotations of a rigid body originally developed by
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Euler. The first fields of Multibody System Dynamics on which this formal-
ism was applied were on mechanism theory, gyroscopes and biomechanics
(SCHIEHLEN, 1997).

The main advantage of Newton-Euler equations is that, independently of
the geometry, inertia or constraints of motion of a rigid body, its equations of
motion will always have the same form. Even the choice of variables of motion
will hardly be influenced by any of these factors. Indeed, the configuration of a
rigid body is either described by the coordinates of a finite number of points of
the body’ or by the coordinates of a single point along with three Euler Angles or
four quaternion parameters. To complete the description of the state of a rigid
body it is enough to specify the components of the velocity of one of its points
along with the components of the angular velocity of the body?. Therefore,
in order to obtain the mathematical model of a rigid body, the following it is
necessary to derive:

» Kinematic equations expressing time derivatives of the generalized coor-
dinates in terms of the chosen quasi-velocities.

» Six dynamic equations of motion, three of them relating the resultant of
the force system applied to the body to its instantaneous translation and
the other three relating the resultant torque of this force system to the
instantaneous rotation of the body.

In order to describe motion constraints in Newton-Euler formalism, it is
necessary to introduce one, a priori unknown, force or torque component for
each independent first order generalized constraint invariant. Whenever the
described constraint is related to a pair of rigid bodies within the studied sys-
tem, these unknown constraint forces or torques must constitute pairs of action
and reaction between the involved bodies. No modifications on the form of
the dynamic equations of motion due to constraints are performed, however,
i.e. the topology of motion does not require further than including associated
constraint forces and torques when necessary.

Such features of Newton-Euler formalism explain its relative success in
the development of several algorithms for deriving the equations of motion of

T At least two distinct points are required in the case of a plane motion and at least three
non-collinear points are needed in the case of a tridimensional motion.

2 |n the case of a plane motion, two components of velocity (parallel to the plane) and a single
component of angular velocity (orthogonal to the plane) are enough; for a general tridimensional
motion, three components of velocity and three of angular velocity are required. Once the
Newton’s laws of motion are applied, velocities and angular velocities must be measured with
respect to an inertial reference frame.
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multi-rigid-body systems, including the ones used including many free and pro-
prietary software implementations (PAUL, 1975). Among the several applica-
tions of Newton-Euler methodology to modeling and simulation of multibody
systems, the recursive algorithms stand out.

This Section starts with a brief discussion on Newton’s laws of motion in
Subsection 3.1.1. Newton-Euler equations of motion for a rigid body are pre-
sented in Subsection 3.1.2. Applications of the Screw Theory to Newton-Euler
formalism are discussed in Subsection 3.1.3 and, finally, some comments on
the main recursive algorithms based on this formalism are presented in Sub-
section 3.1.4.

3.1.1 Newton’s laws of motion

Newton’s laws of motion can be understood as the first formalization of
Classical Mechanics providing general relations between the motion of a body
and the set of forces acting on it.

Before stating the three fundamental laws of motion it is important to men-
tion two definitions presented in “Philosophiae Naturalis Principia Mathematica”
(JAMMER, 2012, p. 119 - 121):

» The vis insita, or the innate force of matter is a power of resisting by which
every body, as much in it lies, continues in its present state, whether it be
of rest, or of moving uniformly forwards in a right line.

» The visimpressa, or the impressed force is an action exerted upon a body,
in order to change its state, either of rest, or of uniform motion in a right

line.

From these definitions, along with some others, Newton set out three pos-
tulates, known as Newton’s laws of motion, which were originally stated as
follows (JAMMER, 2012, p. 123):

Law | Every body continues in its state of rest, or of uniform motion in a right
line, unless it is compelled to change that state by force impressed upon
it.

Law Il The change of motion is proportional to the motive force impressed; and
is made in the direction of the right line in which that force is impressed.
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Law Il To every action there is always opposed an equal reaction; or, the mu-
tual actions of two bodies upon each other are always equal, and directed
to contrary parts.

In order to correctly interpret these laws of motion two notions are funda-
mental: the concept of particle and the concept of inertial reference frame. Fol-
lowing the remarks in the beginning of Chapter 2, a particle can be conceived
as an material body of infinitesimal volume and finite mass that can be repre-
sented by a single point in space. Whenever Newton mentions “body”, it should
be understood as a particle. It does mean any restriction to the application of
the laws of motion, on condition that Integral Calculus is applied to generalize
their application to extensive bodies. This, however, requires the adoption of
the concept of density, which is a continuous function defined within the do-
main of the material body and represents, in each point, the limit of the mass to
volume ratio in open neighborhoods of this point. In this case, it is possible to
consider that in infinitesimal portions of an extensive body, the mass is propor-
tional to the volume; moreover, if these portions are sufficiently small, they can
be conceived as particles, being possible to apply the Newton’s laws of motion
to them.

Concerning the reference frames adopted in descriptions of motion, an spe-
cial class named inertial reference frames is characterized by Law I: if in a given
reference frame a particle, without any force impressed upon it, remains in rest
or describes an uniform motion along a straight line, this reference frame is
inertial. Moreover, due to Galilean relativity, it can be stated that any reference
frame performing a rectilinear translation with rectilinear translation with respect
to an inertial reference frame is also a reference frame. Law Il is only true when-
ever the “change of motion” (which should be understood as the time derivative
of linear momentum) of a “body” (particle with constant mass) is measured with
respect to an inertial reference frame.

The linear momentum of a particle with constant mass is defined by the
scalar multiplication of the velocity vector of a particle by its mass. Denoting
by f the impressed force acting in a particle, by m its mass (constant) and by v
the velocity of this particle with respect to an inertial reference frame N, Law Il
can be expressed by the following equation:

d(mv)

f:
dt

=MV (3.1)

According to Law |, if there is no force impressed upon a particle it remain in
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a state of rest or move along a straight line with constant velocity with respect
to an inertial reference frame. Consider, however, a particle constrained to
move in a curvilinear trajectory (measured with respect to an inertial reference
frame). In order not to violate neither the laws of motion nor the constraints
imposed to the particle, the corresponding motion constraints must be asso-
ciated with forces, generally called constraint forces, that must be compatible
with the observed motion. In general, whenever the modeling methodology is
directly based on Newton’s laws of motion, constraint forces corresponding to
each motion constraint must be introduced, which does not necessarily happen
in Analytical Mechanics based approaches.

3.1.2 Newton-Euler equations

Newton-Euler equations represent the most classical formulation to derive
equations of motion of multibody systems constituted by ideal rigid bodies. The
derivation of such equations come from the application of Integral Calculus to
Newton’s laws of motion.

Let N denote an inertial reference frame and B an ideal rigid body with finite
extension and constant mass. Let v denote the velocity of an arbitrary point of
B with respect to N. It can be stated that the application of Newton’s laws
of motion to body B leads to the following equations, the first representing an
integral form of Law Il and the second an integral of the moments (with respect
to the center of mass of B) of the respective physical quantities®:

/WdB:/ydB+/ odds + > i (3.2)
B B Op k

/rxquB:/rxydB+/ rxod63+2rkxfk (3.3)
B B g p

In these equations the following notation is used:

* u represents the density function defined within the domain of body B;

* y represents the field forces (forces per unity of volume) of B, which must
be an integrable function defined within the domain of B.

3 Actually, the first equation involves the use of both Law Il and the weak form of Law IlI
(once internal forces within the rigid body form pairs of action and reaction that cancel when
added up), while in the second one, Law Il is used along with the strong form of Law Il which
additionally imposes that the pairs of action and reaction act along the straight line defined by
the points in which these forces act (GOLDSTEIN; POOLE JR.; SAFKO, 2002).
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* o represents the surface forces (forces per unity of area) of B, which
must be an integral function defined within the the boundary of B, which
is denoted by 0g;

* f, represent a finite number of concentrated forces applied in some points
of B;

* r is a vector that represents the position of an arbitrary point of B with
respect to the center of mass of this body;

* r, is defined analogously for the special points where the respective
forces f, are applied.

Once r represents the position vector from the center of mass of B, and
considering that u is independent of time (and consequently, & = 0) then, by
the definition of center of mass (TENENBAUM, 2004, p. 409):

/,u,rdB:/ude:/,ude:O (3.4)
B B B

Define also the mass of B as m = [, u dB and the inertia tensor of B with
respect to its own center of mass, denoted by I*, as the second order sym-
metric tensor satisfying the following identities for any vectors x and y (KANE;
LEVINSON, 1985; TENENBAUM, 2004):

i*-x:/grx(X><r),u,dB:/B((r-r)x—(x'r)r)p,dB (3.5)
x-(y) = [y -y e -y @x) G

Moreover, let v* denote the velocity of the center of mass of B with respect to
N. Then, clearly, v = v* + r. Furthermore, if ® denotes the angular velocity of
B with respectto N, thenr = w xrandf = o X r + o x (o x r). Thus, it can
be stated that:

/quB:/u(i‘+v*)d3:/ude+V*/udB=n‘7V* (3.7)
B B B B
/rxquB:/rxu(i‘—l—\'f*)dB

B B

:/rxpjde—v*x/p,rdB
B B

:/Brx(uwx(mxr))dBJr/Brx(u(bxr)dB

:oox(/Brx(wxr)udB)+/Br><(d)><r)udi3
—ox (I 0)+I" o (3.8)
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Finally, define the resultant force f and the resultant torque t* acting in B as
follows:

f:/ydB+/ odds + Y fi (3.9)
B o p
t*:/rxyd3+/ rxod33+2rkxfk (3.10)
B O B
In this case, equations (3.2, 3.3) can be rewritten as follows:

AV =f (3.11)

o=t —ox T o) (3.12)

It is common to express equations (3.11, 3.12) in terms of the linear and
angular momenta of B. The (linear) momentum of B can be defined by:

p:/uvdB:n'?V* (3.13)
B

Also, let r|, denote the position vector of an arbitrary point of B with respect
to a given point p. The angular momentum of B with respect to the point p is
given by (TENENBAUM, 2004):

hp:/l‘|p X/,LVd'B:i*'(D—f—pXI‘p\b* (314)
B

It can be stated that, equations (3.11, 3.12) are equivalent to the following ones,
with v, denoting the velocity of point p with respect to the inertial reference
frame N and with t,, denoting the resultant torque with respect to the point p:

p="f (3.15)

h‘p:t‘p—l—vap (3.16)
Actually, equations (3.15, 3.16) can be understood as generalizations
of (3.11, 3.12). Note also that p is a fixed point or if v, is parallel to p, equa-
tion (3.16) simplifies to the following form: h‘p = t,. The latter condition in-
cludes the case in which p coincides with the center of mass of B; denoting the
corresponding angular momentum by h*, it can be stated that h* = I* - w and
h* = t*.

In order to obtain the so called Newton-Euler equations, it is necessary to
choose coordinate systems to obtain components of the vectors involved in
equations (3.11, 3.12). Let E' and E” denote the coordinate systems chosen
to decompose the vectors in these equations, respectively. The Newton-Euler
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equations of motion of B are given by:

M1 o e | ], a1

0 [Ty | | [ [T — [0lener [T] gz (@]

In this equation, [w],. . Stands for the skew-symmetric matrix representation

of the matrix-column [w], i.e.:

0 —w, wy W,
[0‘)];',(” = W, 0 —Wyx -~ [w]E”\E” — Wy (318)
—Wy Wy 0 w,

When an arbitrary coordinate system is adopted, the components of the time
derivative of a vector are generally not equal to the time derivatives of the com-
ponents of this vector. Let N and B denote a coordinate systems rigidly attached
to N and B, respectively, and consider that the origin of the latter one coincides
with the center of mass of B. It can be stated that [v*], and [®], are equal to
the time derivatives of [v*], and [w],, respectively*. Thus, it is useful to adopt
E' = N. Moreover, [®], is equal to the time derivative of [w],. Once the compo-
nents of the inertia tensor of B with respect to a coordinate system fixed to the
body are invariants, it is usual do adopt E” = B. Therefore, the typical form of
Newton-Euler equations for an arbitrary rigid body B is the following:

w10 | [l o 5.19)

0 [T']y, (o] [t — [0lgis [I'] 5 o]

A relevant particular case of equation (3.19) occurs when the axis of the coor-
dinate system B coincide with the so called principal axes of inertia of B, i.e.,
when [T*]B‘B corresponds to a diagonal matrix. In this case, the Newton-Euler

4 The following identity stand for other coordinate systems than N, when z = v or z = ,
with € denoting the reference frame to which the coordinate system E is attached:

H:L = % (2] + [wein]g [2]e
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equations can be expressed in the following form?®:

v if 0. = t;+(/_ytl_z)wywz
m l,

“ % f . t*+(/_z _I_X)wzwx

=2 W, = - r (3.20)
m /,

3.1.3 Applications of the Screw Theory

Screw theory, initially formalized by Sir Robert Stawell Ball at the end of the
nineteenth century, comprises several mathematical tools for the description of
instantaneous kinematics of rigid bodies and force systems (in which the forces
can be conceived as sliding vectors) by geometrical entities called screws. A
screw is an axis associated to a (real) scalar called pitch (BALL, 1998). An
infinite pitch screw is an element that represents a direction in space and is not
bound to any particular line.

In order to describe the instantaneous kinematics of rigid body motion it is
sufficient a vector o representing the angular velocity of the rigid body (with
respect to a reference frame £), a point p moving along with this body and the
velocity of this point v (with respect to £). Thus, a 3-tuple (, v, p) is sufficient
to describe the instantaneous kinematics of any rigid body motion. Another 3-
tuple (o', v/, p’) describes the same rigid body motion described by (w, v, p) if
and only if:

W =W
(3.21)

I
V =V+oXTIyp

The equivalence class of 3-tuples that describe the same rigid body motion is
called twist. The twist associated to the equivalence class defined by (w, v, p)
is denoted by v = [(w, v, p)]. It can be proved that, unless w is a zero vector,
there exists a point h (moving along with the rigid body) and a scalar n such that
[(w,v,p)] = [(w, nw, h)]. Moreover, if b’ is any point such that ry, is parallel to
w, then [(®, nw, h)] = [(w, nw,k’)]. Therefore, any twist with non-zero w can
be represented by a screw passing through h, parallel to w and whose pitch is
equal to n. On the other hand, [(0, v, p)] = [(0, v, p’)] for any points p and p'.

5 The overbar notation is used just to reinforce that the corresponding parameters are con-
stants.
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Thus, any twist with w = 0 can be represented by an infinite pitch screw whose
direction is defined by v.

Analogously, in order to fully describe a force system in which forces can
be represented by sliding vectors (i.e., forces are bounded to a line of action
but not to a specific point of this line), it is enough to specify the resultant force
f, to choose a point p and to obtain the resultant torque t with respect to the
point p. A 3-tuple (£, t, p) fully describes a force system. Moreover, the 3-tuples
(f,t,p) and (f', t', p’) describe the same force system if and only if:

f'=f
(3.22)
t’:t+f><rpqp

The equivalence class of 3-tuples that describe the same force system is called
wrench. The wrench associated to the equivalence class defined by (f, t, p)
is denoted by ™ = [(f,t,p)]. Analogously to the cases presented above for
twists, any wrench with non-zero resultant force can be represented by a finite
pitch screw and any wrench with zero resultant force can be represented by an
infinite pitch screw whose direction is defined by t.

It can be stated that twists and wrenches constitute linear spaces denoted
respectively by M° and F°® (FEATHERSTONE, 2008). Let E = (e, &;,é,,&3) be a
coordinate system rigidly attached to a reference frame € and let B denote a
rigid body. Denote by w the angular velocity of B with respect to £ and by v the
velocity of a point that moves along with B and instantly coincides with e. The
instantaneous kinematics of B can be described by the twist v = [[(w, v, €)].
Also, denote by f the resultant of a force system acting in B and by t the re-
sultant torque of this system with respect to point e. This force system can be
described by the wrench * = [(f, t, ¢)]. Define the following unit screws:

& =& = [(61,0,¢)] &4 =& = [(0,81,¢)]
& =& = [(&2.0,¢)] & =& = [(0,&,¢)] (3.23)
&3 =& = [(&3,0,¢)] &6 = &; = [(0, &3, ¢)]

Consideringthat w = w, é; + w, &+ w, €3, v= v, & + Vv, &+ v, &3, f =1, & +
f,& +f, &3, t =1t,& +t,& + t, &, it can be stated that:

V=W 6 + Wy 4w, 4 Vs + V, 85+ Vv, B (3.24)

=t +t, &+t &+ &+ 1&+ 1 (3.25)
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Thus, the so called Pllcker coordinates of v and [* in E are given by:

Vg = (Wy, wy, wo, Vi, vy, v2) = ([0 [V]E) (3.26)

[[F*]E = (tX' ty. Lz, fe, fy' fZ) = ([t]E ' [f]E) (3.27)

Moreover, M° and IF® are can be conceived as dual spaces, with &€& =€ ¢ =
d;j (0;; representing the Kronecker delta, i.e., its value is equal to 1 if and only if
i = J, otherwise its value is 0). Thus,

F-v=t-o+f-v (3.28)

Note that * - v represents the power delivered by the force system represented
by [ when it is applied to a rigid body whose instantaneous motion is given by

V.

Finally, let 1 denote the identity tensor of M° x M® and 1* denote the identity
tensor of F® x IF°.

Let E = (e, &1,&,,63) and E' = (¢, &}, &,,€&;) be two coordinate systems
rigidly attached to a reference frame €. It can be stated that (FEATHERSTONE,
2008; SELIG, 2005):

[1]E\E’ 0
[]]']E\E’ = (3.29)

[re/\e];< [1]EIE’ [l]E\E’

1],y = ze [rerele [ee (3.30)

0 [z

It can also be noticed that [1*]. ., [1]yy = 1.

Let N be an inertial reference frame and N = (o, ii,, i, 11, ) be a coordinate
system rigidly attached to it. Consider that B is a rigid body and that B and B*
are two coordinate systems moving along with B such that the former instantly
coincides with N and the latter has its origin in b*, the centre of mass of B.
Suppose that the instantaneous kinematics of B is described by the twist v =
[(w, v*,b*)] and the force system acting on B is described by the wrench [ =
[(f,t*,b*)]. In this case, the Newton-Euler equations for B can be expressed
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as follows, see equation (3.19):

Wl WL || B o || [l
0 [0, 0 mi [V*]g
| s 0 [l RGE a1
0 m1 [V*]B* - [w]BX* [V*]B* [f]B*

Adopt the following notations:

Vg = [l (3.32)
[V*]B*
Py = o [V = ol (3.33)

V] — o] V']

[l [v]s

[Vae = (3.34)
0 [ol
(], = [l (3.35)
[£];-
Buw = | T (3.36)
0 m1

With this new notation, equation (3.31) can be rewritten in the following form:

[, 5 o + ats [Tgp Mae = 05 (3.37)

It can be proved that the following identities are valid (FEATHERSTONE, 2008):

[V]B* = []l]B*\B [V]B (3.38)
s = [1g15 [V (3.39)
[V]I:*TB* = [1*]13*\3 [V]};; [H]BT\B* = []]-*]B*IB [W]I:I;; []]-*]B\B* (3.40)

Applying these identities to equation (3.37), it can be stated that:

[T [Wen Ma+ 10 Wag @ae [Ty Wap Me = (1705l (3.41)
(11Tpis [[pe [aeia) s + a5 (11T [T [1aei6) s = [T (3.42)

Finally, taking [I]; = [1*]y5. [I],. [1]s. s, it can be stated that the Newton-Euler
equations of motion of B expressed in terms of twists and wrenches are given
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by the following expression:

[E}B [Q]B + [W];IE [E}B [V]B = [[F*]B (3.43)

By hypothesis, B coincides instantaneously with N; then, [o]) = [o]) = [1]s-
Therefore, it can be stated that:

[y = [y = (weo w0y, w2, Ve vy, v2) (3.44)
Vs = My = (@, @y, 60, Vi, ¥, 72) (3.45)
[F]y =[]y = (te ty, to, £ £, ) (3.46)

Taking these identities into consideration, equation (3.43) can be understood
as a system of first order ordinary differential equations whose variables are the
quasi-velocities defined as the Plucker coordinates of the twists that describe
the instantaneous kinematics of the motion of the rigid body B with respect to
an inertial reference frame N.

3.1.4 Recursive algorithms based on Newton-Euler formal-
ism

The main recursive algorithm for inverse dynamics problems (in which it is
desired to determine the forces and torques imposed by actuators for a multi-
body system to perform some specific motion), is the Recursive Newton-Euler
Algorithm, RNEA (FEATHERSTONE, 2008; FEATHERSTONE; ORIN, 2000; KHAN et
al., 2005a; CRAIG, 2005; TSAI, 1999). In this algorithm multi-rigid-body systems
are conceived as kinematic chains that can be represented by graphs in which
each node corresponds to a body and each edge stands for a joint. The nodes
are enumerated such that node 0 represents the inertial reference frame cho-
sen for the modeling and that each of the remaining nodes has an index num-
ber greater than its parents in the extension tree. For systems constituted by
open loop kinematic chains only, the velocities and accelerations of relevant
points and the angular velocities and angular accelerations can be obtained
recursively in ascending order of the nodal indexes. From Newton-Euler equa-
tions, these informations can be used to obtain the force systems that must be
applied to the leaves of the extension tree. Then, recursively, in descending or-
der of nodal indexes, the corresponding force systems can be obtained for the
corresponding parental bodies using the corresponding Newton-Euler equa-
tions. The projections of these force systems in the directions of the axes of
the actuators determine the corresponding torque and force components. The
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remaining unknown components calculated by this algorithm correspond to the
constraint forces and torques. On the other hand, whenever closed loop kine-
matic chains are involved, some of the edges of the graph can not be included
in an extension tree of it, being necessary to include a loop-closing algorithm
involving both the corresponding constraint invariants and the respective forces
and torques associated to these edges (FEATHERSTONE, 2008).

For the forward dynamics problems, in which the objective is to describe
the motion of a system when some external force systems are applied to it
(including forces and torques from actuators and due to disturbances), the main
algorithms based on Newton-Euler formalism are the following:

» Composite Rigid Body Algorithm (CRBA): follows an approach similar to
RNEA to obtain the forces and torques that are independent from the time
derivatives of components of velocity and angular velocity and derives,
recursively, an expression for the generalized inertia matrix associated to
the system (FEATHERSTONE, 2008; FEATHERSTONE; ORIN, 2000; KHAN et
al., 2005a).

* Articulated-body Algorithm (ABA): obtains recursively, for each rigid body
in the system, from the leaves to the root of the extension tree (propa-
gating external, constraint and inertia forces and torques), the associated
“articulated-body inertia matrix” and “bias force”, which describe an affine
transformation between the components of acceleration and angular ac-
celeration of a body and the force system acting on it (FEATHERSTONE,
2008; RODRIGUEZ, 1987; FEATHERSTONE; ORIN, 2000; KHAN et al., 2005a).

» Constraint Force Algorithm (CFA), Hybrid Direct/Iterative Algorithm
(HDIA), Divide-and-Conquer Algorithm (DCA) and Total Force Algorithm
(TFA): variants of Articulated-body Algorithm that use parallel computa-
tion to decrease the complexity of the necessary operations to perform the
numerical simulations of multi-rigid-body systems with several bodies in-
volved (FEATHERSTONE, 1999a; FEATHERSTONE, 1999b; MITIGUY; BANER-
JEE, 2002; FIJANY; FEATHERSTONE, 2012).

It is worth noting that, frequently, these algorithms are implemented us-
ing some form of Newton-Euler equations expressed in terms of twists and
wrenches, like the one presented in equation (3.43).
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3.2 Analytical Mechanics: fundamental princi-
ples and Lagrangian formalism

Analytical Mechanics is a collection of formalisms based on the same fun-
damental principles, which can ultimately be conceived as two (PAPASTAVRIDIS,
1998): the first relating the active forces (i.e., forces caused by physical ef-
fects not exclusively related to the motion of a system and described by con-
stitutive equations) and inertial effects (if relevant) to any possible motion of
a system and the second establishing analogous relations between the con-
straint forces (which are strictly to the enforcement of the motion constraints of
a system) to any possible motion of a system. The first fundamental principle
has several variants, the most well-known being the Principle of Virtual Work
and its counterpart that takes inertial effects in consideration, which is typically
called D’Alembert’s Principle or Lagrange’s Principle. Other commonly used
formulations of this first principle are: Principle of Virtual Power or Principle of
Jourdain, Gauss’ Principle of Least Restraint, Principle of Hamilton, etc. Under
some circumstances the statements of different versions of the first principle
are equivalent Papastavridis (1987). The second principle is normally referred
as Principle of Relaxation of Constraints.

In order to derive the equations of motion of a mechanical system, the use
of an appropriate form of the first principle must be sufficient. In some cases,
however, it might be preferable to use formulations that are based on both
principles, like the ones that use the method of Lagrange multipliers.

This section presents the statements of the Principle of Virtual Work and
D’Alembert’s Principle, along with the corresponding differential forms, and
discusses some of the modeling algorithms in the literature based on these
principles. Also, the extended version of Hamilton’s Principle is presented and
from it, the expressions for Lagrangian and canonical equations of motion of
a mechanical system are derived. Finally, the use of these formalisms in the
development of modeling algorithms for multibody systems is briefly discussed.

3.2.1 Principle of Virtual Work and D’Alembert’s Principle

Let & denote a mechanical system for whose motion can be described by
tracking a finite number of points, which will be generally denoted by p,. Let N
be an inertial reference frame, denote by N a coordinate system rigidly attached
to N, by r, the position vector of p, with respect to N and by ér, a variation of r
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compatible with the constraints of N, called virtual displacement of p,. Suppose
that the force system acting in & is equivalent to applying two forces *f, and “f;
to each point p,, the former representing active forces and the latter, constraint
forces. The virtual work of the force system acting on & is defined by:

6WA = ZkAfk : 6I'k
SW = 8W, + SW.  with (3.47)
SWC = Zk ka . 61‘/(

If & is a system of particles in which each p, represents one particle, then,
according to Newton'’s laws of motion, & is in a static equilibrium state if and
only if all of the f, = 0, which leads to W = 0. In general, the Principle of
Virtual Work states that (LANCzOS, 1986, p. 75):

A mechanical system will be in equilibrium if, and only if, the total
virtual work of all the impressed forces vanishes, i.e. 3\/W = 0.

It is more desirable to have an alternative statement of this fundamental
principle involving the active forces acting on a mechanical system only. To
this end, a single postulate is necessary (LEECH, 1971, p. 13):

Postulate A. For every virtual displacement &r, compatible with the
constraints of a mechanical system, it can be stated that:

ka : 6I'k Z 0 (348)

From this postulate, it is evident that 8W,. > 0. Therefore, if 3W = 0, then
W, = —8W,. < 0. Moreover:

This postulate is not restricted to the realm of statics. It applies
equally to dynamics, when the principle of virtual work is suitably
generalized by means of d’Alembert’s principle. Since all the fun-
damental variational principles of mechanics, the principles of Eu-
ler, Lagrange, Jacobi, Hamilton, are but alternative formulations of
d’Alembert’s principle, Postulate A is actually the only postulate of
analytical mechanics, and thus of fundamental importance.

Those scientists who claim that analytical mechanics is nothing but
a mathematically different formulation of the laws of Newton must
assume that Postulate A is deducible from the Newtonian laws of
motion. The author is unable to see how this can be done. Certainly
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the third law of motion, “action equals reaction,” is not wide enough
to replace Postulate A (LANCZOS, 1986, p. 77).

Particularly, consider that & is in a configuration in which if 8ry is a virtual
displacement compatible with the constraints of the system, so will be —dry.
In this case, the virtual displacements of & are reversible and it can be stated
that:

ZAfk -8r, <0 and ZAfk . (—61‘;() <0 = ZAfk -0ry, =0 (349)
k k k
Thus, the Principle of Virtual Work can be stated as follows:

A mechanical system will be in equilibrium if, and only if, the virtual
work of the impressed active forces is equal to zero for every re-
versible virtual displacements compatible with the constraints of the
system. If, in a particular configuration, some virtual displacement
is not reversible, then the system is in equilibrium if the virtual work
of the impressed active forces is equal to or less than zero.

In order to make a distinction between the conventional statement of the
Principle of Virtual Work for equilibrium states of mechanical systems and its
general version for arbitrary states, the latter one is called D’Alembert’s Princi-
ple (LANCZOS, 1986), Principle of D’Alembert in Lagrange’s form or Lagrange’s
Principle (PAPASTAVRIDIS, 1998). This nomenclature is due to the concept of
inertia force introduced by Jean le Rond d’Alembert, that enables a straightfor-
ward extension of the Principle of Virtual Work to non-equilibrium states. Under
the same hypothesis consider that the force system acting in & is equivalent to
applying not only the forces “f, and “f, to each point p, but also an inertia force
f,. For example, if § is a system of particles and each p, represents a particle
whose mass is denoted by m, and whose velocity with respect to N is denoted
by v, then 'f, = —my v. Thus, considering Postulate A, it can be stated that:

> (fi+ i) O <0 (3.50)
k

The sum (*f; + fx) is sometimes called effective force and D’Alembert’s Prin-
ciple can be stated as follows (LANCZOS, 1986; LEECH, 1971):

The virtual work of the effective forces in a mechanical system is
zero for every reversible virtual displacements compatible with the
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constraints of the system. If any virtual displacement is not re-
versible, than the corresponding virtual work is equal to or less than

Zero.

3.2.2 Differential Variational Principles

The first fundamental principle of Analytical Mechanics can also have alter-
native statements which are generally referred as Differential Variational Prin-
ciples (PAPASTAVRIDIS, 1998). The most well known forms of this category are
the Principle of Virtual Power or Jourdain’s Principle (PAPASTAVRIDIS, 1992) and
the Gauss’ Principle. The former is particularly useful in problems of impulsive
motion, while the latter is a genuine minimum principle, also known as Gauss’
Principle of Least Constraint (LANCzOS, 1986), which underlie the Udwadia-
Kalaba methodology (see Section 3.4) and can be extended to applications
in the study of singular configurations of mechanical systems (PAPASTAVRIDIS,
1998).

Let & be a mechanical system satisfying the same conditions listed in the

—_— r(kﬁ) = dfr,/dt?, and consider that in a

previous subsection. Define r(ko
given time instant t*, all érfj")(t*) = 0 foreveryasuchthat0 < a < p—1.
Assuming that r,(t) is a class € function in a neighborhood of t*, it can be

stated that for an infinitesimal ¢:
£ ¢ ()
dry(t* +¢€) = ) dr)/ (t*) + o(e”) (3.51)

Thus, applying the Principle of Virtual Work for & in the time instant (¢ + ¢), it
can be stated that, for € > 0:

D Ch(t" + ) + Hi(t" +e)) - dry(t" +€) <0

D (Cfe(t) + (1) + o(e)) - (%T el (1) + o(e")) <0

oS CE(E) + (+) - 8P + of) <0

o(e”)

<0
ek

> () + () - S (£7) + p!

k

Finally, taking the limit e — 0:

DO CEE) + (1)) - S (t) <0 (3.52)

k
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Thus, if p > 0, whenever it is possible to consider that all Sr(k"‘) = 0 for every a
such that 0 < o < p — 1, the corresponding p-th order variational principle can
be stated:

> (fi+ i) - or <0 (3.53)
k
Moreover, if all the variations Sr(kp) can be supposed reversible, this principle
can be stated as follows (JARZEBOWSKA, 2012; MANGERON; DELEANU, 1962;
PAPASTAVRIDIS, 1998):

> (fi + i) - 8r) =0 (3.54)

k

When p = 0, equations (3.53) and (3.54) correspond to D’Alembert’s Principle
and when p = 1 to Jourdain’s Principle.

For p = 2, equation (3.54) represents the statement of Gauss’ Principle of
Least Constraint. Indeed, consider without loss of generality, that § is a system
of particles in which each p, represents a particle whose mass is denoted by
my, and define Z, the Gaussian deviation (PAPASTAVRIDIS, 1998) or “constraint”
(LANCZOS, 1986) of system & as follows:

e (. M) 1 .
Z = Z Tk <I‘k — m-i) = Z 5 ﬁ’)k (Afk — My I‘k)2 (355)
k

k

Assume that all dr, = 0 and all 61, = 0. The variation of Z is given by:

8Z == (*fi — My i) - ik (3.56)
k
Thus, if all the variations 61, can be supposed reversible, then the expression
for Gauss’ Principle for & is:

$Z =0 (3.57)

Once Z is a sum of non-negative terms, it must have a minimum. It can be
proved that the actual motion of a system not only corresponds to a stationary
Gaussian deviation (i.e., 8Z = 0), but also to a minimum of Z (PAPASTAVRIDIS,
1998).
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3.2.3 Modeling methodologies based on the Principle of Vir-
tual Work and its variants

Through the use of adequate formulations, applications of the Principle of
Virtual Work and of its variant forms can be found in almost every area of Multi-
body System Dynamics, including continuous systems (SCHWAB; MEIJAARD,
2003; MAUGIN, 2013). For instance, the “weak formulations” of the statics and
dynamics problems of continuous systems are based on the integral form of the
equation obtained by the application of the Principle of Virtual Work to them.
Due to the freedom to choose variables and to the lack of restrictions to the na-
ture of the motion constraints involved, it can be found in the literature several
modeling methodologies derived from this first fundamental principle of Ana-
lytical Mechanics. Some of these methodologies, however, are so specialized
to some kinds of problems that sometimes the modeling algorithms impose re-
strictions for the choice of variables and use of some mathematical tools. Such
peculiarities can become deterrent if someone wants to use more than one of
these methodologies in the same problem. Even though they derive from the
same principle, the integration between the corresponding modeling algorithms
might not be straightforward, requiring effort and skill from users.

One area in Multibody System Dynamics in which specialized methodolo-
gies have been successful is the modeling of closed-loop kinematic chains,
particularly parallel mechanisms (TSAI, 1999), for which were even developed
recursive matrix algorithms based on Principle of Virtual Work (STAICU; ZHANG,
2008; LI; sTAICU, 2011; STAICU, 2013). Other relevant applications are related
to modeling methodologies based on Graph Theory. Shi and McPhee (2000),
McPhee, Schmitke and Redmond (2004) and Schmitke and McPhee (2005),
for instance, show that the integration between graphs and algorithms based
on the Principle of Virtual Work led to the development of a package for Maple
called DynaFlex, that can be used in the symbolic or numerical derivation of the
equations of motion of multibody systems composed of both rigid and flexible
bodies.

3.2.4 Extended Hamilton’s Principle

Hamilton’s Principle can be understood as a variant form of the fundamental
principle of Analytical Mechanics, being equivalent to D’Alembert’s Principle for
the study of generic mechanical systems. It must be highlighted, however, that



70

the applications of Hamilton’s Principle are followed by several mathematical
tools from Calculus of Variations (GELFAND; FOMIN; SILVERMAN, 2000), which are
helpful in deriving of equations of motion, in finding solutions for them and in
obtaining conservation laws for the modeled systems.

From this principle, Lagrangian equations of motion and Hamilton’s canon-
ical equations of motion can be derived from “energy functions” called La-
grangian and Hamiltonian, expressed in terms of the generalized coordinates,
of its time derivatives or equivalently, of the associated generalized momenta
and of some physical and geometrical parameters of the model. In case of non-
conservative force systems, techniques based on any variant of the Principle
of Virtual Work can be used to obtain the corresponding generalized forces.

Let & be a mechanical system, and suppose, for the sake of simplicity, that
it is constituted by a finite number of particles, each of them being represented
by a point p,. Let N be an inertial reference frame and N be a coordinate system
rigidly attached to N. Denote by m, the mass of the particle represented by py,
by r, the position vector of p, with respect to N and by v, = 1 the velocity of
the corresponding particle with respect to N. The kinetic energy of § is defined

as follows:
1
T = Ek 5 My Vi - Vi (358)

It can be stated that the virtual work of the inertia forces of & satisfies the fol-
lowing identity:

ZIfk'SPk:—kaf‘k'SI‘k
k k
L d .
= kark'SI‘k—kaa(I‘k'SI‘k)
k k
d .
== ST—;mkE(r,{-Srk) (3.59)

Consider that & is in a configuration in which all the virtual displacements are
reversible. Due to D’Alembert’s Principle, it can be stated that:

d
OT + ZAfk . 61'/( = Z my E (I‘k : 6rk) (360)
k k

Suppose additionally that there are two distinct time instants ¢, and t, t; > to,
for which the positions of all particles of the system are known. Thus, adopt
dri(tg) = dry(t1) = 0, Vk. Taking the integral of equation (3.60) in the interval
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th < t < ty, it can be stated that:

t1
/ (ST + ) M Srk)dt
to k

= my (tk(t1) - Sre(tr) — Fe(to) - dr(t)) = 0 (3.61)

k

Assuming that “the variation of a definite integral is equal to the definite integral
of the variation” (LANCZOS, 1986, Sec. 1I-9), Extended Hamilton’s Principle can
be expressed as follows:

t1 51
5/ Tdt+/ SW, dt = 0 (3.62)
to to

The classical form of Hamilton’s Principle is valid whenever the force sys-
tem acting in & is conservative, i.e. if there is a single scalar differentiable
function V' called potential energy of & such that for every py:

g =V (3.63)
aI‘k

In this case, system & is classified as conservative and:

t1
/SWAdt_ /ZaT Srkdt——é‘)/ Vdt (3.64)
to k to

Defining the Lagrangian of & as the function L = T — V/, it can be stated that
equation (3.62) can be rewritten as follows:

t1
5/ Ldt=0 (3.65)
to

This is the classical form of Hamilton’s Principle, valid for conservative systems
only.

3.2.5 Lagrangian equations of motion

Let & be a conservative mechanical system whose Lagrangian function is
given by L = L(t, q, q), with g standing for the generalized coordinates of the
model. It can be stated that:

B oL tOL\ ¢ (OL d /oL d T OL
SL_<6q 6q+6q 8q>—8q (6q (6q>)+dt(8q aq) (3.66)

f oL d /OL oL "
S/to Ldt_/to 5q (8q dt(@ ))dt %q oq

(3.67)

to
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Consider that there are two time instants t, and t; in which the configurations of
& are known. Thus, it is possible to adopt dq(t,) = 8q(t1) = 0, which cancels
the second term in the right-hand side of equation (3.67). If the number of
generalized coordinates adopted in the modeling of & is equal to the number
of degrees of freedom of the system (which is only possible if & is a holonomic
system), it can be stated that all the components of 6q are independent, and
to ensure that Hamilton’s principle, given by equation (3.65) is satisfied, it is
necessary that:

oL d [oL\
e at (a_q) 0 (3.68)

The system of equations (3.68) are the Lagrangian equations of motion for a
holonomic conservative mechanical system for which a minimal set of gener-
alized coordinates is adopted.

For a non-conservative system, the extended form of Hamilton’s principle,
given by equation (3.62) must be used. Analogously to equation (3.67), it can

be stated that:
f t oT d /0T
o = T ==-=(= )
[ree o0 (Z-4(L))a 359

Moreover, once any r can be expressed in the form r, = r.(t, q), then:

Or
dry = 8_; Sq (3.70)
Thus:
o = Yo =" (5 n) —sat 7)
k k
Finally:

i i i or d [oT
T = = = <= |+ |dt = :
6/t0 dt+/to W, dt /t 5q (6q dt<6q)+ )dt 0 (3.72)

Again, if & is a holonomic system and the number of generalized coordinates
of its model is equal to the number of degrees of freedom of the system, it can
be stated that the satisfaction of Extended Hamilton’s Principle requires that:

or d (87_'

dq  dt\dq

Af
5~ )+ f=0 (3.73)

This form of Lagrangian equations of motion is valid for any holonomic system
in which a minimal set of generalized coordinates is defined.

If some of the forces acting in & are conservative, then there must exist a
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single differentiable scalar function V such that the corresponding components
of these forces are given by the gradient of —V/, i.e.:

v

A
f:
9q

4R (3.74)

with #f’ denoting the generalized forces associated to the non-conservative
force systems acting in &. Therefore, equation (3.73) can be written in the
following forms:

or oV d /0T npr
a—q—a—q—a(a—q>+ =0 (3.75)
oL d /OL Apr

a_q_dt(aq>+ F— o (3.76)

Note that the V is supposed to be a function of time and of the generalized
coordinates of § only, i.e. V = V(t, q).

3.2.6 Lagrangian multipliers and canonical equations of
motion

Let & be a v#-DOF holonomic or simple nonholonomic mechanical system
whose constraint order is equal to 1. Consider that are defined v(q) gener-
alized coordinates and v(q) quasi-velocities for the modeling of &, such that
q'° = g and ¢'Y = q. The variations of the independent generalized constraint
invariants of & (if any) can be expressed in the following form, with A = A(t, q):

ASq =0 (3.77)

Thus, for any time history (t, g(t), g(t)) compatible with the constraints of ¢,
8L can be replaced by 8L + 8T ATA, with A € R*(@~+" representing a column-
matrix of the so called Lagrangian multipliers. The corresponding expression
of Extended Hamilton’s Principle for & is:

t oL d /0L

Once the v(q)—v* elements of A are a priori undetermined, they can be chosen
to cancel v(q) — v* of the elements of the column-matrix left-multiplied by 5q.
There will still remain v# non-zero elements in this column-matrix. However,
now these elements represent the coefficients of v# variations of generalized
coordinates in equation (3.78). Considering that v# variations of generalized
coordinates of & can be assumed as independent, then the only form of ensur-
ing the satisfaction of the Extended Hamilton’s Principle (3.78) is to impose that
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the corresponding coefficients of these variations must be zero too. Therefore,
the Lagrangian equations of motion of & are given by:

oL d (%

3 dt\ag

Ag/ Ty
g dt )+f+A>\_0 (3.79)

The system of equations (3.79) represents the most general form of Lagrange’s
equation of motion for systems with constant mass, either holonomic or sim-
ple nonholonomic constraints and trivial generalized variables. Pesce (2003)
presentes an even more general version of Lagrange’s equations of motion,
applicable to variable-mass systems.

In order to obtain Hamilton’s canonical equations of motion of &, let L* be
defined as follows (LANCZOS, 1986):

L*=L"(t,.q.q,p,v)=L(t,q,v)+p'(qd—v) (3.80)

It can be stated that:

oL” oL” oL” oL”
[* = 8gT 2= T Y= T YL TYE 81
) dq 6q+6q 8q+6p ap+6v By (3.81)
with:
oL* oL oL* —>p
dqg Oq oqg
ap ¢ v _ov P

Applying Extended Hamilton’s Principle with L* replacing L, it can be stated
that:

h oL* d [oL” oL* oL”
T(9L 4 /[0L Agl T oL T oL _
/to (6q <8q dt(@d)+ f)+6p ap +dv aV)dt 0 (3.83)

Assuming that §p and v are column-matrices of independent variations, whose

values can be arbitrarily chosen, it can be stated that two necessary conditions
for the satisfaction of equation (3.83) are the following:

oL” .
o 0 = v=g (3.84)
oL* oL

From (3.80), it can be noted that if v = q, then L* = L, which proves that
equation (3.83) is indeed the expression of the Extended Hamilton’s Principle
for system &.

Suppose that there is a function H = H(t, q, p), called the Hamiltonian of &
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such that:
[*=p'qg—H (3.86)

Calculating the corresponding partial derivatives of L* by equation (3.86), it can
be stated that:

oL*  06H oL*
dq ~  oq ag P
op qa op ov
The compatibility between (3.82) and (3.87) requires that:
oL oH . OH
Finally, from equations (3.87) and (3.88), it can be stated that (3.83) leads to:
t1 H
/ 5q" —a———p+Af' dt=0 (3.89)
to 8(7

Therefore, if & is a holonomic system with a minimal set of generalized coor-
dinates, (3.89) leads to the following Hamilton’s canonical equations of motion
of &

. OH

qg= 5 (3.90)
oH

p= —a—;+Af’ (3.91)

Otherwise, if & is any holonomic or simple nonholonomic system whose con-
straints demand the satisfaction of an equation like (3.77), the strategy of us-
ing the Lagrange multipliers method can be applied, leading to the a system of
canonical equations of motion similar to (3.90, 3.91), with (3.91) being replaced
by:
p= —g—g+Af’+AT>\ (3.92)
It is important to highlight that the column-matrix v is constituted of auxiliary
variables introduced only for the derivations. Taking the conventional expres-
sion of the Lagrangian of &, L = L(t, q, q), the generalized momenta p can be
defined as follows:

p=2% (3.93)
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Moreover, the Hamiltonian of & can be obtained by following expression:

H=H(t,q.p)=p"G— L(t,q.4(t, q,p)) (3.94)

with g = q(t, q, p) representing a solution of the system of equations (3.93) in
terms of q.

3.2.7 Modeling methodologies based on Lagrangian-
Hamiltonian formalism

Lagrangian-Hamiltonian formalism has been responsible for the develop-
ment of some of the most used methodologies for modeling multibody sys-
tems, allying the fundamental principles of Analytical Mechanics to mathemati-
cal techniques from Calculus of Variations. Lagrangian or canonical equations
of motion combine the versatility of applications to a great variety of mechanical
systems® with descriptions of configurations based on the use of generalized
coordinates and, eventually, with the use of the method of Lagrange multipli-
ers. Integrating all these techniques, Lagrangian-Hamiltonian formalism sys-
tematize typical modeling procedures, enabling the development of algorithms,
which explains the great variety of software packages for Multibody System Dy-
namics based on this formalism (PAUL, 1975).

The method of Lagrange multipliers also enable several extensions to the
application of Lagrangian-Hamiltonian formalism. For instance, Seliger and
Whitham (1968) use the undetermined multipliers to generalize the variational
principles of mechanics to problems of continuous mechanics that originally
adopt an Eulerian description of motion. In applications of Graph Theory to the
modeling of mechanical systems, Lagrangian multipliers are important to inter-
pret the internal conexions among the subsystems involved, which might lead
to some simplifications in the modeling procedure (KARNOPP, 1997; RICHARD;
BOUAZARA, 2012). Other relevant application of the multipliers is in the de-
velpent of algorithms for obtaining approximate solutions of equations of mo-
tion (HE, 1999).

On the other hand, the use of undetermined multipliers can lead to some
disadvantages in the use of mathematical models based on Lagrangian or
canonical equations. Particularly, whenever the elimination of the multipliers

6 An adequate rederivation can lead to versions of Lagrangian equations of motion that are
applicable to the modeling of continuous and general nonholonomic systems (BLOCH, 2003;
TEODORESCU, 2009).
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from the equations of motion is not trivial, they are held in the system of equa-
tions, which increase the number of variables in the model and may reduce the
efficiency of numerical simulation algorithms. In the case of inverse dynam-
ics simulations, a high number of multipliers might lead to sparse matrix that
must be inverted at some point of the algorithm, which may generate some
numerical instabilities (ORSINO; HESS-COELHO; PESCE, 2015). In the case of for-
ward dynamics simulations, the Lagrangian equations of motion are generally
represented as follows:

M AT || g Af 4 of
- (3.95)

with M representing the generalized inertia matrix, g the column-matrix of gen-
eralized coordinates of the model, A the Jacobian of the constraint invariants, A
the column-matrix of Lagrangian multipliers “f the generalized active forces, “f
the generalized gyroscopic inertia forces (i.e., components of inertia forces that
are independent of g)and b = b(t, q, q) = G?(t, q, q, G) — A . Equation (3.95)
clearly shows that if v(A) undetermined multipliers are used, then a v(X) x v(A)
block of zeros must be included in the “extended generalized inertia matrix”.
Thus, for each undetermined multiplier in the model, up to two zero eigenval-
ues are included in the system of equations of motion, which might lead to
numerical instabilities unless some stabilization algorithm is used (SCHIEHLEN;
GUSE; SEIFRIED, 2006; BAUCHAU; BOTTASSO; TRAINELLI, 2003).

An alternative to the use of undetermined multipliers in Lagragian formu-
lation was proposed by Bayo, Jalén and Serna (1988). In this methodology,
fictitious terms are added to the expressions of kinetic energy, potential energy
and dissipation function in the expression of Extended Hamilton’s Principle, in
order to represent the motion constraints. These terms are multiplied by pre-
viously chosen penalty factors that enforce the constraints without the need of
using Lagrangian multipliers. In order to improve the numerical performance
of this methodology, an iterative procedure can be included to make it less
sensitive to the choice of the penalty factors (DOPICO et al., 2014).



78

3.3 Gibbs-Appell, Maggi’s and Boltzmann-Hamel
formalisms

In this section, it is presented a brief discussion on the main advances in
Analytical Mechanics in the period between the end of 19th century and the
first decades of the 20th. The formalisms from this period were characterized
by remarkable developments in the study of nonholonomic systems (including
non-linear nonholonomic constraints) and by the introduction of the concept of
quasi-velocities (nonholonomic variables). These advances led to formulations
in which the use of undetermined multipliers was not required anymore, and
the number of equations of motion can be reduced to the number of degrees of
freedom of the system independently of the nature of the constraint involved.

3.3.1 Gibbs-Appell equations

Gibbs-Appell equations, also known as Appell’s equations, were indepen-
dently developed by the American scientist Josiah Willard Gibbs and the French
mathematician Paul Emile Appell.

Gibbs (1879) discusses the generalization of the concept of virtual displac-
ment along with its application in the modeling of systems in which the force sys-
tems are continuous or impulsive. For systems subject to generic constraints
(either holonomic or nonholonomic, either unilateral or bilateral) it is possible to
apply some form of Gauss’ Principle along with the concept of quasi-velocity to
obtain a minimal system of the equations of motion’. Gibbs also shows that the
expressions for the generalized inertia forces can be obtained from time deriva-
tives of the Gibbs-Appell function, also known as “energy of accelerations”.

Indeed, consider that & is a mechanical system whose Gaussian constraint
is given by equation (3.55). Note that:

1_ . . . 1
Z:Zkzimkrk'rk—zk:rk'Afk—i‘zk:mAfk'Afk (396)
The Gibbs-Appell function of &, can be defined as follows:
S = ; % My i - T (3.97)

Note that the nomenclature “energy of accelerations” comes from the similarity

7 Altough developing a general formulation, Gibbs (1879) fails to highlight that it can also
be applicable to the modeling of nonholonomic systems (PAPASTAVRIDIS, 1988).



79

between (3.97) and the equation (3.58) that defines the kinetic energy of §.
Assuming that all ér, = 0 and all &r, = 0, it can be stated that all *f, = 0. In-
deed, in Classical Mechanics it is assumed that force systems can be functions
of the state of the mechanical system to which they are applied. This means
that these force systems can depend on the positions and velocities of points
in a mechanical system; however, they can not depend on any acceleration or
higher order derivatives of the position vectors. Thus, the application of Gauss’
Principle to & leads to:

8Z =85S — ) iy =0 (3.98)
k

Appell (1900) not only reproduced independently the results already ob-
tained by Gibbs (1879), but also started a wide discussion on the use of this
new formalism for modeling nonholonomic system, which led to an extensive
monograph on this subject (APPELL, 1925). Due to the greater significance of
Appell’s constributions, some authors opt to refer to this formalism as Appell’s
equations (PAPASTAVRIDIS, 1988).

The following derivation of Gibbs-Appell equations is based in the one pre-
sented in Papastavridis (1988), which highlights that the same formulation is
valid for any bilateral constraints (holonomic, linear nonholonomic and non-
linear nonholonomic). Let & be a v#*-DOF mechanical system, subject to bi-
lateral constraints only. Let ¢’ denote the column-matrix of generalized coor-
dinates of the model of &. If the number of generalized coordinates v(g?)
is greater than the number of degrees of freedom v#, than there must be
v(q'?) — v* independent invariants constituting a column-matrix h'’ such that:

A (e, g, ¢©) =0 (3.99)
Define the quasi-velocities of & as follows:

(1) (1) ) 40
gV = e =q"(t,q9, ¢ (3.100)
q. hi(t, g%, ¢)

with 'Y (t, ¢, ¢'9) representing a column-matrix constituted by v# real-valued
functions defined such that the Jacobian g% /8¢'? is an invertible square-
matrix in any non-singular configuration od &. Due the Implicit Function The-
orem (HAASER; SULLIVAN, 1991), it can be stated that there is a column-matrix
d‘(t, q®, ) constituted by v(q‘?) real-valued functions such that if ¢/ =
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O (¢, g, V), then:

Q-

bi? (t, q<0>, (_'I<0> (t, q<0>, q<1>)> — q:)

/_7.<*1>(t, q©, g (t.q9, q)) =0

(3.101)

Moreover, for any values of (t, g%, ¢!%) compatible with the constraints of the
system:

G (t, ¢, g?(t, ¢, gO)) = ¢ (3.102)
Thus, it can be stated that:

ag(0> 3g(l> ag<1> ag<0>

Using equation (3.103) and noting that, by the definition given by equa-
tion (3.100), 5g'Y = 0, it can also be stated that:

aq(1> aq<0> ad<0>
6q<1> — —__5q<0> = 5(](0> - = 5q(1> - = 6q<1> 3.104
oq® gV aqg) # ( )
Moreover, for any integer o > 1:
5d<0>
(al0) __ (all)
dq 8q<1) 3q%; (3.105)
Furthermore, it is convenient to define:
a :(0)
5ql0 = 5q<°‘1 (3.106)

-#
with 5¢'%"" representing variations of independent quasi-coordinates®.

Therefore, considering that & is in a non-singular configuration in which all
the variations are reversible, adopting an integer p > 0 and applying the p-th
order variational principle for &, given by equation (3.54), it can be stated that:

Zé‘)rk Afk + Ifk) ( q<"‘1 ka " Afk + fk) 0 (3107)

8 It is important to highlight that, in general, it is not possible to interpret quasi-coordinates
as an alternative set of generalized coordinates, once some of the time integrals of quasi-
velocities might not be related to the description of configurations of the system (for instance,
the time integrals of components of angular velocity of a rigid body do not have any relation
with its orientation); thus, only the variations of quasi-coordinates, but not quasi-coordinates
themselves, are defined.
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with the second order tensor V., defined as follows:

agg(p) ag<0>

Viy = 8qPo oq'Y

(3.108)

Once the components of 6q<"‘ ) are independent, it can be stated that to ensure
the condition imposed by equation (3.107), it is necessary that:

'+, =0 (3.109)
with *f, and *f_, defined by:
fu=2 Vi (3.110)
k
o= Viu (3.111)
k

The components of f,, and are called generalized inertia forces and general-
ized active forces, respectively. Finally, consider that the Gibbs-Appell function
is expressed as a function of the generalized variables of the model of & up to
second order, i.e. S = S(t,q'%, gV, ¢V). Let, for instance, S be given by
equation (3.97) and assume that it is possible to express each acceleration as
a function of the generalized coordinates and its time derivatives up to second

order, i.e. i, = #(t, g%, 4%, g9). It can be stated that:
8) ) ark aq< > _ . 6E, 049 |

Therefore, equation (3.109) can be rewritten as follows:

oS

__ A
i f, (3.113)

This is the matrix form of the Gibbs-Appell equations for system & (GIBBS, 1879;
APPELL, 1925; PAPASTAVRIDIS, 1988; BARUH, 1999).

Papastavridis (1988) also presents a method for obtaining the expressions
of the generalized constraint forces based on Gibbs-Appell formulation and on
the Principle of Relaxation of Constraints:

(1) Obtain a description of the motion of & in terms of all the generalized
variables considering, a priori, that the variables qﬁ” are independent,
i.e. without setting ¢‘ = o.

(2) Compute the expressions of tensors V. and V ,: the former ones are
given by equation (3.108), while the latter ones are given by analogous
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expressions in which the partial derivatives with respect to q_ﬁ? are re-

placed by partial derivatives with respect to g‘*'.

(3) Obtain the expressions of *f, and *f_, using equations (3.110) and (3.111).
Compute 'f, and *f, by analogous expressions (replace V. by V).

(4) Set q'¥ = 0in the expressions derived in the previous step.

The equations of motion of & are given by (3.109) and the generalized con-
straint forces of & (components of “f,) are obtained as follows:

“f.=—f. = *f, (3.114)

It is worth noting that:

» The equations of motion of a system (3.109) are totally decoupled from
the equations to compute the generalized constraint forces (3.114). This
is a significant advantage with respect to the Lagrangian-Hamiltonian for-
mulation, particularly in the case of nonholonomic systems or models in
which redundant generalized coordinates are defined, once no undeter-

mined multipliers are required in these cases.

 To derive the equations of motion only, variables q_<*1> are not necessary

apart from their use to choose the independent quasi-velocities q_ﬁ? and
to obtain the expressions ¢ (t, ¢, ¢'V'). The number of equations of
motion is equal to the number of degrees of freedom of the system.

* Inverse dynamics problems can be interpreted as mechanical system to
which extra constraints, representing the desired motion of the system,
are imposed. Thus, in Gibbs-Appell formulation, these problems can be
reduced to computing the values of °f, that correspond to these extra
constraints.

Gibbs-Appell equations are still widely studied, being found in several textbooks
on Multibody System Dynamics (TEODORESCU, 2009; BARUH, 1999; BARUH,
2000). This formalism also finds applications in non-linear control (KIRGETOV,
1964) and in the formulation of recursive modeling algorithms for mechanisms
(MATA et al., 2002a; MATA et al., 2002b; KORAYEM; SHAFEI, 2009).
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3.3.2 Maggi’s equations

Maggi’'s equations, introduced by the Italian mathematician and physicist
Gian Antonio Maggi in 1896 (LAULUSA; BAUCHAU, 2008), can be understood
as an extension of Lagrangian-Hamiltonian formalism for simple nonholonomic
systems (and holonomic systems with redundant generalized coordinates) that
allows the elimination of the undetermined multipliers from the equations of
motion of a mechanical system by a matrix algorithm.

Basically, consider that the constraint invariants of equations (3.99) are
affine functions with respect to ¢, i.e.:

h(t g%, ¢9)=A.(t.d") ¢ +b.(t.d") =0 (3.115)

Assume also that the function h'}'(t, ¢, ¢9) is affine with respect to ¢© so
that, equation (3.100) can be rewritten as follows:

(1) ©Y) gl 4 plo) (0)
a5 A, (t.q") g + b, (t q") .
q'’ A (t,q9) ¢ + b9(t, q?)
(3.116)
Define A = 9¢‘"' /8%, and adopt the following notation:
A
A= Al = { c. C, } (3.117)
A.

Considering that AA~! = A71A = 1, the following identities can be verified:

’ ’ e (3.118)

It can be noticed that C, is an orthogonal complement of A, and that C , is an
orthogonal complement of A .. Pre-multiplying equation (3.116) by A1, it can
be stated that:

Gd=C.q" - (C,b9 +C.b?) (3.119)
By equation (3.106), 5 satisfies the following expression:

8 = C, 8q"%" (3.120)

Let the kinetic energy of & be expressed as a function of time, generalized
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coordinates and its time derivatives, i.e. T = T(t, q, q), with g = g'%. Applying
the Extended Hamilton’s Principle, equation (3.72), it can be stated that:

g 8T d (T
/ (5a2M) €T (a_;_ﬁ(ai) +Af) dt =0 (3.121)
to 1

Once & is a v#-DOF system, then the v* components of g'° " are independent

variables. Thus, to ensure the satisfaction of equation (3.121) for values of
(t, q'¥, ') compatible with the constraints of the system, it is necessary and
sufficient that:

8T d (/8T
T — — —_ A pu—
cT (_aq,- o (aq) + f) 0 (3.122)

These are the Maggi’s equations for system & (BYACHKOV; SUSLONOV, 2002;
BARUH, 2000).

Moreover, suppose that the Lagrangian equations of motion with undeter-
mined multipliers for this same system are expressed as follows:
M AT q A +©f

- (3.123)
A, 0 A —b®

Considering that CTAT = o0, it is possible to reduce the system of equa-
tions (3.123) to the following form:
C'M CT (Af + °f)

g = (3.124)
A.* _b<1>

The system of equations (3.124) correspond to the matrix form of Maggi’s
equations of motion of &. Futhermore, once CLA_T* = 1, pre-multiplying equa-
tion (3.123) by C, is can be stated that (LAULUSA; BAUCHAU, 2008):

A=CT(*f +f — Mq) (3.125)

As well as in Gibbs-Appell formalism, in Maggi’s approach the equations of mo-
tion are decoupled from the equations for computing the generalized constraint
forces, represented, in this case by the undetermined multipliers.

A brief analysis in the literature shows that several modeling methodologies
are based on Maggi’s formalism, applying orthogonal complement techniques
for the formulation of equations of motion without need of including general-
ized constraint forced or undetermined multipliers. Once the matrix C, satis-
fies the condition A, C, = 0 and the effect of the constraints over the sys-
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tem can be expressed as a linear combination of the columns of A" (rows of
A.), pre-multiplying the equations of motion by C', automatically cancels the
terms related to constraint forces and torques (BLOCH; MARSDEN; ZENKOV, 2009;
LAULUSA; BAUCHAU, 2008; KHAN et al., 2005a). This fact enables the extension
of orthogonal complement based techniques for every classical modeling for-
malism, not only the ones based on the fundamental principles of Analytical
Mechanics, but also the ones based on Newton’s laws of motion.

One of these applications is the Natural Orthogonal Complement Method
(NOC) and its variant, called Decoupled Natural Orthogonal Complement
Method (DeNOC), which use an approach based on Screw Theory for obtain-
ing orthogonal complement matrices to cancel the constraint forces and torques
from Newton-Euler equations expressed in terms of twists and wrenches (KHAN
et al., 2005b; SAHA; ANGELES, 1991). Shah, Saha and Dutt (2012) propose re-
cursive modular algorithms based on DeNOC, which under an adequate in-
terpretation, correspond to particular forms of the modeling methodology pro-
posed in this thesis. Due to specific criteria for defining the generalized vari-
ables (which are essentially joint variables and twists components), the NOC
matrices in the intra-modular level (considering that the modules are always
serial kinematic chains) and the so called module-DeNOC matrices, for the

inter-modular level, always have the same block-matrix structure.

Another similar application is associated to Graph Theory based modeling
algorithms, in which the derivation of equations of motion can be interpreted
analogously to the application fo Kirchhoff laws for electrical circuits. In these
cases, the generalized constraint force terms are also cancelled by the projec-
tion of the equations of motion by orthogonal complement matrices (MCPHEE;
SCHMITKE; REDMOND, 2004; MCPHEE; REDMOND, 2006). It is important to high-
light that these methodologies are applicable both to holonomic and nonholo-
nomic systems.

3.3.3 Boltzmann-Hamel equations

Boltzmann-Hamel equations can be understood as a further generaliza-
tion of Lagrangian-Hamiltonian formalism, applicable to any mechanical sys-
tem with bilateral constraints (including non-linear nonholonomic constraints),
and using a description of motion completely based on generalized coordinates
and quasi-velocities, defined according to the convention presented in equa-
tion (3.100). Instead of expressing the kinetic energy of & as a function of
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time, generalized coordinates and its time derivatives, the latter variables are
replaced by the quasi-velocities, i.e. T = T (t,q'?, ¢'V). In this case, the Ex-
tended Hamilton’s principle for & can be expressed as follows (see Section A.1,
Appendix A):

/tl (5qT 0¢”\' oT  d (oT
o 6q' ) 8q'%  dt\oq™
8GO\ / d 8¢ 8gW\T aT /8GO \T
_( g<‘1>> <_ ol g<0>> @ +( g<1>) Af/)dtzo o1
oq dt 9qg 9q oq 9q

Once all the v* components of Sq;{) are independent, and the values of q_ﬂ1> and

8q_<*1> must be identically zero to satisfy the conditions imposed by the motion
constraints. Thus, to ensure the condition imposed by equation (3.126) it is
necessary and sufficient that:

i( 87__ >+ <ag<0>>T(iag<#1ﬁ> - agg))T 67_—
dt aqiy aqlggp dt aq<0> 8q<0> 8(7_(;)

(OON\T S(O)N\T
(%9 O _ (947N up 5407
W ) 5g© Y
9q.; q 0q.;

These are the Boltzmann-Hamel equations of system & (JARZEBOWSKA, 2009;
MARUSKIN; BLOCH, 2007). Itis important to highlight that the derivations of these
equations were also presented by Poincare (1901), at the same time of the first
publications of Hamel (BREMER, 2014)°.

Boltzmann-Hamel equations are successfully applied in the study of non-
holonomic systems, including the analysis of some mechanisms (CAMERON;
BOOK, 1997) and applications for the development of non-linear optimal control
this kind of system, including strategies that involve the enforcement of ex-
tra constraints of higher order than first (JARZEBOWSKA, 2012; JARZEBOWSKA,
2009; MARUSKIN; BLOCH, 2007).

3.4 Kane’s and Udwadia-Kalaba methodologies

3.4.1 Kane’s equations

Kane’s equations, originally presented in Kane (1961) and Kane and Wang
(1965), represent one of the most popular methodologies for modeling hon-
olomic and simples nonholonomic multibody systems. Originally developed

9 Poincaré, however, did not not do further discussions on the use of these equations for
modeling nonholonomic systems.
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at the same time of the first computational implementations of Multibody Sys-
tem Dynamics packages, Kane’s methodology is already an algorithm that de-
scribes, step by step, a procedure for obtaining expressions for generalized
active and inertia forces of a system, considering the effects of the motion con-
straints. This possibility of interpreting Kane’s method as an algorithm is ex-
plored by several authors (SANDINO; BEJAR; OLLERO, 2011; BUFFINTON, 2005;
GILLESPIE; ARBOR, 2003). Moreover, being a contemporaneous of the first re-
searchers to apply computational tools to the modeling and simulation of multi-
body systems, gave Kane the opportunity to identify some of the major dif-
ficulties found by them in these implementations, allowing to make his own
methodology adequate to their needs (KANE; LEVINSON, 1983a).

In order to do introduce the use of this methodology to derive the equa-
tions of motion of a mechanical system, the procedure described in Kane and
Levinson (1985) is presented below with some adaptations in the notation. As-
sume that the constraint invariants of & are given by equation (3.115). Define
as much quasi-velocities as the number of generalized coordinates used, such
that there will exist an invertible square matrix A®* and a column-matrix b* such
that:

G = A*(t. ) q' + b°(t, 4') (3.128)
Thus, equation (3.115) can be rewritten as follows:
A AqY +(A.b*+b,)=0 (3.129)

Therefore, v# variables can be chosen among the quasi-velocities of the model
to constitute a column-matrix q,i? and there will be a rank v# matrix C* and a

column-matrix d® such that:
g =C*(t.q*) 4P + d*(t.q"7) (3.130)

In order to satisfy the constraint equations (3.129) the following relations must
be valid:
A AC°=0

(3.131)
A,(A*d*+b*)+b,=0

Consider that the expressions of positions and velocities of relevant points py
of &, measured with respect to an inertial reference frame N, are expressed
as follows: r, = r,(t,q'”) and v, = vi(t,q'% ¢'¥). Denote by c’ the j-th
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column of matrix C*. Kane e Levinson (1985) defines the j-th nonholonomic
partial velocity of p, in N as follows:

o aI—'k o o aYk )
Vki T g0 7 Y T 5qm 9 (3.132)

From this, Kane e Levinson (1985) defines the j-th nonholonomic generalized
inertia force for & in N, 'f,*, and the j-th nonholonomic generalized active force
for & in N, 2f°, as follows:

=) v (3.133)
k

M= Vi, (3.134)
k
Finally, Kane’s equations for & are:

P4+ =0 forall je{1,..., v*} (3.135)

Kane’s methodology is widely applied in different areas of Mechanical En-
gineering including, for example, the modeling of terrestrial and aerial vehi-
cles (SANDINO; BEJAR; OLLERO, 2011; BOLENDER, 2009), robotic mechanisms
(BUFFINTON, 2005; KANE; LEVINSON, 1983b) and systems with flexible bodies
(HU; JIA; XU, 2012; BUFFINTON, 2005).

Besides its huge success in several applications to Multibody System Dy-
namics problems, Kane’s approach can not be considered a new theoretical
formalism once this methodology, developed in the 1960s, is based on the for-
malisms of Gibbs-Appell, Maggi and others which date back to the early twenti-
eth century. Itis evident, for instance, the similarity between Kane’s (3.135) and
Gibbs-Appell equations (3.109). Some authors claim their equivalence (BARUH,
1999), while others state that Kane’s equations are a particular form of Gibbs-
Appell equations applicable to holonomic or simple nonholonomic systems, be-
ing less general than the latter ones which are applicable to any nonholonomic
system whose constraint order is equal to 1 (DESLOGE, 1987; PAPASTAVRIDIS,
1988). Desloge’s paper (1987) was harshly criticized by some supporters of
Kane’s methodology, like his co-author Levinson (1987), who claims that in
Gibbs-Appell formalism it is necessary to explicitly obtain the expression of the
function S to derive the equations of motion, which is a cumbersome proce-
dure not required in Kane’s method. This argument is invalid, once it is possi-
ble to obtain Gibbs-Appell equations from expressions (3.109 — 3.111), without
needing to compute the expression of Gibbs-Appell function S. Papastavridis
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(1988) not only invalidates this argumentation, but also points out some incom-
patible terminologies adopted by Kane and Levinson (1985). According to him,
referring to the v ; as “partial velocities” prevents the user from a correct inter-
pretation of the meaning of these vectors, not enabling further generalizations
to systems with non-linear nonholonomic constraints, for example. Borri, Bot-
tasso and Mantegazza (1990) adopt a slightly different interpretation to show
that Kane’s equations are equivalent to Maggi’'s. Piedboeuf (1993), in turn,
discusses the equivalence between Kane’s equations and Jourdain’s principle
(whose statement dates from 1909).

3.4.2 Udwadia-Kalaba methodology

Among the conventional methodologies in Analytical Mechanics, two tech-
niques for the inclusion of the effect of constraints in the equations of motion
of a mechanical system stand out (LAULUSA; BAUCHAU, 2008): the inclusion of
generalized constraint forces (using the method of Lagrange multipliers and its
variants) or the use of orthogonal complement methods (which are used to find
the projections of active and inertial forces and torques in directions which are
orthogonal to the ones defined by the action of the constraints).

Udwadia-Kalaba methodology brings back the generalized constraint
forces to the equations of motion of a mechanical system, providing explicit
expressions for their computation in terms of inertial and active forces along
with terms coming from the differential form of the constraint invariants. The
method for obtaining these explicit expressions involve the use of Moore-
Penrose pseudo-inverse matrices and was derived for the first time in Udwadia
and Kalaba (1992) from Gauss’ Principle. The solution to the minimization
problem associated to this principle leads to a condition in which, in any state,
the difference between the real accelerations of a constrained mechanical sys-
tem and the accelerations it would have in the absence of these constraints is
proportional to the extent to which these latter accelerations violate the corre-
sponding constraints.

The following derivation of Udwadia-Kalaba methodology is adapted from
Udwadia and Kalaba (2002) and Udwadia and Phohomsiri (2007a). Let & be
a mechanical system for which are defined v, generalized coordinates, repre-
sented by the column-matrix ¢!°, and v; quasi-velocities, represented by the
column-matrix g‘¥. Assume that in the absence of some constraints the equa-
tions of motion of & can be expressed by *f + 'f = 0, with *f and *f being
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column-matrices representing, respectively, the generalized active forces and
the generalized active forces associated to the quasi-velocities g‘’. Consider
that 'f = —M(t, ‘¥, q) ¢V + £ (¢, ¢'9, g'*’) and suppose that there exists a
column-matrix “f constituted by generalized constraint forces, such that when
no constraints are neglected, the equations of motion of & are given by:

M gV =2f 4 Sf +°F (3.136)

Assume that all ér, = 0 and all 6, = 0. In this case, Postulate A, see equa-
tion (3.48), can be stated as follows: for every variation &r, compatible with
the constraints of &, it can be stated that &ty - “fx > 0, with r, representing
the position vector of a point p, of & with respect to an inertial reference frame
and “f, representing the constraint force acting in this point. Analogously to
equations (3.110, 3.111), define:

ors ag<0>

= 59 5g® (3.137)

°f = Z Vi - ka with Vi
k
Once, 8t = V8¢, then, using equation (3.137), it can be stated that Postu-
late A for system & can be stated as follows:

(3¢ (°F) >0 (3.138)

Unlike usual formulations, Udwadia-Kalaba methodology enables a straight-
forward derivation for the equations of motion of mechanical systems in which
the total work done by all the constraint forces may not be zero. For this, it is
assumed that there exists a function “f*, empirically determined, such that for
every variation 8¢’ compatible with the constraints of §:

(36" (°F) = (8¢ (°F7) (3.139)

Thus, even if “f is a priori unknown (note that it is not necessary that “f = “f*),
it is possible to obtain the virtual power associated with the constraint forces of
§. When the total work of the constraint forces is equal to zero, it can be simply
assumed that “f* = 0.

Consider that the independent generalized constraint invariants of & can
be expressed as follows:

Agt + b =0 (3.140)

Assume that M is an invertible matrix and define A = AM~1/2. The general
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solution of equation (3.140) is given by (UDWADIA; PHOHOMSIRI, 2007a):
M2 ¢ = —AP bV 4 (1 - A" A)w (3.141)

with w € R“ representing an arbitrary column-matrix and AP denoting the
Moore-Penrose pseudo-inverse of matriz A. It can also be stated that:

AMY28¢Y =0 = M'28q" = (1— AP A)z (3.142)

with z € R representing an arbitrary column-matrix. From equations (3.136),
(3.141) and (3.142), it can be stated that:

(6d<1>)T Cf) — (M1/2 6c']<1>)T M—1/2 (cf)

(
—ZT(1- AP A) (— APbY 4 (1 - AP A)w — MY2(5F +7f)) (3.143)

For further simplifications of this expression, the following identities must be
considered (UDWADIA; PHOHOMSIRI, 2007a):

1-APA)(1-APA)=(1-APA (3.144)
( )( ) = ( )

Applying these identities to equation (3.143), it can be stated that:

04T (F) = 2 (1 - A" A)w — (1= A" A)M 227 °F))  (3.145)
On the other hand:

(5q<1>)T (Cf) _ (5q<1>)T (Cf*) _ (M1/2 6q<1>)T M—1/2 (Cf*) —
Z'(1 - AP A)M1/2 (°F7) (3.146)
Combining expressions (3.145) and (3.146), it can be stated that:
ZT ((1-APA)yw — (1 - AP A)MY2(°F +2f +F*)) = 0 (3.147)

Once this identity must be true for any values chosen for the components of z,
then it is necessary and sufficient that:

v

(1 AP Ayw = (21— AP AYMY2(5F +7F) + (1 AP AYM~Y2 (5F7) (3.148)

Noting that, in the absence of the constraints represented by equation (3.140),
the generalized accelerations are given by g = M~L(f + f), it can be stated
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that, replacing equation (3.148) in (3.141), leads, after factorization, to the fol-
lowing equation (UDWADIA; PHOHOMSIRI, 2007a):

gV — gl = — M~1/2 AP(A qsv + b<1>)
+ M2 (1 AP A)M 2 Cf (3.149)

Pre-multiplying this last equation by M and using equation (3.136), it can be
stated that:

°f = —MP2AP(AG + b)) + MY2 (21— AP AYM V2 (°FF) (3.150)

An alternative approach presented by Udwadia and Phohomsiri (2006) al-
lows the derivation of similar equations of motion even when M is a singular
matrix. First of all, consider that:

AsgY =0 = 8¢V = (1—- AP A)Z2 (3.151)

with z € R** representing an arbitrary column-matrix. Replacing this identity in
equation (3.139), leads to:

T(1-APA) (°F) = T(1- AP A)" (°F) (3.152)

Using equation (3.136) along with the identities (3.144) and, considering that z
is arbitrary, it can be stated that:

(1—APA)M GV = (1— A7 A) (°F +°F + °F") (3.153)
Equations (3.140) and (3.153) can be represented in the following matrix form:

1-APAM 1— AP A) (°F +2f +°f*
( ) 4 ( ) ( ) (3.154)

A —p®

If [ MT AT |" is a full rank matrix'?, it can be stated that (UDWADIA; PHOHOM-
SIRI, 2006):

P
1—-APAM Gf 4 Af 4 CF*
§‘ = ( ) ( ) (3.155)
A b

Udwadia and Schutte (2010) present a third variant of this methodology,

0 This condition might be satisfied even in cases in which M is a singular matrix, being a
less restrictive condition than the one necessary to be able to use equation (3.149).
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that uses inertia matrices of the form M + a2AP A, which are positive-definite
matrices (and, therefore, non-singular) for every o # 0, whenever M is at
least semi-positive-definite. Udwadia and Wanichanon (2010) do an exten-
sive discussion on the modeling of nonholonomic systems and on the so-called
Hamel’s paradox: unlike in the modeling of holonomic systems, in which some
coordinate transformations might lead to identically satisfied constraint equa-
tions, for nonholonomic systems, similar variable eliminations might lead to

wrong equations of motion.

Falco, Pennestri and Vita (2005) and Pennestri and Valentini (2004) com-
pare the efficiency of different strategies for implementing numerical simulation
algorithms based in Udwadia-Kalaba methodology, discussing their use in ed-
ucation and other applications in Multibody System Dynamics in comparison to
conventional methodologies. Pennestri, Valentini and Falco (2010) discuss the
use of Udwadia-Kalada methodology in the formulation of equations of motion
of flexible multibody systems.

Finally, it is worth mentioning that non-linear tracking control, particularly
inverse dynamics problems can be conceived as determining the generalized
constraint forces related to a set of extra constraints that represent a desired
trajectory. Thus, Udwadia-Kalaba methodology becomes an alternative to
solve such problems, once explicit expressions as the one presented in equa-
tion (3.150) can be used to find the expressions of these extra generalized
constraint forces that represent the effect to the actuators in the motion of the
system (UDWADIA; PHOHOMSIRI, 2007b; UDWADIA, 2006; UDWADIA, 2003).
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4 Modular modeling methodology for
multibody systems

In his extensive literature review “Multibody System Dynamics: Roots and
Perspectives”, Schiehlen (1997) points out the necessity of introducing a stan-
dardized, formalism-independent description format that “would permit the al-
ternate use of validated multibody system models with different simulation sys-
tems”:

The goal of such a standardization process is the unification and
standardization of the neutral data format, independent of any for-
malism. Only by means of such a standardization it will be possible
in future to achieve a situation in which a single, unique model de-
scription is sufficient for describing a mechanical system with preci-
sion to make it accessible for analysis using any program package
or formalism. The standardized model description is then used as
the basis for the input. In a first step the input format required by
the relevant formalism is generated from the standardized model
description and evaluated using a preprocessor or converter. In a
subsequent step, the formalism generates the mathematical model
equations. (SCHIEHLEN, 1997, p. 15)

This chapter presents a novel modeling methodology to accomplish this
goal by deriving the equations of motion of a multibody system from already
known models of its subsystems. This novel methodology is not only modu-
lar and recursive, allowing to express the mathematical model of a multibody
system in a standardized format, but also formalism-independent, once the for-
malisms used in the derivations of the models of the subsystems, ultimately,

do not have any influence in the overall modeling procedure.

In the first section, a general and standardized form of the equations of
motion of a multibody system is presented along with an illustrative and di-
dactic example in which a spherical pendulum is modeled using different sets
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of generalized coordinates. Section 4.2 presents the novel recursive modular
modeling algorithm, which is the central contribution of this thesis. Two didactic
examples are discussed to illustrate the generality of this modeling procedure,
one of them being the continuation of the modeling of a planar 5-bar mecha-
nism (started in Section 2.5). Sections 4.3 and 4.4 present sufficient conditions
for the existence of solutions for the forward and inverse dynamics problems,
respectively, whenever a standard mathematical model derived according to
the novel methodology presented in this text is provided. The examples dis-
cussed in these sections come with numerical simulations performed in Wol-
fram Mathematica 10.2. Section 4.5 extends the modeling methodology for the
derivation of linearized equations of motion, providing a procedure that does
not require the full derivation of a non-linear model prior to the linearization.
Finally, Section 4.6 is devoted to a qualitative comparison between modeling
methodologies, in which the conventional ones, discussed in Chapter 3, are
assessed along with the novel methodology presented in this text.

Complementing the content of this chapter, Appendix A discusses the use
of energy-like functions in the modeling of multibody systems. It is divided in
three sections: Section A.1 presents some results that allow the derivation of
the generalized inertia forces associated to a system from the corresponding
expressions of kinetic energy or Gibbs-Appell function; Section A.2 shows the
derivations of the expressions for the kinetic energy and Gibbs-Appell function
of a rigid body, and Section A.3 uses these results to derive a general expres-
sion for the generalized inertia forces associated to a multi-rigid-body system.

4.1 General form of equations of motion of a
multibody system

Let # denote a v*-DOF system whose constraint order is equal to v°. As-
sume that v# is a finite integer such that the motion of .# can be described by
tracking the trajectories of a finite number of points p, of .. Consider also that
the force system representing both active and inertia forces acting acting in ./Z
is represented by an effective force f, applied to each point p,. Let N denote
an inertial reference frame and r, denote the position vector of p, with respect
to a point fixed to N. Adopt the following shorthand notation r(k”) = dfry/dtP.

The p-th order variational principle’ for . can be stated as follows (see

TIf p > 0 it is assumed that all the SrEf) =0forallasuchthat0 < a <p-—1.
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Section 3.2.2):

> ol £ <0 (4.1)
k

In order to obtain a more general version of principle (4.1), let v{?) denote a
tuple (or column-vector) of p-th order motion variables and f’ denote a tuple (or
column-vector) of generalized effective forces associated to these motion vari-
ables. Assume that the set of motion variables constituting v* is sufficient to
describe the instantaneous kinematics of .# up to p-th order whenever the de-
scription up to (o — 1)-th order is already known. Moreover, if x and y represent
two tuples (or column-matrices) of the same vector space R, define:

X-y=x'y=y'x=y-x (4.2)

Adopting this notation and assuming that, if o > 0 then the variation of any
motion variable of a lower order than p-th is equal to zero (in shorthand notation,
Sv{r=1) = 0), it can be stated that the p-th order variational principle for system
A, can be expressed as follows:

Svi . f <0 (4.3)

Note that if both equations (4.1) and (4.3) represent two versions of the p-th
order variational principle for the same system ., then it is necessary that
svio . =3 &rl? £

Particularly, consider that v{?) can be expressed as a function of time and
generalized variables of the model of .4 up to p-th order, i.e. v? = v (¢, g(¥)),
Choose an integer o such that ¢ > p and ¢ > v° and assume that at a time
instant t* the values of g{°~')(¢*) are known and do not correspond to any
singular configuration of .Z. Adopt 8q%°~)(t*) = 0. Also, suppose that there is
a time interval Q in the neighborhood of t* such that f’ is a class €°(Q2) function
(i.e. a continuous function in Q). According to Theorem 2.8, it can be stated
that, in a time instant (t* + ¢;) € 2, with ¢, > 0:

< g7’ VS&<0>(t*) + O(E?_p)) . (f/(t*) + o(]_)) <0

(o —p)!
(0 —p)to(ef*)

vsanw) () + TTAED <
&<0>(t*) . (ST VT f,(t*)) + (O' - p);_Op(Eg_p) S 0 (44)

&t
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Taking the limit e; — 0, it can be stated that:
at) - (STVTF(t) <0 (4.5)

Values of g{°(t*) are infinitesimals that can be freely chosen, being the satis-
faction of the motion constraints ensured, unless the generalized configuration
q‘~Y(t*) is singular. Thus, the inequality (4.5) must remain the same if g'*) (t*)
is replaced by —q@(t*), which means that:

STVif=o0 (4.6)

Thus, if g~V (t*) is known, equation (4.6) can be used to determine the evo-
lution of the motion of this system, leading ultimately, along with the constraint
invariants of ., to values of g©°~Y(¢*). Thus, interpreting this as an initial con-
ditions problem, shows that is not just an expression for an invariant valid at
some time instant t* but a general matrix form of the dynamic equations of
motion of /.

Example 4.1 (Modeling of a spherical pendulum). Denote by N an inertial ref-
erence frame and let N = (o, X, ¥,2) be a coordinate system rigidly attached
to N. Assume that the unit vector x points in the same direction as the local
acceleration of gravity. Let P denote a material particle whose mass is equal
to m constrained to move in a spherical surface of radius r and centered at o.
The system constituted by N and P will be referred as a spherical pendulum
. Two mathematical models are derived for &:

Model in spherical coordinates Once P is constrained to move in a spherical
surface, a description by spherical coordinates is an immediate choice.
Once the radial coordinate is constant and equal to 7, only the zenith angle
(6) and azimuth angle (¢) are sufficient as generalized coordinates of 2.
Assume that this model has trivial generalized variables. Denoting by r
the position vector of the center of P with respect to N, it can be stated
that:

r=r(coX+cpspy +5spse2) (a)
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Let v{¥ = [r], = (x, v, z). Once f = —mi + mgZ¥, then:

X mg + mr (C9é2—|—599)
fl = —mF(Cg (C¢é—2$¢(ﬁé)_59 (C¢ (¢2+02)+S¢¢)) (b)

V4 —mF(59 (C¢(£—S¢ (§b2+é2)>+C9 (2C¢d)é+5¢9))
Also, from equation (a):

) 0
X 0 _FSQ
V = vy _FSd)SQ FCd)SQ

Z r CopSo r S¢Co

Finally, once no generalized constraint invariants are needed to describe
the constraints of .Z, it can be assumed that S = 1. The dynamic equa-
tions of motion of & are given by:

¢ —mPsg (24 ¢ 0 + 59 B)

. .| =0 (d)
0 —mgF59+mF2 (59C9¢2—9)

After some algebraic simplification, these equations of motion can be writ-
ten as follows:
_ 2 Co ¢ 9

> (e)

bon (et 2)

The singularity s, = 0 in equation (e) is inherent from a description by

b =

spherical coordinates. Indeed, when sy = 0, any variation in the coor-
dinate ¢ will not correspond to any variation in the configuration of the
system, as can be noticed in equation (a).

Model in Cartesian coordinates (first version) Consider, on the other hand,
that the Cartesian coordinates of the center of P are adopted as gener-
alized coordinates, i.e. ¢'© = (x,y,z). Assume again that the model
has trivial generalized variables. In this case the position vector r can be
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written as follows:
r=xX+yy+z2 ()
with the coordinates x, y e z satisfying the following invariant:
d(0>:X2+y2+22_F2:0 (g)

Note that, in this case the constraint order of &% is v° = 1 Adopting, for
instance o = 2 and v? = ‘9, it can be stated that:

X |mg—mx
fi="y | —my (h)
z —-mz
Note also that V = 1. Moreover,
X y Z

A:[2x 2y 22}

A possible orthogonal complement for A, in this case, is:

0 a

The equations of motion of & can be given by the second time derivative
of equation (g) along with the dynamic equations of the form (4.6). These
equations of motion can be reorganized in matrix form as follows:

2x 2y 2z X —2(x% + y? + 2?)
-y 0 vy V| = -9y (k)
-z x 0 z —gz

After some algebraic manipulation, these equations can be written in an
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explicit form:
( g 1
.. 2 2 .2 .2 .2
x:ﬁ(y +z)—ﬁx(x +y*+2%)
. g 1 : . :
y:—ﬁxy—ﬁy(x2+y2+zz) ()
.9 1 2 o .o
\ z——ﬁxz—ﬁz(x +y? + 2%)

The description in Cartesian coordinates does not have any intrinsic sin-
gularity and no trigonometric functions are involved in the equations of
motion, which are polinomial (this might be an advantage in terms of nu-

merical simulations).

Model in Cartesian coordinates (second version) A brief analysis at equa-
tions (I) shows that it might be useful to define a new quasi-velocity in or-
der to simplify the mathematical model of 2. From now on assume that
q'% = (x,y,z) and ¢'¥ = (x,y, z v), with trivial generalized variables
above first order. Two generalized constraint invariants are required in

this case, for instance:

_ 2xX 4+ 2yy +2zz
gt = =0 (m)
X2+y?+ 22—

Now the constraint order of the model is v° = 2 and:
X y z v
2x 2y 2z 0 (n)

A—
2% 2y 2z -1

Noting that the generalized effective forces associated to ¥ are zero, it
can be stated that following the same procedure which led to the previous
models of &, the following explicit equations of motion are obtained in this

case:

)

v _X(’U:i;gX)

r
. y(v+gx)
y__ F2
(o)
. z(v+9gx)
Z=- -
Z

V=29gX
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It is evident that the last equation of the system (0) comes from the time
derivative of the mechanical energy of &. Indeed, the mechanical energy
of the spherical pendulum can be expressed as follows:

E:%(’u—2gx) (p)

Once & is a conservative system, then £ = 0, which leads to the last
equation of system (o). O

4.2 Recursive modular modeling algorithm

In the previous section it was shown that the following three steps are suf-
ficient for obtaining the dynamic equations of motion of a multibody system:

(1) Obtain expressions of generalized effective forces (i.e. the sum of gener-
alized active and inertia forces) associated to a generic set of p-th order
motion variables.

(2) Determine a transformation matrix associated to the conversion between
variations of these generic p-th order motion variables and variations of
o-th order generalized variables for some o > max{p, v°}.

(3) Compute an orthogonal complement of the Jacobian of the o-th order
independent generalized constraint invariants.

Consider that a multibody system is divided in subsystems. The first and sec-
ond steps can be performed within the scope of each subsystem?, being only
necessary to consider the motion constraints between the subsystems in the fi-
nal step. Thus, the techniques presented in Section 2.5 can be used to develop
a recursive modular modeling algorithm for multibody systems.

Consider a generic multibody system which can be conceived as a hier-
archical structure of subsystems representable by a tree diagram. Following
the convention presented in Section 2.5, let .#,, denote a generic system at the
n-th level of a tree structure (with .#, denoting the whole system itself). and
denote by S(.Z,) the set of all subsystems of .Z,. Moreover, let qﬁf denote
the tuple (or column-matrix) of a-th order generalized variables used in the de-
scription of motion of .Z,. If S(.,) is not an empty set, then it can be stated

2 Even though some constitutive equations might lead to expressions of generalized effec-
tive forces that involve variables associated to more than one subsystem, each generalized
force is associated to a single subsystem.
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that qﬁz is constituted both by variables coming from the models of the subsys-
tems of .Z,, and by extra variables specially chosen for modeling ., if any,
ie. qly = (alg).. (....d% ,....)) forall sy, € S(,). Analogously, let G'y’
denote the tuple (or column-matrix) constituted by the a-th order generalized
constraint invariants of .Z,,. If S(.Z,) is not an empty set, then it can be stated
that 6};‘3 is constituted both by invariants describing the internal constraints of
the subsystem of ., if any, and by the invariants describing the (external) con-
straints among these subsystems, if any, i.e. ¢y = (g .. (....a% ,....))
forall 4,1 € S(M,).

Focus the attention to the cases in which S(.#,) = o, i.e. ., has no
subsystems, being a leaf in the tree structure representing system .#,. Define
the unconstrained generalized effective forces of ., f,,, and the constrained
generalized effective forces of /., f,, , as follows:

fu,=Va, f, =V, f, (4.7)
fu,=Cu, fu,=Cy fu, (4.8)

Noting that if S(.#,) = @ then C,, = S, (see Section 2.5), it can be stated
that, according to equation (4.6), the dynamic equations of motion of .Z, when
it is not constrained to any other system are given by f, = 0.

Consider now that S(.Z,) is not empty, i.e. ., has its own subsys-
tems. Once ¢'y) = (q'y’..(....q%s ,...)) forall £, s € S(,), let v =

n+1’

(3q7, (... 8vY% ....)) forall s,y € S(Ay,). Thus,

V/% == (V/%n.aa.eax ( S V/%n+1v s )) Wlth V./%n.ﬂﬁ.éB = 1: Vﬂm_l € S(*ﬂn) (49)

n

fr, = (Fttner (- Fpy o)), Volllniy € S(AM) (4.10)

with f,, . denoting the generalized effective forces associated with the extra
generalized variables of /.

From Theorem 2.10, it can be stated that equation (4.6) for .#, can be

written as follows:

Fu, = S, Va, fu, = 0

Fu, = Cu, Riu,Va, fr, = 0

fu,=Cu, (ftryen (- Sty Vi s --)) = 0, Volllnyy € S( M)
fu,=Cly (Fuper (- Fuyrs. ) = 0, Vllly1 € S(AM) (4.11)
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Defining the unconstrained generalized effective forces of #,, f,, by:

fu,= (Fuper (- Ftryr ) (4.12)

it can be stated that, according to equation (4.11), the constrained generalized
effective forces of ./, f,,, are given by equation (4.8), i.e.:

fu, = Cu, fu, = Cy, fu,

Therefore, a recursive algorithm can be proposed for the modeling of multi-
body systems which can be represented by a hierarchy of subsystems. All the
computations must begin at the deepest levels of the tree structure, followed by
the corresponding parents, representing a “leaves-to-root” algorithm (i.e. the
algorithm can only be applied to a node in the tree if it was already applied to
all its descendants). The algorithm must be defined for two cases based on
whether or not .Z, has subsystems.

Case 1A: ./, has no subsystems, S(.#,) = @, and its model is already known

(1) Identify the constraint order v, and the a-th order generalized vari-

()

ables of ., q,,’, for all & such that 0 < a < v, .

(2) Identify the expressions, if any, of the a-th generalized constraint

invariants of ./, ﬁf forall o such that 0 < a < v, .

(3) If there are any non-degenerate v, -th order generalized constraint
invariants of ./ ,, identify the expression of A, let B,,, = A4, and
obtain an expression (if not already known) for an orthogonal com-
plement C 4, ; else, adopt C,, = 1.

(4) If the already known dynamic equations of motion of .Z, involve un-
determined multipliers, pre-multiply them by CI%n in order to eliminate
these auxiliary variables. Obtain the expressions for f.

Case 1: ./, has no subsystems, S(./#,) = @

(1) Choose a set of generalized variables for ., and identify its con-

straint order v, .

(2) Write down the non-trivial expressions of the invariants
e (t, g%t ¢'%)) = o0 defining the transformations of vari-

n

ables between the 'Y’ and the ¢7™".
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(3) Obtain, if necessary, expressions for the a-th generalized constraint
invariants of ./, q%( q§%"‘>) = 0, forall a suchthat0 < a < vy, .

(4) If there are any non-degenerate v, -th order generalized constraint
invariants of ./Z,, identify the expression of A,,, let B4, = A4, and
obtain an expression for an orthogonal complement C 4, ; else, adopt
Cu = 1.

(5) Consider that it is possible to completely describe the effective force
system acting in ., by a tuple (or column-matrix) f;, of general-
ized effective forces associated to a set of generic p-th order motion
variables v“’> Obtain the expressions for these motion variables in
terms of time and of the generalized variables of the model of .Z,,
ie., vj} = v%( q/% )). Choose some o > max{v%, , p} and compute
V,, by equation (2.21):

av¥ aq'y”

Vau, =
aq<pz oq UZ

n

(6) Obtain f,, =V, f), .
(7) Obtain fy, = C}, fa,.
(8) Adopt S/, = C,.

Case 2: ./, has subsystems, S(./,) # &

(1) Define extra generalized variables if convenient, and let q§2‘> =
(@), (....a%g ....)) forall M, € S(4,). dentify the constrain
order v, of the system noting that v5, > v5, forall 4, , € S(4.,).

(2) Obtain, if necessary, expressions for the external generalized con-
straint invariants of ./, q// forall o such that 0 < a < v, .

(3) Choose an integer o > v, and write down all the o-th order gener-

alized constraints of .Z, as follows: q =Ay q// + b o-1)

(4) Following the statement of Theorem 2.10 define R,, by equa-

tion (2.34):

Ru,= Ruyeo (- Styrr ) With Ry oo = 1, Yl i1 € S( M)

(5) If Ay, . is an empty matrix, adopt C,, = 1, else obtain C,, as an
orthogonal complement of By, = Ay, . Ru,-

(6) If necessary, include extra generalized effective force associated
to the extra p-th order generalized variables of .#,, and let f, =



105

(Fuper (- Faper,...)) forall dyr € S(AM).
(7) Obtain f/%n = C_-/r[nf/%n.

(8) Compute, by equation (2.35), S.», = R, C., (this last step is op-
tional for the root level, i.e. for /).

A simplified comparison between “Case 1” and “Case 2” algorithms is
shown in Table 4.1. The first three rows in this table are constituted by steps
of the algorithm which can not be completely automated, requiring some input
from the user. The following rows, however, represent steps of the algorithms
that can be fully automated in both cases.

Table 4.1: Comparison between “Case 1” and “Case 2” algorithms

Case1: S(/,) =@ Case 2: S(/,) # @
qy Input (@ .. (...d,...)
i A bl Al b

ov's ag')”

fu, V3 £, WithV, = (Fitror (- Ftyyr )

045, 04
(Raty.oon (- Sittinr - - -)
o ! with Ry, .. = 1
B, Au, Au..Ru,
Cay An orthogonal compl. of By, An orthogonal compl. of B 4,
Su, Cu, Ru. Cu,
fu, Cy fu, T, fu,

Example 4.2. Consider the system & shown in Figure 4.1 and suppose that
it is composed by two subsystems, # and 9, the former constituted only by
a rigid thin homogeneous ring B; whose center is b; and the latter constituted
only by a rigid massive homogeneous disc B, whose center is b;. Assume
that B; and B, can only perform plane motions in a vertical plane. Let N =
(o,%X,¥,2) be a coordinate system rigidly attached to an inertial reference frame
N. Assume that there is an inclined plane which makes an angle £ with respect
to the horizontal and remains fixed with respect to N. Let § be orthogonal to this
inclined plane and Z be orthogonal to the planes defined by the trajectories of
the points of B; and B,. Define q§> = (u1, vy, wy) and q<1> = (Ua, V2, wo) With
and v, denoting the x and y components in N of the velocity of b}, with respect
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P1L 8%

<>

Figure 4.1: System &.

to N and wy denoting the z component in N of the angular velocity of B, with
respect to N, k € {1,2}. Denote by m, the mass of By, by /. its moment of
inertia with respect to by and by 7, its corresponding radius, k € {1,2}. Due
to the homogeneous mass distribution of the rigid bodies, it can be stated that
L, = mrand I, = myr2/2. Also, let g = g(sinéx — cos€¥), be the local
acceleration of gravity. It can be stated that:

25} —ml(ul — ésin g) Up —572(02 — Qsmg)
fa= v |—m(v + §cosf) fo = vo |—mn(vs + Gcos§) (a)
W1 L Wo — 15wy

It can also be assumed that S; = C4 = 1and Sg = Cy = 1.

Assume that in &, the ring B; rolls without slipping down the inclined plane
and the disc B, rolls without slipping on the internal surface of the ring. Sup-
pose that in a particular motion the angle between the line bjb; and the vertical
is constant and equal to 6. Holics(2011) proposes to find a relation between
the ratio m,/m, and the angles 6 and £. For this, adopt an extra generalized
coordinate for &, 8, denoting the clockwise angle between the line b;b; and the
vertical, let ¢'% = (6) and ¢ = (8, u1, vi, w1, U, V2, w,), and assume that the
generalized variables of & are trivial above first order.

Let p; and p, denote the contact points between B; and the inclined plane
and between B, and B, respectively. Denote by p;(N) and p;(B;) points that
instantaneously coincide with p; and move along with N and B, respectively.
Analogously, define p,(B1) and p,(B,). Due to the “roll without slipping” con-
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straint, it is necessary that:

Vo ()IN = Vpy(B)IN = 0= Vi + @3, 1n X Tpyjpr (b)

Voa(B1)IN = Vpy(B)IN = VejIN T O5 N X Tpylp] = VN + @,in X Ty (C)

It can also be stated that:

d

U, — U = E ((Fl — Fg)sin(E_— 9)) (d)

Thus, due to equations (b—d), it can be stated that the external constraint in-
variants of & are the following:

U+ wih
Vi
qc<¢1> = | Ui — Uy +cos (5_ 9) wih — cos (E_ o 9) WP ©)

Vi — Vo +sin (ﬁ_— 9) wih — sin (ﬁ_— 9) Wals
)

—U1+U2+COS(€—9)9.(F1— )

Adopting the notation c§ = cos(¢ — ) and s = sin(§€ — 6), it can be stated that:

6 U Vi Wi U Vo W>
0 1 0 n 0 0 0
0 0 1 0 0 0 0
. . ()
Ag = 0 1 0 Co N -1 0 —Cy 2
0 0 1 55 Fl 0 -1 —55 F2
_C; (Fl - Fz) —1 0 0 1 0 0 ]
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A possible expression for matrix C is the following:

) Wo
6 [ 1 0
Uy n—rn —0n
Vi 0
Cs= wy ;—j -1 ;—1 (@)
i |—(c—1)(A—R) —h
Vo —sp (i — 1) 0
wy | 0 1 ]

Using the modular modeling algorithm, the equations of motion of & can be
obtained. Solving these equations for the motion in which § = 6, § = 0 and
6 = 0 leads to the following identities:

(. 2gsin(d)
h="th= 2cos(f — &) +1
Vi = \'/2 =0
. th
= (h)
. L
Wy = ——
)
my sin(0) _
M 2sin(€) cos(8 — &) — 3sin(8) + sin(§)

Thus, it can be noted that the stable value § of the angle 6 between the line
joining the centers of the ring and the disc and the vertical depends on the
slope of the inclined plane, ¢, and on the ratio between the masses of the disc
and the ring, m,/m. O

Example 4.3. Consider the 5-bar mechanism (system &) discussed in Exam-
ple 2.7. Assume that the models of the subsystems which are the leaves in the
tree structure are already known. The derivation of a model for the actuators
o, and o/, for instance, can be found in Craig (2005), corresponding to the
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following dynamic invariants:

Wk K Ik — Ix wx — by wx

fy. = _ a
T v — Aedie/dt — Be i — Ry Wy @

In these invariants the following constants show up:

* k¢ and iy are respectively the motor torque constant and the back emf
constant of the actuator «/y.

« I, and by are the inertia and the viscous damping coefficient for the rotor
of the actuator </x.

» \x and px are the inductance of armature windings and the associated
resistance of the actuator </x.

Also, vk denotes the voltage source of the actuator &/x, which is an input vari-
able. Analogously, for the models of %, %x, $., % and Z it can be stated
that:

Vg, x _mu}( Vi, x
fr, = ey | ~MVitey = M g (b)
Wk, z _/UK Wi,z — buK Wiy, z
V’BK,X _mBK VBK,X
f%K = V(BF,y — Mz, VBK:Y — M3, g (C)
w{BX,Z _IBK w{BK,Z
X —mg X
fo= (d)

y |=megy —mgg

with the m symbols denoting the masses of the respective rigid bodies, the /
symbols their moment of inertia with respect to their own centres of mass and
with g denoting the magnitude of the local acceleration of gravity.

From the application of the modular modeling algorithm, it can be stated
that the dynamic equations of motion for subsystems 7, and 7; are given by
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the following invariants:

_/)\/BKéuKEBKmBK ((b%SQK—(bK + éKCGK_d)K) o EUKGK
Z 0 (&, (P + ) + )

Fy, = —ga, <o, (Y My, + Ms,) (d)

d') _/yBK 531( mBK (éux (éKCQK*d)K - 9-}2<59K*¢K)
K
+Ap, 35, Px + TCpy) — I, Px

Applying the recursive algorithm two other times, the models of # and & are
obtained. Particularly, for the latter one, it can be stated that:

I’L f_,'@/L

_ IR T@.IR

fo = — =0 (e)
QL P01,
QR _fT@.GR_

with the expressions for the f,; and the f@_éx given by (consider that when

X = L then Y = R and vice versa):

fop iy = Ux — Ax d/x/dt — Px Iy — Rx Tx O (f)
3, 3, Ju, M, 62 3,32 My, 625 s
7o By AT, Oy S0, — g0 Sox—¢x VB Ay 1B Ui S0x—dx S6x— by
Py = +
Sepy—px Sepy—px
~ _ - C e, = A, Mg YCe,Se,—
~ 2 2 Uy 1LY Cy=0x—¢
- ,YBX aUX an med)XSQx—d)X - QX (bX’r)X + bux) - - — -
Sty —x
_ /?BY éuy éux mBYQYCGY_d)YSeX_(pX + éux ij&sd’Ysex—de
Sy —dx Sy —dx
S, & (43,33 M, + Is,) s
aux¢X A =D = ’YBX By ' Bx Bx ) 20x—dy
S VBy aBX mecex_(bx =+
By Sy —x

1. _ _
+ _GX (éﬁx (mBX </?BX (]‘ - 220 ¢X) - 2) - 26’%[)( ﬁhb()
2 Sty —bx

- _ — éu(ﬁSQ_ ’?252573 +/_B
—2(/Xn§+/ux)) _ Futorp, (35,3, Mo, + In)
dBySey —py
_ géux (’Y‘Bymﬁycdhsex—d)x + mﬂx (rY‘BxC(bstx—d’Y
Sey—x Sey—x

+ Rx'ﬁx I

+ C9X> + ’AYuxﬁ?uxcex) (9)

This example illustrates the use of the recursive modular modeling algorithm
to derive the equations of motion of a closed loop kinematic chain system by
exploring the existing symmetries, taking as a starting point the models of its
basal subsystems, which are much less complex. ]
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4.3 Sufficient conditions for the forward dynam-
ics

This section establishes a theorem providing sufficient conditions for ex-
istence and uniqueness of solutions for a system of equations of motion of a
multibody system derived according to the modular modeling algorithm pre-
sented in the previous section. Basically, the sufficient conditions listed must
guarantee the application of Picard’s Existence Theorem to the associated sys-
tem of ordinary differential equations (ODEs).

Let ., be a v7, -DOF multibody system whose constraint order is equal to
vy, Adopt an integer o such that o > v5, and that no equation of motion of
4 depend on any generalized variable above o-th order. It can be stated that
the system of differential-algebraic equations (DAEs) of motion of ., can be
written as follows:

a5 = de(tag™)  for 0<B<(0-1)

G2 = Mg, ' + 6V = 0 (4.13)

n

f_%nzc‘-l/énf_%n: 0

The necessary initial conditions at a time instant t* to find a solution for
the system of equations of motion (4.13) are the values of q%’l»(t*). These
values, however, must be compatible with all the the constraints of the sys-
tem, i.e. if some constraints of .#, are associated to invariants that can be
expressed as functions of generalized variables up to (o — 1)-th order, the val-
ues qﬁﬁ" 1>>(t*) must identically satisfy these invariants at instant t*. Moreover,
the values q%‘l»(t*) must not lead to any algebraic singularity in the equations

of motion (like, for instance, a zero denominator).

Theorem 4.1 (Existence and uniqueness of solutions of equations of motion of
a multibody system). Let .Z, be a v7, -DOF multibody system whose constraint
order is equal to v, . Adopt an integer o > 2 according to the criteria listed
above. Assume that the corresponding initial conditions satisfy the conditions
previously mentioned. Suppose also that:

(5+1>( (B+1)

* Theinvariants ¢ du. q‘/Z) = 0that define the transformations of

variables between q<5> and q§§j1>, 0 < B < (0—1), are class €2 functions.

* Au,» b<" Y can be expressed as functions of (t, q/% >>) that are contin-
uous with respect to time t in some interval in the neighborhood of t*
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and satisfy Lipschitz condition for every qﬁé';l»

ai ().

in some neighborhood of

« A, is a full rank matrix for the given values of q%_l»(t*).

* Any unconstrained generalized effective force associated to .#,, f,,, can
be expressed as functions of (t, < ) which must be affine with respect
to q<"n>, continuous with respect to time t in some interval in the neighbor-

1)

hood of t* and must satisfy Lipschitz condition for every qﬁé‘n’ in some

neighborhood of q ( t*).

In this case, it can be stated that the system of differential-algebraic equa-
tions (4.13) has a unique solution in some open interval around t* that satisfy
simultaneously all the constraint invariants and dynamic invariants of ..

Proof. First of all, due to the hypotheses of this theorem, it can be stated that:

* According to Lemma 2.1 of Orsino and Hess-Coelho (2015), all the
qu( qﬁfﬂ») are class €* functions, for 0 < 8 < (o — 1).

» According to Theorems 2.8 and 2.10, it can be stated that C ,, must be a
continuous function with respect to time t in some open interval around
t* and must satisfy the Lipschitz condition for every q%» in some neigh-
borhood of qfé‘n»(t*).

Thus, suppose that it is possible to isolate algebraically q% in the system of
equations (4.13), obtaining for such variables explicit and non-singular expres-
sions in some neighborhood of the initial conditions (t*, q«" 1>>(t*)). Due to
the previous two remarks it is possible to apply Picard’s Existence Theorem
(SOTOMAYOR-TELLO, 2011) to the ordinary differential equations in (4.13) and
it can be stated that there is a unique solution defined in some open interval
around t* that satisfy all constraint and dynamic invariants of ./Z,,.

Thus, the remainder of this proof will show that, if a system is in
a non-singular generalized configuration, then there is a neighborhood of
(t*, g%~ (t)) for which it is possible to obtain explicit and non-singular ex-
pressions for the q<"> in the system of equations (4.13).

Consider that the general solution of A 4, q<‘7> + b<" U = 0 must have the
following form:

q%—Sﬂzﬁ?—i—eﬁZ V=R, Cu z/% —|—e§2 Y (a)
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Also, once it is possible to derive an expression for f,, from the algorithm pre-
sented in Section 4.2, it can be assumed that there is a positive-definite matrix

M.,, a matrix V,, and a column-matrix gy " such that:

fu, = —RY, Vi My Va5 +g5" (b)

Indeed, consider for instance a multi-rigid-body system for which it can be
adopted ¢ = 2. Once the expression for the effective forces in this system
can be obtained using the expressions (A.40 — A.45), from Section A.3 of Ap-
pendix A, it can be stated that:

af n * * *
aql<%2> - Z (Vr ) (mfvr) + Q” ’ (Ir ’ Qf)) (C)

r

In this case V,, is a block diagonal matrix in which each block correspond
to the matrix representation of a second order tensor among the V; and Q.
Moreover, M, is also block diagonal, being each block given by:

m,1 0
0 [lg e

with [I7]; . being the matrix representation of the inertia tensor I in a partic-
ular coordinate system E,. Once each inertia tensor must be symmetric and
positive-definite, so it must be M, . Finally, once this multi-rigid-body system
does not have any subsystem, then R, = 1. Thus, the expression for the
column-matrix of unconstrained generalized effective forces associated to this
system can be expressed by equation (b).

Adopting W, = V4, S, = Vu, R.u, C.u, and using equations (a) and (b), it
can be stated that:

Fu, = W}, My, Wy, 29 +hig (d)

Theorem 2.8 proves that W, is a rank ”% matrix. Indeed, if the rank of this
matrix was less than v7, , it would be possible to express arbitrary variations of
a sufficient set of motion variables® in a time instant immediately after t* as a
function of less than v7, independent parameters, which contradicts either the
initial assumption that .Z, is a v, -DOF system or the fact that the system is
not in a singular generalized configuration at t*.

3 That is, a set of variables that is sufficient to describe the instantaneous kinematics of any
possible motion of the system up to some order, provided that information up to the previous
order is already known, as discussed in Section 4.1.
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Once M4, is symmetric and positive-definite and W 4, is a full rank matrix, it
can be shown that W}%'n M., W, is invertible. Indeed, letz € R”ﬁ%n and assume
that z # 0. Once W, is full rank, then it can be stated that W ,, z # 0 and:

ZTW, My, Wy, z= (W, 2)" My, (W, z) >0 (e)

This proves that W/T”n M, W, is also positive-definite and, therefore, invert-
ible. Finally, it can be stated that:

2§ = (W), My, W) " Y (f)
The replacement of this last equation in (a) concludes the proof. O

It is worth doing the following remarks about the result presented in Theo-

rem4.1:

» The numerical simulation of the system of equations (4.13) given compat-
ible initial conditions and providing explicit expressions for the constitutive
equations, allowing to express all effective forces acting in a system as
functions of time and of the generalized variables of the model, constitutes
the solution of a forward dynamics problem associated to this system.

* The maximal solutions of the system of equations (4.13) will not be de-
fined for an infinite time interval whenever the generalized configuration
of the system indefinitely approaches a singularity.

» Throughout the proof of the theorem, itis shown that it is possible to obtain
from (4.13) a system of explicit ordinary differential equations whenever
the system is not in a singular configuration. These transformations are
done exclusively to be able to apply the conventional statement of Picard’s
Existence Theorem and might not necessarily relate to the integration
algorithms applied in an actual numerical simulation.

* The assumption that M, is a positive-definite matrix will only be as-
suredly true when conventional non-degenerate mechanical systems are
modeled (hypothesis concerning some negligible inertia parameter might
lead to degenerate models, for instance). There are cases in which the
statement of this theorem is applicable even when M, is not a positive-
definite matrix. The proof for these cases, however, is out of the scope
of this text.
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Example 4.4. Back to the system & of Example 2.5 (Section 2.4), consider
that the equation of surface U is defined by y(x,y,z) = 0. Let b be a point
in the surface of 8§, whose local coordinates are given by [b]s = (0,0, —7) and
consider that there is a point electric charge of magnitude < that remains fixed
with respect to the sphere and has negligible inertia. Consider that the local
acceleration of gravity is given by g = —gz and that there is a local electric
field e = e x. Denote by m the mass of the sphere § and assume that it has an
homogeneous mass distribution such that the moment of inertia about any axis
passing through its center is equal to J. For this system it can be stated that:

fo =i+ (VO£ (a)

with V{2 denoting the matrix given by equation (i) of Example 2.5 and with £}
and f{ defined as follows:

W —Jw,
w —Jw
’ ’ v ke
W, —Jw,
fi= | .. fi= vy |0 (b)
Vy —mv,
v, |-mv,—mg

Once & has no subsystems it can be stated that C¢ = Sy, with S¢ given by
equation equation (g) of Example 2.5, for example. Thus, fx = C{ fy = 0, i.e.:

7Yy (—mv, — mg) — Jw, + mry, v, =0
Y. (ek — mvy) + Py, (Mv, + mg) — Jw, + eRF (262 +2¢2 —1) =0  (C)
—ry, (ek — mv,) — Joy, — mry. vy, + ek’ (24,9, —2G.qx) =0
Equations (c) along with equations (d, f) from example 2.5, constitute the sys-
tem of differential-algebraic equations of motion for system &.

In order to illustrate the dynamic behavior of this system, consider the fol-
lowing values for the physical parameters of &

F=0.0lm §=9.8m/s? m = 0.05kg

J=2mr e=(1x10*N/C)sin(37t) R=5x10"°C
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Also, let y(x,y,z) = z — 2 y? = 0 and assume that the initial conditions are

given by:

x(0) =0 y(0)=0.1m z(0) = 0.005m

Some of the results of the numerical simulation performed in Wolfram Mathe-
matica 10.2 for the first 50 s of motion are shown in Figures 4.2 — 4.5.

The most interesting result to be noticed is due to the effect of the no-slip
constraint in the time history of coordinate x. The electric force is the only active
force acting in the direction X and, even though the electric field is oscillating
harmonically with a period of 4 s, the translation motion in this direction is not.
Another remarkable result is that, due to the geometry of surface U (parabolic
trough) the coordinate z oscillates at twice the frequency of coordinate y.

Finally, it is worth mentioning that, in this example, one way to control the
quality of the results obtained in the numerical simulation is by inspecting the
norm of the quaternion (that must be unitary) as shown in Figure 4.5.

Coordinate x

15

Figure 4.2: Time history of the coordinate x of the contact point of the sphere
8 with the surface U.
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Coordinates y and z (normalized)
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Figure 4.3: Normalized time histories of the coordinate x of the contact point

Figure 4.4: Time history of the quaternion parameters defining the orientation
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Quaternion norm inspection

4.x1076

2.x107°6

+q22+q32+q42-1)

N -2.x10°°

(91

-4.x107®

0 10 20 30 40 50
i(s)

Figure 4.5: Time history of the quaternion norm inspection.

4.4 Sufficient conditions for the inverse dynam-
ics

In an inverse dynamics problem, it is considered that some of the forces
acting in a multibody system .# can be expressed as functions of time, of the
generalized variables of the model of .# and of a finite number of input param-
eters. In this text, the tuple (or column-matrix) constituted by the the inputs of
system ./ is denoted by u,,.

The inputs of .Z constitute a set of variables that can somehow be manip-
ulated in order to try to modify its “natural” response. Let v° denote the con-
straint order of ., choose an integer o > v° such that in a given time instant
t*, qlo=1)(+*) is known and assume that 8g‘°~1)(¢t*) = 0. Denote by ¢! a
subtuple (or the corresponding column-matrix) constituted by some of the o-th
order generalized variables of the model of .#. These generalized variables
are said to be associated with the inputs u if and only if the virtual work asso-
ciated to these inputs at a time instant (t* + €), with € denoting an infinitesimal,
is proportional to (5¢'7, - u).

For instance, consider a multi-rigid-body system whose constraint order is
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equal to v° = 1. Adopting o = 1 it can be stated that:

* If uy, « represents a component of force, the associated quasi-velocity
qﬁzk must represent the corresponding component (i.e. the component
about the same axis) of the velocity of the point of application of this force
(measured with respect to an inertial reference frame).

* If uy, x represents a component of torque, the associated quasi-velocity
qﬁ/k must represent the corresponding component (i.e. the component
about the same axis) of the angular velocity of the rigid body to which this
torque is applied (measured with respect to an inertial reference frame).

Proposition 4.2. Let qﬁg?u be a o-th order generalized variable from the model
of ./ associated to the input u . It can be stated that the unconstrained gen-
eralized effective forces associated to q<‘7> can be expressed as follows:

fuu=ta+£,,(t.d) (4.14)

‘) are associated to the inputs u, it

Proof. Considering that the variables q,
can be stated that the o-th order varlatlonal principle for system ., can be

expressed as follows:

v, (t a5 + 84, - ua <0 (a)
Note that it is possible to rewrite the previous inequality as follows:

(v, 845,) - (Fl(t.al’) ua) <O (b)

Thus, the same derivation applied in Section 4.1 can also be used for the pre-
vious inequality leading to the following expression for f:

fu=V5 £, (tq'd") + Uy c)
* |0

This completes the proof. ]

Theorem 4.3 (Sufficient conditions for a solution of an inverse dynamics prob-
lem). Let . be a v#-DOF multibody system as described earlier in this section.
Assume that the number of inputs in .Z is equal to the number of degrees of
freedom of it, v#*. Suppose also that for each input there is an associated o-th
order generalized variable, with o > v°. If, in a given generalized configuration
of the system Sqﬁz?u is an independent set of variations (i.e. none of them can
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be expressed as a linear combination of the others), it can be stated that the
dynamic equations of motion of .#Z can be expressed as follows:

uy =—-CYf (4.15)

with u, representing the column-matrix constituted by the inputs and f, corre-
sponding to the effective forces associated to .# when u, = 0.

Equation (4.15) can be interpreted as an open-loop control law for .Z, lead-
ing to the general solution for the inverse dynamics problem associated to this
system.

Proof. If the variations Sqﬁz?u are independent, then according to the results
of Theorems 2.8 and 2.10, using the procedure described by equations (2.26
— 2.29), it is possible to obtain a matrix C, for .# such that the rows of this
matrix that correspond to the o-th order variables associated to the inputs of
A constitute an identity matrix, i.e. C,, = 1. This fact, along with the result
presented in Proposition 4.2 leads to:

f_/%:C;r%f/%:Uﬂ+C;r%fj% (a)

This leads to equation (4.15).

Note also that, being explicit, equation (4.15) can be used to determine for
each (t, q‘°)(t)) that corresponds to a non-singular configuration of .# and is
compatible with the constraints of thus system, a unique set of values for the
inputs u,. On the other hand, from the result of Theorem 4.1, it can be stated
that each set of values for the inputs of the system will correspond to a unique
set of values for ¢¢“~1), which concludes the proof that equation (4.15) indeed
represents a solution for the inverse dynamics problem associated to .. [

The application of Theorem 4.3 is not restricted to the solution of the in-
verse dynamics problem associated to a given multibody system. Some active
forces in a mechanical system might be described as functions of components
of constraint forces. This is the case of Coulomb friction, in which the tangential
component of the contact force between two surfaces in relative motion (which
corresponds to the effect of the friction) is modeled as being proportional to the
normal component of this same force (which is a constraint force). This tan-
gential component is parallel and opposite to the relative velocity between the
contact points, corresponding to an active force. As discussed in Chapter 3,
constraint forces do not normally appear in equations of motion derived by An-
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alytical Mechanics approaches. The same happens when the methodology de-
scribed in Sections 4.1 and 4.2 is applied. In these cases, adopting a correct
interpretation of the Principle of Relaxation of Constraints, active forces due to
control inputs can be interpreted as constraint forces and vice versa, once their
primary function is to enforce the system to follow an specific trajectory in the
state space, constraining the the system to it (UDWADIA, 2006). Such an anal-
ogy allows the development of an approach, based on Theorem 4.3, that leads
to expressions to compute some of the constraint forces acting in a multibody
system when convenient.

The technique proposed here is adapted from Kane e Levinson (1985) and
consists on the following steps:

1. Define o-th order generalized variabels associated to the required con-
straint forces or torques. Such variables will describe motions that either
are not allowed or prescribed according to the existing motion constraints.

2. Derive the equations of motion of the system supposing that all these
extra generalized variables are independent.

3. Replace the values of these extra variables in the equations of motion
by zero, if the corresponding motion is not allowed in the real system or
by their expressions as functions of time if the motion is prescribed. Do
any other replacement of variables that might be associated with these
fictitious or imposed motions.

4. Use the result of Theorem 4.3 to obtain explicit expressions for these con-
straint forces or torques. If some active force depends on these constraint
forces, it might be necessary to implement an iterative procedure for their
computations.

Example 4.5 (Modeling of 3D slider-crank mechanism). Consider the 3D slider-
crank mechanism .Z represented in Figure 4.6. Suppose that is is constituted
by three subsystems 3,, %, and 95 each constituted by a single rigid body:
3B, corresponds to the crank (body B;), %, to the connecting rod (body B,) and
%5 to the slider (body B3). By hypothesis, all the rigid bodies are supposed to
be rigid and all the existing joints are ideal, not allowing any kind of clearance
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during motion.

y
N
PO/ 2322 P2 /33
) {
o

P1 [ — E—

Figure 4.6: Representation of a 3D slider-crank mechanism in its reference
configuration

In this system, the crank is constrained to a fixed basis (which is rigidly
attached to an inertial reference frame N) by a revolute joint, which allows a
relative rotation motion around an axis passing through p, which has the di-
rection of the unit vector X. The slider is constrained to the same fixed basis
by a prismatic joint, which allows it to translate in the direction defined by the
unit vector x. The connecting rod is constrained to both the slider and the
crank by spherical joints. Once all the constraints in this system are due to
restrictions imposed by joints, it can be stated that this mechanism is a holo-
nomic system. Considering that this system has two 1-DOF joints (one revolute
and one prismatic) and two 3-DOF joints (both spherical), the application of the
Chebychev-Griibler-Kutzbach criterion* (GOGU, 2005; ANGELES, 1988) leads to
vy =6-(4—1)—(5-2+3-2) = 2. However, once the revolution of the con-
necting rod around its own longitudinal axis is irrelevant for the model, a 1-DOF
model can be conceived for this mechanism.

Moreover, it will be supposed that any effect due to friction is negligible in
the revolute and spherical joints. In the prismatic joint, however, dry friction will

4 Chebychev-Griibler-Kutzbach criterion provides an equation to compute the mobility v, of
a mechanism based on whether it is a 2D or 3D mechanism and on the number and type of
joints it has. The mobility of a holonomic mechanism corresponds to the number of degrees of
freedom it has. Consider that v, stands for the number of degrees of freedom of a rigid body
in a given multidimensional space. For a 2D mechanism adopt v, = 3 and for a 3D one adopt
v, = 6. Denote by v5 the number of rigid bodies composing the mechanism (base included)
and by v;(k) the number of joints that allow a k-DOF relative motion between a pair of rigid
bodies. It can be stated that:

v =y (Ve —1) = Z(V# — k) vs(k)

k
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be considered according to Coulomb’s model (i.e., the tangential component
is proportional to the normal component of the contact force between the sur-
faces). Furthermore, the motion of the crank will be supposed to be controlled
by an input torque u;X applied to it.

In order to develop a mathematical model for this system, it is convenient

to defined the following parameters:

- ¢, represents the distance between the centres of the spherical joint
(B1, B») and the axis of the revolute joint (N, B;), i.e. the distance be-
tween p; and po;

- {, represents the distance between the centres of the spherical joints
(B1, B2), p1, and (B2, Bs), p2;

* m, represents the mass of B, (r =1, 2, 3);

« /; represents the moment of inertia of the body crank B; with respect to
an axis parallel to x passing through po.

+ [, represents the moment of inertia of the connecting rod B, measured
with respect to any transversal axis passing through its center of mass bj;

* %, represents the ratio between the distance from p; to b; and £,;

f is the coefficient of friction in the prismatic joint (N, B3).

Adopt the shorthand notation q<‘7> and g q/% ; adopt analogous
conventions for subscrlpts ofothervarlables Define q<0> (x), & = (¥, $, 0),
q3<‘0> = ( ) and ql = (wlx) Cl2< = — (V2X1 Vay, V2z, Way, w2z), q3<‘1> = (V3Xv V3y, V3z);

considering that:

» srepresents the displacement, from the reference configuration shown in

Figure 4.6 of the slider oriented by the unit vector %.

+ x represents the angle measuring the angle revolution of the crank from
the reference configuration shown in Figure 4.6 (oriented according to the

unit vector x).

* 9, ¢ and 9 are the zyx Euler angles describing the transformation be-
tween the coordinate system N = (po,fc, v, 2) and a coordinate system
B, = (b3, X2, §2, 2) rigidly attached to B,, with %X, being parallel to the line
P1P2-
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* w1y, Wy, and wy, are the components, in the local bases of the angular
velocities of B; and B, (with respect to N), respectively. Consider that
these local bases coincide with the one of N in the reference configuration
shown in Figure 4.6.

* Vax, Voy, Vo, @nd vz, represent the components in the basis of N of the
centres of mass of B, and B3 (with respect to N), respectively.

* v3, and v3, are fictitious components of the velocity of the center of mass
of the slider in the directions defined by the unit vectors § and z, which will
be used to include the constraint forces y; and z; in the model (to obtain
expressions to compute them).

It can be stated that:

_ 7o Voy | — 1M Voy
i = Wix |:U1 — I wlx:|
Voy, —r772 Voy
V3. | X3 — M3 V3, _ _ .
f2 = Vo — My Vo, (a)
f?) = V3y ygk - .
Woy —1y Way
V3; Z; - .
W2z | —ly wo, i

Coulomb’s model for the friction force x;, considering that y; and z represent
normal components of the contact force in the directions of § and z, leads to
the following equation:

X3 = —h sign(vax) v/ (13)? + (%) (b)

Also, matrix [1];, is given by:

CyCp CySpSe — CoSy  CyCySyp + SySe
[1]1\1\132 = CpSy CyCo + SySpSe CoSySe — CySe (C)
—S¢ CpSo CpCo

Due to the configuration constraints imposed by the spherical joints, it can be
stated that:

ﬂ_2(]_ — C¢C¢) +S
6<0> = 6_1(1 — CX) + E2C¢S1/, =0 (d)

lex + E_gsd,
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Moreover, neglecting the revolution of the connecting rod around its own lon-
gitudinal axis, [ws,n], = (0.w2y, w2.), and considering that [ws, 55 =
[1]315, [L]y, the following identities can be stated:

§—V3X:0
X_CU1X:0
6— s, =0 (e)

c¢1/)59+c9c15—w2y:0

CpCoY — W, — Ppsg =0

Moreover, once:

VpoIN = VpIN 1 OB, N X Tpy[p,

(Vb;w — Vo) = Y2 (Vo v — Vpun)

the first order constraint invariants of this system are given by:

£2 (Sw (SQUJQY —+ Cewzz) -+ CySe (Cewgy — Sngz)) -+ V3x
—Sxe_1w1x + £, (syse (Coway — SeWa,) — Cy (SeWay + CoWay)) + 3y
_ ng_lwlx + c¢£_2 (C9w2y — 59w2z) + V3,
g = (f)

Vox — V3xY2

Vo, + sz_lwlx (A2 —1) - V3,2

Vo, — Cxe_lwlx (’3’2 - 1) — V3,Y2

Noting that for this system v° = 1, the expression for matrix A can be obtained
from the Jacobian of (f) with respect to g‘’. Also, for this system B = A. The
matrix C (orthogonal complement of B) obtained according to Theorem 4.3 for
the solution of the invers dynamics problem associated to this system is given
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by (with £;; denoting the /-th row, j-th column element of matrix E = [1]y,):

1 0 0
0142 (sy Ea1 — cxE31) pEai Esa
Ei Ei1 Ei1
—sxé_l (’{)\/2 — 1) ’3’2 0
Sl (52 — 1) 0 Y2
C — R (CXEE,z + 55 E32) _E3,2 B _E2,2 (Q)
bEq LHEq LHEq
_31 (cxE23+syE33) Es3 B Ess
bEq LHEq . LHEq
4 (SXE2,1 - CXE3,1) _ Exq _@
Ei1 Ei1 Ei1
0 1 0
0 0 1

Note that this expression for C is not defined only when £; ; = 0, i.e. when the
longitudinal direction of B, is orthogonal to the direction of x. In this situation,
it is impossible to do any work to move the slider for any torque u; applied to

the crank, regardless of its magnitude.

Thus, the dynamic equations of motion of this system can be written as

follows:
u=CMqg" + x} x3 (h)

with u = (v, 5, 2), a¥ = (¢, ¢}, ¢{") and:

M = i my my my Iy | ms mz ms3 (I)

X3: J———

In order to perform a numerical inverse dynamics simulation for this system,
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consider the following values for the parameters:

6=1Im l=+2m

Ay = 42 4 = 0.50

l; = 0.20kg - m? I, =0.10kg - m?
m, = 0.50 kg m3 = 2.0kg

Consider that the objective of this analysis is to determine the time history of
the torque u; which, according to the model, must be applied to the crank to
ensure a given motion of the slider. For this particular simulation, consider that
the position of the slider is described as follows:

S0 = — (-4 (1 +85i1r2) (2mt))

(k)

Note that v5, = s and that v3, and v3, must be identically zero in order not to
violate the constraints of the system. Thus, it is necessary, from the constraint
equations of the model, to obtain time histories for the remaining generalized
variables that are compatible with the motion prescribed for the slider. Then,
it is enough to replace the values of these motion variables in the system of
equations (h), to be able to obtain the time histories of vy, y; and z;.

The simulations presented in this example were performed by an algorithm
written in Wolfram Language and running in Wolfram Mathematica 10.2. Ba-
sically, the built-in function NDSolve was used both for numerically solving the
constraint equations (inverse kinematics simulation) and of the dynamic equa-
tions of motion in the variables v, y; and z; (inverse dynamics simulation). This
function automatically chooses among a variety of built-in procedures for nu-
merical integration, the best one for a particular system of differential-algebraic
equations (DAEs).

For the inverse kinematics simulation, two algorithms were developed us-
ing the function NDSolve. In the first one, equations (d, e, f) were used, and the
values of s(t), vs.(t) = s(t), vs,(t) = 0 and v3,(t) = 0 were prescribed. Once
NDSolve can not solve systems with redundant equations, the first three equa-
tions of (f) were deleted®. The results given by these algorithms are interpola-
tion functions that give an approximation of the time history of the involved vari-
ables. In order to inspect how satisfactory are these results, the time histories
of the norms || || and ||G‘"|| are computed. The closer to zero these norms

5 Note that these deleted equations correspond to the differential forms of equations (d)
when the replacement ¢ = ¢% (¢, /1)) is performed.
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are, the better the results are. At the initial time instant, ||§'®||(0) = 6.245-10~*
e |g™]|(0) = 0, what can be considered satisfactory. However, as shown in
Figure 4.7, the values of ||g||(t) and ||g™"|/(t) in the remaining of the time
interval in this first simulation (denoted by #1) are not so satisfactory (although
the algorithm is quite stable and the magnitude of the norms tend to return to
zero right after some growth). In the second algorithm for inverse kinemat-
ics simulation (simulation #2), the time derivative of the algebraic equations
are taken, converting them into differential equations. Equations ¢© = 0 e
‘Y = 0 are replaced, respectively, by the following ODEs:

d2g@ - _ dg\@ _
b, S+ g% =0
|
- ()
dt +bsg't =0

The values of the constants b, can be tunned to increase the numerical stability
of the integration procedure (BAUMGARTE, 1972). Taking as initial conditions for
these ODEs the results obtained in simulation #1 and setting b; = b, = b; =1,
much more precise results were obtained as it can be noticed in the charts in
Figure 4.8.

Replacing the interpolation functions obtained in simulation #2 in the sys-
tem of equations (h), the function NDSolve is used to write an algorithm to find
the corresponding time histories of v, y5 and z;. Moreover, the numerical error
in this inverse dynamics simulation can be controlled by calculating the norm
IF1I(t) = |lu—C M g™ —x; x3]|(t), whose time history is presented in Figure 4.9.

The results of the numerical simulation are presented in the charts of Fig-
ures 4.10 — 4.14. lt is relevant to note that the constitutive equation used for
modeling the friction force (Coulomb’s model) is responsible for a discontinuity
in the results when the direction of the motion of the slider is reversed. These
discontinuities will not be observed in the real system, regardless of how fast
the actuator can vary the magnitude of the torque applied. Thus, in order to be
able to use this model for the project of a control system for this mechanism
it would be fundamental to consider the dynamics of the actuator too, which
could be done by finding a model for the actuator and applying the recursive
modular modeling algorithm presented in Section 4.2. Otherwise, significative
errors would be observed in the real system whenever the motion of the slider

is reversed.
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Numerical error evaluation - inverse kinematics 1
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Figure 4.7: Numerical error evaluation in the inverse kinematics simulation

#1.

Numerical error evaluation - inverse kinematics #2
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Figure 4.8: Numerical error evaluation in the inverse kinematics simulation

42,
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Numerical error evaluation — inverse dynamics
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Figure 4.9: Numerical error evaluation in the inverse dynamics simulation.

Position coordinate of the slider
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Figure 4.10: Time history of the position of the slider.
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Angular coordinate of the crank
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t(s)

Figure 4.11: Time history of the angular position of the crank.

Angular velocity of the crank
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Figure 4.12: Time history of the angular velocity of the crank.
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Torque applied by the actuator
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Figure 4.13: Time history of the torque applied by the actuator.

Normal components of the contact force in the slider
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Figure 4.14: Time history of the normal components of the contact force
acting in the slider.
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4.5 Linearization of equations of motion

Linearized mathematical models are particularly important to study the dy-
namic behavior of a multibody system in the neighborhood of a motion that
it actually performs, particularly when stability analyses or the design of some
types of control and measurement systems are involved. An evident advantage
of working with linearized equations of motion is that most of the techniques for
linear systems are universal (i.e., not dependent on what kind of system is being
modeled) and can easily lead to precise results.

This section aims to discuss the modifications that must be performed in the
recursive modular modeling methodology presented in Sections 4.1 and 4.2 in
order to obtain linearized models of multibody systems, without needing to pre-
viously derive the non-linear equations of motion. Provided a reference state
or a reference trajectory (which must be an a priori known solution of the origi-
nal of equations of motion), a system of linearized equations of motion can be
obtained for each subsystem corresponding to a leaf in the hierarchical tree
structure representing a multibody system. Moreover, linearized expressions
for the constraint invariants among the subsystem and for the Jacobians of the
constraint invariants with respect to the highest order generalized variables in
their expressions can be obtained. Therefore, the recursive modular modeling
methodology proposed in this text can also be applied for the direct derivation
of the linearized equations of motion. Such a procedure will result in a system of
equations which is equivalent to the one obtained by a conventional approach
in which the linearization is performed after the non-linear equations are de-
rived, i.e., a system of linear ordinary differential equations whose solutions
are approximations to the actual solutions of the original (non-linear) equations
of motion, in which the error is an infinitesimal with respect to the first order

terms.

Let ., be a v/, -DOF multibody system whose constraint order is equal
to v, . Adopt an integer o such that o > v, and that no equation of motion
of .4 depend on any generalized variable above o-th order. The equations of
motion for ., can be expressed by the system of differential-algebraic equa-
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tions (4.13).
qf = a9 (t.dg™)  for  0<p<(0-1)
39 = Ay d + b5V =0 (4.13)
f/%n :C.-/r[n f/%n — 0

Let q%» = Rq§;H>>(t) be a solution of (4.13), associated to a set of inputs

uy, = "uy,(t). Assume that this solution is taken as reference for the derivation
of the linearized model, i.e. it is desired to obtain a system of linear ordinary
differential equations that is able to estimate solutions of the original system
that are in a neighborhood of the reference solution, q%» = Rq‘%»(t), and as-
sociated to inputs in a neighborhood of the reference ones, u,, = %u,,(t).
Formally, defining Lqﬁﬂ q<">> — Rqﬁﬂ"n» and *u,, = uy, —"uy,, it can be stated
that it is desired a system of linear ordinary differential equations that provides
an estimation of a solution whose error is an infinitesimal with respect to e when-

(o) ©

ever ||(*q,". "us,)|l < ¢, for an adequately defined norm.

In order to linearize the functions q and q , it is enough to use the con-
ventional Taylor series expansion suppressing all the terms above first order,
that can be generically denoted by o(¢). If the non-linear expressions for the

functions q<ﬁ>

are not explicitly known, then it is possible to apply this same
linearization procedure to the invariants <13+1>( g %) = o, that define
the transformations of variables between q and q<5+1> 0<B<(0—-1),and,

<B> as an

after that, use some symbolic linear solving method to express the *q,
explicit linear function of the remaining variables, which will correspond to the

linearized form of .

Adopt the notation *v for the linearized form of v,,. Concerning the dy-
namic equations of motion, it is relevant to note that the linearized expressions
of the unconstrained generalized effective forces are given by:

{(WVa, - *Fy,), {S(Mn) = @
fu, = i (4.16)
“fupe (.. *Fu,., -..)), otherwise

In the case of matrix C,,, however, not always a non-linear expression will
be available. Thus, it is necessary to develop an algorithm for obtaining a lin-

earized matrix *C ,, without the need of previously obtaining a non-linear matrix
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C..,. Define:

)
1, ifS(4,) =2

"Ry, = (4.17)
(*Ruyoe (- "Sups, - )) With*R 4, . . = 1, otherwise

YAy, ES(4,) =@
By = (4.18)
"(*Au, *Ra,). otherwise

\

The least squares algorithm for obtaining a linearized orthogonal complement
for B4, is presented in the following proposition.

Proposition 4.4. Let B = B(x) denote a matrix which can be expressed as
an explicit function of x = (x, .. ., x,). Denote by “B the linearized form of B,
which can be expressed as follows:

‘B=By+» Bjx (4.19)
j=1
Let “C be a matrix that can be expressed as follows:
'C=Co+ ) Cix (4.20)
j=1

Consider that the coefficient matrices C; are obtained by the following algorithm:

(1) Obtain C, as an orthogonal complement of B, using a least squares
solver.

(2) Choose some constant «y; and define ff as the orthogonal complement
of (B, + vy, B,) obtained by the same method as in the previous step, i.e.
the orthogonal complement that should satisfy lim, o ;" = Co.

(3) Analogously, obtain I~ as the orthogonal complement of (B, —; B,), that
should satisfy limy o I~ = Co.

(4) ObtainC,, j € {1,2,..., v}, by the expression:
Ci=—(FF=T") (4.21)

It can be stated that “C is a linear approximation for an orthogonal complement
of B.
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Proof. First of all, note that:

B'C="B'C+O(|x|*) = BoCo+ > xi(BoCi+ B;Co) + O(lIx||*)  (a)
=1
If -C is a linear approximation for an orthogonal complement of B, itis necessary
that B *C = O(||x||?). Thus, it is necessary that B, C, = 0, i.e. C, must be an
orthogonal complement of B,. Moreover, let x; = dij7v;, with §;; representing the
Kronecker delta. In this case:

B*C = B, Co +v,(By C; + B; Co) + O(||x|)?)
= (By +1, B))(Co +;C)) + O(||x]]?) (b)

Thus, obtaining ;" = (Co + 7, C;) as an orthogonal complement of (B, +; B;)
for sufficiently small values of -y; is enough to ensure that the linear part of
equation (a) will also be identically zero, which justifies the steps 2, 3 and 4 of
the algorithm and completes the proof. ]

Obtaining a linear matrix “C 4, from the expression of "B, using the algo-
rithm described in Proposition 4.4, it can be stated that:

'Su, = "("Ru,"Cu,) (4.22)
Y 4, = "(*Cy, - “fu,) (4.23)

Finally, the linear algebraic equations Lcj% = 0 and *f,,, = 0 can be solved in

(o) (o

order to express “q,,’ as an explicit function of “x,, = Lq/%n’1>> and *u,. This

allows to replace the o-th order generalized variables Lq% in the explicit differ-
ential equations for obtaining *x 4, = Lq%_l», which will lead to the following

linearized equations of motion for ./ ,,:

L)-(/%n = G/%n LX/%H + I:I/%n LLI/%H (424)

Example 4.6 (Modeling of a spherical pendulum). Back to Example 4.1, con-
sider the second version of the model in Cartesian coordinates. It is already
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known that:

2XX +2yy +2zz 4+ 2v

2%% + 29§ + 227 — ¥

2x 2y 2z 0 (b)
A=

2x 2y 27 -1

% [mg— mx)

yo| —my
f= . (c)

Z —mz

v 0 i

Adopting as reference state for linearization ¢! = (3, 0,0) and ¢/’ = (0,0, 0, 0),
for which ¢ = ¢‘* = (0,0, 0, 0), it can be stated that:

2atx + 24
g = =0 (d)
Ly
X 3% z U
2@+") 2% 2'z 0 (e)
LA —
2bx 2ty 2tz —1
)% Z
X _ R LZ-
c_ 3% 1 0 (f)
z 0 1
v [ 2ty 2%z

Noting that the expression of f of this model is already linear, the following
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linearized equations of motion are obtained:

—m (2 Ly+Ly)
a

of = - =0 (9)
—m (g Lz + Lé)

Omitting the pre-superscripts 1 for the sake of simplicity:

(

. v
X =——=
a
y:_gy
a
_ (h)
. g
zZ=——Z
a
v=0

Note that the linearized equations correspond to a uniformly accelerated motion
for coordinate x (whose acceleration is proportional to the magnitude of the
initial velocity of the pendulum) and to simple harmonic motions, whose angular
frequencies are @ = /g/3 for the coordinates y and z.

Consider now the reference state ¢© = (3,23, 0) and ¢ = (0,0,0,0),

for which ¢ = (5 g, —5 3, 0,0). Taking this state as reference for linearizing

the model, it can be stated that (omitting the pre-superscripts 1 for the sake of

simplicity):
X y zZ v
83 63
A ?+2X ?+2y 2z 0 (|)
2x 2y 2z -1
3% z
s [2rdx-ay 22
c_ 3% 1 0 ()
z 0 1
v | 2y—-3x 27 |
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Thus, the dynamic equations of motion of the spherical pendulum are given by:

(__T29 9§ _ 4
1253 ' 1253° 53
j_ A8 283 3
1255 1255~ 53

. 43
= ——27
ba
. 187 . 247 .
(VT 5 X T 5 Y

The eigenvalues of this system of linear ODEs are \; = 0 with algebraic mul-
tiplicity equal to 3 and X\, = —iw e \; = +i@, both with algebraic multiplicity
equal to 2 and with @ = /4g/5a.

Example 4.7. In this example the linearized equations of motion of the model

studied in Example 4.2 are derived. Adopting the notation c§ = cos(¢ — 6),
sg = sin(€ — 6), cz = cos(£) and sz = sin(€), it can be stated that:

_ ) -
th + Rwy
G% = | sswi0F — ssws0F + i — i + ¢ (R — Fa2s) ()
—cgwléFl + cngéfg + v — v+ 5§ (Rwy — za)
i — i+t + (A — 7) (s36% + c36)
F_ my (—gs1 + gsg + Vosg + ta (c§ — 1)) + (§Sg +wif — Un) (b)

20y (Gsg + wif — th) + Mo (2Gsg + ZoFo — 21)

The objective is to obtain the linearized equations of motion for this system in
the neighborhood of a state in which the value of 6 is constant and equal to 6,
which is given by the equation:

my sin() B
M 2sin(€) cos(8 — &) — 3sin(8) + sin(€) 1 (c)

Thus, assume that the reference state is given by ¢/» = (8) and g™ = 0, with
6 = 6(&, my/my). In this state:

2gsin(0)
2cos(f— &) +1

Assuming these conditions, the linearized model of the system is given by (omit-
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ting the pre-superscripts 1 for the sake of simplicity):

) 0 0 00O0O0OTO?11 0
i Gn,e 00 000O0O t
Vi 0 0 00O0O0OO0ODO %]
w1 Gueo 0000000 w1
=1 _ (e)
Uy Gn,e 000 0O0O0O Uy
v Gne 0000000 Vo
W, Gu,0 000 0 0000 Ws
0 Gy 0000O0O0O 0
with:
G o 25(cos(9)+2 cos(€))(3 sin(8) —sin(€)+sin(9—2£))
U1.8 = 3sin()+5sin(20—E&)—2 sin(£)+5 sin(9—28)+3 sin(30—2&) +3 sin(20—3&) +sin(30—4£)
G‘~ _ 2g(cos(8)+2 cos(£))(3sin(8) —sin(£)+sin(§—2£))
w10 = T (3sin(0) 15 sin(20—&)—2 sin(€)+5 sin(9—28)+ 3 sin(30—2&) + 3 sin(20—3&) +sin(30—4&) ),
G‘~ _ g(cos(B)42 cos(£))(3sin(8)+5(sin(20—E&)+sin(6—2£))+3 sin(20—3£))
w2, (2cos(8—2)+1)2(2sin(B)+3sin(20—&)—2sin(Z)+2 sin(§—2&) +sin(26—3))
G . _ _g(cos(§)+2_cos(£_))sirl(£_) -
V2,0 7 (2 cos(A—&)+1)(3 cos(8)+2 cos(£&)+cos(6—28))
a _ _ _ 2g(cos(8)+2cos(£))(sin(8)+3(sin(26—&) +sin(8—2€))+sin(26—3¢)) _
w2,0 — (2 cos(8—£€)+1)2(25sin(0)+3 sin(260—&)—2sin(€)+2 sin(6—2€)+sin(20—3€)) R
G' _ 2§(cos(9_)+2cos(£_))sin(£_)
0,0 (2cos(60—&)+1)(2sin(8)+3sin(20—&)—2sin(€)+2sin(6—2€)+sin(20—3€)) (A —T2)

When r; > 1, (i.e. the radius of the ring is greater that the radius of the disc), the
eigenvalues of the system of linear ODEs are \; = 0 with algebraic multiplicity
equal to 6, \, = —i@ and A\; = +i@ both with algebraic multiplicity equal to 1
and with w = /=G 0.

Adopt for this system the parameters proposed by Holics (2011), i.e. i, =
Im, » = 0.3m, m = 0.670kg. The charts in Figures 4.15 and 4.16 show
respectively the values of the reference angular coordinate 6 and of the angular
frequency @ of the system as functions of ¢ for the following values of the ratio
Mo/ 0, 8/67, 1/2, 1, 5.
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6 as a function of ¢ for some values of 2
1

— 0 eg— - 1 —— 5

Figure 4.15: Stable value of 6 as a function of the inclination angle ¢ for
several values of the ratio m,/m;.
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Figure 4.16: Natural frequency @ as a function of the inclination angle ¢ for
several values of the ratio m,/m;.

In order to perform forward dynamics simulations of both non-linear and
linearized models of the system, assume that the ratio m,/m; = 8/67 and that
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the inclination angle £ = arcsin(4/5) ~ 53°08’, such that § = arcsin(3/5) ~ 36°52'.
Adopt as initial conditions ' (0) = (6 + 7/6) and ¢‘¥’(0) = 0. Denote with the
pre-superscript R the reference solution obtained when the initial conditions
are ®q'?(0) = () and *q™’(0) = 0. Figures 4.17 — 4.20 show the time histories
of some of the generalized of the models (subtracting the reference solution
values), obtained from the numerical simulations of both non-linear (NL) and
linearized (L) models.

Note that, in these simulations, the linearized model can adequately repro-
duce the period and the amplitude of oscillations in the neighborhood of the
reference solution. The assessment on how satisfactory these approximated
solutions are, depend on the desired applications for the results of the numeri-

cal simulations.

Finally, in order to evaluate the numerical error of the simulation of the non-
linear model (as in Example 4.5, the function NDSolve of Mathematica 10.2
was applied), Figure 4.21 shows the time history of the numerical error com-

puted by the expression /||§®®||2 + || f||2. Note that the algorithms used in this
simulation keep the numerical error under control.

70

AW
-\

Figure 4.17: Time histories of the angle 6 obtained by the non-linear (NL) and
linearized (L) models compared with the reference value (R) of the angle.




143

N
N

t(s)

NL

o
<
o

0.05
-0.05

(s/pey) tm ~tm

w; obtained by the non-linear (NL) and

R
linearized (L) models.
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Figure 4.20: Time histories of § — 20 obtained by the non-linear (NL) and
linearized (L) models.

2.x10~7

1.5x1077

1.x1077

Error

5.x1078

Figure 4.21: Numerical error evaluation in the forward dynamics simulation of
the non-linear model.
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4.6 Qualitative comparison between modeling
methodologies

This last section of Chapter 4 is dedicated to a qualitative comparison
among the conventional modeling methodologies applied for the modeling of
multibody system and the novel methodology discussed in this chapter. Based
on the literature review presented in Chapter 3 and on the author’s personal ex-
perience, assessments for each set of methodologies are performed, attributing
a score from 0 to 5 points to each of the following eight features it might have:

* Modularity: ability to derive mathematical models of complex multibody
systems from already known models of its subsystems, using a particular
methodology.

» Recursivity: ability to produce recursive algorithms for the procedures of
modeling and simulation of a multibody system.

 Variables: versatility for the selection of generalized variables.

* Number of EOM: how easy is to derive a minimal set of equations of
motion applying a particular methodology.

+ Algorithmization: how easy is to implement generic algorithms (applicable
for a wide range of multibody systems) based on a particular methodology.

* Interpretability: how easy is to physically interpret the meaning of each
term in the system of equations of motion derived from a particular
methodology.

» Constraints: how easy is to elimine the undesired constraint forces and to
find expressions for the ones that might be of interest, using a particular
methodology.

» Energy: ability to use energy-like functions in the derivation of the equa-
tions of motion of a multibody system, using a particular methodology.

The score 5/5 is assigned to the set of methodologies that has the best per-
formance in a given feature; the score 1/5 represents a poor performance and
the score 0/5 means that the particular set of methodologies does not have the
corresponding feature. Table 4.2 presents the assessment performed for the
following sets of modeling methodologies:
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» Newton-Euler (Section 3.1): modeling methodologies for multi-rigid-body
systems based on the use of Newton-Euler equations.

* PVW (Subsections 3.2.1 — 3.2.3): modeling methodologies based on the
standard statements of the Principle of Virtual Work and its differential
variants (Principle of Virtual Power, Gauss’ Principle, etc.)

» Lagrange (Subsections 3.2.4 — 3.2.7): modeling methodologies based on
the use of Lagrangian and Hamiltonian canonical equations along with the
method of Lagrangian multipliers, if necessary (see Section 3.1).

» Gibbs-Appell (Subsection 3.3.1): modeling methodologies based on the
Gibbs-Appell equations.

* Maggi (Subsection 3.3.2): modeling methodologies based on Maggi’s
equations and the standard forms of orthogonal complement methods.

» Boltzmann-Hamel (Subsection 3.3.3): modeling methodologies based on
the Boltzmann-Hamel equations.

+ Kane (Subsection 3.4.1): Kane’s methodology.
+ Udwadia-Kalaba (Subsection 3.4.2): Udwadia-Kalaba methodology.

* Orsino (Sections 4.1 and 4.2): novel recursive modular modeling method-
ology presented in this chapter.

Regarding “modularity”, the greatest score is assigned to the novel method-
ology presented in this text, once the procedure described in Section 4.2 is the
most general one among the evaluated ones, being applicable for any multi-
body system, regardless the particular form of the models of the subsystems in-
volved. The runner-up, scoring 4/5 on “modularity” is Udwadia-Kalaba method-
ology, whose algorithm requires all the constraints among all the subsystems
involved to be considered simultaneously. Scoring 3/5, Newton-Euler based
methodologies still perform better than the other formalisms, which score 2/5,
once the corresponding modular modeling procedure only involves the inclu-
sion, in the equations of motion of the subsystems, of constraint forces and
torques corresponding to each motion constraint among them. For the reman-
ing formalisms no general modular modeling procedure exists, although it is
still possible to use several informations of the models of the subsystems in the
corresponding derivations.
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Newton-Euler based methodologies have the best performance regarding
“recursivity”, once they lead to some of the simpler, most generic and most
widely used recursive modeling and simulation algorithms for multi-rigid-body
systems. Both the novel methodology presented in this text and PVW based
ones score 4/5 on “recursivity” due to the great versatility of the corresponding
recursive algorithms. With less versatile recursive algorithms associated, the
remaining methodologies score 3/5 on “Recursivity”.

In terms of “selection of variables” both Udwadia-Kalaba methodology and
the one developed in this chapter can be considered the best ones, once there
are no restrictions on the choice of generalized variables in these methodolo-
gies. Scoring 4/5, the PVW based methodologies also have no restrictions on
the choice of modeling variables. These methodologies, however, lack a gen-
eral procedure for expressing generic variations in these systems in terms of
an independent set of variables that ensure the satisfaction of the constraints
involved. Gibbs-Appell, Maggi, Boltzmann-Hamel and Kane’s methodologies
score 3/5 on “selection of variables”, because, although they allow the use both
of generalized coordinates and quasi-velocities, they require the user to find a
minimal set of quasi-velocities for each system (as much quasi-velocities as
the number of degrees of freedom). Lagrange’s formalism, that only allows the
choice of generalized coordinates (being the higher order generalized variables
simply time derivatives of them), scores 2/5, while Newton-Euler formalism, be-
ing the less flexible in terms of choice of variables, scores 1/5.

Regarding “number of EOM”, all the methodologies that lead to the deriva-
tion of minimal systems of equations of motion, with as much dynamic equa-
tions as the number of degrees of freedom, score 5/5. Scoring 3/5 are the
methods in which the number of equations of motion depends on the number
of generalized variables selected. Finally, once Newton-Euler formalism does
not allow to limit the number of dynamic equations of motion (which only de-
pends on the number of rigid bodies in the system), its score is 0/5 on “number
of EOM”.

Regarding “algorithmization”, the Newton-Euler based methodologies
along with Udwadia-Kalaba and the novel one presented in this text score 5/5:
the former ones due to the fact that Newton-Euler equations always preserve
their general form independently of the topology of the systems involved, which
makes it easier to develop algorithms; the other two methodologies, due to the
possibility of fully exploring the modularity of multibody systems, which even
allows the use of libraries of subsystems to in the algorithms. Kane and Gibbs-
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Appell methodologies score 4/5, once they are widely used in the formulation of
algorithms available in the literature. Lagrange, Maggi and Boltzmann-Hamel
score 3/5 due to the complexity involved in formulating efficient algorithm for
obtaining generalized effective forces from the expressions of energy-like func-
tions. In the last position, scoring 1/5 comes the PVW based methodologies in
which some kind of specialization must be performed (using other procedures
than simply the ones based on the fundamental principles of Analytical Mechan-
ics) to be able to implement algorithms, once these methodologies themselves
can lead to a wide variety of forms for the EOMs of multibody systems.

Regarding “interpretability”, again there is an evident advantage in the ap-
plication of Newton-Euler based methodologies, once the identification of the
physical meaning of each term in each equation is almost immediate. Scoring
4/5 are the methodologies in which the terms in the dynamic equations can be
interpreted as projections of forces and torques. The score 3/5 is attributed to
methodologies in which energy-like functions are used to derive the equations
of motion, making it less simple to identify the meaning of each term. Finally,
Udwadia-Kalaba methodology scores 2/5 once the methodology for including
external constraints is a purely mathematical algorithm (without physical mean-

ing).

Regarding “constraints”, both Udwadia-Kalaba methodology and the novel
one presented in this text score 5/5, once both of them enable the inclusion of
any constraint that can be expressed by invariants written in terms of gener-
alized variables, without the need of including any undesired constraint force
and providing explicit expressions for the desired ones. The same happen
with Gibbs-Appell and Maggi’s formalisms, with the disadvantage that it is nec-
essary to find a minimal set of quasi-velocities, which make they score 4/5 on
“constraints”. Scoring 3/5, Boltzmann-Hamel formalism is very similar to Gibbs-
Appell and Maggi’s but does not enable, by itself, the derivation of expressions
for constraint forces. Kane’s and PVW based methodologies score 2/5: the
former for not allowing the inclusion of non-linear nonholonomic constraints in
its original procedure, and the latter for the lack of a general method for in-
cluding the effects of constraints in the equations of motion and for obtaining
explicit expressdes for the eventually desired constraint forces. Scoring 1/5,
Lagrangian formalism requires the use of undetermined multipliers whenever
there are any nonholonomic constraints or redundant generalized coordinates.
Finally, Newton-Euler methodologies score 0/5, once for each constraint there

must be included a corresponding constraint force or torque; moreover, there



150

is no general method for eliminating the undesired ones from the equations of
motion.

In terms of “energy”, Hamel-Boltzmann, Udwadia-Kalaba and the novel
methodology presented in this text score 5/5 once they enable the use of kinetic
energy and other energy-like functions, expressed in terms of generalized vari-
ables, in the derivation of the equations of motion of a multibody system. Scor-
ing 4/5, Gibbs-Appell formalism only allows the use of Gibbs-Appell function,
which has a more complex expression than the kinetic energy, in the derivation
of generalized inertia forces. Maggi’s and Lagrangian formalisms also score
4/5, because they require that the kinetic energy to be expressed in terms of
the generalized coordinates and its time derivatives, instead of allowing the
use of quasi-velocities. With almost no advantage in the use of energy-like
functions to the derivations of equations of motion, Kane’'s and PVW based
methodologies score 2/5. Newton-Euler formalism scores 0/5 once it does not
involve the use of energy-like functions on any modeling procedure.
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5 Computational implementations of
modular modeling algorithms for
multibody systems

This chapter illustrates the application of the novel modular modeling
methodology presented in Chapter 4 to the development of computational al-
gorithms, by showing two actual implementations of packages of functions
for Wolfram Mathematica 10.2. The first one, MoSsPack, consists of a set
of generic functions that implement all the modeling procedures shown in Ta-
ble 4.1, requesting the user to provide minimal information about the models of
the leaf subsystems and about the external constraints. It also implements the
linearization procedures presented in Section 4.5. The second implementation
presented, Mo2DPack, is a package for the symbolic derivations and numerical
simulations (forward and inverse dynamics) of models of planar mechanisms,
that illustrates the potential of the novel modular modeling methodology for the
development of specialized computational packages.

The choice of Wolfram Mathematica, which is a proprietary software, for the
development of these packages does not mean that some particular closed-
source feature is necessary for the implementation of any algorithm presented
here. Once the objective of the packages presented in this chapter is merely to
illustrate the potential applications of the novel methodology, the use of Math-
ematica is justified due to the practicality of drafting functions for both sym-
bolic and numerical computations using Wolfram Language along with func-
tional programming. This does not mean, however, that the final version of
these packages must be developed in Wolfram Mathematica. Ideally, the final
version of any package based on the modular methodology can be developed
in an open source programming language which is adequate for both symbolic
and numerical computations. PyDy (Multibody Dynamics with Python) project’,
for instance, is a successful example of the use of Python in the development
of packages similar to the ones shown in this chapter.

! Visit http://www.pydy . org.
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Section 5.1 presents a brief introduction to MoSsPack. Section 5.2 shows
a case study in which a linearized model of a tadpole tricycle is developed
aided by MoSsPack; a brief stability analysis based on the linearized model is
also presented. Finally, Section 5.3 presents a brief introduction to Mo2DPack
along with some examples of application to the modeling and simulation of
planar mechanisms.

5.1 MoSsPack - recursive modular modeling
package for Mathematica 10.2

The recursive form of the modular modeling methodology presented in Sec-
tion 4.2 can be implemented as a package of functions that are able to repro-
duce each procedure listed in Table 4.1 once the required inputs are provided by
the user. The first implementation of such an algorithm resulted in MoSsPack
package for Wolfram Mathematica 10.2, which can be downloaded, along with
its complete documentation, athttps://github. com/renatoorsino/MoSsPack.
For this package to work properly, it is required another package of general-
purpose and matrix algebra functions package for Mathematica 10 developed
by the autor, called MathMatrixPack (also with complete documentation) which
can be downloaded at https://github.com/renatoorsino/MathMatrixPack.

Figure 5.1 illustrates the use of MoSsPack package for the modular mod-
eling of a spherical pendulum. In this example, % denotes a system con-
stituted by a single free rigid body B in a gravitational field. Its mathemat-
ical model is given by the corresponding Newton-Euler equations, so that
) = (Ps.x, Po.y. P3.2) @nd G5 = (Vsu, Viy, Vi, W o, Wy, W ) With ps ., P,
and pg , representing the Cartesian coordinates of the center of mass of B in
a coordinate system rigidly attached to an inertial reference frame N, vz ., vs ,
and vg , being the corresponding velocity components of this center of mass
of B and ws ., ws,, and wsz , being the local basis components of the angular
velocity of B, both measured with respect to N. System & is obtained by con-
straining the center of mass of B to move in a spherical surface of radius 3,

parametrically described by the invariants:

ps.x — asin(6) cos(¢)
a". = | ps, — asin(8)sin(¢) | =0 (5.1)

ps,, + acos(6)
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Sy31 = MoSs ["S", {NewtonEuler["3", "Position", "-z"]1}];
Sy31["q"["0"]] = {¢[t], ©[t]};
Sy31["q"["1"]1] = {¢'[t], 6'[t]};
Sy31["qu"["1"]] = {¢ ' [t], ©'[t], ws","x" [E], ws",»y" [£], wrz","an [£]};
SY31["+a"["0"]] = {
prg","x" [E] -@ 8in[6[t]] Cos [4[E]],
prgv,ny" [E] @ 8in[6[t]] Sin[é[E]],
prsn,man [£] +@ Cos [6[t]]};
Sy31["Explicit EOM"] = "Yes";
Sy31 = MoSs @ Sy31;

Sy31["_£f"] // TableForm
Sy31["s"] // SMatrixForm

Vax[t] > —Cyit] Sort) (Ce[x—.] g+a (é[t]z + 83, f‘i‘[t]z]]
‘}s,y[t] = —Sgit] Sgrt) (Ce[x—.] g+a (é[t]z + Sg[t] f‘i‘[t]z])

Va2 [£] 5 -F 82, + Core) & (O[£]2 + 83, B[£]?]

[Iﬁ,y—IB,z _\.' we,y [t] ws,z [t]

Wy, x [t] =
Ig,x
. (-Iz,x+I8,z ) wB,x [t] w8,z [t
ws,y[t]e | x z) x [t] z [t]
Iz,y
. [Is,x-IE,y_\.' we,x [t] wg,y [t]
Wg,2 [t] =

IB,Z
O[(t] » s |- g +Coitg ¢[t]?

_ 2cort] 6[t] 6It]

$[t] -
851t)
Wg,x Wg,y Wg2 e [0]
Vx| 0 0 0 Cgrey Cure) @ -FSgpe) Sy
Vay| 0 0 0 Copj @Sprey  Core) EBepe
Vsrz 0 0 0 a_SS[t] 0
wg,x | 1 0 0 0 0
wa,y | O 1 0 0 0
wg,z | O 0 1 0 0
) 0 0 o0 1 0
) 0 0 0 0 1 )

(a) Piece of a Mathematica notebook showing the derivation of the spherical
pendulum model

S B

(b) Tree structure diagram of the spherical pendulum model

Figure 5.1: Modelling of a spherical pendulum using MoSsPack. Adapted
from the documentation available at https:
//github.com/renatoorsino/MoSsPack/blob/master/doc/MoSsPack.pdf.
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Thus, it is convenient to define the following extra generalized variables for
modeling §: ¢ = (¢,6) and g}’ = (¢,6). Moreover, it can be stated that,
for every state of &, the following subset of quasi-velocities is constituted of
independent variables: qi", = (¢, 6, ws ., Ws,,, Ws.). The outputs presented in
Figure 5.1a are the explicit form os the equations of motion of system & and

the expression of the matrix Sg, respectively.

MoSsPack (used along with MathMatrixPack) not only implements the mod-
ular modeling methodology presented in Section 4.2 but also provides the pro-
cedures discussed in Section 4.5 for obtaining linearized equations of motion
of multibody system based on either non-linear or linearized models of its sub-
systems. A remarkable attribute of this latter implementation, it that it allows
to obtain linearized equations of motion for systems in which the number of
constraint invariants exceed the difference between the number of v°-th order
generalized variables and the number of degrees of freedom. In these cases,
the corresponding orthogonal complements are obtained by a least squares
solver instead of a conventional linear solver. When the redundant invariants
are compatible, i.e., whenever apart from singularities it is always possible to
find in the neighborhood of a given state other states that satisfy all the invari-
ants simultaneously, the calculated orthogonal complement will correspond to
an exact solution (even when the least squares solver is used). However, when
these invariants are not compatible, i.e., whenever, apart from special cases it
is never possible to find in the neighborhood of a given state other states that
satisfy all the invariants simultaneously, no exact orthogonal complement will
exist and the obtained solution will correspond to a least squares approxima-
tion compatible with the norm adopted (in this case, the norm can be used to
tune the results according to the physical interpretation of the invariants). This
latter case is explored in the case study presented in the next section.

5.2 Case study: linearized tadpole tricycle model

5.2.1 Overview

In this section a linearized model of a tadpole tricycle is obtained and a brief
stability analysis of this system is performed. All the procedures presented here
were aided by a Wolfram Mathematica 10.2 script that uses functions from the
MoSsPack package (see Section 5.1).

A tadpole tricycle 7 will be conceived as an assembly of 8 subsystems (see
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Figure 5.2):

* W, Fx and F, representing the rear, front right and front left wheels re-
spectively,

+ o, representing the rider’s body and frame assembly,
* &z and &5, representing the left and right steering bars,

* JFx and %, representing the left and right knuckles.

(a) Tadpole tricycle model.

T

W Fx F A Sk S FEr KL

B X P Q

(b) Tree structure diagram of the tadpole tricycle model

Figure 5.2: Representation of system J and its subsystems

Subsystems 7', #; and %, are modeled as rigid knife-edge discs rolling
in a plane; both geometry and mass distribution of these discs respect a cylin-
drical symmetry. Moreover, all the wheels are supposed to respect the no-slip
constraint, i.e. neither longitudinal nor lateral slipping are allowed in the contact
between the disc and the plane.
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Subsystem «/ is supposed to be an assembly of 4 other subsystems, each
one composed of a single ideal rigid body symmetric (both in terms of geome-
try and mass distribution) with respect to a local plane that coincides with the
(vertical) y-plane when the system is in the reference configuration shown in
Figure 5.2a:

* A, representing rider’s body and the rear frame of the tricycle,
* X, representing the handlebar,
+ P, representing the upper transverse rod of the suspension and

* @, representing the lower transverse rod of the suspension

In this model, the rider’s body will be considered to be rigidly attached to the
rear frame. Moreover, the frame is linked to the handlebar and transverse sus-
pension rods by ideal revolute joints, being negligible any clearance, as well
as, any flexibility or damping effects.

Both subsystems & and &, are constituted by identical rigid bodies with
cylindrical symmetry and negligible axial inertia, i.e. they represent thin cylin-
drical bars. These subsystems are considered to be constrained both to the
handlebar and to the respective knuckle by ideal spherical joints. No clear-
ances nor flexibility and damping effects are considered.

Both subsystems % and %, are constituted by identical rigid bodies with
no special symmetry. They are constrained to the respective front wheels by
ideal revolute joints and to the transverse rods of the suspension and steering
bars by ideal spherical joints. Again, no clearances nor flexibility and damping
effects are considered.

5.2.2 Rider’s body and frame assembly

Consider that B, H, P and Q denote the rigid bodies of subsystems %, #,
2 and @, respectively. Define local coordinate systems, B = (b,, by, b,, b,),
H = (ho, b, by B,), P = (po, Px Py, P2) @nd Q = (o, G, Gy, &), respectively,
rigidly attached to of each of these rigid bodies. Let N be an inertial reference
frame and denote by N = (n,, i1, i, fi,) a coordinate system rigidly attached
to N.

Consider that the origin of B coincides, in the reference configuration, with
the rear wheel contact point, i.e. n, = w, the origin h, of H coincides with the
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intersection of the local x-axis of B and the steering axis and the origin of P (Q)
is defined such that:

* p, (90) remains in the corresponding revolute joint axis and

+ the plane p.prp: (9.9:9:) is orthogonal to this axis.

Adopt the following notations (see Figure 5.2a):

[y = (x,¥.0) [l =(0.0,—Ag)  [b']e = (%1, 0, Zov1e)
[ho]le = (W +C.0,0)  [pole = (Xpo2, 0. Zoie)  [o)e = (Xqo12. 0, Zqoie)
Bls = Ko, 0. Zeiw)  [P7le = (K12, 0, Zprip)  [a']a = (Rqr10: 0, Zgig)  (9-2)
[hals = (Xum m Zom) — [Prle = (0. %ip. Zop)  [arla = (0. Yaa. Zqa)
( ( (

[hL]H: Xnlt, — ValH, Zh\H) [pL]P: 0, —yp\P,Zp\P) [qL]Q— 0, yq\Q qu)

Moreover, adopt for subsystems 3, #, & and @ the generic Newton-Euler
model, for a single rigid body symmetric with respect to the local y-plane (both
in terms of geometry and mass distribution) subjected to a gravitational field
g = g(sinéf, + cosén,), and to an eventual torque applied in the direction of
its local y-axis. In order to model of the following extra generalized coordinates
are defined (see Figure 5.2a):

* x and y, the x and y Cartesian coordinates of w in N (note that the z
coordinate of this point is always zero).

* 1, ¢ and 0, representing a sequence of zxy Euler angles (heading, lean
and pitch angles) that are used to describe the orientation of B with respect
to N.

), the steering angle, representing the relative revolute motion between
handlebar and frame along the steering axis.

* X, (and x,) representing the relative revolute motion between the upper
(lower) transverse rod of the suspension and the frame along the corre-
sponding revolute joint axis.

Define also as extra quasi-velocities the time derivatives of these extra coor-
dinates. Denote by us; the steering torque (assumed as a control input), by
ug the lean torque (assumed as a generic disturbance). The following extra



158

generalized forces must be included in the model:

5 Us
fﬂ.ea: : |: ] (53)

Suppose that, when the system is in the reference configuration shown in
Figure 5.2a, all the unit vectors b,, b, and b, coincide with #,, fi, and fi,. Let
also h, have the direction of the steering axis, and p, and g, have the same
direction as the respective revolute joint axes. It can be stated that:

[1]u = R.(¥) Ri(#) R, (6)
[Llve = R2(¥) Re(¢) Ry (8) Ry (Ap) Ru(xs)
[1]N\Q - RZ('(/)) Rx(¢) Ry(e) Ry(j‘q) RX(Xq)

Thus, coordinates of the relevant points with respect to N can be obtained by:

[ilv = [Golv + [Lws[5ls (5.5)

For j € {w",b*, h,,p,, 9o}, @adopt j, = wand J = B; for j € {h*, hs, b}, adopt
jo = h,and J = H; for j € {p*,pr,p.}, adopt j, = p, and J = P and for j €
{q", gz, qv}, adopt j, = q, and J = Q. The invariants necessary for describing
the “internal” constraints of &/ can be obtained from the following equations:

d
E[J'*]N = [vi vy = (Vg iy Vg.2) 56)

d
(s 37 Wiy = (w955 = (@g0 wag, w5,)°

for j* € {b*,h*,p*,q"} and, correspondingly, J € {B,HP,Q} and J €
{B,3H, P Q}.

5.2.3 Wheels and suspension

As previously mentioned, the wheels of the tricycle (7", #z and %) will be
modeled as rigid no-slip knife-edge discs. Define a mechanical system & con-
stituted by a single rigid body € rolling in the plane ground N, representing a
bicycle wheel. Consider that € is a flat disc with knife edge whose mass distri-
bution respects the corresponding cylindrical symmetry. LetE = (e, €., &,, €.)
be a coordinate system fixed to the rigid body &: the origin e, corresponds to
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the geometrical center of the cylinder and the unit vectors é,, &, and &, consti-
tute an orthonormal basis such that &, has the direction of the axis the cylinder.
Define also &, = (&, x11,)/||é, x 11, || as an unit vector representing the direction
in the plane which is instantaneously tangent to the edge of the cylinder and
&, = f, x &, as an unit vector representing the direction in the plane which is
perpendicular to this tangent one. Let e. be the instantaneous contact point
of the knife edge of the cylinder with the plane ground and let v._» denote the
velocity of this point with respect to the reference frame of N. In the modeling
of &, due to the no-slip constraint, it is supposed that v,_x = 0.

Define the following generalized coordinates for describing the instanta-
neous configurations of £ (with respect to a reference frame in N):

* pexs Pey and pe ., the coordinates of e, in the coordinate system N.

* ¢, ¢pe and B¢ representing a sequence of zxy Euler angles (i.e. rotations
aboutn,, & and é,, respectively), that are used to describe the orientation
of E with respect to N:

— ¢ is the heading (yaw) angle of &, i.e. the angle between the direc-

tions of &, and i,.
— ¢¢ is the lean angle of &, i.e. the angle between the directions of &,
and &.

— 6 is the angle that describes the intrinsic rotation (spin) of &, i.e. the
angle between the directions of &, and €’,.

Define also the following quasi-velocities for describing the motion of £ with
respect to N:

* Ve, Ve, and vg ,, the components of the center of mass e* = e, of € (with
respect to N) in the coordinate system N, i.e. v n = Ve, D, + Ve, 0y, +

Ve, .1,

* wex, Wey and we ,, the components of the angular velocity of € (with re-
spect to N) in the coordinate system E, i.e. ®en = Wex€x + We, €, +

We éz-
* '(/-Je, (be and 95-

Consider that the mass distribution of £ respects its cylindrical symmetry.
Denote by m¢ the mass of &, by /¢ . its axial moment of inertia and by /¢ . its
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in-plane moment of inertia. Adopting, without loss of generality, that the local

acceleration of gravity is given by g = g(sin £ fi, + cos £ 11,), and supposing that

there is a torque —u¢ &, applied to &, it can be stated that:

VE,X
Vg'y

Ve,

We x

— wa'y

We,z
0
P
e

gsgme — Mg Ve
—Me Ve
Cggme — Me Ve ,
le awe ywe,, — e ywe ywe,, — e We
—ug — Ig ate y
— e ae e y + e e ey — le e,
0
0
0

Moreover, considering that there must be three invariants expressing the re-

lations between the three components of angular velocity (we ., we ,, we ) and

the three time derivatives of the Euler Angles (1, ¢¢, 6¢), as well as three in-

variants expressing the constraints r._,,. - i, = 0 (i.e. there must be a contact

point between the wheel and the plane), v, - & = 0 and v, - éfy

(i.e. there is no longitudinal slip in this contact). All these constraints can be

expressed by an invariant

Ve x

1[0
210
A= 3|0
410
511
60

Ve,y
0
0

VS,Z

0

dx

3 = Ag gV, with:

We x Wey We 9& CiJe
1 0 0 0 —Cg,
0 1 0 -1 0
0 0 1 0 —Sg;
0 0 0 0 —S¢.Te
0 0 0  cyele  CoeSyele
0 0 0 sy.fe —CpeCuyele

Pe
Coe o
—Soe
—Cos Coe

0

CyeSee e

Se Sype I'e
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For &, B¢ = A¢ and a possible expression for S = Cg¢ is given by:

O de Ve
Ve x __C% Te  —CpeSuele —CypSps Fg_
Vey | —Syele  CpsCuysle  —SgeSuele
Ve, 0 Spe e 0
We x 0 Co, —Cee S0,

Se = Cs = (5.9)

We.y 1 0 Spe
We.; 0 S, Co, Coe
B¢ 1 0 0
be 0 1 0
PYe | 0 0 1]

The steering bars & and &, are modeled as thin rigid cylinders Sz and §,,
with negligible radius. The mass distribution of these bodies respects the cylin-
drical symmetry, thus their axial moments of inertia are also negligible. Adopt
for each of these bodies local coordinate systems Sz and S, with origins in
their centers of mass (s; and s;, respectively) and with local x-axes aligned
to the cylinder axes. Define as generalized coordinates for these subsystems
the Cartesian coordinates of their centers of mass with respect to a coordi-
nate system N rigidly attached to an inertial reference frame N and zyx Euler
angles representing a sequence of canonical rotations around local axes that
describes the orientation of the body-attached coordinate systems with respect
to N. Define as quasi-velocities for each of these systems, the components of
the velocity of the center of mass with respect to N in the coordinate system
N, the components of the angular velocity of the body with respect to N in the
body-attached coordinate system and the time derivatives of the Euler angles.
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In this case, it can be stated that, for 7 € {R, L}:

Vssx V8sy V852 95J d’S; %J
w.l1 0o 0o 0o o0 0 |
s, |0 1 0 0 0 0
vs.. | 0 0 1 0 0 0
ws.. | 0 0 0 1 0  —sg
Ss, =Cs, = ws . | 0 0 0 0 o oo (5.10)
ws, .- 0 0 0 0 —Ses,  Cos,Cos,
Os 0 0 0 1 0 0
s 0 0 o 0 1 0
Ps, | 0 0 0 0 0 1|

Morevover, considering that each bar is subjected to a gravitational field g =
g(sinény + cosé ), for 7 € {R, L}:

VSLX gsémw - mWVWx
Vs, .y — MW,y
_ Vs, 2 Cggmyw — MWy,
o — (5.11)
Os, 0
Bs, | s, (— cog,Ws, y + So5, Ws,, + Ws, .« (Cos Ws, 2 + So5.Ws, y))
Vs, | —Cos, Is, - (Cos, Ws, 2 + Sos, Ws,y + Ws, .« (Cos. Ws,.y — Sos, Ws, 2) )

Finally, it is convenient to express the Cartesian coordinates of hy, sg, h;, and
s; (which are geometric centers of spherical joints, see Figure 5.2a) in the co-
ordinate system N as functions of the generalized coordinates of §; and &..
For this, define Zs, = |rs. .| @and Zs, = |rs, . || and let 4s, and 4s, be adi-
mensional quantities that satisfy the following identities: rg:n, = 4s, rs,in, and
rs:n, = s, I's,n,- It CAN be stated that, for J € {R, L}:

[hslw = (Ps,.x0 Ps, s Ps,.2) + [Uws, - (—3s,4s,. 0, 0) (5.12)

[SJ]N = (pSJvX' Ps;,y» pSJ,Z) + [l]N‘SJ ' ((1 - /?SJ)K_SJ’ 0' 0)

The knuckles % and %, are modeled as rigid bodies Kz and X, with no
special symmetry property. Define body-attached coordinate systems, K; and
K., with origins in the corresponding centers of mass of these bodies and axes
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that coincide with the global axes (of N) whenever the tricycle is in the refer-
ence configuration shown in Figure 5.2a. Consider also that this model uses
the same kind of generalized coordinates and quasi-velocities defined for the
modeling of the steering bars, except from the angular coordinates which are
now set as zxy Euler angles. It can be stated that, for J € {R, L}:

Vi, x Vioy VK2 9:»(; QSzKJ KDJ\J
w.|l 1 0 0o o o0 0o |
Vi, y 0 1 0 0 0 0
we. |l 0 0 1 0 o0 0
Wi, | O 0 0 0 o, —Cou Sox,
Sx; = Cxi we,| 0 0 0 1 0 Sp. (5.13)
Wy, 2 0 0 0 0 sey,  Cox Cou,
Ox, 0 0 0o 1 o0 0
b, | 0 0 0o 0 1 0
Y, O 0 0 0 0 1]

Moreover, considering that each knuckle is subjected to a gravitational field
g = g(sin€ny, + cosén,), for J € {R, L}:

Vot x -s_]Sgﬁ’l% — My, V%J,x-
Vsy —My, V%J,y
Vo, | CeGMop, — Mog,Vor, 2
Was,x If%J~w%J,x
fo, = Wiy | Us+ T, (5.14)
W 2 IfWJ-w.%J,z
O, 0
b, 0
Vo, i 0 |
with:
If,%J.w%,a = —TWJ,bcwéJ,b - r,%J,acw%J,aw%J,b + T%J,bbw%J,cw,%J,b
- r%g,ccw%J,cw%J,b + r%J,waéJ’c + r%g,abw%J,aw%J,c
- TWJ,aaw%J,a - r%J,abw%J,b - TWJ,acw%J,c (5.19)
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forall (a,b,c) € {(x,v,2) (v, 2,%),(z,x,v)}

Then, fy, = C{_ fx and fy = C{ fx. Finally, for J € {R, L}, it is con-
venient to express the Cartesian coordinates of p;, q5, s; and £ (which are
geometric centers of spherical joints, see Figure 5.2a) in the coordinate sys-
tem N as functions of the generalized coordinates of #;. These expressions
can be given by (with the local coordinates, denoted with overbar, treated as
known physical parameters):

7

[pJ]N == p:K:J,XI prJ,yv pg{J,Z + [1]N‘KJ p‘KJ’ yleJY ZP‘KJ)

qlKgr yqlKJy Zq\KJ)

(5.16)

[SJ]N = pKJ,XI piKJ,yv pKJ,Z + [1]N‘KJ )?S‘KJY _)75|KJ: ZS‘KJ)

( ) (
[asln = (Pxs %0 Py Prcsz) + [Lwk, - (
( ) (
| (500 = (Psoes Py Py ) + (L, (R e, Ze0ic,)

5.2.4 Linearized equations of motion

As discussed in Section 5.2.1, the tadpole tricycle 9 is constituted
by 8 subsystems, whose models have already been derived (see Sec-
tions 5.2.2 and 5.2.3). No extra generalized variables or extra generalized
forces are needed. Thus, it is necessary to obtain invariants describing the
“external” constraints among these subsystems to be able to apply the modu-
lar modeling algorithm. The constraints among these subsystems are due to
ideal spherical and revolute joints:

» The constraint between the rear wheel and frame can be modeled as an
ideal revolute joint. The parametric descriptions of the position of w* using
coordinates of o and 7" must be the same, as well as, the local y axes
must be parallel, i.e.:

[W*]N(tv q§)>) = [W*]N(t, qég)) = (pr: Pw.y, sz) (517)

[Lwe - & = [L]wu - &
with &, = (0, 1,0) and [w*]x(t, qf;”) being given by equation (5.5).

* The constraints between the handlebar and the steering arms can be
modeled as ideal spherical joints. In this case the parametric descrip-
tion of h; (h.) in terms of coordinates of &/, given by equation (5.5), and
of coordinates of &; ($73), given by equation (5.12), must be the same.
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» The constraints between the upper and lower transverse rods of the sus-
pension and the left and right knuckles can also be modeled as ideal
spherical joints. In this case the parametric descriptions of the positions
of pz, pL, gz @nd q;, must be the same when described in terms of the
generalized coordinates of of, equation (5.5), and of the generalized co-
ordinates of the respective knuckle, equation (5.16).

* The constraints between the knuckles and the steering arms can be mod-
eled as ideal spherical joints too. Thus, it is enough to guarantee that the
parametric descriptions of the positions of sz and s; coincide when ex-
pressed in terms of the generalized coordinates of the respective steering
arm, equation (5.12), and of the generalized coordinates of the respective
knuckle, equation (5.16).

* The constraints between the front wheels and the corresponding knuck-
les can be modeled as ideal revolute joints. Thus, analogously to equa-
tion (5.17), the following conditions must be satisfied, for 7 € {R, L.}:

[£00(t, @) = [£5u(t, ay)) = (D3, er Pssys P 2) 518)

[1vk, - & = [1]wr, - &
with [£5]u(t, q%) being given by equation (5.16).

+ Finally, by the symmetry hypotheses considered, rotations of the steering
arms around their own axes do not have any effect, nor are affected by
any other motion in the system. Thus, without any loss of generality, it
can be adopted that 65, = 0 and 65, = 0.

By these conditions, the corresponding invariants 6!;9?\@ and, consequently,

6&1?@ =Ags. q§71> can be obtained.

However, it can be noticed that if all the corresponding invariants are con-
sidered, the model will be overconstrained, i.e., apart from the reference con-
figuration there will be no other configuration in which all the equations can be
satisfied simultaneously. Indeed, it can be noticed that this tricycle has clear-
ances in its spherical joints (Figure 5.3) that allow the operation of the steering

mechanism.

Altough the elimination of a constraint or an addition of a new joint repre-
senting an “equivalent” clearance would solve this problem, it can be noticed
that such hypotheses would, in some configurations, lead to unrealistic and bi-
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Figure 5.3: Feetz® tricycle

ased clearances. Indeed, in every configuration, the mechanism “distributes”
the clearances among the joints such that no joint presents an excessive clear-
ance and the violation of the corresponding constraint invariants is somehow
minimized. Considering that the objective of this analysis is to obtain a lin-
earized model of the tadpole tricycle, then the use of the least squares pro-
cedure described in Section 4.5 for obtaining a linearized expression for Co
based on a linearized expression of Bs, would lead to a C5 matrix that effec-
tively minimizes the violation of the constraint invariants without requiring any

other additional hypothesis.

The linearizations will be performed around a reference state in which the
tricycle remains in the reference configuration shown in Figure 5.2a and trans-
lates longitudinally with a constant velocity v i1, with respect to N, which corre-
sponds to the following reference values for the state variables: pw ., — x = Xy,

Py =Y = YWy PW,z = =W, PFax — X = PFLx — X = X5, PFay — Y =Y — Pgy = V7,

Prez = Proz = 15 Psex — X = Psyx — X = X8y Psay =Y =Y — Psuy = Vs,
Ps... = Ps,.. = Zs, Ws, = —Ws, = Ps, Ps, = Ps, = Ps, Prcax — X = Pocyx — X = Xac,
Pkey =Y = ¥V = Pxoy = V%o Pkez = Pz = 2%, X = Pwx = Vwx =
Prax = Voux = Prox = Vox = VBx = Vigx = Vpx = Vox = Psax = Veux =
Ps,x = Voox = Piax = Viox = Plox = Vi,x = V, bw = wwy, = —Vv/Ry and
05, = ws,, = 05, = wy,, = —Vv/Fr. Incremental generalized variables can

be defined as the difference between the generalized variables and their refer-
ence values. From this point on, unless explicitly mentioned, all the generalized
variables involved in mathematical expressions are incremental.
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Using the procedure described in Section 4.5 for obtaining a linearized form

for Cs based on a linearized expression of B4, the following matrix is obtained:

X ] ®
Vi, x -7A_6J/A\\‘x67A_a7vgmxd)7A>W‘V'(/.Xw+1 By it By 0T By 58Dy Y 4 VA\‘43+A>6,w~¢6+A_¢‘VA\JJ>>¢+A_WVA\‘J>¢-
Vi B, 56+ B, 5@+ By, 5% A\ v d — Aia.vkr 30— Aiw.vk,s‘z’ =4y, 5 A e — D5 P By it = AW-VK, na
Vi B, i = By s = By, s —Ay s Dy, 04Dy, b+ Ay, s —Ay st Dy i Dy st By, W
Vi | Do, 50+ Bpue, i+ By s +1 4, vic b AA—riw,56+A—¢vvf\<.6¢+5w.vky5¢ 4, vxhas*A—‘;.VK/J;E*A-MMW*A_whoW
Vi Do, 58+ Dy, 5®+ Ay, ¥ i T 50 0T By 0 By s Bi ot Do, 0 By i+ By 6V
vk Bpne i + D s+ B ¥ Ay i+ By 0+ By 504 By i DBy g+ By g8+ By b+ By ¥
vs ~Bigi8 = Dy i = By W1 =By s+ By 04Dy 0+ Ay, s Ay ot B 0 Dy 50 By g
vs, Bsug 58+ By 5O+ By s, s e . RV R W R POV P e PO e P
v, sy 50 = Dpuy s — Dy sV By i By 0T By s Dy s Dyt D 0 B i+ By Y
Vs | Bsg, i+ Bpus, s+ Dy g s +1 By st B 0+ By 0Dy, ¥ By bt Do 0+ By 40+ Dy, 5V
v Bss, 56 + Doy, 50+ Dy, 5¥ Ay it Bsy 0+ By s+ By sV Ay it Ba g0+ By b+ By ¥
v Lo 50+ Bpus 5@+ By s, ¥ A it D5 5+ Dy s0+D,, s By it B 0T By b+ By
X 1 0 0
y Dpysb+ Dy y s 0 0
4 0 1 0
6 0 A58+ By 50+ By A5 g0+ By b+ By g
) 0 0 1
¥ Asjs0+ By ot + By A ys Aigs
b A_l.e,.x’A—n,xé’jw.e,xd”ﬁw‘smu‘ ’A_léw+A_é.e,.é‘s*A_o‘é;r‘é‘b*A-w‘s;,éw ’A—léyé*A_é,e,.w‘S*jwéy&a‘p*A—wéydaw
CQ‘ — ?ﬂ Aoyt Bsg, 8+ By, 50+ Dy, ¥ A+ By + By, 50+ By, 5% Doyt Doy g0+ Do, 30+ By, ¥ (5 . 1 9)
Oxc Dy i = Dy s = By sV A5+ D660 T Do s+ Ay o sV “Aibseh T Ds60.30 + Dpin 4@ + Dy 6V
b L5650+ By s+ Dy sV Dy D56 50+ Dy 60+ By 59 B+ Dosrei® + B g+ Dy ¥
6 0 0 0
b, 0 0 0
b 4,6 Bs5i8+ Bys0+ By, 5 Bso g8+ By b+ By g ¥
¢, Bsg 8+ Dy, 0+ By ¥ A5 Dsg 50 = By b= Dy g, s Brgeg = By 0 = Doy g®— By 59
o By 8+ By g s+ By, ¥ A5t g 50+ By, 50+ By, 5 Bt Dsid + By b+ By g ¥
x By st By st By A5 Dsjuei® = By — By 59 Ao B dd = By ib— By ¥
éx By 8t By sb+ By g i B+ Bsg s0+ By b+ By, 59 B+ Bsud® T Bpicib+ By g ¥
s By 4,58 = By st = By gV Ay gos Dages0 T Dy st + By ¥ By gt By g0 + By qb+ By iV
s B, 58+ By g s+ By g s Bygs B0+ By 50+ By g s Byt B0+ Dy i+ By ¥
dw By s®+ By sV 0 1
Xz D550 + Do + By i Ay B
Xa Lo+ Do id + By By By
Vs Asj s+ By b+ By b A= B0 = By 50— By 59 Bigt = Dogd0 = Dyigy b= Byg, 60
¥ B0+ By s+ By s Argyst B a0+ Dy 50+ Dy g ¥ B+ By 60+ By 50+ By i
P B g 0+ By s®+ Dy ¥ Ay — B0 = By 50— By 59 Bigrb = Dogd0 = Dy b= Byg, 40
P By, 58+ By gy &+ By g, s Bigys+ Doy 40+ By b+ By gy s B+ By 60+ By 50+ By i
¥s Bsgo 8+ By b+ By ¥ Ay gos = Dsiges0 = By st — By 59 By — Bojid = By i — Bygo ¥
s B 8+ By s+ By ¥ Ay g5t Big 50+ By sb+ By g 50 Biiji+ B 0+ Bo g b+ By ¥
P Ay id+ Ay ib By Ags Ags

In this case, the A coefficients are obtained by a least squares algorithm in
which the left-right symmetry of the tricycle is enforced. That is why, in equa-
tion (5.19) rows corresponding to R and L variables have similar expressions

in which only the signs of some terms are different.

Applying similar least squares solvers (in which left-right symmetry are en-

forced) to the linearized expressions of c7§,9> and dé}%

alized coordinates qé,f’)

all the incremental gener-

can be expressed as a linear combination of a subset

(0)

of “independent” incremental coordinates q;’, as well as all the incremental

quasi-velocities qé.” can be expressed as a linear combination of qé??# and a

subset of “independent” incremental quasi-velocities qf;l_)#. A selection of vari-
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ables which is adequate for the desired stability analysis is:

qg<//9># - (Xryv 61 d)r ’lpv QW, 93:1?{’ QstL)

a?, = (5.5.4)

(5.20)

Finally, after linearizing f; and applying the corresponding transformations

of variables to express them in terms of q<0>

L qJ ', and qJ .., the linearized equa-

tions of motion of I can be obtained by premultiplying the linearized expression
of CJ with the linearized expression of f5, neglecting all second order terms.
After collecting the terms, the equations of motion of I can be expressed in

the following form, with us = (tw, us,, us,, Us, Ug):
<1> 2 -
M g +vC1qJ# (G Ko+ v Kg)qd# Eu (5.21)
The matrices M, C;, Ky, K, and E are invariants and can be expressed as
functions of the physical parameters of the subsystems of 7

It is worth noting that x, x, y, 6w, 65, and 65, never appear in any dynamic
equation and that 1 will not appear if siné = 0, i.e. in case of a horizontal
ground. Moreover these equations show that, in the linearized model, the lon-
gitudinal dynamics is decoupled for the lateral one, once x onIy appear in a
single equation of motion in which no other variable among qJ Lo qJ ', and (6 d))
does. Supposing that siné = 0, the following state vector can be adopted for
describing the lateral dynamics of &

X7 = (8,$,0, ) (5.22)

Defining uz ., = (us, Uy, Us,, Us,), it can be stated that the dynamic equations
that describe the lateral motion of I can be expressed in the following matrix
form:

X7, = (/_\0 + VA, + V2/_\2) X71+ Bugy (5.23)
The matrices Ay, A;, A, and B are invariants and can also be expressed as

functions of the physical parameters of the subsystems of J only.

5.2.5 Stability analysis

Aiming to a better understanding of the dynamics of the tadpole tricycle
and to compare it to the behavior of a typical bicycle, a stability analysis is
performed using some reference parameters. The corresponding geometrical
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parameters were measured in the Feetz® tricycle (Figure 5.3) available in the
bicycle laboratory of TU Delft. The main inertial parameters were scaled from
the benchmark Whipple model (MEIJAARD et al., 2007) using the ratios among
some of the most relevant dimensions in both models while the remaining ones
were simply estimated. The reference parameters used for the presented sta-
bility analysis are listed in Table 5.1. Using these reference parameters three
charts are presented:

» Eigenvalues versus speed chart (Figure 5.4): shows the real and imagi-
nary parts (both divided by 2, i.e., given in 1/s and Hz instead of rad/s)
of the eigenvalues of the tadpole tricycle model as functions of the corre-
sponding translation speed.

» Steer-to-lean ratio versus speed chart (Figure 5.5): shows, for each
eigenvector, the ratio between the components corresponding to the steer
angle and the lean angle as functions of the translation speed; these ra-
tios are represented in the polar form (absolute value and phase angle);
in the background there is a gray scale version of the eigenvalues versus
speed chart (without dividing the eigenvalues components by 27).

» Eigenvectors tables (Figure 5.6): for some selected speeds, the normal-
ized eigenvectors are plotted in tables; each column is labeled by the
real and imaginary parts, in 1/s and Hz, respectively, of the correspond-
ing eigenvalue and each component is represented by a colored circle
with an arrow inside; the color represents the absolute value of the com-
ponent, with 0 corresponding to blue and 1 to red; the directions of the
arrows represent the phase angles.

In order to inspect the sensitivity of the linearized tadpole tricycle model
with respect to its geometrical parameters, eight new scenarios are proposed
in which these parameters suffer random increases or decreases up to 4% of the
reference values (except from the trail, which is multiplied by a random number
between —2 and 11). For all these scenarios, eigenvalues versus speed and
steer-to-lean ratio versus speed plots are presented in Figures 5.7 and 5.8,
respectively.

It can be observed that, although being very sensitive to the parameters,
the modes of the linearized tadpole tricycle model resemble the modes of the
benchmark Whipple bicycle model proposed by Meijaard et al. (2007). Particu-
larly, the so called “castering” and “weave” modes are totally analogous to the
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Figure 5.4: Eigenvalues versus speed chart for the linearized tadpole tricycle
model using reference parameters.
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Figure 5.5: Steer-to-lean ratio versus speed chart for the linearized tadpole
tricycle model using reference parameters.
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Eigenvectors tables for different speeds of the tadpole tricycle
using reference parameters.
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Figure 5.7: Eigenvalues versus speed charts for variant scenarios
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Figure 5.8: Steer-to-lean ratio versus speed charts for variant scenarios
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Table 5.1: Physical parameters for the tadpole tricycle model

General Wheels Steering bars Knuckles

W =1.075m Ay = 0.253 m ls=0.220m My = 0.50 kg

¢=0.08m Fy = 0.255 m 4s = 0.50 Ix v« = 0.002 kg - m?

X = 15.25 deg My =2.50m $s = 0deg Ixc.4y = 0.001 kg - m?

g =19.81m/s? Iy, = 0.180 kg - m? s = 70 deg Ix ,, = 0.003 kg - m?

€=0rad Iy, = 0.094 kg - m? Mg = 0.30 kg Ix..y = 0.0003 kg - m?
My =2.00m Is. = 0.001kg-m? I, = —0.0005 kg - m?

I . = 0.140 kg - m? Rk = —0.080 m Ixc.y» = O kg - m?
I, = 0.075 kg - m? Vox = —0.015m Xeex = 0.040 m
Zyx = 0.012m Ve-ix = 0.060 m

Zex = —0.020 m

PB V4 P Q

My = 85 kg My = 3.0 kg My = 0.75 kg Mg = 0.75 kg
I sy = 9.70 kg - m? g, =0.097kg-m>  Jp, =0.010kg-m? Jg, = 0.012 kg - m?
Ig ., =3.10kg-m? g, =0.015kg-m> Iy, =0.009kg -m? Iy, =0.011 kg - m?

Ig vz =270 kg - m? Iy, = —0.009 kg - m? Ap = —2.5deg Ao = —2.5deg
Ko = 0.375m Rarm = 0.020 m %o, 5 = 1.040 m Xy = 1.070 m
Zpp = —0.950m  Zug=—0.820m Z,5=-0310m  Z 5=-0.209m
Ko = —0.120 m Voip = 0.195m Valg = 0.220m
Vg = 0.015m Zyp = —0.040 m Zyq=—0.040m
Zug = —0.165 m X = 0.030 m Xyx = 0.050 m
Voix = 0.025m Vo =0m
Zyx = —0.060 m Zyx = 0.041m
Xk = 0m Xk =0m

Zop=—0015m  Zzq=—0015m

ones observed in the bicycle model. In the former, the eigenvalues are always
negative and decrease with any increase in the translation speed; moreover,
the steer-to-lean ratio is always high (the greatest among the all the modes,
generally above 5 in magnitude), approaching a local maximum when v — 0
and approaching infinity at the speed corresponding to a phase shift transition
from 0 to 7 (i.e. steer and lean are in-phase at low speeds and are completely
out-of-phase after the transition). In the latter, a pair of positive real eigenval-
ues at very low speeds become a pair of conjugate complex eigenvalues whose
real parts keep decreasing with the increase of speed so that, apart from some
scenarios, they become negative at some transition speed; the absolute value
of the imaginary parts (corresponding to the natural frequencies of “weave”),
however, keep increasing with the increase of the speed; the steer-to-lean ra-
tio, which approaches infinity at a speed close to, but slightly greater than v = 0
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(about 0.02m/s) decreases both in magnitude and phase shift with the increase
of the speed, stabilizing at some non-zero value.

The only mode that shows major differences when compared to the bicycle
model is the “capsize”. As in the bicycle model, the corresponding eigenval-
ues are negative real numbers at low speeds, almost not varying at these low
speeds, then increasing with the increase of the translation speed, becoming
positive at some transition speed, reaching a peak at some higher speed and
finally decreasing asymptotically to zero. The steer-to-lean ratio, however, be-
haves in quite a different way. It approaches a local maximum as v — 0, as in
the bicycle model, but it has two phase shifts, instead of just one: the first from 7
(opposite phase) to 0 (in-phase) and the second, from 0 to 7. This means that,
in some scenarios (including the reference one), within the self-stable speed
range, the “capsize” mode, which is (in general) the dominant one, is char-
acterized by steering towards the fall at lower self-stable speeds and steering
oppositely to the fall at higher self-stable speeds. Furthermore, instead of go-
ing asymptotically to zero as in the bicycle model, the steer-to-lean ratio also
stabilizes at a constant value, typically lower in magnitude than the the value
of the corresponding ratio for the “weave” mode. Thus, it can be stated that
apart from the “capsize” mode behavior, the tadpole tricycle dynamics is quite
similar to the typical dynamics of a conventional bicycle.

Finally, it is worth noting that although the range of the self-stable speeds
is extremely sensitive to the parameters, in some scenarios it can be a really
long range. Some ceteris paribus analyses (i.e. comparisons between the
reference scenario alternative scenarios in which a single physical parameter
is varied) can be performed in order to figure out which parameters can be
varied to increase the range of self-stable speeds. This is out of the scope of
this text, however.

5.3 Mo2DPack — modeling and simulation of pla-
nar mechanisms

Let & be a planar mechanism, i.e. a multi-rigid-body system in which all
the bodies perform plane motions in parallel planes. Denote by B, a generic
rigid body in & and let B, be the base body whose motion with respect to an
inertial reference frame N is already known. LetN = (n,, X, ¥, Z) be a coordinate
system rigidly attached to N in which (%X, ¥, Z) is an orthonormal basis and the
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unit vector z is orthogonal to the planes of motion.

As described in Example 2.5, tracking the motion of at least two points
of each rigid body, which are called nodes, is enough to fully describe any
possible configuration of &. Actually, once the bodies perform planar motions,
descriptions based on the x and y coordinates of the nodes only are enough to
derive the corresponding mathematical models. Let b, , denote the k-th node
of body B, and (ps, « x, P, k.y) denote its x and y coordinates in N. Define the
nodal generalized coordinates and the nodal quasi-velocities of & according to

the following conventions:
(0) _ 1 _
Oynok—1 = PBrkx  ynok—1 = PBykx

o 1 _
qN,n,2k - p‘Bn,kvy qN,n,2k - an’ka

(5.24)

Note that all the identities presented in Example 2.5 for a 2D rigid body el-
ement, also apply for the nodal generalized coordinates and quasi-velocities
introduced.

Assume that the active force system applied to B, can be reduced to a
resultant force *f] % + *f; ¥ and to a torque with respect to its own center
of mass *f; , z. Consider also that the position of the center of mass of B, is
specified in terms of the positions of the nodes b, ; and b, ; by the adimensional
parameters 4,1 = 43, and 4,, = pg, (see Example 2.5). Denoting by af 7 the

parcel of “f_ due to the active force system applied to B,,, it can be stated that:

it 1~ 81 —8n2 O
AfN{,z,}zi an,2 1—-3&,1 0 M
S S e (5.25)
A@f[,z,}z —an2 a1 O .
BT I 0 1

Moreover, defining 4,3 = (3,1 — 1)* + 82,, 8,0 = 82, + 82, and 4,5 = &2, +
(4,1 — 1) 4,1, and denoting by m, the mass of B, by /, the moment of inertia
of B, with respect to an axis parallel to z passing through the its center of mass
and by 1A the parcel of *f_ due to the inertia forces of B,, it can be stated
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that:
1@1{,2,}2/71 ] [ —Myéns 0 Mpdns — Mpdp2 0 11 qﬁ,g,q
Iﬁf,ﬁ,}m 0 —Mpdn3 —Mpdp2  Mpdps 0 C/ﬁ,z/
Iﬁqﬁz,}2j71 = Mpdns  —Mpdno —Mpdng 0 0 qlﬁ?f*l (5.26)
1@{2% Mpdno  Mpdns 0 —Mpdna 0 %%,i,zj
I I 0 0 0 = || dah,

with q&s = Wsg, ;-

Suppose that two bodies B,, and B,,, n; < ny, constitute a revolute joint.
Once & is a planar mechanism, the revolute joint axis must be parallel to
in B; and b, ;, in B, such that

the revolute joint axis is defined by the line b,, b, ;, it can be stated that:
(0) _ {0 (0) _ {0 (1) _ A0 (1) _
Uym2i-1 = Gum2i-10 Dmois = Dumois Wmois-1 = Gum2i-1 AN dyp o, =

qmlz,l. Considering that n; < n,, the generalized variables associated to the

z. Thus, assuming that there is a node b, ; i

point b, ;, can be deleted from the model using these trivial identities. More-

over, defining Afp;{,ﬁ,}zlq = A@{,Zi}zirp AfN{,Zﬁzﬁ = AfN{,Zfziy IfN{,Zi?;ilfl = IfN{,z;}Qiz—l
and 1£{™ - — 1fim} after all variable eliminations due to revolute joint con-
111,401 112,212
straints, it can be stated that:
K
AfN,n,r - ZAf;\]{,n,}r
f=n (5.27)
IfN,n,r == Z Iﬁ\]{ﬁ}r
k>n

Moreover, if the revolute joint constituted by B,, and B, is active, i.e., if there
is an actuator providing a torque ux ,,.,, to control the relative revolute motion
between them, it is convenient to define a new quasi-velocity qu,l,nz satisfying

the following constraint equation:

1
@ — (a5 —all 5) =0 (5.28)

The corresponding generalized forces are the following:

A _
fR,nan - UR,n1,n2

(5.29)

I
fR,nl,ng = O

Suppose now that the a prismatic joint constituted by B,, and B, (n; < ny).

In this case no relative revolute motion is allowed between these bodies, being

possible to delete from the model the quasi-velocity g, 5 once ¢} ; = 4" 5.
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In this case define *£{72}, = *£{™) and 1£{%), = 1£{™), - After all the eliminations

of generalized variables due to prismatic joint constraints, it can be stated that:

Moz = ZAfB{%
kzn (5.30)
Mons = Z RANA
k>n
Moreover, it can be stated that two nodes b,,, ; and b, j, (1 < j;) of B,,, and one
node b,,, of B,,, will always be aligned?. In order to describe the constraint
imposed by this joint, it is convenient to define an extra generalized coordinate
¢l . and an associated quasi-velocity ¢i"). . = ¢{% . . such that the following

invariants can be stated:

7 (0) 7 (0) (0) (0) (0) _

e”lvilvfl AN ny.2i—1 (enlvilvjl - qP,nl,nz)qN,nl,zil—l — de,ni,m qN,nl,zjl—l =0 (5 31)
7 0 7 0 0 0 0 .
e/h,li,jl qISI,I>”I2,2/2 - (enlvilrjl - qévf>71,’72)qlfl,r>'l]_,2/1 - qé,’>71,”2 qISI,I>71,2j1 = 0

with Z,, , i, representing the distance between the nodes b, ;, and b,, ;. Finally,
if there is an actuator in this prismatic joint, providing an input force u; p, p,, it
can be stated®:

A _
fP,nLﬂz = Up ny,m

(5.32)
IfP,ﬂl,nz - O

The application of these specific techniques for selecting variables and
computing the corresponding generalized forces, along with the modular mod-
eling methodology presented in Sections 4.1 and 4.2, leads to a specialized
algorithm for modeling planar mechanisms. This algorithm was implemented
as a package of functions for Wolfram Mathematica 10.2 called Mo2DPack,
which can be downloaded, along with its complete documentation, at https:
//github.com/renatoorsino/Mo2DPack. Mo2DPack not only implements the
modeling algorithm described above, but also presents functions for obtaining
numerical solutions for the forward and inverse dynamics problems associated
to the model of a particular planar mechanism.

Example 5.1. This example shows the application of Mo2DPack in the model-
ing and simulation of the system &, discussed in Examples 4.2 and 4.7. Basi-
cally two rigid bodies are defined, B, representing an homogeneous ring whose
center is b} = by ; and B, representing an homogeneous disc whose center is

2 Without loss in generality, the description of the prismatic joint can also be done by choos-
ing one node in B,, and two nodes in B,,.
3 In case of a passive prismatic joint, consider us ,, ,, identically zero.
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b; = by,1. The constraints among these systems are imposed according to the
no-slip conditions, given by the invariants e of Example 4.2.

The piece of code for obtaining the mathematical model of & using
Mo2DPack is shown in Figure 5.9a. To show the expression of matrix Cg
used in the modeling and to obtain the explicit form of the equations of mo-
tion of & along with the relation m; /m- in terms of 8 and ¢ for a motion in which
@9(t) = 6, ¢”(t) = 0 and % (t) = 0, the piece of code shown in Figure 5.9b
can be applied. Finally, the piece of code shown in Figure 5.9c can be used to
perform the simulations of the (non-linear) model shown in Example 4.7. [

The following subsections present the application of Mo2DPack to the mod-
eling and inverse dynamics simulations of a Whitworth quick-return mechanism
and a 3 RRR parallel mechanism.
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Initialize[]
RigidBody[1,1,{{1,1},{0,0}},@;,@; 1%, (T Sin[¢],-T Cos[¢]}]

1
RigidBody[2,1,({1,1},{0,0}}, @, ~;2" (3 Sin[],-3 Cos[¢]}]

AddCoordinate[g0;[t], qO0;'[t]-ql;[t]]

AddQuasivelocity[ql;[t]]

AddConstraintEquation/e{
qlouyge,1,2[t],
qleye,1,1[t]1+qlegr 5,3[t] T1,
qlugr,1,1[t]-Qloygs 3,1 [£]+Cos[F-q01 [£]] qlugr,1,3[t] F1-Cos[d-q0;[t]] alwgw,z,3[t] Tz,
Qluyn,1,2[€]-alog, 2,2 [£]+8in[$-q0; [€]1] alewge,y,3[t] F1-8in[¢-a0;[t]] alwg-,p,3[t] T2,
—qluge, 3,1 [£]+Qluye 2,1 [t]+COS[$-q0; [t]] qlj[t] (F1-Ta)
}i

VariableReduction[]

DynamicModel []

(a) Derivation of the model

Transpose@ConstraintMatrix[{}] //FullSimplify //MatrixForm
RI = {
Subscript[ql, indexes__]- Subscript[ql,indexes][t],
Subscript[ql, indexes__]'- Subscript[ql,indexes]'[t],
Subscript [q0, indexes__]- Subscript[q0,indexes][t]
Yi
SD=FullSimplify[Solve[ (#==0)& /@ Join[DynamicEquations[RI], D[ConstraintEquations,t]]
/. ExplicitQuasivelocitiesTransformations
/. {901[t]~ ©,q0,'[t]+ 0,ql;[t]+ O,ql,'[t]~ O},
Join[Complement [D[Quasivelocities[t],t],{ql; ' [t]}],{M2}]]

1;
SD[2] // TableForm

(b) Finding the explicit form of the equations of motion (see Example 4.2)

St=5.;

8 1
Sm:{o,——q —,1,5};
67 2

(Sa[#]=Join[
{fle 1.,%,-» 0.3,3» 9.8,m;»0.670,m,~» 0.670 #,EaArcsin[o.S],¢»Arcsin[0.8]},
Flatten @ NDSolve[{

ma mp
—+1](Sin[¢]—3 Sin[6[¢]]+2 Cos[6[d]-0] sin[¢])]/.{—-m},
my my

(Sin[e[¢11==(
o' [¢]=6[¢],0[0]1=0,0[0]= 0}, (6}, {4,0,27} ]

]]&/@Sm;

SicN:Join[{qu [0]= (e [6]/.5a [ %] /.{¢-ArcSin[0.8] ))+ g},

(#= 0)&/@Join[Complement[Coordinates[O],{ql[O]}],Quasivelocities[O]]];
8
NSD=DeleteCases [ [sn [21/.{6-> 6[¢]}/.Sa [ a] /.{¢->ArcSin[0.8]} ] ,a_Real- b_Real] ;

8
ForwardSimulation "$2",St,Sa[E;],SicN,{l,l}]

(c) Forward simulation of the non-linear model (see Example 4.7)

Figure 5.9: Algorithm for modeling and simulation of system &
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5.3.1 Modeling and inverse dynamics simulation of a Whit-
worth quick-return mechanism

Consider the planar mechanism represented in Figure 5.10, which is a Whit-
worth quick-return mechanism. The following piece of code can be used to
model this system using Mo2DPack:

Initializel[]

RigidBody[0, 4, {{1, 1}, {0, 0}}, 0, O]

RigidBodyl[1, 1, {{1, 1}, {0, 0}}, Subscript[m, 1], 0]

RigidBody[2, 2, {{1, 2}, {1/2, 0}}, Subscript[m, 2], Subscript
[\[Capitallotal, 21]

RigidBody[3, 2, {{1, 2}, {1/2, 0}}, Subscript[m, 3], Subscript
[\ [Capitallotal, 31]

RigidBody[4, 2, {{1, 2}, {0, 0}}, Subscript[m, 4], Subscript[\[
Capitallotal, 4]]

BaseBody [0, {
Subscript[q0, "N", 0, 1] == 0,
Subscript[q0, "N", 0, 2] == 0,
Subscript[q0, "N", 0, 3] == 0,
Subscript[q0, "N", 0, 4] == 0.3,
Subscript[q0, "N", 0, 5] == 0,
Subscript[q0, "N", 0, 6] == 0.8,
Subscript[q0, "N", 0, 7] == 0.001,
Subscript[q0, "N", 0, 8] == 0.8
]

PrismaticJoint[0, 3, 4, 1, 1, 0]

RevoluteJoint[1, 1, , 0]

1, 2, 1
RevoluteJoint[2, 2, 3, 2, 0]
3, 1
1

, 0]
, Subscript[u, 1][t]]

RevoluteJoint [0, 1, 3,
RevoluteJoint [0, 2, 4,
PrismaticRevoluteJoint[3, 1, 2, 4, 2, 0, 0]
AddCoordinate[

Subscript[q0, 1]([t],

Subscript[q0, 1]'[t] - Subscriptlql, "B", 4, 3][t]

]

VariableReduction[]

DynamicModel []
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In this code, B, is defined as being the base body of this mechanism (rigidly
attached to an inertial reference frame N). Four nodes are chosen to describe
Bo, bo.1, bo.2, bo 3 @and by 4, Whose coordinates are, respectvely, (0, 0), (0,0.3m),
(0,0.8m) and (0.001m, 0.3m). Also, itis supposed that the centers of mass of B,
and B; are in the midpoints of the line segments defined by their extreme nodes,
and that the center of mass of B, is the node b, ;. Revolute joints are defined
by the kinematic pairs (Bo, Bs), (Bo, Ba), (B1, B2) and (B,, Bs), a prismatic joint
is defined by the pair (By, B;) and a superposition between a prismatic and a
revolute joint is defined by (B3, B,). The only active joint is the revolute one
defined by the pair (B, B,4). in which there is an input torque v;. Moreover, it is
supposed that the mechanism is assembled in the horizontal, so that the grav-
itational effects are not considered. By convenience, define the generalized

coordinate ¢i” such that ¢.” = ¢4 ,

bj1=Dbp1
bo,3 bo4
bpo =Db3
by 2
bo2 =bs1
bg1 =Db31

Figure 5.10: Representation of a Whitworth quick-return mechanism.

The following piece of code can be used to set and run an inverse dynamics
simulation, labeled as “SI”, in which Clﬁs is constant and equal to 7/2rad/s:

Subscript[T,"SI"] = 16.0;
ParametersList = {
g —> 9.8,
Subscript[m, 1] -> 1.,
Subscript[m, 2] -> 0.2 ,
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Subscript [\ [Capitallotal, 2] -> 0.2 0.172/12,
Subscript[m, 3] -> 0.4,
Subscript [\ [Capitallotal, 3] -> 0.2 0.572/12,
Subscript[m, 4] -> 0.2,
Subscript [\ [Capitallotal, 4] -> 0.2 0.172/3
i

InitialConditions = {
Subscript[q0, "N", 1, 1][0] == 0.8,
Subscript[q0, "N", 1, 2]1[0] == 0.8,
Subscript [q0, "N", 2, 3]1[0] == 0.15,

2, 4]1[0] == 0.6,
Subscript[q0, "N", 4, 3][0] == 0.1,
Subscript[q0, "N", 4, 4]1[0][0] == 0.4,
Subscript[q0, 1][0] ==

3

InverseSimulation[
"SI1",
Subscript[T,"SI"],

Subscript[q0, "N",

ParametersList,

InitialConditions,

{{1}},

{\[Pil/2 # &}, {1, 1},

{Subscript[u, 1]}, {"Discrete", 500}
]

Some of the results of this simulation are shown in Figures 5.11 — 5.14.
Particularly, it is relevant to mention that the quick-return behavior (noticed, for
instance, in the time history associated to the quasi-velocity qé?g,‘l) is associated
to peaks of torque provided by the actuator.



184

08 ﬂ \ \ \

0.6

0.4

0.2

Ve 01,51 (M/s)

0.0

-0.2

t(s)

Figure 5.11: Time history of the quasi-velocity %%.1 in the simulation “SI”.
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Figure 5.12: Time history of the quasi-velocity qé%,a in the simulation “SI”.
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Torque provided by the actuator
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Figure 5.13: Time history of the input torque v; in the simulation “SI”.

Violation of the second order constraint invariants
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Figure 5.14: Inspection of the error in the numerical solution of the constraint
equations in the simulation “SI”.
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5.3.2 Modeling and inverse dynamics simulation of a 3 RRR
mechanism

Consider the 3 RRR parallel mechanism represented in Figure 5.15. The
following piece of code can be used for the modeling of this system*:

Initializel[]

RigidBody[0, 3, {{1, 1}, {0, 0}}, 0, 0]

RigidBody[1, 4, {{1, 2}, {0, 0}}, Subscript[m, 1], Subscript[\[
Capitallotal], 1]]

RigidBody[2, 2, {{1, 2}, {1/2, 0}}, Subscript[m, 2], Subscript
[\[Capitallotal, 21]

RigidBody[3, 2, {{1, 2}, {1/2, 0}}, Subscript[m, 2], Subscript
[\ [Capitallotal, 21]

RigidBody[4, 2, {{1, 2}, {1/2, 0}}, Subscript[m, 2], Subscript
[\[Capitallotal, 21]

RigidBody[5, 2, {{1, 2}, {0, 0}}, Subscript[m, 3], Subscript[\[
Capitallotal, 3]]

RigidBody[6, 2, {{1, 2}, {0, 0}}, Subscript[m, 3], Subscript[\[
Capitallotal, 3]]

RigidBody[7, 2, {{1, 2}, {0, 0}}, Subscript[m, 3], Subscript[\[
Capitallotal, 3]]

BaseBody [0, {
Subscript[q0, "N", 0, 1] == 3,
Subscript[q0, "N", 0, 2] == 0,
Subscript[q0, "N", 0, 3] == -(3/2),
Subscript[q0, "N", 0, 4] == (3 Sqrt[3])/2,
Subscript [q0, "N", 0, 5] == -(3/2),
Subscript[q0, "N", 0, 6] == -((3 Sqrt[3])/2)

1]
RevoluteJoint [0, , Subscript[u, 1][t]]
, , Subscript[u, 2][t]]

5, 1
6, 1
, 7, 1, Subscript[u, 3][t]]
2, 1
B, i
4, 1

3

RevoluteJoint [0, s
RevoluteJoint [0,
, 0]
, 0]

, 0]

bl

RevoluteJoint[1,

3 3

1
2
3
RevoluteJoint[1, 2,
3
4

RevoluteJoint[1,

> 2

4 It is worth noting that Mo2DPack automatically derives the mathematical model of a planar
mechanism using a particular version of the modular modeling algorithm that does not allow,
for example, to conceive the model of this mechanism as shown in the tree structure presented
in Figure 2.8.
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RevoluteJoint[2, 2, 5, 2, 0]

RevoluteJoint[3, 2, 6, 2, O]

RevoluteJoint[4, 2, 7, 2, 0]

AddCoordinate[
Subscript[q0, 1][t],
Subscript[q0, 1]'[t] - Subscriptl[ql, "B", 1, 3][t]
]

VariableReduction[]

DynamicModel []

All the kinematic pairs in this mechanism constitute revolute joints, being
(Bo, Bs), (Bo, Bs) and (Bo, B7) the active ones. The torques provided by the
actuators in these joints are denoted respectively by u;, v, and wus. It is sup-
posed that the mechanism is assembled in the horizontal, so that the gravita-
tional effects are not considered. Moreover, by convenience define the angular
generalized coordinate ¢.* such that ¢\” = ¢{" ,.

Figure 5.15: Representation of a 3 RRR parallel mechanism.

The following piece of code can be used to set and run an inverse dynamics
simulation “SI” in which the following generalized coordinates are prescribed:
a1 (t) = —sin(m t/2), ¢ 1(t) = sin(m t/4) and q\” (t) = (7/6)sin(T t/4):

Subscript[T,"SI"] = 16.0;

ParametersList = {
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g -> 9.8,
Subscript[m, 1] -> 1.,
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Subscript[\[Capitallotal], 1] -> 0.25,

Subscript[m, 2] -> 0.5 ,

Subscript[\[Capitallotal], 2] -> 1./6,

Subscript[m, 3] -> 0.5,

Subscript[\[Capitallotal, 3] -> 2./3

I3
InitialConditions = {

Subscript[q0, "N", 1, 1][0]
Subscript[q0, "N", 1, 2][0]
Subscript[q0, "N", 1, 3][0]
Subscript[q0, "N", 1, 4][0]
Subscript[q0, "N", 2, 3][0]
Subscript[q0, "N", 2, 4][0]
Subscript[q0, "N", 1, 5][0]
Subscript[q0, "N", 1, 6][0]
Subscript[q0, "N", 3, 3][0]
Subscript[q0, "N", 3, 4][0]
Subscript[q0, "N", 1, 7][0]
Subscript[q0, "N", 1, 8][0]
Subscript[q0, "N", 4, 3][0]
Subscript[q0, "N", 4, 4][0]

Subscript[q0, 1][0] ==
};

InverseSimulation[

llSIll s
Subscript[T,"SI"],
ParameterslList,

InitialConditions,

Sqrt[3],

-(1/2),
Sqrt[3]/2,
-(5/2),
Sqrt[3]/2,
-(1/2),

-(Sqrt [31/2),
1/2,

-((3 8qrt[3])/2),

{{"n", 1, 13}, {"N", 1, 2}, {1}},
{-1 Sin[\[Pi]l/2 #] &, 1 Sin[\[Pil/4 #] &, \[Pil/6 Sin[\[Pil/4

#]°4 &},
{1, 1},

{Subscript[u, 1], Subscript[u, 2], Subscriptl[u, 3]},

{"Discrete", 500}
]




189

Some of the results obtained in this simulation are shown in Figures 5.16 —
5.22. Moreover, Figure 5.23 shows a representation of the initial configuration
of the mechanism generated by the command Animation[0].

2.0

1.5

q<0>N,1,3,SI (m)
o

0.5

0.0

o
(&)
—
o
—
(&)

t(s)

Figure 5.16: Time history of the generalized coordinate %ﬁs in the simulation
“SI”.

1.5

-0.5

t(s)

Figure 5.17: Time history of the generalized coordinate qﬁy’h in the simulation
“SI”.
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Figure 5.18: Time history of the quasi-velocity q;%gj in the simulation “SI”.
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Figure 5.19: Time history of the input torque v; in the simulation “SI”.

190



191

Torque provided by actuator 2

t(s)

Figure 5.20: Time history of the input torque u, in the simulation “SI”.

Torque provided by actuator 3

10

g /\ /\
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Figure 5.21: Time history of the input torque us in the simulation “SI”.
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Violation of the second order constraint invariants
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0.00003

0.00002

I 3@s)

0.00001
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Figure 5.22: Inspection of the error in the numerical solution of the constraint
equations in the simulation “SI”.

Figure 5.23: Representation of the initial configuration of the mechanism in
the simulation “SI”.
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6 Conclusion

This thesis accomplishes its mission of developing a novel recursive modu-
lar modeling methodology, based on a new theorem, Theorem 2.10, that unifies
the main advantages of the conventional formalisms of Multibody System Dy-
namics. In this new perspective, it is enough to conceive a multibody system
as a hierarchical structure of subsystems that can be represented by a tree di-
agram, in which the root represents the system itself and the leaves are indivis-
ible subsystems whose models can be derived by any conventional approach,
not being necessary to use the same methodology for all the leaves.

The novel methodology presented in this work does not restrict the para-
metric description of the motion of a system to the use of coordinates, quasi-
velocities and its time derivatives only as generalized variables. Nor there is
other restriction than the need of being representable by an invariant, to the
admissible motion constraints of a system. These properties, not only ensure
a great versatility and generality to the methodology, but also enable to extend
its scope of application to other areas within the Engineering (e.g. applications
to the design of control systems based on the use of non-material programmed
constraints, cited in Section 1.3) and eventually to other types of dynamical sys-
tems from other areas of knowledge that somehow preserve some similarity to
multibody systems.

This work also illustrates with case studies and two examples of computa-
tional packages, the potential for using the novel methodology in the develop-
ment of both generic and specialized algorithms for the modeling of multibody
systems. It is evident that apart from the advantages brought by the use of
Wolfram Mathematica 10.2 (due to its wide range of built in functions and its
suitability for both symbolic and numerical computations), there is no real need
of using any proprietary software to implement packages based on the novel
methodology. Considering that one of the motivations of the development of
the novel methodology was to reduce the dependency on proprietary software
for applications to Multibody System Dynamics, it can be stated that this goal
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has also been accomplished. The effective implementation of generic and spe-
cialized open source packages based on the novel methodology, however, is
still an open issue. The candidate intends to implement an open source version
of MoSsPack in Python soon.

It is also worth mentioning the discussions on linearization of equations of
motion performed in Section 4.5, which led to a new algorithm for obtaining
linearized least squares approximations for orthogonal complement matrices
(Proposition 4.4).

As future perspectives, some of the following topics can be explored, based
on the contribution presented in this work:

» Development of several specialized algorithms based on the novel modu-
lar modeling methodology, for different areas in Mechanical Engineering.

» Design of new model-based control strategies inspired by the hierarchical
modular conception of multibody systems.

» Extension of the methodology for problems involving contact and impact
in which there are impulsive forces and constraints expressed by inequal-
ities.

» Extension of the methodology to Continuum Mechanics, i.e. to infinite
DOF systems, for applications in problems of Fluid Mechanics, Fluid—
Structure Interaction, Elasticity, Plasticity, etc.

* Improved and optimized algorithms based on the novel modular modeling
methodology for applications in Finite Elements Analysis (the candidate
has already started some studies in this area).
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Appendix A - Use of energy-like functions
in the modeling of multibody systems

A.1 Generalized inertia forces and energy-like
functions

Let # de a v#-DOF multibody system whose constraint order is equal to
v°. Assume that the generalized variables of .Z are trivial above first order and
that it is possible to express the corresponding Gibbs-Appell function (see Sec-
tion 3.3.1) as follows: S = S(t, g%, g¥, gV). Following a derivation similar to
the one that led to equation (3.112), it can be stated that the unconstrained gen-
eralized inertia forces associated to .# are given by the following expression:

05
'f = a0 (A1)
Now consider that expression of the kinetic energy of .Z is known. The follow-
ing proposition can be established.

Proposition A.1. Assume that the expression of the kinetic energy of ./Z is
expressed as a function of time t and of the generalized coordinates of the
model of .# along with its time derivatives, i.e. T = T°(t, ¢'%, ¢'*). The un-
constrained generalized inertia forces associated to . are given the following

o S(0)N\T . .
If = — g iﬁi — i (A.2)
8q<1> dt aq<0> aq<0>

Proof.Assume, without any loss in generality that the kinetic energy of ./ is

expression:

given by equation (3.58). Suppose that r, represents the position vector of a
point p, of ./ with respect to a coordinate system N rigidly attached to an inertial
reference frame N. It can be stated that:

dI‘k d

_ 9 9 81'/( - (0) ark
dt dt

(re(t, @) = + o =vi(t.d?.d7)  (a)

VK = 9q© 9 ot
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Thus:
d(Ovik\ d 0\ 0 [0r N Ori\  Ovi (b)
dt\8g©@ ) ~ dt\aq® ) ~ aq@ \aq@ T T 5t ) T 6q©@
Moreover:
d 87*  AT* d ovy Ovi
dtog®  9q0 - ;(a(mkm”k) Mg )
aV; . aI‘k .
:ka—f 'szzmk—_ "V (c)
- 8" - 2q©
Finally:
aq<0> T d 87__. _o aI_‘k 8q<0)
. Tr A0 Z MeVic \ 307 A
aq<1> dt 8(](0) 6q<0 aq(0> aq(1>
:kavk-Vk:—If (d)
k
This completes the proof. O

Assume now that the kinetic energy is expressed as a function of time ¢, of
the generalized coordinates ¢‘® and of the quasi-velocities g’ of the model of
Miie. T =T(t g% g). It can be stated that:

(.4, 49) =T (t,a”, a"(t. 4%, ¢)) (A.3)
Thus:
. b (I)\T
6._7__: °q - 6_7—_ (A.4)
aq<0> 8q<0> Gq
T* T oq'h T
oT _ 0 q AT (A5)
aq<0> Gq(o) aq 8q(1>
Define:
¢ ag(O) T
N0,0 = (3q<1>)
aq<1> d aq(l) aq(O) T
q dtaq oq't)
N1 = a
8q 80 oq®

Replacing equations (A.4, A.5) in the expression (A.2), it can be stated that:

oT oT d 0T

I . -
f=Noo—or 5q o T Nox 55y B + Ni1 dt oq

(A7)

Example A.1 (Modeling of a spherical pendulum). Back to Example 4.1, con-
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sider the second version of the model in Cartesian coordinates, in which
q'® = (x,y,z) and ¢!V = (x,y,z v) with v = x> + y? + 2. The kinetic en-
ergy of this system can be expressed as follows:

muv
T=—
: (a)
It can be stated that:
0
oT or 1| 0 d oT
oq oqy 2 0 dt oqtV
m
Moreover, from equation (A.6):
— - T - -
1 0 O 0 00 —2x
1000
d 0 1 0 0 00 —2y
Noy= | -5 0100 = (c)
0 0 1 000 —2Z
0010
2x 2y 2z 000 O
Finally, using equation (A.7):
000 —2x 0 —mXx
11000 —2y 0 —-my
'f = 5 = (d)
000 —2Z 0 -mz
000 O m 0

Comparing to Example 4.1, it can be noticed that this last expression corre-
sponds to the unconstrained generalized inertia forces associated to the model
of M. O

Proposition A.2. Let F be a motion variable defined by a class ¢* function
F=F(t, ¢, ¢), with p > 1. Let:

FO) — FO) (¢, qlen)) %(E(t, ) (A.8)

It can be stated that (JARZEBOWSKA, 2009):

d (8F\ 1(0F® [0\ 8F AQ
dt \8g® ) ~ p \ agn \ag® ) 5qO (A.9)
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Proof.First of all, note that:
d oF GZF 82/—_ - (0) a2l_— )
dt\3¢% ) ~ atoq T 4 D a
d (aq_§1>> ot o " Z 847 g & " ; 8q7 ag™ - @)

Assumlng that g = q<0> (t, g'V), this expression can be rewritten as a function

of (t, g‘*)). Moreover, for p = 1:

oF
(1 _ (1)
= Za <0>q +Za <1>qk (b)

oFM  &?F 2F . PF
— — — + —_qi + —_q.
o7~ oeoq) T aqToqy ¢ 2 ooy o

oF 8¢
+ Z 507 947 (c)
Thus:
1(6_5)_(65_”_26_529> @
dt BCIS-D 8Cl1<jl> i 8Cl.<,-0> aq§l>
Also, for p = 2, it can be stated that:
0%F O?F
F<2’—Zc‘7<-1>(2 = +Z2— 22 gy
J ) (0) <1> k
T 0tdq; — 0q; Py 8

0%*F <1>) ( oF 84" ) ~
4+ — + q + F( ) (e)
6q_<1-1> aq<J_1 q; Z Z 8q<0> 8q (1)
with F@ representing all the terms of F® that are independent of c'/_<jl>. Thus:

or® ( 0%F 0%F F .
- =2 —=— = C'7<I_0> + = q(k))
gy ot 9g'” Z 89" oq' 2 aq'y 8g'"

k

oF 0"
"2 g 2 X

Therefore:

d ( oF ) _ 1(6E(2) —Z OF ac‘z“”) @)
dt\aq}/  2\aq}" 8q" g

J
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For p > 2, it can be stated that:

82F B2F B2F
Fo) _ pq<_pl>< E . E_ 4o, q<1>>
Z J ataqSD Z aq-sp)aq-(jl) h Z aqk>a (1)

J

OF aq<°>) -
(pI1) g ¥ (o)
o of :
2N 2500 g "
oF® ( 0%F 0%F 0%F
- _ = = - (0) = (1)
m — P +Z q; +Zﬁqk>
dq' otoq  “ aqYaqt ~ 0q\Yaq"
oF 04" |
T2 5.9 ot (i
Zi: aqﬁo) ) q,<jl>
Finally:
i( OF ) _1<GE(”) _y O 69.@) 0
t\aq)") " \oqfT % 04 o]
This completes the proof. H
Define:

oG 1 09 0q™ 0 \"
=\ g™ " 53q" 8G g™

N 8g"  d 8¢\ g T
foa = (( dq dt 94 )8q<1>) (A.10)
prp o _5 aq aq(:[)

According to the result presented in Proposition A.2 equation (A.7) can be

\

rewritten as follows:

6I+N§ O | N o7 (A.11)

=N 13 ) ppaqpu

0,0 a
Particularly, for p = 1, it can be stated that:

oT oT aTW

= Noo 50+ Mo 5oty + Nia 5oy (A.12)

Proposition A.3. There is a square matrix M, called unconstrained general-
ized inertia matrix, and a column-matrix °f, whose elements are called uncon-
strained generalized gyroscopic inertia forces, such that:

f=-M(t,q.q") g™ +°f(t, q,.q") (A.13)

Moreover it can be stated that matrix M is symmetric and its elements can be
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obtained as follows:
O f; oS

Mij=——m = =m0
o4y 04y 0q

(A.14)

Proof.Noting that (8T /0q") and (8¢‘"! /84g) can be expressed as functions of
(t.q.q), it can be stated that, in equation (A.7), there can only be terms
dependent of ¢’ when the following time derivatives are obtained:

d / 6T o d [0g‘V
dt \ ogV dt\ 0q

Once the terms in which the variables ¢‘% appear are associated with time

derivatives of terms expressed as functions of (t, g, gV), it can be stated that
If is an affine function of ¢‘’. Particularly, M can be obtained as follows:

o4 \' 8 (d [[0qV\ oT
M= {30 ) 3¢5 \at\ | 3¢ ) 3a® (a)
aqV ) agm \ dt dqg ) aq
Moreover, from equation (A.7), it can be noted that the column-matrix:
°f ='f + Mq" (b)

can be expressed as a function of t, of the generalized coordinates g and of
the quasi-velocities ¢‘, only. Finally, once 'f is an affine function with respect
to gV it can be stated that:

o'f; oS oS 0'f;
Mj=——-= = = =—— 39 =M (c)
! - (1) (1) 5 :(1) (1) 5 4(1) . (1) S
0q; 0q;" 0q; 9q;'0q; 0q;;
This completes the proof. ]

A.2 Kinetic energy and Gibbs-Appell function of
a rigid body

In order to develop algorithms to derive the equations of motion of a multi-
rigid-body system, it is convenient to be able to obtain directly the expressions
of the kinetic energy and Gibbs-Appell function of a rigid body from a description
of its instantaneous motion, given by the velocity of its center of mass and by the
angular velocity of the body with respect to an inertial reference frame, along
with its inertia properties, given by its mass and inertia tensor with respect to
its own center of mass.

Let B denote a tridimensional rigid body which will be modeled as a contin-



209

uous system of finite mass m. Denote by v the velocity of an arbitrary point p
of B with respect to an inertial reference frame N and let v* denote the velocity
of its center of mass b* with respect to N, o denote the angular velocity of B
with respect to N and r denote the position vector of p with respect to b*. It can
be stated that (TENENBAUM, 2004):

v=v+wXr (A.15)
V=v+oXr+owxX(wxr) (A.16)

Denote by u the density function of B which will be supposed to be an
integrable function defined for each point of B. Assume, by hypothesis, that u is
not dependent of time t. Once B is a rigid body, its volume is also independent
of t, and the identities in equation (3.4) are valid. The kinetic energy of B can
be computed as follows:

T:/B %(V—v)p,dB (A7)

Replacing the expression of v given by equation (A.15), it can be stated that:

1
T:/§(V*~V*—|—2V*-(wxr)—i—(wxr)-(a)xr))udB (A.18)
B

Using the properties of dot and cross product, this expression can be simplified
as follows:

1

T== (v*-v*)/udB+(v* xm)-/rudB
2 B B
1
—§/r~w><((o><r)ude (A.19)
B

And, applying the identities in equation (3.4):

T:%m(v*,v*)_%/r.wx(wxr),u,dB (A20)
B

For further simplification, it must be considered that for any pair of vectors x
and y:

xX(xxy)=(xy)x—(x-x)y (A.21)

Thus, the expression of the kinetic energy of B can be rewritten as follows:

1

T = % m(v*-v*) + 5/3 ((co co)(r-r)—(o- r)z) wudB (A.22)

Once the vector w does not vary within the domain of B, the inertia tensor
I of B with respect with its center of mass can be defined as being the second
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order tensor for which given any pair of vectors' x and y:
I-X—/rx(xxr)u,dB—/((r-r)x—(x-r)r)u,d‘B (A.23)
B B
x-(Ly) = [ (e ¥)n) -y udb=y- (%) (A24

Due to the commutative property of the dot product, it can e stated that I ten-
sor is a symmetric second order tensor, being possible to compute the kinetic
energy of B as follows:

1 1
T:Emv*-v*—iri(o-I-m (A.25)

Analogously, the Gibbs-Appell function associated to the generic rigid body
B is given by:

1
S _/ —(v-v)udB (A.26)
g 2
Considering that v =v* 4+, withif = ® X r + o X (@ X r):

1 1
5:—(v*.v*)/ud3+v*./ fudBJr—/(i*«i*)udB (A.27)
2 B B 2 B

Applying the identities in equation (3.4):

S= % m(v*-v*) + % /B (f-F)udB (A.28)
Note that:
i F=(oxr)+2(@xr) (0x(0xr))+(0x (0x1))? (A.29)

Thus, it can be stated that:

/3(d)xr)-(o')xr)udfiz—/Br~d)><((;)><r)p,d$:d)-(1-<b) (A.30)

Also using equation (A.21):
A (6% 1) (@ x (6 % 1)) 1 dB
:/B (@xr) (0 r)ow—(0-o)r)udB

:(b-/g(rxw)(oo-r)udB (A.31)

"It is important to highlight that r is a function defined for each point of B that gives the
position of the point with respect to b*, while x and y are treated as arbitrary vectors that do
not vary within the domain of B.



211

It can be proved that (KANE; LEVINSON, 1985):

/B(rxm)(oo-r)udﬂ_mx(l-m) (A.32)
For the last term, the identity of equation (A.21) can be applied leading to:
[ @ 0xx)-(ox (@xr)uds
- [ (@ oftn) - (@ 10 ) uas
(@) [ (@) 1)~ (@ 1) uis = (0 0) (@ 10) (A33)

Therefore, the Gibbs-Appell function for a generic rigid body B can be com-
puted by the following expression:

5:%mv*~\'f*+%(d)‘1-(b+2(b-(w><I-o))+((o~(o)(oo~1-w)) (A.34)

A.3 Generalized forces in a multi-rigid-body sys-
tem

Let B be a rigid body, which is conceived as a continuous system of finite
and constant mass. Let N denote an inertial reference frame and consider that
N is a coordinate system rigidly attached to N. Denote by v the velocity of a
generic point p of B and by v its acceleration, both measured with respect to N.
Define & as a mechanical system constituted by B only. Eventually, & might
have other constraints than the ones imposed by the rigid body condition, being
a v*-DOF system whose constraint order is equal to v°.

Using a notation similar to the one adopted in Section 3.1, it can be stated
that the Principle of Virtual Power for &% can be written as follows:

AP+ 1P <0 (A.35)

with the virtual power associated to the active and inertia forces defined re-
spectively by:

Aﬁ:/ 5V.Aydg+/ Sv o dos + 3 Bvy - (A.36)

B On k

1/5:—/ §v-vudB (A.37)
B

Note that in these equations “y, “o and “f, refer to the active force system acting
on B only, i.e. there are no parcels in these terms associated to constraint
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forces.

Denoting by v* the velocity of the center of mass b* of B and by w the
angular velocity of B with respect to N, it can be stated that whenever it can be
assumed that ér = 0, then:

v =08v' 4+ 0w X (A.38)

Take an integer 0 > max{1, v°}, assume that it is possible to express v*
and w as explicit functions of the generalized variables defined for 98 up to first
order, i.e. v = v*(t,q'%, ¢¥) and o = w(t, ¢'¥, ¢'?"), and define, in analogy
to equations (3.108) and (3.137):

ov* 8q(cﬂ1) A aq<all)
gV 8q‘) ~ 9@ 8q©@

*

(A.39)

Thus, the unconstrained generalized active forces of & are defined as follows:

A=V A 4 QA (A.40)

¥:/ANB+/‘%&E+ZFﬂ (A.41)
B dg P

At*:/ rxAydB+/ rXA6d593+Zrk><Afk (A.42)
B dg P

Analogously, the unconstrained generalized inertia forces of % are computed
by the following expressions, see equations (3.7) and (3.8):

F=V" . f4+Q t* (A.43)

If:—/}ﬂdﬁ:—mv* (A.44)
B

Iﬁz‘/vmmvwﬁz—ﬂﬂ®+wXﬂ“wD (A.45)
B

with m denoting the mass of B, and I"* representing the inertia tensor of B with
respect to its center of mass b*. Equation (A.43) can alternatively be obtained
from (A.1) using the expression of S in (A.34) or from (A.7) or (A.11) using the
expression of 7 in (A.25).

Let .# be a multibody system constituted by a finite number of rigid bodies,
generically denoted by B,. Use the subscript r to denote the physical quantities
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associated to B,. It can be stated that for ./Z:

M=) (Vi + QM) (A.46)

r

F==> (Vi (m¥)+Q I o+ x (I o)) (A.47)

r

Therefore, the modeling a multi-rigid-body system involves the following steps:

(1) Define a set of generalized variables which must be sufficient and ade-
quate for describing the motions performed by this system.

(2) Obtain invariants associated to constraints which are not automatically
imposed by the chosen variables, if any.

(3) Describe positions, velocities, angular velocities, accelerations and an-
gular accelerations in terms of the defined variables and geometric pa-
rameters of the model.

(4) Provide, for each rigid body, the mass and the inertia tensor with respect
to its own center of mass (which is typically represented in matrix form,
in terms of its components associated to a coordinate system rigidly at-
tached to the body).

(5) Describe, in terms of the generalized variables and physical parameters
of the model, the active force systems acting in the system.

After these steps, the unconstrained active and inertia forces of .# can be ob-
tained from equations (A.46) and (A.47), begin possible to complete the deriva-
tion of the equations of motion of .Z applying the modular modeling algorithm
presented in Section 4.2.

Finally, it is important to highlight that all the results presented in Section A.1
are applicable for .# once the corresponding Gibbs-Appell function and kinetic
enery are computed as follows?:

S [ 5@ nuen =X (Fm (59 + 36, 1)
For (o x (o)) + 3o o) (o (o)) (A9

T - Z/B (v v)udB, = > (% (Vi Vi) o (I wr)> (A49)

2 The corresponding demonstrations are totally analogous to the ones presented in Sec-
tion A.1 and will be omitted from this text.
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