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Zusammenfassung

In dieser Dissertationsschrift wird die numerische Integration von allgemeinen quasi-
linearen differentiell-algebraischen Gleichungen (DAEs) hinsichtlich der numerischen
Simulation von Mehrkorpersystemen untersucht. Basierend auf den Resultaten wur-
den zwei neue Algorithmen zur numerischen Integration allgemeiner Bewegungsglei-
chungen, wie sie in der industriellen Simulation vorherrschen, entwickelt und im-
plementiert. Im Vordergrund dieser Arbeit stehen insbesondere drei Schwerpunkte,
die nachfolgend erléautert werden.

Der erste Schwerpunkt liegt in der Untersuchung quasi-linearer DAEs in ihrer all-
gemeinsten Form. Diese konnen sowohl iiber- als auch unterbestimmt sein und ihre
fiihrende Matrix und rechte Seite hdngen dabei sowohl vom Zustand als auch von
einer vorgegebenen Steuerfunktion ab. Als Grundlage der Untersuchung wird eine
iterativ arbeitende Prozedur entwickelt, die eine Analyse der DAE ausschliefllich
basierend auf relevanten Gleichungen sowie deren Ableitungen erlaubt. Hierdurch
ist der Aufwand gegeniiber anderen Analysekonzepten deutlich reduziert. Diese
Prozedur ermdglicht die Bestimmung grundlegender Eigenschaften quasi-linearer
DAEs, insbesondere des maximalen Zwanglevels, was bei reguliren DAEs dem
Differentiationsindex gleich kommt. Basierend auf dieser Prozedur wird eine Re-
gularisierungsmethode fiir allgemeine quasi-lineare DAEs entwickelt, die auf eine
aquivalente DAE fiithrt, welche aufgrund ihrer vorteilhaften Eigenschaften als Basis
einer robusten numerischen Integration sehr geeignet ist. Basierend auf impliziten
Runge-Kutta-Methoden wird ein Diskretisierungsverfahren entwickelt, welches in
effizienter und einfacher Weise die Regularisierung der DAE und das Ldsen der
entstehenden linearen Systeme miteinander verbindet.

Die Untersuchung allgemeiner Bewegungsgleichungen fiir allgemeine mechanische
Mehrkorpersysteme bildet den zweiten Schwerpunkt. Die Ergebnisse vorhergegan-
gener Untersuchungen hinsichtlich allgemeiner quasi-linearer DAEs werden auf die
Bewegungsgleichungen unter groftmoglicher Ausnutzung von Strukturen der Be-
wegungsgleichungen angewandt. Mit Hilfe der Prozedur werden die grundlegen-
den Eigenschaften der Bewegungsgleichungen bestimmt und die Existenz und Ein-
deutigkeit von Losungen untersucht. Zudem wird eine Regularisierung erarbeitet,
die in einfacher und effizienter Weise durchfithrbar ist und als Grundlage einer ef-
fizienten und robusten numerischen Integration dient.

Ausgehend von den Resultaten der Untersuchung der Bewegungsgleichungen wer-
den als dritter Schwerpunkt zwei neue Integrationsalgorithmen entwickelt, welche
die Integration allgemeiner, in industriellen Anwendungen vorherrschender Bewe-
gungsgleichungen ermoglichen. Dabei wird, aufbauend auf einer Kombination aus
entwickelter Regularisierungstechnik und Diskretisierung, unter Ausnutzung der
vorherrschenden Struktur eine sowohl robuste als auch effiziente Integration er-
moglicht. Versteckte Zwangsbedingungen wurden dabei ebenso beriicksichtigt wie
eventuelle Losungsinvarianten. Abschliefend wird die Effizienz und Robustheit
dieser numerischen Algorithmen anhand mehrerer Anwendungsbeispiele demonst-
riert und mit herkémmlichen numerischen Algorithmen verglichen.
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Abstract

In this thesis we discuss the numerical integration of general quasi-linear differential-
algebraic equations (DAEs) in view of the numerical simulation of multibody sys-
tems. Based on the obtained results we develop and implement two new numerical
algorithms for the numerical integration of general equations of motion as they ap-
pear in industrial applications. This thesis is focused on three topics as elucidated
in the following.

The first topic involves the consideration of quasi-linear DAEs in their most general
form which may be underdetermined or overdetermined. Their leading matrix and
the right-hand side depend on the state as well as on a given control function. As
a base for the analytical considerations we develop an iterative procedure which
enables us to investigate the quasi-linear DAE. This procedure is only based on
relevant equations and their derivatives. This fact reduces the effort significantly
in comparison with the use of other analysis concepts. This procedure allows the
determination of characteristic properties of a quasi-linear DAE, in particular, the
maximal constraint level which corresponds to the differentiation index in case of
regular DAEs. Furthermore, based on this procedure, a regularization technique
for general quasi-linear DAEs is developed. This regularization technique yields an
equivalent DAE which is suited for a robust numerical integration because of its
favorable properties. Based on implicit Runge-Kutta methods we develop a dis-
cretization technique which connects in an efficient and simple way the developed
regularization technique with the solution of the occuring linear algebraic systems.
The investigation of general equations of motion for general mechanical multibody
systems is the second topic of this thesis. The obtained results with respect to
general quasi-linear DAEs will be applied to the equations of motion by maximal
exploitation of their structure. By use of the procedure the characteristic properties
of the equations of motion will be determined and the existence and the uniqueness
of a solution will be discussed. Furthermore, a simple and efficient regularization
technique adapted to the equations of motion will be developed. This serves as a
base for an efficient and robust numerical integration of the equations of motion.
The third topic in this thesis is the development and the implementation of two new
integration algorithms for the numerical integration of equations of motion in their
general form as discussed previously. These algorithms are based on the combina-
tion of the regularization and discretization technique discussed above and exploit
the structure of the equations of motion. Therefore, they allow an efficient and
robust numerical integration. Hidden constraints as well as possible solution invari-
ants are respected. Concluding, the efficiency and robustness of both algorithms
applied to several examples are demonstrated in comparison with other commonly
used numerical algorithms.
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Chapter 1

Introduction

Mechanical systems have played an important role for the development of human
civilization. Simple mechanical systems like the lever, the wheel, or the cable winch
were the first attainments which facilitated the construction of large buildings and
monuments. Further developments to more complex mechanical systems, like doors,
windows, simple bridges, transportation vehicles, or ships were the consequence.
However, all these mechanical systems were built without detailed knowledge about
their dynamical behavior just by trial and error.

But the interest in the understanding and description of dynamical processes was
growing, such that in the 17th century arose a new field of natural science, the
analytical mechanics. Analytical mechanics considers nonrelativistic mechanics of
mass points and rigid bodies. The most famous celebrities related to analytical
mechanics are Galilei!, Huygens?, and foremost, Newton?3.

The so-called Newtonian mechanics is mainly based on the three Newton axioms
which were published in 1687 in [128]. The central equation of the Newton me-
chanics is the second Newton axiom F' = m& which describes the relation between
a force F' acting on a mass point with mass m and its acceleration &. This was
the first time in the history of natural science that a mathematical foundation for
the description and mathematical computation of mechanical observations and ex-
periments were avaliable. However, from the current point of view, the Newtonian
mechanics has two disadvantages. First, for the description of constrained motions,
the constraint forces must be computed very laboriously. Therefore, the establish-
ing of the equations is very difficult. Secondly, the transformation from cartesian
coordinates to other coordinates is rather complicated.

In 1788, Lagrange* published a new concept of analytical mechanics in [110] which
avoids these disadvantages of the Newtonian mechanics. Today it is known as
Lagrangian mechanics and it is more abstract than Newtonian mechanics. The
principle items of the Lagrangian mechanics are the Lagrange equations of type
one and type two. These equations form the basis for further developments in the
mechanics. Because of their simplicity and their simple extension to holonomic as
well as nonholonomic constraints in general, they are one of the most suitable for-
malisms to determine the equations of motion, i.e., the equations which describe
the motion of mechanical systems.

The derivation of the Lagrange equations is based (besides the second Newton ax-

lGalileo Galilei (born 1564 in Arcetri, Italy - died 1642 in Arcetri, Italy)

2Christiaan Huygens (born 1629 in The Hague, Netherlands - died 1695 in The Hague, Nether-
lands)

3Sir Isaac Newton (born 1643 in Woolsthorpe, Lincolnshire, England - died 1727 in London,
England)

4Joseph-Louis Lagrange (born 1736 in Turin, Sardinia-Piedmont (now Italy) - died 1813 in
Paris, France)



2 CHAPTER 1. INTRODUCTION

iom) on the d’Alembert’s® principle of virtual displacements, e.g., see [17, 148, 174,
180], that results in the fact that constraint forces do not introduce any work in
the mechanical system, a fact that cannot be derived from Newtonian mechanics.
By application of d’Alembert’s principle the constraint forces disappear from the
equations.

The Lagrangian mechanics can also be derived from the HamiltonS principle of least
action, e.g., see [17, 148, 174, 180]. Hamilton developed this variational principle
in 1823. It is based on the fact that the motion of a mechanical system acts in an
extreme way. In particular, the Hamilton principle is equivalent to the Lagrange
equations of type two.

However, the derivation of the model equations describing the motion of mechani-
cal systems is not the largest problem in the investigation of mechanical systems.
Rather, the solution of these model equations was and often still is a difficult prob-
lem. Furthermore unfortunately, an analytical solution is only in rarest cases pos-
sible.

Independent of the progress of mathematical modeling of mechanical systems and
the difficulties in the solution of the model equations, the progress in the develop-
ment and in the construction of more and more complex mechanical systems was
unrestricted. Already in 1769 James Watt” constructed the first industrially ap-
plicable steam engine, which is seen as the first important invention of the 18th
century. In 1771 Richard Trevithick constructed the first locomotive, in 1886 Karl
Benz® constructed the first automobile, and 1903 was the beginning of modern aero-
nautics with the first motorized flight by Orville? und Wilbur!® Wright.

But the problem in the computation of the dynamical behavior of complex mechan-
ical systems were unchanged or impossible because of the amount and complexity
of computation. In 1941 Konrad Zuse'! constructed the first electro-mechanical
computer which in its modern form offered the possibility to master the amount
and the complexity of the accruing computations in a numerical way.

In the 60s of the 20th century the demand for more complex and more detailed
models increased. In particular, in the aircraft and space industry such models
were of growing interest. This demand was favored by the development of more
powerful computers which made it possible to handle such large models as they are
necessary in these technologies. The multibody system approach provides the ba-
sic methodology [86, 147, 154] for modeling such mechanical systems. During this
period a new research field of mechanics arose, the multibody dynamics. Favored
by the computer technology, the first numerical formalisms for the description of
multibody systems were developed and presented in [91].

In the 80s the first software packages were developed which include the modeling
as well as the numerical simulation and animations, see [154, 160].

In the last decades the need for automatic multibody system simulators in in-
dustry increased. Therefore, much work has been spent in the numerical treat-
ment of differential-algebraic equations describing the motion of multibody sys-
tems. Considerable advances in the theory and development of computational
methods have brought a variety of codes that have been designed for the au-
tomatic modeling, analysis, and numerical integration of such systems, see, e.g.,
[3, 33, 85, 98, 122, 131, 144, 150, 154, 164].

5Jean d’Alembert (born 1717 in Paris, France - died 1783 Paris, France)

6Sir William Rowan Hamilton (born 1805 in Dublin, Ireland - died 1865 in Dunsink near Dublin,
Ireland)

7James Watt (born 1736 in Greenock, Schottland - died 1819 in Heathfield, England)

8Karl Friedrich Benz (born 1844 in Karlsruhe, Germany - died 1929 in Ladenburg, Germany)

90rville Wright (born 1871 in Dayton, Ohio, USA - died 1948 in Dayton, Ohio, USA)

OWilbur Wright (born 1867 in Millville, Indiana, USA - died 1912 in Dayton, Ohio, USA)
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Today, mechanical multibody systems are used in many applications like vehicle
dynamics, aeronautics, biomechanics, and robotics, e.g., see the journal "Multibody
System Dynamics’ published from Springer Science+Business Media B.V. and also,
in particular, [11, 86, 147, 154, 166]. While the kinematical and dynamical model-
ing of mechanical systems is well developed and automated, see [1, 41, 147, 156],
the numerical integration of the arising model equations is still a large field under
consideration.

Since in any constrained mechanical system joints connecting bodies restrict their
relative motion and impose constraints on the generalized coordinates, the model
equations, e.g., derived from Lagrangian mechanics, form a system of differential-
algebraic equations, which combine differential and algebraic equations. While the
numerical behavior of ordinary differential equations is well understood, the ana-
lytical and numerical behavior of differential-algebraic equations as well as their
theoretical background are more complicated and quite different from ordinary dif-
ferential equations, see [32, 66, 69, 133].

Obviously, the class of ordinary differential equations is a special case of differential-
algebraic equations and their numerical treatment is well understood. Furthermore,
it was observed that certain classes of differential-algebraic equations create slight
difficulties, while the treatment of other classes of differential-algebraic equations
is more difficult. Therefore, it became necessary to classify differential-algebraic
equations with respect to their difficulties arising in their analytical and numerical
treatment. This classification was done by introduction of several index concepts
[25, 66, 69, 73, 79, 82, 100, 102, 132, 138, 145], which offer a measure of difficulty in
the treatment of differential-algebraic equations. It was observed that differential-
algebraic equations of lower index behave similar as ordinary differential equations.
Consequently, a large variety of numerical methods and software is developed to
integrate lower index problems, e.g., [45, 79, 90, 135]. But the situation is quite dif-
ferent for higher index problems. Here, some problems like order reduction, drift,
hidden constraints, consistency of initial values, and instabilities complicate the
treatment of such systems. Unfortunately, the differential-algebraic equations aris-
ing from mechanical systems are such higher index problems.

A simple discretization of higher index problems typically did not lead to success
and it was necessary to transform the higher index problems to lower index prob-
lems with more convenient properties regarding the numerical treatment. This
process is called regularization of differential-algebraic equations. Consequently,
regarding higher index differential-algebraic equations it becomes necessary to con-
sider discretization methods in connection with some regularization methods. In
the last three decades large effort has been spent in order to investigate differential-
algebraic equations arising from mechanical systems and to avoid the numerical
difficulties mentioned above. Also software has been developed which exploits the
special structure of the systems arising in mechanical systems in several ways, e.g.,
[22, 118, 163, 164].

The aim of this thesis is to consider differential-algebraic equations in quasi-linear
form of an arbitrary high index concerning numerical integration combined with a
regularization strategy. In particular, these considerations are important and very
helpful for the numerical integration of differential-algebraic equations arising in
mechanical systems. These facts enable the development of a numerical code which
integrates the differential-algebraic equations arising in mechanical systems in an
efficient and stable way. Based on the investigations and the developed regulariza-
tion of quasi-linear differential-algebraic equations two new codes will be developed.
Furthermore, the efficiency of these codes will be demonstrated via several mechan-
ical examples.

This thesis is organized as follows. Chapter 2 contains some preliminary results.



4 CHAPTER 1. INTRODUCTION

In Section 2.1 we will investigate smooth matrix operations that play an important
role in the investigation of differential-algebraic equations and, in particular, in the
treatment of the model equations arising in mechanical systems. Mainly, we will ex-
tend known results regarding a singular-value-like decomposition for matrix valued
functions depending on several variables. Furthermore, the investigation of general
multibody systems demands the analysis and numerical solution of systems of non-
linear equations. Here, the classification and regularization of redundant systems of
nonlinear equations are important for further investigations, see Section 2.3. In Sec-
tion 2.2 we will develop a convenient notation for the frequently used tensor-vector
multiplication. Furthermore, frequently used definitions and tools from functional
analysis and linear algebra are introduced in Sections A.1 and A.2, respectively.
Chapter 3 is concerned with differential-algebraic equations. In this chapter we will
review and develop the most relevant topics for the analytical and numerical treat-
ment of differential-algebraic equations with respect to the numerical integration of
the equations of motion of multibody systems. In Section 3.1 we will review some
preliminaries. Furthermore, in Section 3.2 we will review several index concepts
of differential-algebraic equations, in particular, the so-called differentiation index
(d-index) and the strangeness index (s-index). Since we will not restrict our investi-
gations to regular differential-algebraic equations where, in particular, the number
of equations equals the number of unknowns, it is necessary that we will base our
investigations on the s-index which generalizes the d-index to such systems which
are allowed to be over- or underdetermined. In our considerations the overdeter-
mined case is of great importance. Furthermore, in Section 3.3 we will consider
different types of linearizations of differential-algebraic equations.

A main topic of this thesis is the regularization of differential-algebraic equations, in
particular, such of quasi-linear form with state depending leading matrix. We will
give an overview of certain commonly used regularization techniques in Section 3.4.
In particular, we will discuss the still widely used regularization by differentiation
of the constraints and the recently developed strangeness concept. Subsequently,
in Section 3.5 we will investigate quasi-linear differential-algebraic equations. In
that section we will develop a procedure which can be used as general tool for
the treatment of quasi-linear differential-algebraic equations. By use of this pro-
cedure it is possible to analyze quasi-linear differential-algebraic equations and to
define the solution manifold, hidden constraints, the minimal reduced derivative
array, and the maximal constraint level. Furthermore, this procedure provides an
approach for a regularization technique of quasi-linear differential-algebraic equa-
tions of an arbitrary index which is similar to the strangeness concept but less
technical in its execution. Furthermore, the regularization of general quasi-linear
differential-algebraic equations based on this concept is discussed in detail. This
regularization technique may be used for the numerical integration, e.g., by use of
Runge'?- Kutta'? methods.

We will discuss the numerical integration of quasi-linear differential-algebraic equa-
tions in Section 3.5.4, i.e., we will develop a discretization scheme by use of Runge-
Kutta methods applied to quasi-linear differential-algebraic equations, subsequently,
we will discuss the efficient solution of the arising nonlinear systems by use of a sim-
plified Newton iteration method. In particular, we will discuss the relation between
decomposition techniques for the linear systems arising in the simplified Newton
iteration process and the developed regularization technique. Based on these con-
siderations, we will present a decomposition technique which corresponds to the
discretization of the regularized quasi-linear DAE and therefore, is suitable for the
use of the numerical integration of quasi-linear differential-algebraic equations of

12Carle David Tolmé Runge (born 1856 in Bremen, Germany - died 1927 in Gottingen, Germany)
3Martin Wilhelm Kutta (born 1867 in Pitschen, Upper Silesia (now Byczyna, Poland) - died
1944 in Firstenfeldbruck, Germany)



arbitrary high index. Chapter 3 will conclude with an overview over numerical in-
tegration methods that are suited for several types of differential-algebraic systems,
see Section 3.6.

In Chapter 4 we discuss equations of motion of multibody systems arising in indus-
trial applications. In a large part of the literature equations of motion in standard
form are discussed including the dynamical equations of motion according to some
holonomic constraints. But in industrial applications more complex equations arise
which include friction effects, contact force laws, dynamical force elements, non-
holonomic constraints, and in some cases redundant constraints. Therefore, we will
focus our investigations on the most general case including all these features. In
Section 4.1.1 we will briefly discuss the modeling procedure according to Hamilton’s
principle of least action with respect to unconstrained motions. This principle leads
to the Euler'® equations, which form the equations of motion of a free multibody
system as a set of ordinary differential equations. Afterwards, in Section 4.1.2, we
will consider certain types of constraints, in particular, holonomic and nonholonomic
constraints, which restrict the free motion. The consideration of constraints leads
to the Euler-Lagrange equations as a set of differential-algebraic equations. The
modeling procedure will be illustrated by several examples. Another important as-
pect in the numerical integration of dynamical systems are solution invariants, e.g.,
conservation of the total energy or conservation of the impulse, which are satisfied
by every solution of the equations of motion. Unfortunately the numerical solution
in general does not satisfy the solution invariants and, therefore, has to be consid-
ered very carefully as discussed in Section 4.1.4.

The deal of detail in the model equations representing the dynamical behavior of
mechanical systems may be quite different depending on the necessity for different
aspects of the motion and on the wish for information about the motion of mechan-
ical systems. Furthermore, the equations of motion of mechanical systems provide
a high measure of structure which should be exploited during the (numerical) in-
tegration process. Therefore, the model equations should be classified into several
classes depending on the degree of information. In Section 4.1.5 a classification of
the equations of motion is given. It ranges from the very simple form of the state
space equations up to the general form of the equations of motion containing holo-
nomic as well as nonholonomic constraints which may be redundant. Furthermore,
contact points and hydraulic force elements are of great interest in the investiga-
tion of industrial applications. Subsequent to the investigation of the modeling of
mechanical systems, we will investigate the properties of the equations of motion of
the most general form with respect to an efficient and robust numerical integration
in Section 4.2. In particular, in that section we will introduce several assumptions
which guarantee a good behavior of the equations of motion in view of holonomic
and nonholonomic constraints which may be possibly redundant. Furthermore, the
procedure which is introduced in Section 3.5 for general quasi-linear differential-
algebraic equations will be executed for the equations of motion in view of their
regularity properties. Moreover, in Section 4.2 we will discuss the existence and
the uniqueness of the solution of the equations of motion. In Section 4.3 briefly we
will discuss the linearization of the equations of motion. One important property of
the equations of motion is their higher index which complicates a direct numerical
integration. A very popular and widely used (but not recommended) technique for
the reduction of the index is just to replace the constraints by its derivatives. This
leads to a lowered index but to a less restricted solution which yields an unfortu-
nate behavior of the numerical solutions, i.e., the numerical solution drifts away
from the set of solutions. This drift-off phenomenon will be discussed in detail in
Section 4.4. With respect to the results of Sections 4.2 and 4.4 in Section 4.5 we

MTeonhard Euler (born 1707 in Basel, Switzerland - died 1783 in Petersburg, Russia)
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postulate two paradigms which assume important properties of the model equations
obtained from the modeling process and certain important properties of the used
algorithms for the (numerical) integration of the equations of motion. Regarding
the numerical integration of the equations of motion it is important to use a suitable
formulation of the equations of motion which is obtained by several regularization
techniques as basis for a suitable discretization method. In Section 4.6 such reg-
ularization techniques will be discussed. In particular, we direct our attention to
the so-called Baumgarte stabilization and the so-called Gear-Gupta-Leimkuhler for-
mulation of the equations of motion. Both will be generalized to the general form
of the equations of motion, considered here. Furthermore, we will present a new
regularization technique for the equations of motion which bases on a technique
which determines all algebraic constraints that restrict the solution and defines
the so-called solution manifold combined with the selection of the differential part,
which describes the dynamical behavior inside the solution manifold. In this way
the so-called projected-strangeness-free formulation of the equations of motion will
be determined. This corresponds to an equivalent formulation of the equations of
motion which has locally the same set of solutions and is very convenient for the
numerical discretization using numerical methods suitable for the numerical integra-
tion of stiff ordinary differential equations. Chapter 4 concludes with an overview
over numerical integration methods which are suited for the numerical simulation
of mechanical systems.

Based on the obtained results we will present two new numerical integration meth-
ods GEOMS and GMKSSOL for the dynamical simulation of mechanical systems in
Chapter 5. The algorithms GEOMS and GMKSSOL are based on the discretization of
the projected-strangeness-free formulation of the equations of motion by use of the
implicit Runge-Kutta method of type Radau'® Ila of order 5. These algorithms
are constructed for the efficient and robust numerical integration of the equations
of motion of the most general form which often is investigated in industrial ap-
plications, including dynamical force elements, contact points, holonomic as well
as nonholonomic constraints which may be redundant. Furthermore, the algorithm
GEOMS offers the possibility to respect additionally provided information of invariant
solutions such that these can be satisfied in an accurate way also in the numerical
solution. In Sections 5.1 and 5.2 we will describe the features of the codes GEOMS
and GMKSSOL, respectively, and in Section 5.3 we will present several numerical ex-
periments which demonstrate the applicability and the performance of the code.
Finally, in Chapter 6 we will summarize and discuss the obtained results. Further-
more, we will point out several open problems that should be investigated in the
future.

15Rodolphe Radau (born 1835 - died 1911, french astronomer and mathematician)



Chapter 2

Preliminaries

In this chapter we will discuss topics of importance for the consideration of nonlinear
differential-algebraic equations, see Chapter 3, and of nonlinear model equations of
mechanical systems, see Chapter 4. With respect to both topics, very important
aspects are smooth matrix operations, e.g., smooth matrix decompositions, and
the investigation of the properties of systems of nonlinear equations, see Section
2.1 and Section 2.3, respectively. Furthermore, in Section 2.2 we will introduce a
simple notation for particular topics of the tensor calculus as they are useful for
further considerations. Fundamentals associated with nonlinear functional analysis
and fundamentals associated with linear algebra are reviewed in the appendix, see
Section A.1 and Section A.2, respectively.

In the first instance we will introduce the following notation.

Notation 2.0.1 Let f be a differentiable function f : X — R™ X C R", see
Definition A.1.9, and let x be a differentiable function z : T — R", T C R open.
The (total) derivative of x(t) with respect to t is denoted by #(t) = dxz(t)/dt.
Furthermore, higher (total) derivatives with respect to t are denoted by Z(t) =
d2x(t)/dt?, & (t) = d®z(t)/dt?, and () (t) = d'z(t)/dt’ for i € Ny. Note the
convention z(®)(t) = x(t). The (partial) derivative of f(z) with respect to z is
denoted by f.(z) = % f(z). The same notation is used for differentiable matrix
functions. O

Notation 2.0.2 a) The continuous differentiability of functions and the set of con-
tinuously differentiable functions is defined in Definition A.1.10. Let f : X x Y —
R™, X C R%, and Y C R, then f € C'*2(X x Y,R™) if f(-,y) € C'*(X,R™) for
ally € Y and f(z,-) € C'2(Y,R™) for all z € X.

b) If the smoothness of a function f: X x Y — R™ with respect to certain compo-
nents is unknown or unimportant, e.g., with respect to the second component, then
we will use the notation f € C'»(X x Y,R™), and vice versa. O

Notation 2.0.3 Let A = [a;;] € RY™ and b = [b;] € R™. Furthermore, let I =
[i1,82, .y dp), J = [J1, 725 -» Jq), and K = [k1, ko, ..., ky] be three index vectors with
is € {l,. A} fors=1,...,p <1, js € {1,..;m} for s = 1,....¢ < m, and ks €
{1,...,n} for s =1,...,r <n. Then we use the notation A;; and by for

Qiyjy Qivge 0 Qiggy bkl
Qigjy  Qigge 70 Qigj, bkz
Ay = } ] ) i and bx = .
aipjl aipj2 T aiqu bk,
respectively. O
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2.1 Smooth matrix operations

During the analysis and numerical solution of differential-algebraic equations and,
in particular, of model equations of mechanical systems we will need some matrix
operations with respect to smooth matrix functions. These matrix operations must
fulfill some smoothness requirements. Smooth matrix operations like matrix de-
compositions are considered for example in [46, 73, 99, 146]. In this section we will
recall some notation and important facts and we will generalize and extend some
known results to matrix functions depending on more than one variable.

In the following considerations we will restrict ourselves to the space R™, although
the following statements may also be valid in more general setting.

Lemma 2.1.1 Let A € C'(X,R™") where X C R"= is an open subset. Furthermore,
let A(z) be nonsingular for all x € X. Then A~! € CY(X,R™").

Proof: Since the determinant of A(x) is nonzero for all z € X, the proof follows
directly from the smoothness of the determinant of A(z) and its minors and there-
fore of the adjugate matrix of A(x), see Lemma A.2.8. O

Proposition 2.1.2 Let A € C(X,R™") and let X C R"= be an open subset. Suppose
that A(xzg) is nonsingular for xog € X. Then, there exists an € > 0 sufficiently small
with A(z) nonsingular for all x € X with ||z — zo|| < €.

Proof: The proof follows from Lemma 2.1.1 using Lemma A.1.7. (]

Lemma 2.1.3 Suppose that G € C(X,R™"), X C R™, rank(G(z)) = r for all
x € X and let g € X. Furthermore, let S € R™™ be given such that

rank(SG(xg)) = 7.
Then there exists an € > 0 such that
SG € C(X,R"™™)
and SG(z) has full (column) rank r for all x € X with ||x — x| < e.

Proof: Define A(z) = SG(z)GT(x)ST, then the proof follows from Proposition
2.1.2. ]

Theorem 2.1.4 Let A € C'(I,R™") where I = [t,t;] C R. Furthermore, assume
that rank(A(t)) = r for all t € I. Then, there exist smooth matriz functions U €
CHI,R™™) and V € C'(I, R™") such that

UT() ALV () = { Eét) X } (2.1)

where 2 € CYI,R™") is nonsingular for all t € 1.

Proof: Since rank(A(t)) = r is constant for all ¢ € I, for each 79 € I there
exist index sets I € N™ and J € N” such that the minor [A]7;(7) (of r-th order)
is nonzero, whereas all minors of higher order than r vanish. Furthermore, because
of the smoothness of the minor [A]r;(79), it does not vanish in a neighborhood
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S(70,€0) C I where S(79,69) = {7 € T : ||7 — 70|| < €}, €0 > 0, see Lemma
2.1.1. Therefore, there exist permutation matrices Py = [ Py Py } € R™™ with
Pyy € R™", Py € R™™ " and Qp = [ Qo1 Qo2 | € R™" with Qo € R™",
Qo2 € R™"™~" defined by the index sets I and J such that

B amien aw1=[ 400 40 ]

with A7 y(7) nonsingular for all 7 € S(7g, ¢y). With

T P
O = _agyeratineg + | 232
and
V(r)=[ Qo —Quidr; (1)A;7(T) + Qo2 |, (2.3)

we have a locally smooth decomposition

vrmamve = | 57 0,
0 0
with nonsingular U € C!(S(79,¢€0), R™™), V € C!(S(70,¢€0),R™") and X(7) =
Ary(7) with ¥ € CY(S(79,€0), R™"). The smoothness of U and V follows by (2.2),
(2.3), and Lemma 2.1.1.

—T Vi (t)
Vi(t) G(t) GO®)
—%_/
[C_<C T -
C >0 T, . 1 B 5> 1 t'
to a ll; o ?a tf

Figure 2.1: Smooth overlapping

Now, if we have two distinct points 7; and 7p with S(77,er) N S(7y,ex) # 0 we
can define smooth decompositions of A for each interval S(77,¢;) =1 = (a,d) and
S(rr,er) = Iy = (b, e) separately, where a < b < d < e, see Figure 2.1. Let us
denote them by subscripts I and I such that we have

of A = | 0 |

for all 7 € S(77,€r) and

0 0

vkt = | =7 7 |

for all 7 € S(7y, ex). Furthermore, let ¢ € (b, d) be given. We define the nonsingular
matrix functions

_ | Gu(r) Gia(7) | Huu(r) Hio(r)
o= G GO wa wey = [ ) e ]
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on 1 € [b,d] such that V;(7) = Vg (7)G(7) and Uy (7) = Ug(7)H(7), we get G12(7) =
0 and Hyz(7) = 0, since range(Vy2) = range(Vys) and range(Ure) = range(Ugz),
respectively. Furthermore, defining a smooth function A € C!(Iy, [b,d]) such that

=1, for t € [b, ],
A(t){ b d, forteleel,

with the smooth matrix functions V € C'(I; Uly,R™") and U € C!(I; U Iy, R™™)
defined by

Vi(t), for t € [a,b],
V(t)=< Vi(t)=Vi(t)G(), forte b,
Vi(t)G(\(t)), for t € [c, €],
and
Ur(t), for ¢ € [a,b],
Ut)=< Ui(t)=Ug(t)H(t), fort e [b,cl,
Ur(t)H(A(1)), for t € [c, €]

we get the desired smooth decomposition (2.1) of A(t) for all ¢ € I; UIy with
¥ e Ci(I; Uly,R™") given by

Xr(t), for t € [a,b],
() =4 Er(t) = Hj(t)2r(t)Gu(t), fort € [b,d,
HE () Sa()Gu(\D),  for t € [ere].

Because of the existence of a finite covering of I by such S(7;,¢;) =1;, i = 1,..., s,
see Lemma A.1.14, the statement follows. O

Theorem 2.1.5 Let A € C(Y,R™") where Y is a convex subset defined by

Y = ([yf, y7] x - x [ys . yn 1) CR™. (2.4)

Furthermore, suppose that rank(A(y)) = r for all y € Y. Then there exist U €
CHY,R™™) and V € CY(Y,R™") such that

v = | 5 | (25)

where ¥ € CY(Y,R"™") is nonsingular for all y € Y.

Proof: We will only present a sketch of the proof. We discretize I; = [y¢,y?]

by IP = {y2 = 40, y}, ..., y"" =y} for all i = 1,...,n, such that for every subset
Ty

YN ®(y;C — eki,yfi"’l + €, ) for all possible k; € {0,...,n; — 1}, i =1,...,n,, with
i=1

appropriately given eg,, we have a locally smooth decomposition (2.5) because of

the smoothness and the constant rank of A.

Recursively, for s = 1,...,ny, in an analogous way as in the proof of Lemma 2.1.4

determine the smooth decomposition for all subsets intersecting in direction ys
resulting in local smooth decompositions (2.5) on the subsets

s My
o0 (@ @bt et )
i=1

1=s+1
When the recursion terminates, we have found a global decomposition (2.5) on

YN®IL =Y. O

=1
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Theorem 2.1.6 Let A € C/(X,R™") and let X C R" be C!-diffeomorphic to a
subset Y as defined in (2.4). Furthermore, suppose that rank(A(z)) = r for all
x € X. Then there exist a nonsingular matriz function U € C(X,R™™) and a
nonsingular matriz function V € C' (X, R™") such that

UT (@) A(2)V (z) = { ng) 8 }

for all x € X, where ¥ € CY(X,R"™") is nonsingular for all x € X.

Proof: Since X is C!-diffeomorphic to a set Y as defined in (2.4), there exists a C'-
diffeomorphism g € C/(Y,X). Furthermore, we have A(z) = A(g(y)) = A(y) with
A € CY(Y,R™"). From Theorem 2.1.5 the existence of a smooth decomposition

0w = | 2P S .
follows with y € Y. Consequently, with U(z) = U(g~Yz)) = Uly), V(z) =

V(g~Yz)) = V(y), and X(z) = S(g~(z)) = E(y), we get a globally smooth
decomposition of A(x) on X. O

In [73] the smoothness of orthogonal projections onto the kernel and onto the range
of a matrix function A € C!(I,R™") is considered.

In the following, we will generalize these results to matrix functions A € C!(X, R™")
depending on more than one independent variable in parameterizable subsets X of
R™=,

Lemma 2.1.7 Let A € C(X,R™") and let X C R™ be C'-diffeomorphic to a subset
Y as defined in (2.4). Furthermore, suppose that rank(A(z)) = r for all z € X.
Then the orthogonal projections onto the kernel, cokernel, range, and corange of A,
respectively, are uniquely defined and as smooth as A, i.e.,

Prange(A) € Cl(nym,m)’ Pcorange(A) € CZ(Y’Rm,m),

Pker(A) € Cl (Yv R%")’ Pcoker(A) € Cl (Y7 Rn,n) . (26)

Proof: From Theorem 2.1.6, we have the smooth decomposition of A on X with
Ulx) = [ Ui(z) Us(x) ] , with Up(z) € R™", Uy(z) e R™™™ "
V(z) = [ Vi(z) Va(z) } , with Vi(z) e R™", Va(z) e R™"7"

for all x € X. Using Lemma A.2.11 we get the uniquely defined orthogonal projec-
tions onto the kernel, cokernel, range, and corange of A, respectively, from (1.2) as
follows.

Prange(4) (%) U1(2)(Ur(2)" U (2)) " Un(2)", (2.72)
Peorange(a)(x) = Uz(2)(Uz(2)" Uz(2)) " Us(2)", (2.7b)
Peray(@) = Va(z)(Va(z) Va(z)) " Va(2)", (2.7¢)
Pogier(a)(z) = Vi(@)(Vi(w) Vi(2)) " Vi()" (2.7d)

The smoothness of the projections (2.7), i.e., (2.6), follows from Lemma 2.1.1. O

Lemma 2.1.8 Let A € CY(X,R™") and let X C R be C!'-diffeomorphic to a
subset Y as defined in (2.4). Furthermore, let rank(A(x)) = r for all z € X. Then
At A € CHX,R™™) and AAT € CH(X,R™™).
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Proof: The proof follows directly from Lemma A.2.16 using Lemma 2.1.7. ]

Next, we generalize the moving frame algorithm of [146] to general matrix functions
A € CY(X,R™") independent of an underlying function, i.e., it is not necessary that
there exists a function a € C'(X,R™), X C R™, | > 1 such that A(z) = da(x)/0x
and n = ng.

Algorithm 2.1.9 (Smooth kernel of a smooth matrix function)

Let A € C'(X,R™") and let X C R™ be C!-diffeomorphic to a subset Y as defined
in (2.4). Furthermore, suppose that rank(A(z)) = r for all z € X. Let 29 € X be
given. Moreover, assume that we have chosen some method for computing a matrix
K (x) with orthonormal columns that span the kernel of A(z) at any point z € X.
Of course, K is not expected to be continuous in . Then in order to compute a
smooth kernel function K at x proceed as follows.

1) compute Ko = K7 (2)K () (2.8a)
2) compute the singular value decomposition Ky = CXBT (2.8b)
3) compute K (z) = K(z)CB” (2.8¢)

The kernel function K is called orthogonal moving frame and the following Lemma
2.1.10 shows that K € C/(X,R™"~") with range(K (z)) = ker(A(z)) for all x € X.

Lemma 2.1.10 Let A € C(X,R™") and let X C R" be C'-diffeomorphic to a
subset Y as defined in (2.4). Furthermore, suppose that rank(A(z)) = r for all
x € X. Then the matriz function K defined in Algorithm 2.1.9 by (2.8¢) is as
smooth as A, i.e., K € C/(X,R™""~"), with range(K (x)) = ker(A(x)) for all z € X.

Proof: From (2.8b) we get the polar decomposition, see Lemma A.2.13, of Ko in
the form

with Q = CBT given in (2.8b) and H = BYBT. It follows that KT K, =
HTQTQH = HTH = H?, and from (2.8a) we get

H = (KI'Ky)"? = (K" (20)K(2) K" (2) K (20))"/? (2.10)

is nonsingular. Because of the nonsingularity, we get from (2.9) that Q = KoH -1
i.e., with (2.8a) and (2.10) we have

Q = KT(2)K (20) (KT (20) K (2) K () K (20)) "/, (2.11)

The orthogonal projection Peoker(a) () onto the cokernel of A(x) is unique and
from Lemma 2.1.7 it follows that Poxer(a) € C'(X,R™"™). In addition, we have from
Lemma A.2.14 that Peorer(a)(7) = K (2)KT(z). Therefore, from (2.11) we get

K(2) = K(2)Q = Peoker(a) (2) K (20) (KT (20) Peoker( ) () K (20)) 72

Since I?T(J)o) is independent of & and Peoker(a) € CH(X,R™™), the assertion follows.
[l

Lemma 2.1.11 Let A € C{(X,R™") and let X C R" be C'-diffeomorphic to a
subset Y as defined in (2.4). Furthermore, suppose that rank(A(z)) = r for all
x € X. Then there exists B € C'(X,R™™~") such that the matriz [ A(z) B(z) ]
is nonsingular for all x € X.
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Proof: From Lemma 2.1.10 the existence of a matrix function K € C/(X, R™™m~")
with range(K (z)) = ker(AZ(z)) for all z € X follows. Using B(z) = K(z), the
assertion follows. O

Lemma 2.1.12 Let B € C2(X; x Xo, R™") with ly,lo € No, m > n and let
rank(B(z,y)) = n for all (z,y) € Xy x Xo. Then there exists V € Clvl2(X; x
Xo, R™™) such that

V(z,y)B(z,y) is nonsingular for every (z,y) € X1 x Xs. (2.12)

Proof: Setting V(z,y) = BT (z,y) with V € C'*2(X; x Xy, R™™), we obtain that
V(z,y)B(x,y) = BT (z,y)B(z,y) is nonsingular for every (z,y), since B(z,y) has
full rank for every (z,y) € X7 x Xs. O

2.2 Tensor calculus

In the following chapters very often we have to investigate matrix valued functions
and its derivatives. In particular, the differentiation of a matrix valued function
A(z) of size m x n with respect to z € R" leads to a tensor of level three. Fur-
thermore, we have to treat the total derivative of A(x(t)) with respect to ¢. This
leads to a tensor-vector product. Therefore, in the following, we will introduce a
notation for the efficient dealing with such products and we will investigate some
of its properties.

Definition 2.2.1 (Tensor-vector product of higher level) LetT € R ™™
be a tensor of level [ + 1, i.e.,

T = [Tij1j2~--jl]’ = 1, ey M, j1 = 1, ey M1y eeny jl = 1, s Ny

and let % € RM-s+k Lk =1,....s <1 be vectors. Then we use the notation

MNi—s+1

ny
_ 1,2 ST 2 : § : o ol cexs
V= T[[.%‘ YLy ey X ]] - [ Tl]l~~]lfsjzfs+1-~']ijl,s+1 le]

Ji=1 Ji—s+1=1

for the tensor-vector product, where v = [vi;,.. 4, ] € R™™™M=s 45 g tensor of
level | — s + 1.

Note, that the tensor-vector product is performed in such a way that the sum is
taken over the s last indices of the tensor 7', as illustrated in the following example.

Example 2.2.2 Let T € R" "> "™ he a tensor of level 4, i.e.,
T = [Tijkl]a = ].7...7TYL7 j = 1,...,nj, k= 17...7nk, = ]., Ny

and let x € R™ and y € R™ be two vectors. Then we have

ny Nk

v="T[z,y] = [Z ZTijkﬂkyﬂ

I=1k=1

where v = [v;;] € R"™" is a tensor of level 2. O
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Notation 2.2.3 a) In addition to the complete tensor-vector product, we introduce
a partial tensor-vector product in which we will use dots as place holders. For
example, we have for the tensor 7' € R™™1 of level 5 and two vectors z* € R,
k = 2,3 the relation

_ 2 .3
U—T[[~,1‘ y Ly E E Tihh]sjz; o ]3]
Jjz=1j2=1

where v = [v;5,,] € R™"™ ™ is a tensor of level 3.
b) If T € R™" is a matrix, i.e., a tensor of level 2, and x € R™ is a vector, then the
matrix-vector product can be written as

Tz = T[x].

¢) Furthermore, if T € C*(Y,R™"™ ™) » € RM+1 and ¥ € R™ k= 1,...,] are
vectors, independent of y € Y C R™+1, then we use the notation

(T(y)[[xl,xz,...,xl]])wz = Ty(y)[[zl,xz,...,xl,z]],
(Tl 2, a'])y = Tylyla' 2. 2" ]

O

Notation 2.2.4 If T € R""1~™ ig a tensor of level [41 and depends on y € R™+1
then T, € R" ™ -nonitl g g tensor of level [ 4 2. In particular, for [ = 0 and
z € R™ we have the relation T, € R"™ and the product with z can be written as

In addition, for an arbitrary I € N, assuming that z* does not depend on ¢’ for all
i,7 = 1,..., k, then we have the relation

(- (T2t y22).) ye2™) = Ty P |
— Z i T, 1]1 Ji Zl c gk ]
Tek— 1 T1= 1 ayrl a " *

Lemma 2.2.5 Let T € C2(R™ x R™2 R™"1-m)  then
T(z', 2% y' y") = T (21 2y 4] = Taoan (2, 2 ly* v']
and
T € CO(R™ x R™2 x R™ x R™2 R™™m)
with 2%, y* € R™i fori=1,2.

Proof: The proof follows directly from Notation 2.2.4 and the Schwarz!' Theorem,
e.g., see [56, 89]. O

'Herrmann Amandus Schwarz (born 1843 in Hermsdorf, Silesia (now Poland) - died 1921 in
Berlin, Germany)
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2.3 Systems of nonlinear equations and manifolds

In this section we will consider the analytical properties of nonlinear systems of
equations

flz) =0, (2.13)

where f € C'(R™,R™) is a nonlinear system of functions mapping a vector z € R™
to a vector y = f(z) € R™, defined by a system of m nonlinear equations

fl(l‘l, ,.’L‘n)
y=[f(z) = :
fm(T1, .y zp)

For the investigation of nonlinear differential-algebraic equations, see Chapter 3,
and for nonlinear model equations of mechanical systems, see Chapter 4, solvability
results for systems of nonlinear equations (2.13) are of great importance. The
following two theorems, see [16], give conditions for the (local) solvability of such
systems of equations.

Theorem 2.3.1 (Implicit Function Theorem) Let f € CY(S((zo,¥0),¢€0), R")
and let S((xo,yo0),€0) be an open neighborhood of the point (xo,yo) in X X Y with
XCR andY C R™. If f(zo,%0) = 0 and if the matriz f,(xo,yo) is nonsingu-
lar, then there exist a neighborhood S(xg,€}) of the point x¢ in X, a neighborhood
S(yo, €) of the point yo in Y, and a unique function ¢ : S(yo,€y) — S(zo,€d)
such that p(yo) = xo and f(p(y),y) = 0 for all y € S(yo,€). Furthermore, ¢ is
continuously differentiable in S(yo,€), and its derivative is given by

1
C0 = = (g fewm) iy (2.14)
= _f,gl(go(y)vy)fﬁy(cp(y)vy)
Proof: See [16, 47]. O

Theorem 2.3.2 (General Implicit Function Theorem)

Let f € CY(S((w0,%0), €0), R®) and let S((xo,yo), €0) be an open neighborhood of the
point (xo,yo) in X X Y with X C R" and Y C R™. If f(xo,y0) = 0, if the matriz
f.o(z0,90) has rank r, and if the matriz | fu(zo,y0) f.y(zo,y0) | has rank r on
S((zo,y0),€0), then there exist a neighborhood S(xzg,€l) of the point xy in X, a
neighborhood S(yo, €)) of the point yo in Y, and a unique function ¢ : S(yo,€l) —
S(xo, €}) such that o(yo) = zo and f(¢(y),y) =0 for ally € S(yo, €y). Furthermore,
@ is continuously differentiable in S(yo, €)).

Proof: See [16]. O

The regularity of certain systems of nonlinear equations is a very important fact
in the investigation of differential-algebraic equations and the model equations of
mechanical systems. Therefore, in the following we will develop some basic tools
regarding regularity and redundancy of functions defined by a system of equations.
Since a nonlinear function f : z +— y is defined by the system of equations y = f(x)
we use the same notation for both.

Definition 2.3.3 (Regular point) Let f € C*(X,R™), let X be open in R", and
letn > m. A point xg € X is called regular with respect to the function f if the total

derivative %f(xo) of f with respect to x evaluated at the point xo has full rank m.
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In the following we will define the terms variety and manifold, see [16].

Definition 2.3.4 (Variety) Let f € C*(X,R™) and let X be an open subset of R™.
Then the subset V of R™, consisting of those points x € X for which f(x) = 0 is
satisfied is called a variety defined by f.

If each point of a variety V has a neighborhood in R™ on which the matriz f ,(x)
has constant rank r < n and if that rank r is the same for all points in 'V, then the
variety defined by f is called o differentiable variety in R”™.

Definition 2.3.5 (Singular point) Let f € C1(X,R™) define a variety S C X
and let X be an open subset of R™. Then a point x € S is called a singular point if
there does not exist a neighborhood S(x,e) ={y €S : |[x—y|| <€} inS withe >0
on which the matriz f ,(y) has constant rank r for all points y € S(z,€). Otherwise,
the point x is called a nonsingular point.

Definition 2.3.6 (Manifold) We say that Ml C R™ 4s a manifold of dimension r
if every point x € M has an open neighborhood in M which is homeomorphic to an
open subset of R".

Definition 2.3.7 (Neighborhood of a subset) Let X € R". Then X¢ = {z €
R™ : there exists an y € X with ||z —y|| < €} defines a neighborhood of the subset
X.

Lemma 2.3.8 Let f € C*(X,R™) and let X be an open subset of R™. Let M be
a variety defined by f and let rank(f ,(x)) = r = const for all x € M. Then the
variety M defined by f is a manifold.

Proof:  Since rank(f,(z)) = r is constant for all + € M, for every zy € M
there exist index sets I € N" and J € N” such that the minor [f];s(x0) (of r-th
order) is nonzero, whereas all minors of higher order than r vanish. Furthermore,
because of the smoothness of the minor [f ;];, it does not vanish in a neighborhood
S(zo, €0) C M with S(xg,€0) ={z € M : ||z —x0|| < €}, €0 > 0, see Lemma 2.1.1.
From the General Implicit Function Theorem 2.3.2 we get the existence of a function
¢(x5) such that f(e(zy5),z7) = 0 for all 27 € R*". Therefore, for every point
xo and its corresponding neighborhood S(z,€p) we have an homeomorphism £ :
R*»™" — R™ with

Ty
The assertion follows from Definition 2.3.6. O
Remark 2.3.9 Manifolds do not contain any singular points. O

Definition 2.3.10 (Redundancy of a function and a system of equations)
Let f € CH(X,R™) where X is open in R™. The function f is called nonredundant
over X if n > m and every point x € X is reqular with respect to f. Otherwise the
function is called redundant.

Equivalently, a system of equations f(x) = 0 is called redundant or nonredundant
if the function f is redundant or nonredundant, respectively.

For nonredundant functions f € C! (X, R™) over X the rank condition rank(f . (x)) =
m is satisfied for all z € X. Furthermore, one has to distinguish between certain
types of redundancy of a system of equations.
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Definition 2.3.11 (Uniformly redundant function, rank of a function) Let
f € CHX,R™) be a redundant function and let X be open in R™. The function f is
called uniformly redundant over X if the rank of the total derivative of f(x) with
respect to x is constant for all points xog € X, i.e.,

rank(%f(zo)) = r = const

with v < m for all xg € X. Equivalently, a system of equations f(x) = 0 is called
uniformly redundant if the function [ is uniformly redundant. The quantity r is
called the (uniform) rank of the function f or of the system of equations f(x) =0
over X.

Definition 2.3.12 (Noncontradictory system of equations) A system of equa-
tions f(x) =0 with f : X — R™ is called noncontradictory if there exists at least
one xog € X satisfying f(xg) = 0.

Notation 2.3.13 In the following, we will use the term rank both for a matrix (or
a matrix function) as well as for a system of equations. The rank of the system of
equations f(x) = 0 corresponds to the maximal number of nonredundant equations.
In particular, this corresponds to the rank of the total derivative in the set of
solutions, i.e.,

rank(f) = rank(dif(x)).

T
]

Lemma 2.3.14 Let f € C/(X,R™) with | > 1 be a uniformly redundant function
with rank r, where X is open in R™ and Xg = {x € R" : f(x) =0} C X. Further-
more, let f(x) =0 be a noncontradictory system of equations. Then, there exists a
matriz function S € C'=1(X,R™™) such that the function Sf is nonredundant and
the respective system of equations

S(x)f(z)=0 (2.15)

is noncontradictory for all x € Xo with the same local solution set as f(x) =0, i.e.,
there exists an € > 0 such that for every solution y of (2.15) with f(y) # 0 we have
lly — || > € for all x satisfying (2.15).

Proof: We have f, € C'=}(X,R™"). By Theorem 2.1.6 we get the existence of
a matrix function S € C!'=}(X,R™™) such that Sf, € C'~1(X,R"") has full rank r
for all z € Xy. Furthermore, with f(x) = 0 for all € Xy we have that the partial
derivative of the function S(z)f(x) has the form

(S @) = Sa@)l J@)] + 5@ fale) = S@)ala),  (216)

see also [138]. Then the system of equations S(z)f(x) = 0 is nonredundant by
Definition 2.3.10. Since f(x) = 0 is noncontradictory it follows that S(z)f(z) =0
is noncontradictory.

Since f,(z) has constant rank r for all x € X, we get from Lemma 2.3.8 that the
set My = {x € X : f(z) = 0} is a manifold of dimension n — r, i.e., it does
not have singular points. By the construction of S(z) the matrix 2= (S(z)f(x)) has
constant maximal rank r for all x € My. Therefore, it follows from Lemma 2.3.8
that Sf with « € My describes a manifold Mgy = {z € X : S(z)f(z) = 0} of
dimension n — r. Because of My C Mgy and dim(My) = dim(Mgy) = n —r we get
the assertion. O

Unfortunately, in (2.15) the solution set of 0 = S(z)f(x) is not identical to the
solution set of 0 = f(z) in general. This is illustrated by the following example.
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Example 2.3.15 Let us consider the set of equations 0 = f(z) with

f(x)=[x]

T

and X = R. Obviously, f(x) is redundant and noncontradictory (and even linear).
The solution set is M; = {0} and rank(f ,(x)) =1 for all z € R. The matrix

S(z) = [ cos(§ +x) sin(f +x) ] e R
has full rank, i.e., rank(S(x)) = 1 for all € R, and we obtain
0=>S(z)f(x) = (cos(% +z)+ sin(% + 1))z,
with the solution set Mgy = {0, 7/2 + kn with k € Z}. O

Remark 2.3.16 Let [ € N. If f € C/(X,R™) with X € R" and y € C!(I,R") where
y(t) e Xg={z € R" : f(x) =0} for all t € I, then we have
di
i/ w®)

and with a matrix function S € C'=1(X,R™™) as in Lemma 2.3.14 we have

(S () F(0) = S((0) S ((e)
for all ¢ € {0, ...,I — 1} and if defined also for i = . O

Lemma 2.3.17 Let f € CY(X x U,R™) be a set of nonlinear functions which
are uniformly redundant with respect to x. Furthermore, let the set of equations
f(z,u) = 0 be noncontradictory and let ry = rank(f ,(z,u)) for all (x,u) € M =
{(z,u) : f(z,u) =0}. Then for every matriz function S € C°(X x U,R™™) such
that

S1(z,u)

(e uto) = | ) | fate

- [ sl(x,u)g,z(x,u)

for all (z,u) € M and with S; € C°(Xx U, R"™) and for all functions x € C* (I, R™)
and v € CYHI,R™) with (z(t),u(t)) € M for all t € T = [to,ts] it follows that

So(z,u) L f(2(t),u(t)) =0 for all t € T = [to,ty].

Proof: Since 0 = f(z,u) is noncontradictory, it follows that

[ fa f,u}{ﬂﬂ)

for all functions z(t) and u(t) with (x(t),u(t)) € M for all t € I = [to, tf]. It follows

S | e g0 15 ] =0
and

u

e e[

for all functions z(t) and w(t) with (z(t),u(t)) € M for all t € T = [to,ty]. Thus, it
follows that

So(z,u)f =0
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for all functions z(¢) and w(¢) with (x(t),u(t)) € M for all t € T = [to,ts]. In
particular, it follows that

d

Sg(a:,u)&

f(a:(t),u(t)) = S2(x7u)(f,a:j7 + f7uu) =0.
[l

The numerical solution of systems of nonlinear equations has been investigated ex-
tensively in the literature, e.g., see [42, 94, 130].

The numerical solution of systems of nonlinear equations is necessary for the simu-
lation of multibody systems, but not the main topic of the present work. Therefore,
here only the most relevant results have been presented.

Algorithm 2.3.18 (Newton method) Let f : X — R"™ be a continuously dif-
ferentiable map with X C R™ open and convex and let z° € X be given. Suppose
that f,(x) is nonsingular for each x € X. Then proceed as follows.

0) set k=0 (2.17a)
1) solve M(z*)Azk = — f(2*) for Az® with N(z*) = f.(z¥) (2.17b)
2) set 2FHl = 2F 4 Agk (2.17¢)
3) increase k by 1 and continue with 1) (2.17d)

The matrix function 9N defined in (2.17b) is called Newton iteration matriz.

Lemma 2.3.19 Let f : X — R" be a continuously differentiable map with X C R"™
open and convex. Suppose that f.(x) is nonsingular for each x € X. Assume that
the affine covariant Lipschitz® condition

121 @) (faly) = fal@)y -2 < wlly -2l

is satisfied for all v,y € X. Let f(z) = 0 have a solution x*. For the initial guess
x0 assume that S(z*, ||z° — z*||) € X and that

w|[z? — z*|| < 2.
Then the sequence {x*} determined by use of the Newton method in Algorithm 2.3.18
remains in the open ball S(z*, ||z — z*||) and converges to x* at an estimated rate

254! — 2% < Sja* — "%

Moreover, the solution x* is unique in the open ball S(x*,2/w).

Proof: See [42]. O

Algorithm 2.3.20 (Simplified Newton method) Let f : X — R™ be a con-
tinuously differentiable map with X C R™ open and convex and let 2° € X be given.
Suppose that f,(z°) is nonsingular for the initial guess z° € X. Then proceed as
follows.

=]

) set k=0 and Ny = f.(z")
) solve MoAzF = — f(z*) for Az*
) set ¥l = 2k 4 Aghk

3) increase k by 1 and continue with 1)

[N

2Rudolf Otto Sigismund Lipschitz (1832 Konigsberg, Germany (now Kaliningrad, Russia) -
1903 Bonn, Germany)
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Lemma 2.3.21 Let f : X — R"” be a continuously differentiable map with X C R"
open and convex. Suppose that f.(z°) is nonsingular for the initial guess z° € X.
Assume that the affine covariant Lipschitz condition

121 @) (fe(@) = fa(@)I] < wolle — 2]
is satisfied for all x € X. Let
0 1
ho = wollAz”|| < 5
and define

t* =1—+/1— 2h,, pzﬁ.

wo

Moreover, assume that S(z°, p) C X. Then the sequence {mk}i determined by use of
the simplified Newton method in Algorithm 2.3.20 remains in S(z°, p) and converges
to some x* with f(xz*) = 0. The convergence rate can be estimated by

[l —a*] 1
o =z S g F ), k=120

and

t* — tg

||z — 2| < , k=0,..
with to = 0 and
1,
tk+1 :h0+ §tk’ k:071, .

Proof: See [42]. O



Chapter 3

Differential-Algebraic
Equations

In recent years, differential equations in combination with algebraic constraints,
called differential-algebraic equations (DAES) have gained more and more attention
in the modeling of dynamical processes. In particular, the modeling of complex
mechanical systems leads to differential equations in connection with algebraic con-
straints. While the theory for the numerical integration of purely differential equa-
tions is well developed and a large collection of appropriate solvers are available,
the situation regarding DAEs is more difficult and more complex. In recent years
large efforts have been made to investigate the analytical as well as the numeri-
cal behavior of DAEs. This has lead to a better understanding of DAEs, e.g., see
[7, 25, 43, 73, 79, 82, 105, 172, 173]. While the analytical and numerical behavior
of certain classes of DAFEs is well developed, the analytical as well as the numerical
treatment of general nonlinear DAEs or even of quasi-linear DAEs is not yet clear
and many questions of this topic are still untreated or unsolved.

In this chapter we will review and develop important facts on DAEs in view of
the numerical treatment of multibody systems. In particular, we will review the
index concept as well as some regularization techniques. As basis for the treatment
of multibody systems we will discuss in detail quasi-linear DAEs with respect to
their analytical and numerical properties as well as with respect to their numerical
treatment with Runge-Kutta methods.

In Section 3.1 we will review some important facts and definitions which are helpful
for further investigations. Subsequently, in Section 3.2 we will discuss the index
concept for general nonlinear DAEs which allows a classification of DAEs with re-
spect to the degree of difficulties arising in their analytical and numerical treatment.
In particular, the recently developed strangeness concept will be considered in de-
tail. In Section 3.3 we will discuss the linearization of DAEs along an arbitrary
trajectory and its relation to certain properties of DAESs, in particular, with re-
spect to the index. Subsequently, in Section 3.4 we will present some important
regularization techniques for DAEs of higher index. In Section 3.5 we will investi-
gate quasi-linear DAEs in detail. As first instance, we will consider strangeness-free
quasi-linear DAEs in Section 3.5.1. In particular, in Section 3.5.2 we will present a
procedure which provides a general tool for the investigation of general quasi-linear
DAEs of an arbitrary index, in particular, this procedure offers the possibility for
the determination of the index as well as the definition of the hidden constraints,
the maximal constraint level, and the solution manifold. Furthermore, this proce-
dure can be used as basis for a regularization method suited for general quasi-linear
DAEs as discussed in Section 3.5.3. Concluding that section, in Section 3.5.4 we

21
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will discuss the numerical integration of quasi-linear DAEs via Runge-Kutta meth-
ods based on the regularization developed in Section 3.5.3. In particular, we will
investigate the discretization, the numerical solution of the arising nonlinear stage
equations, and in particular, the efficient numerical solution of the linear systems
arising in the integration process. Concluding this chapter we will give an overview
of available and commonly used numerical methods for the numerical integration
of DAEs in Section 3.6.

3.1 Preliminaries

In this section we will review some fundamental facts of importance for further
investigations for differential equations. Consider an initial value problem for the
ordinary differential equations (ODEs)

&(t) = f(z(t),1) (3.1a)
on the domain I = [tg, ] with the initial values
(E(to) =1z € R". (31b)

Here, the vector function = depending on t of size n denotes the unknown variables
and f is a vector function of the same size n depending on x and t. The existence
and uniqueness of the solutions follows from the Theorem of Picard® and Lindelsf?.

Theorem 3.1.1 (Picard and Lindeldf) Let f(x,t) be continuous on the com-
pact rectangle

R ={(z,t) : [t—to| <a, ||z —xzo|| < b}, (a,b>0),

and let f(x,t) be Lipschitz continuous with respect to x with the Lipschitz constant
L, i.e.,

(@, t) = fQy, DIl < Lz —yl| for all (z,1), (y, 1) € R.
Then there exists a unique solution x(t) of the initial value problem (3.1) on
I= [to —a,ty —I—Oé},

where

b
o = min <CL,M> with M = max_||f(z,t)|]-

(z,t)ER

Proof: The proof is given in [88]. O

For the numerical simulation of multibody systems, i.e., the numerical integration
of the model equations of mechanical systems, see Chapters 4 and 5, DAEs are
of great importance. Therefore, let us discuss the initial value problem for the
nonlinear DAE

0 = F(a(t), (1), u(t)), (3.20)
with F: R" x R” x U — R™ on the domain I = [tg, ¢;] with initial values

(E(to) =1z € R". (32b)

LCharles Emile Picard (born 1856 in Paris, France - died 1941 in Paris, France)
2Ernst Leonard Lindeléf (born 1870 in Helsingfors, Russian Empire (now Helsinki, Finland) -
died 1946 in Helsinki, Finland)
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Note that the right-hand side of (3.2a) depends on an additional variable u(t) €
U C R™, which represent control variables which are given as function of ¢. In
particular, if the investigated system is a nonautonomous system, then there exists
an explicit dependence on ¢t and t will be modeled as a component of the control u,
for example uq (t) = t.

Special forms of DAEs which play an important role in our investigations are linear
DAEs with variable coefficients

E@®)x(t) = A(t)x(t) + k(t), (3.3)
where E, A € C(I,R™"), k € C(I, R™), quasi-linear DAFEs of the form

E(a(t), u(t))i(t) = k(x(t), u(t)), (3.4)

where £ € C(X x U,R™"), k € C(X x U,R™), X C R™ and DAEs in partitioned
form

0 = Fila(t),(t),y(t),ult)). (3.50)
0 = Fula(t),y(t), ult)), (3.5b)

with F; € C(X x X x Y x U,R™), F, € C(X x Y x U,R™), X,X() C R",
Y C R™, and U C R™ all in the domain I = [¢y, t;] and with initial values (3.2b).
Quasi-linear DAEs will be considered in more detail in Section 3.5.

Definition 3.1.2 (Solution of DAESs) Consider a system of differential-algebraic
equations of form (3.2a). A function x : T — R™ is called a solution of DAE (3.2a)
if x is sufficiently continuously differentiable and satisfies (3.2a) pointwise. In ad-
dition it is called a solution of the initial value problem (3.2) if z is a solution of
(3.2a) and satisfies (3.2b).

Definition 3.1.3 (Consistency of DAESs, consistency of (initial) values)
The DAFE (3.2a) is called consistent if there exists a solution of the DAE (3.2a).
Values y € X C R™ are called consistent to the DAE (8.2a) if there exists at least
one solution x of the DAE (3.2a) and a t € I with x(t) = y. The initial values
(3.2b) are called consistent to the DAE (3.2a) if there exists at least one solution
x of the initial value problem (3.2).

Notation 3.1.4 With respect to the unknown variables x € X C R™ we will use
the notation

P = . Xt C R(Prl)n’
20
wit = X an =X xX® j e N e set X(¥) denotes the set of admissible
ith X° = X and X’ = X*~! x X, § € N. The set X(V) d h f admissibl

2@ (t) = L-2(t). With respect to the control variables u € U C R™ we will use
the same notation, i.e.,

u
' u ) (i+1)
ut = : e U c RV,

0@

with Ul =10°=U and Ul = U x U®, i € N. The set U® denotes the set of

admissible u(¥ (t) = $-u(t). Furthermore, we will use the convention u=! = u® = w.
(]
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3.2 The index of differential-algebraic equations

The analytical and numerical treatment of DAEs is quite different and more com-
plicated than the one of ODEs, see [133] and in addition [25, 73, 82, 105]. The
investigation of DAEs requires a suitable classification of DAEs according to cer-
tain degrees of difficulty. This requirement leads to the (independent) development
of several index concepts for the classification of different types of DAEs.

Today, the index concept plays a key role in the numerical analysis of DAEs. The
index of a DAE provides a measure of difficulty in the analytical as well as in the
numerical solution. In this section we give a short overview over different index
concepts. For more detailed investigations of the different index concepts and its
relation to each other we refer to the literature cited below.

First attempts for a better understanding of DAEs were done by investigating linear
DAEs (3.3) with constant coefficients E, A € R™™. The investigation of such linear
DAE:s is related to the investigation of matrix pairs, see [61]. If a transformation of
the linear DAE, i.e., scaling with a nonsingular matrix P € R™" and transforming
x(t) = Qu(t) with a nonsingular matrix @ € R™", leads to a linear DAE of the
form

{ é ](\)f } y(t) = { ‘é ? } y(t) + Pk(t), (3.6)

where N is a nilpotent Jordan® block matrix with N*» = 0 and NY»~! # 0, the
linear DAE (3.3) with constant coefficients is said to be a DAE of index of nilpo-
tency vy,. In the style of matrix pairs the index of nilpotency is also known as the
Kronecker* index and the DAE (3.6) is said to be in Kronecker canonical form. For
more details see [25, 61, 82, 105].

A generalization of the index of nilpotency concerning for linear DAEs (3.3) with
variable coefficients E, A € C(I, R™™) is done in [69] and leads to the so-called global
index V4. The idea is similar to the index of nilpotency except that the transforma-
tion matrices P and () are assumed to be continuous and continuously differentiable,
respectively, i.e., P € C(I,R™"), Q € C}(I,R™"), and the matrix J is allowed to
depend on ¢, i.e., J € C(I,R™"1). Then, if the index of nilpotency is constant over
I the global index v, corresponds to the index of nilpotency, i.e., vy = vp.
Furthermore, in [69] a further generalization to general nonlinear DAEs of the
form (3.2a) is given in the way that a system is said to have uniform index v,
if the index of nilpotency of the linear(ized) DAE (3.3) with constant coefficients
E = Fi(z,&,u) and A = F,(z,4,u) is independent of the points of evaluation.
Then v, = v,.

Rabier and Rheinboldt investigated differential-algebraic equations from a geomet-
rical point of view. They consider a DAE as an ODE on manifolds which are given
by the constraints which restrict the solution. Based on this geometrical point of
view in [138, 145] the geometrical index was introduced.

Griepentrog and Mérz developed in [73] the tractability index (t-index) for linear
DAEs (3.3). An other important class of DAEs are those with properly stated lead-
ing term introduced in [120]. DAEs with properly stated leading term are given in
the form

E(t) = (D(t)x(t)) = k(z,t)

3Marie Ennemond Camille Jordan (born 1838 in La Croix-Rousse, Lyon, France - died 1922 in
Paris, France)
4Leopold Kronecker (1823 Legnica, Poland - 1891 Berlin, Germany)
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with E € C(I,R™!), D € C(I,R""), ker(E(t)) @ range(D(t)) = R for all ¢ € I, and
there exists a projector R € C1(I, R%!) such that

range(R(t)) = range(D(t)), ker(R(t)) = ker(E(t))

for all t € I. While the tractability index for linear DAEs with properly stated
leading term is defined in [120] the generalizations to nonlinear DAEs with properly
stated leading term are proposed in [121]. The aim of the tractability index is
the construction of matrix chains for the decoupling of the DAE into characteristic
components. This decoupling is not developed in view of numerical methods, rather,
it is suited for the analytical investigation of the DAE as well as its discretizations.
Furthermore, it is useful for the determination of consistent initial values, see [54,
84], as well as for the determination of the smoothness requirements to the solution
and system matrices and vectors. In particular, the matrices of the constructed
matrix chains allow the analysis of smoothness requirements for the solution.

As a general approach to index and structural analysis of general DAEs F(z, ) = 0,
Campbell introduced the derivative array, which summarizes the original equation
and all its derivatives up to a certain order [ in one large system, see [29, 32, 103].
The derivative array with respect to (3.2a) is defined as follows.

Definition 3.2.1 (Derivative array) Let X,X(!) ¢ R™ and U C R™ be given
and let F @ (x(t), 2(t),u(t)) — F(x(t),z(t),u(t)) be a function in C*(X x X1 x
U,R™). Then, the associated derivative array of order | with respect to (3.2a), with
I < s, has the form

F(x,&,u)
d .
S F(x,d,u)
O:S’l(.’x,j?,...,df(l+1),ul): “ . ’ (37)
i ' .
s F (@, @,u)
where u'(t) = [ wT(t) -+ (O@)T ]" eU.
A reduced derivative array of level I is denoted by §(z,, ...,z u) and does
contain the function F(x,d,u) and some of its derivatives, i.e.,

F(z,2,u)
d .
-« ST (CC,I,U)
0= i, Dty = | T : (3.8)

dl

' (z,&,u)

with certain index vectors I, j = 1,...,1, see Notation 2.0.3 for the terms Fr,, ..., F,.

Remark 3.2.2 Consider the derivative array 0 = §; of level [, see (3.7). If we
compute the derivative array of level 1 of 0 = §, i.e.,

F(x, &,u)

Sz, d, ., 0Dyl %F(w,:b,u)

. = T -
%Sl(x,x, G 4 F(x, &, u) ’

O:

datt

I+1 .
L c?tlﬁF(:C’x’u) _

then its last block equations (consisting of the last m equations 0 = %F (x,2,u))

correspond to the last block equations (consisting of the last m equations) of the
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derivative array

F(z,%,u)
0=3Fi = '
G F (., u)
(;itlﬁF(:m &, u)
of level [ + 1 of the original DAE (3.2a). O

From Definition 3.2.1 for general nonlinear DAEs we get the derivative array for
a linear DAE (3.3) in the following form, see also [100]. Let E(¢), A(¢), and
k(t) in (3.3) be sufficiently smooth. Formal differentiation of (3.3) leads to lin-
ear differential-algebraic equations of the form

()i (1) = A (' (1) + &' (1) (3.9)

for any [, where

/—\
&,
—~
~
N
=
S
I

(;) B9 (j —T— 1) AG=1=D)(p), (3.10a)

Iy AW(t) fori=0,..,1, j=0,
@)y = { 0 else,

&) = k@), (3.10¢)

(3.10Db)

i,7 = 0,...,1. We use the convention that (;) =0fori<0, j<O0orj>i The
matrix pairs (&', A) for | € Ny are called inflated pairs.
Based on the derivative array (3.7) the differentiation index (d-index) is defined as

follows, see [31, 66, 67].

Definition 3.2.3 (Differentiation index) Suppose that (3.2a) is a solvable sys-
tem of differential-algebraic equations on an open set Q. Let §i(x, &, z,u') be the
derivative array defined by (3.7). Let & be considered locally as an algebraic variable
y. If vq is the smallest integer | such that y is uniquely determined by x, u', and

0= Sl(x,yv Zaul)

for all consistent values then we call vy the differentiation index (d-index) of the
system of differential-algebraic equations (3.2a).

Unfortunately, the d-index in this form is not suitable for the investigation of general
DAEs. The two following examples demonstrate this fact.

Example 3.2.4 Let us consider the algebraic equation
22(t) =0 (3.11)

for t € T = [to,ts] as a very special case of a DAE. Following Definition 3.2.3 this
DAE has d-index two, although, one would expect that the d-index is one because it
is an algebraic equation. Let us explain this fact. The first derivative with respect to
t of the DAE yields 2z(t)&(t) = 0 which is not uniquely solvable for &(t), since only
x(t) = 0 is consistent. Further differentiation yields 242(¢) + 2z(¢)#(¢) = 0, which
is uniquely solvable for #(t). Because of z(t) = 0 we get &(t) = 0 which yields the
correct solution for the consistent initial value x(tg) = 0. Therefore, the derivative
array of level at least two is necessary to determine &(t) uniquely in z(t) and ¢ for
all consistent values. It follows that the DAE (3.11) has d-index v4 = 2. The reason
for this effect is the existence of a multiple root of the algebraic equation.
Analogously, it is possible to show that the equation z™(¢) = 0 has d-index vy = n.
O
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Example 3.2.5 Consider the DAE

1 0 0 a1 T172
0 0 T j)g = X9 — 1 (312)
0 0 0 i?g xr3 — 1

with X = R? and ¢ € I. From the last equation we have z3(t) = 1 and it follows
that #3(t) = 0. Inserting this into the second equation we get z5(¢) = 1. Inserting
this into the first equation we get &1(¢) = 1(¢) and the solution of (3.12) is given
by

z1(t) = ci€, xa(t) =1, x3(t) = 1.

The set of consistent values according to Definition 3.2.3 is given by {(z1, z2,23) €
R3 : 29 =1, x3 = 1}. Therefore, at least two differentiations, i.e., the derivative
array of level at least two, are necessary such that z(¢) can be determined uniquely
from z(t) and ¢ for all consistent values. It follows that the DAE (3.12) has d-index
vg = 2. On the other hand, there is only one differentiation necessary, if the initial
value is z(tg) = [ 0 1 1 ]T with corresponding solution z(t) = [ 0 1 1 ]T. O
In [132] Pantelides developed an algorithm to determine a set of conditions that
consistent initial values of DAEs (3.2a) have to satisfy. Later, this algorithm was
applied to determine the so-called structural index. It is known that the structural
index may be less than the d-index and it has been claimed that the structural
index cannot exceed the d-index, see [25]. But, in [142] it is shown that in contrast
to previous results in the literature the structural index of a DAE with constant
coefficients of d-index 1 may be arbitrarily high.

Recently, a new concept for analytical and numerical treatment of DAEs has been
developed by Kunkel and Mehrmann, see [102, 103, 104, 105]. This concept is known
as strangeness concept and we review this concept applied to linear and nonlinear
DAEs of arbitrarily high index.

Consider a general linear DAE with variable coefficients (3.3) together with an
initial condition (3.2b) on the domain ¢t € I = [t,t]. In [102, 103], it is explained
how to determine an equivalent formulation of the DAE (3.3) with m = n which
contains the same solution set as the DAE (3.3) but has a more suitable structure.
In [104, 106] this approach is generalized to arbitrary m and n.

Let E(t), A(t), and k(t) in (3.3) be sufficiently smooth and let the derivative array
be defined as in (3.9). Based on the inflated pair (3.10), the idea is to classify
linear DAEs with the help of the following hypothesis for linear DAEs with variable
coefficients, see [102, 104, 106].

Hypothesis 3.2.6 Consider a general linear DAFE (8.3) with variable coefficients.
Then there exist integers v, a, d, and v such that the inflated pairs (€7, 2AY) and
(ev+L Av+) associated with (E, A) have the following properties.

1) For all t € T we have corank(€"1(t)) — corank(€”(t)) = v.

2) For allt € T we have rank(€”(t)) = (v+1)m—a—wv such that there exists a smooth
matrix function Zaz of size (v + 1)m X a +v and full rank with Z3(t)€"(t) =0

8) For all t € T we have rank(A”(t)T,) = a, withZ, = [ I, 0, --- 0Op ]T €
RETD™n - such that without loss of generality Zas may be partitioned as Zag =
[ Zo s ] where Zy of size (v+1)mxa and maximal rank such that Ay = zZIavr,
has full rank a and ZTAYT, = 0. This implies the existence of a smooth matriz
function Ty of sizen x d, d =m — a — v and mazimal rank satisfying AsTs = 0.
4) For allt € T we have rank(E(t)Tx(t)) = d, such that there exists a smooth matriz
function Zy of size m x d with rank(Ey(t)) = d for all t € I, where By = Z{ E.
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The existence of the smooth matrix-valued functions Zs3, T, and Z; is ensured by
Theorem 2.1.6.

Because the model equations of general multibody systems below are nonlinear we
have to review the results according to the strangeness concept regarding general
nonlinear DAEs (3.2a), see [103, 104, 106].

The set of solutions of the derivative array §, of order v (3.7) corresponding to
general nonlinear DAEs (3.2a) is defined as

L, ={(z0, -, 2v41,u") € R" x .. x R" x U” : F,(20,.., 241, 4”) = 0}. (3.13)

The following hypothesis was stated in [104] for u(t) = ¢t. Note, that we will use the
convention that corank(F_1 ) = 0.

Hypothesis 3.2.7 Consider a general nonlinear DAE (3.2a). There exist integers
v, r,a, d, and v such that L, is not empty, and the following properties are satis-
fied.

1) The set L, ¢ R+ WHDnu forms q manifold of dimension (v + 2)n + (v +
)n, —r.

2) We have rank(§, .z ,o+1) =71 onL,.

3) We have corank(§, ,; ,w+») — corank(F, 1 4z ,00) =v on Ly.

4) We have rank(§, ; ,w+1) =1 —a on L, such that there exist smooth matriz
functions Zs and Ty defined on L, of size (v + 1)m X a and n X n — a, respec-
tively, having full rank and satisfying Z3 §, . pw+v = 0, rank(Z3 §u0) = a, and
ZQTSU@TQ =0onlL,.

5) We have rank(F ;T») = d = m—a—v onL,, such that there exists a smooth ma-
triz function Zy defined on L, of size m x d having full rank and satisfying ZT F ; Ty
having full rank on L, .

Remark 3.2.8 It is important to note that the term ”smooth” in connection to the
matrix functions Zy, Zs, and T> means smoothness of this matrix functions along
a solution with respect to t, i.e., smooth totally depending on ¢ along a solution,
even if the matrix functions formally are defined on L,,. O

For linear systems (3.3) the Hypothesis 3.2.7 reduces to the Hypothesis 3.2.6. The
assumptions on the DAE (3.2a) made in the Hypothesis are not as restrictive as
they are made for the considerations with respect to the solvability in [31]. Both
hypotheses allow the consideration of redundancies and underdeterminedness. Fur-
thermore, the constant rank assumptions are not required in a neighborhood of the
solution in the entire space but only in a submanifold. In addition less smoothness
of the function F' is required. For more details we refer to [104, 105].

Based on the Hypothesis 3.2.7 (and 3.2.6) the strangeness indez (s-index) is defined
as follows.

Definition 3.2.9 (Strangeness index, strangeness-free) If the right-hand side
F(z,&,u) of a general nonlinear DAE (3.2a) satisfies Hypothesis 3.2.7, then the
strangeness index (s-index), denoted by v, is defined to be the smallest integer v
for which F(x,&,u) satisfies Hypothesis 3.2.7.

If the DAE F(x,%,u) = 0 has vanishing s-indez, i.e., vs = 0, then the DAE is called
strangeness-free.

Remark 3.2.10 a) Assume that the coefficients F(t), A(t) of (3.3) satisfy Hypoth-
esis 3.2.6. Then the least v for which the linear DAE (3.3) satisfies Hypothesis 3.2.6
is the s-index, i.e., vy = v, of the linear DAE (3.3). A DAE (3.2a) with m = n and
v = 0 is called regular.
b) The quantities 7, d, a, v, and, in particular, v are called characteristic quantities
of the DAE, see [102].



3.2. THE INDEX OF DIFFERENTIAL-ALGEBRAIC EQUATIONS 29

¢) If any L; = 0 then the DAE (3.2a) does not satisfy Hypothesis 3.2.7 because from
L; = 0 it follows that L; = @ for all j > 4 and this is not a manifold, see Definition
2.3.6. In particular, this means that DAEs with contradictory algebraic constraints
are excluded by the Hypothesis 3.2.7. (|

Remark 3.2.11 The s-index generalizes the d-index to overdetermined and under-
determined systems. Furthermore, the relation between the d-index and the s-index
for linear DAEs with variable coefficients of the form (3.3) is discussed in [101]. If
the d-index as well as the s-index are well defined, than it is shown that locally the
relation

- 0 for vy =0,
Tl vg—1 forvg >0

between the s-index and the d-index is satisfied. O

Example 3.2.12 Let us consider the DAE (3.12) which is already investigated in
Example 3.2.5 in view of its d-index. Let us investigate the DAE (3.12) in view of
the Hypothesis 3.2.7. Let us start with v = 0. For v = 0 we get that the set of
solutions Lo = {(z,%) € R x R® : &y = 2129, 1143 = 29 + 1, 23 = 1} forms a
manifold of dimension 3 = (v + 2)n + (v + 1)n, —r with m =n =3, n, =0, and
r = 3. Furthermore, we have that the derivative array §o of level 0 equals the DAE,
i.e., we have

jfl — T1X2
0=Fo=| vz —z2+1
Trs — 1
and we get the partial derivative as
—T2 —I1 0 1 0 0
SO,za’: = .’tg -1 0 0 O T
0 0 1 0 0 O

with rank(Fo,4:) = 3 = r. Furthermore, we get corank(Fo ) —corank(F_1 ) = 0—
0 =0 = v. In point 4) of Hypothesis 3.2.7 we have the condition rank(Fo ;) = r —a,
but we have that

0
T

):{ 2 forax; #0
0

1 0
rank(§o ;) = rank(F;) =rank(| 0 0 1 forz; =0
0 0 e

and therefore rank(§y ;) # const and the Hypothesis 3.2.7 is not satisfied for v = 0.
Increasing v by one yields the derivative array

1 — T1T2
T1T3 —ro + 1
xr3 — 1

§1 =

1 — 1T — T1T2
T1&3 + x1L3 — T

T3
of level 1 with its derivative

—x9 —x1 O 1 0 0 0 0 O
T3 -1 0 O 0 =z 0 0 O
S 0 0 1 0 0 0 0 0 O
Ledd = 40— 0 —x9 —z3 0O 1 0 0
56.3 0 0 I3 -1 X1 0 O T
0 0O 0 0 0 1 0 0 O



30 CHAPTER 3. DIFFERENTIAL-ALGEBRAIC EQUATIONS

We get that the set of solutions L; forms a manifold of dimension 3 = (v + 2)n +
(v + 1)n,, — r with r = 6. Furthermore, we have rank(§1 42z) = 6 = r and we get
corank(F1,z¢:) — corank(Fo 4) = 0 — 0 =0 = v. From point 4) of Hypothesis 3.2.7
we get that rank(Fo4:) =4 =7 —a =6 — a and it follows a = 2 and the existence
of the matrix functions Z7 of size 2 x 6 and Ty of size 3 x 1 having full rank and
satisfying Z1 §1.4: = 0, rank(Z2 §1.) = a =2, and Z §1.T> = 0, e.g., with

1
r [0 01 00 O _
Zy = 01000 —u and Ty = 8 . (3.14a)

Note that from 0 = F; it follows that #3 = 0 and, therefore, we have x5 = 1. In the
last point of Hypothesis 3.2.7 the condition rank(F ,;T5) =d =m —a —v = 1 has
to be satisfied. We get

—X9 -1
rank(F ;T5) = rank(| O =rank(| 0 | =1
0 0

and consequently the existence of the matrix function Z{ of size 1 x 3 having full
rank and satisfying rank(Z{ F,Ty) = d = 1, e.g., with

Zy=[1 0 0]. (3.14b)
Therefore, the DAE (3.12) has s-index v, = 1. O

While the previous index concepts are more or less based on the structure of the
DAE, in [79, 82] the so-called perturbation index (p-index) is introduced, which is a
measure of the sensitivity of the solution with respect to perturbations of the DAE.

Definition 3.2.13 (Perturbation index) The differential-algebraic equation
(8.2a) with u(t) =t has perturbation index (p-index) v, along a solution x(t) on
t €1, if v, is the smallest integer such that, for all solutions y(t) of the perturbed
differential-algebraic equation

Fy,9,t) = 6(t)

with the defect 6(t) there exists on I an estimate

— < — (vp—1) )
ly(®) = 2011 < C(llyt0) = (e}l + muax 180 + . + max |50,
whenever the expression on the right-hand side is sufficiently small.

Example 3.2.14 Consider a set of differential-algebraic equations of the form

1 = ki(x1,x2), (3.15a)
0 = kg(.’[l,xg) (315b)

with 21 € X; C R™, 25 € X5 C R"2, X; X Xy = X, and ¢ € I. This special case
is called semi-explicit DAE. If ko 4, (21, x2) has a bounded inverse for all (z1,x2) €
{(z1,22) € X3 x X5 : 0= ko(x1,22)}, then the DAE has d-index 1, s-index 0, and
p-index 1. O

The class of semi-explicit DAEs of form (3.15) has been extensively investigated
and is well understood, see for instance [25, 73, 79]. In the fully implicit case the
situation is much more different. As a rule of thumb, the higher the index of a DAE
is, the more complicated is its numerical analysis, and the more careful one has to
be in the numerical solution of the problem. The difficulty in the numerical solution
of high index problems is discussed in [25, 66, 69, 73, 79, 82, 103, 104, 105, 133, 134].



3.3. LINEARIZATION OF DIFFERENTIAL-ALGEBRAIC EQUATIONS 31

Lemma 3.2.15 If the nonlinear DAE (3.2a) with m = n is strangeness-free, i.e.,
has vanishing s-index, and rank(F ,;(z,%,u)) = n for all (z,&,u) € Lo, then the
matriz pair (F ;(z,&,u), F(z,2,u)) is regular, i.e., there exists T € R such that
Fi(x,&,u)+7F 3(x,&,u) is a nonsingular matriz for all (z,%,u) € Lo, see (3.13).

Proof: Since the DAE is assumed to be strangeness-free, it satisfies Hypothesis
3.2.7 with v = vy = 0. Therefore, the associated derivative array is the original
DAE, ie., §o(z,2,u) = F(x,&,u). From rank(F ,;(z,&,u)) = n it follows that v =
0, and for a = n—rank(F ;) and d = n—a we have the existence of a matrix function
Zy of size n x a satisfying ZI F; = 0 and rank(Z7 F,) = a, and the existence of a
matrix function Ty of size n x d satisfying Z7 F ,T» = 0. Furthermore, there exists
a matrix function Z; of size n x d satisfying rank(ZT F ;Ty) = rank(F;T») = d.
Therefore, we have that Z{ F;T» of size d x d and that Z1 F,T; of size a X a are
nonsingular, with 77 € R™* such that [ T Th ] is nonsingular. For 0 £ 7 € R
we get

21
[ 4, ] [ Fa+rF, |[T1 Ty ]
742

ZlTFle +TZ,1TF7;CT1 ZlTExTQ—i-TZ’lTFxTQ
= [ ZIF,T, 0 (3.16)
Due to the nonsingularity of Z¥ F ;15 and Z1 F ,T1, we get from Proposition 2.1.2
the result for 0 # 7 € R sufficiently small, i.e., the nonsingularity of the matrix on
the right-hand side in (3.16). Furthermore, from (3.16) it follows that the matrices
[ Z %ZQ ] and, in particular, [ Fi+71F, ] are nonsingular for sufficiently small
T # 0. Then, we get the regularity of the matrix pair (F ;(z, &, u), F,(z,,u)). O

Remark 3.2.16 If the s-index of the DAE is higher than zero the statement of
Lemma 3.2.15 does not hold. In [100] the linear DAE (3.3) with

= (2 %] 0= [ 4]

is given. This DAE is of s-index one with a unique solution, but the matrix pair
(Fi(z,2,u), Fy(z,,u)) = (E(t), —A(t)) is singular for all ¢. O
Remark 3.2.17 In general, additionally to the constraints explicitly occurring in
the DAE, the solution of higher index DAEs is restricted by constraints which are
hidden in the DAE, i.e., they are not explicitly stated. These constraints impose
additional consistency conditions on the initial values and provoke severe difficulties
in the direct numerical integration of DAEs of higher index, see [25, 66, 69, 73, 79,
82, 133, 134, 166]. The consideration of such hidden constraints is done in detail
for quasi-linear DAEs in Section 3.5. O

3.3 Linearization of differential-algebraic equations

Let us discuss the linearization of DAEs (3.2a) in a function space along a reference
trajectory Z(t) which does not necessarily have to be a solution of the original DAE
(3.2a). The linearization in function space is called quasi-linearization, see [30, 52].
For x(t) = z(t) + Z(t) we get from (3.2a) that

0= F(Z(t) + &(t), 2(t) + 2(t), u).
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From the Taylor® expansion we get
0= F(2(t), (t), u) + Fo (1), £(1), u)& + F (2(1), (1), u)(t) + @,

Here, ® sums up all expressions which contain higher order terms, i.e., which contain
terms with 227 with ¢ + j < 2. Neglecting the higher order terms ®, we get a
linearization of (3.2a) in the form (3.3) with

E(t) :F,a'c(:f(t)ﬂ ;E(t% u)? A(t) =—F, (j(t)v i'(t)7 u), k(t) = _F(j(t)7 i“)? u)? (3'17)
and z in (3.3) corresponds to 7.

Remark 3.3.1 Note that in the case of Z(t) being a solution of (3.2a) the inho-
mogeneity k(t) equals zero, and in the case that Z(t) and wu(t) are constant with

respect to t we get a linear DAE with constant matrices £ and A. O
nonlinear DAE (3.2a) differentiation derivative array (3.7)

OZF(JT,J?,U;) : Ozgl(xwxw'wx(l-i_l)?ul)
)

linearization L~~~ " T T T T -------5-"777"77~=---—— -~k |inearization
|

linear DAE (3.3) with (3.17) \ lin. derivative array (3.9), (3.17)
L) 1 () —
E)x(t) = At)z(t) + k(t) differentiation E()2(t) = A(t)z(t) + K(¢)

Figure 3.1: Linearization and differentiation of nonlinear DAEs

The linearization of DAEs along solutions of (3.2a) is discussed in [30]. There,
it is shown that the linearization of the derivative array (3.7) along a constant
solution yields the same as the derivative array based on the linearization along a
constant solution of the nonlinear DAE (3.2a). However, a more general result can
be obtained independent of the kind of chosen reference trajectory, see Figure 3.1
and the following Lemma 3.3.2.

Lemma 3.3.2 Let the derivative array (3.7) of the DAE (3.2a) and the lineariza-
tion of this derivative array along an arbitrary reference trajectory T and its deriva-
tives ) with respect to t be well defined. Then the derivative array (3.9) of the
linearized DAE (3.8) with (3.17) is well defined and identical to the linearized deriva-
tive array of the original DAE (3.2a) along the reference trajectory & and its deriva-
tives ) with respect to t.

Proof: Consider the DAE (3.2a) and its derivative array (3.7) of level 1, i.e.,
with [ =1,

F(x,&,u)

. N
0=31(2, & &u’) = { Fo(z,@,u)d + Fa(x,&,u)d + F(z, &, u)i } '

For x = T + &, the linearization along the reference trajectory Z(t) yields

>

&>

0 = (3.18)

T 7,@ 0

SN

+| = Foo

5Brook Taylor (born 1685 in Edmonton, Middlesex, England - died 1731 in Somerset House,
London, England)
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Note that the partial derivatives of the function F in (3.18) are evaluated along
the reference trajectory z and its derivative z. This is denoted by a bar on top,
ie, F, =F (% %,u), F; = Fi(%,%,u), and F,, = F,(%,%,u). For the first two
entries of the last block row we get with Notation 2.2.3 and Lemma 2.2.5 that

(Foi4+ Fif+Foi)y = (Foi)o+ (Fii) e+ (Fui),
= F,xx [[jv 1+ 775690 [[jv 1+ Fﬂw [, ]
- F‘,Mv[[vi‘]] + _,Mb[['vi']] + Ewuﬂvuﬂ
d -
= _FI
de
and
(F,xx + F,xf + F,uu),ar = (F,xj),w + (F,afj),w + (F,uu):c
= Falz, ]+ Fo+ Faal%, ]+ Fuzli, ]
d _ _
= —F,+F,

o[ Fa Fs o Tla | ] . F. o
T
which is equivalent to
ceon 3] - (e ] [E]
a5 " = h - = 4z i (3.19)
F

With (3.17) this corresponds to

[0 2] [

IS RSN
[
\
—
s
—~
~ o+
~— —
o O
[
—
SRR
[
+
—
T
—~
~ "+
NN
[ I

which is exactly the derivative array of level 1 for the linearized DAE (3.3) with
(3.17).
The proof for arbitrary [ > 1 follows inductively according to Remark 3.2.2. O

Remark 3.3.3 a) Note that until this point the linearization along an arbitrary
trajectory has been considered. In principle, it is not necessary to require that the
reference trajectory is a solution. However, one has to be very careful with respect
to the choice of the reference trajectory. It is important that all characteristic
quantities (see Remark 3.2.10b) of the DAE along the reference trajectory are the
same as along the set of solutions L,,,. In particular, the d-index is not invariant
under linearization along a trajectory. A counterexample is given in [30] and another
one is given in the following Example 3.3.4.

b) The linearization along a solution, in particular, along an equilibrium state (which
is constant), offers the possibility for the investigation of local stability properties
of DAEs, see [73, 119, 175]. O
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Example 3.3.4 Consider the DAE in Example 3.2.5. The linearization along the
solution & = [ 0 1 1 ]T yields

1 0 0 I 1 0 O T
0 0 O i’g = 0 1 0 JA"Q )
0 0 O ;ég 0 0 1 T3
which is of d-index one and not two. O

3.4 Regularization of differential-algebraic equa-
tions of higher index

It is known that, in general, the direct discretization of higher index DAEs may lead
to wrong results, e.g., suffering from drift-off phenomena, instabilities, or order re-
duction, see [25, 73, 79, 82, 105, 133, 134]. Therefore, in the numerical integration
of DAEs not only the discretization schemes have to be analyzed but also a variety
of equivalent transformations of the DAE often called stabilization or regulariza-
tion techniques. In the following, we will discuss some stabilization techniques for
nonlinear DAEs of the form (3.2a).

One of the first ideas to stabilize DAEs was given by Baumgarte in [18] for DAEs
arising in multibody dynamics (see Section 4.6.1.2) and for the stabilization of
ODEs with invariants in [19]. Furthermore, Gear considered the stabilization of
ODEs with invariants [65]. Further ideas are for instance lowering the index by
differentiation of the constraints [25, 66, 82, 164], singularly perturbed problems
[97, 114, 117], and the recently developed strangeness concept [102, 103, 104, 105].

3.4.1 Regularization by differentiation

A first idea for the regularization of a DAE of higher index is to lower the in-
dex by replacing the constraints (if explicitly available) by their derivative(s) with
respect to t. In fact, it is possible to lower the index in this way but differenti-
ation neglects some constants which are deleted by the differentiation in the con-
straints. Neglecting these constants leads to the so-called drift-off phenomenon, see
[25, 59, 82, 164, 167, 170]. This phenomenon means that due to round-off errors
or inconsistent initial values with respect to the original DAE the solution drifts
away from the set of solutions during the numerical integration. The obtained ap-
proximation to the solution is consistent with the regularized DAE but it is not
consistent with the originally given DAE.

The drift-off phenomenon is discussed in more detail with respect to the model
equations arising in multibody dynamics in Section 4.4.

A way out of this dilemma is given in [66]. There, the idea is to differentiate the
constraints as many times as it is necessary to determine an ODE in the unknowns
x and its derivative & from the reduced derivative array (3.8). As mentioned above,
explicit information about the solution restrictions is lost but the constraints re-
main as invariants in the obtained ODE. In order to enforce the numerical solution
to satisfy all constraints, the idea is to consider the obtained ODE and all con-
straints simultaneously. But this leads to an overdetermined system, although it
is consistent for solutions of the original DAE. To avoid this overdeterminacy, the
introduction of additional variables is proposed in [65]. It is shown that the solution
associated with these additional variables is zero.

Furthermore, it is not necessary to differentiate the constraints as many times as
one needs to get an ODE. Rather, it is possible to lower the index by a certain
number of differentiations. This does not lead to an ODE, but to a DAE of lower
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index than the original DAE.

One should note that this procedure may not always be practical or suitable, but
in some problems the structure of the equations is such that the manipulations are
simple. For instance, the structure of the model equations of mechanical systems
makes it possible to carry out these manipulations in a simple way which leads to
the so-called Gear-Gupta-Leimkuhler formulation, see Section 4.6.2.1.

3.4.2 The strangeness-concept

According to Hypothesis 3.2.6 we define the linear DAE

Ei(t) Ay (t) i (1)
0 i(t)=| Ay(t) | z(t)+ | ka(t) |, (3.20)
0 0 Jis (t)

where

Ey=ZTE, A =ZTA  k =2k,
Ay = ZTUYs, ko = ZT 8%,

By construction it follows that this DAE is strangeness-free. Furthermore, it follows
from Hypothesis 3.2.6 that all solutions of the linear DAE (3.3) are also solutions
of (3.20), and in [102] it has been shown that in addition all solutions of (3.20) are
also solutions of (3.3). Therefore, both formulations are equivalent in the sense that
they have the same solution set and (3.20) represents a regularization of the linear
DAE (3.3). This yields the following definition.

Definition 3.4.1 (Linear equivalent strangeness-free formulation) If the
linear DAE (3.3) satisfies the Hypothesis 3.2.6 with s-index vy, then the associated
linear DAE (3.20) is called equivalent strangeness-free formulation of the linear
DAFE (3.3).

With respect to general nonlinear DAEs (3.2a) we can define an analogous formu-
lation as follows.

Definition 3.4.2 (Equivalent strangeness-free formulation) If the nonlinear
DAF (3.2a) satisfies the Hypothesis 3.2.7 with s-index vs, then the associated DAE

= ZIF(x(t),2(t),u(t)), (3.21a)
= ZI%, (x(t),&(t), ..., 2V (1), u” (1)) (3.21b)

is called equivalent strangeness-free formulation of the nonlinear DAE (3.2a).

Even though the derivative array §,, of level v, does depend in addition to the un-
known variables z, its derivative &, and the control variables u also on &, ..., z(*=t1)
and 1, ..., u”s), the equivalent strangeness-free formulation only depends on the un-
known variables x, its derivative &, and the control variables u. This is obtained by
the particular choice of the matrix function Z5 as stated in Hypothesis 3.2.7.

Remark 3.4.3 In [104] two theorems are presented which prove that the solution
set of the DAE (3.2a) and the solution set of (3.21) locally are identical. Here, the
term ”locally” means locally with respect to all variables x, &, and u in the set of
solutions L, .

However, together with Remark 3.2.8 it cannot be guaranteed in general that the two
solution sets are equal. Indeed caused from the particular global choice of the matrix
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functions Z; and Z, smoothly depending on z, , ..., z(***1 and u”s independent
of a solution the solution set of the equivalent strangeness-free formulation (3.21)
can be larger than the solution set of the original DAE (3.2a). O

Example 3.4.4 Let us consider the DAE (3.12), i.e.,

1 0 0 1 T1T2
O 0 X1 i?g = Xro — 1 5 (322)
0 0 0 (ﬁg Irs — 1

with X = R? and ¢ € I which is already investigated in Example 3.2.5 in view
of its d-index and in Example 3.2.12 in view of its s-index and where we have
found that the DAE (3.22) has d-index vy = 2 and s-index v, = 1. Furthermore,
in Example 3.2.12 we did already determine the matrix functions Z{ and ZI in
(3.14). Therefore, we obtain the equivalent strangeness-free formulation (3.21) of
the DAE (3.22) by

ZTF jjl — T1T2 ii?1 — T1T2
2t (v123 — w2 + 1) — 21 (d3) —r3+1
consisting of d = 1 differential equations and a = 2 algebraic equations. O

3.5 Quasi-linear differential-algebraic equations

In this section we will investigate in detail quasi-linear DAEs of the form
E(z(t),u®))i(t) = k() u(t)), (3.23)

where F € C(X x U,R™") is called leading matriz of the quasi-linear DAE and
k € C(X x U,R™) is called right-hand side of the quasi-linear DAE, X C R™ and
U c R™. Furthermore, we call z € C!(I,R") the unknown variables and the
functions u € C(I,R™) are given control variables.

Furthermore, we will investigate semi-implicit DAFEs of the form

Bu(e(0),u(@)ilt) = k(o). u(), (3.24a)
0 = ko(z(t),u(t)) (3.24b)

as special case of a quasi-linear DAE (3.23), where F; € C(X x U,R™"), ky €
C(X x U,R™), ky € C(X x U,R™2), and z € C}*(I,R"). If the leading matrix in
(3.24a) satisfies Fy(z,u) = [ I 0 ] then the DAE (3.24) corresponds to a semi-
explicit DAE (3.15).

In view of the treatment of the model equations of mechanical systems, see Chapter
4, the class of DAEs in Hessenberg® form plays an important role. A quasi-linear
DAE (3.23) is in Hessenberg form of order r > 2 if it can be written as

i1 = k(z(t), 2a(t), s moo1 (£), 20 (1), u(t)), (3.25a)
l"i = k‘i(l‘i_l(t), ...,xT_l(t),u(t)), 1= 2, O 1, (325b)
0 kp(2r—1(t),u(t)) (3.25¢)

with (0k,/0x,—1) + (Okr—1/0xr_2) - ... - (Ok2/0x1) - (Ok1/Ox,) nonsingular for all
consistent z and k; € C(XxU,R™¢) fori =1,....,7, x; € CY{I[,R™) fori =1,....,7—1,
and z, € C(I, R™r). It is known that DAEs in Hessenberg form of order r have d-
index vg = r and s-index v, = 1 — 1, see [25, 82, 105].

6Gerhard Hessenberg (born 1874 in Frankfurt, Germany - died 1925 in Berlin, Germany)
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3.5.1 Strangeness-free quasi-linear differential-algebraic equa-
tions

In this section we will discuss some important results concerning strangeness-free
quasi-linear DAEs.

Lemma 3.5.1 Suppose that (3.24) is a solvable system of semi-implicit differen-
tial-algebraic equations. Let the partial derivative ko 4 (x,u) be defined. Then, the
system (3.24) is strangeness-free if

my = rank(Eq(z,u)) = const, r¢ = rank(ks ,(x,u)) = const, (3.26)
and
rank(| Pr@&W Ay L (3.27)
ko z(x, u) rrTe '

for all (z,u) € M, where
M= {(z,u) e XxU : ko(xz,u) =0}. (3.28)

Proof: In the following we will show that the semi-implicit DAE (3.24) with the
stated assumptions satisfies the Hypothesis 3.2.7 for v = 0. Then from Definition
3.2.9 it follows that the semi-implicit DAE (3.24) is strangeness-free.

Therefore, we have to consider

L | Bz =k
30F|: —kg :|

From the constant rank condition (3.26) we get that Ly defined in (3.13) is a man-
ifold of dimension 2n + n, — r with »r = my + r¢, see point 1) of the Hypothesis
3.2.7. The point 2) of the Hypothesis 3.2.7 is satisfied since

E i, |-k, E
rank(Fo.4z) = rank({ L kag]] L 01 }) =my+rc=r.

From 3) of Hypothesis 3.2.7 we get that v = ma —r¢, since corank(§o ) = ma—7rc
and corank(§_1,) = 0 by convention. Furthermore, from point 4) of Hypothesis
3.2.7 we get a = r¢ since rank(§o ;) = m1 = r — a and we get the existence of the
matrix function

ZQT:[O ZQT}

of size r¢: x m with rank(ZZ k2 ) = rc = a. Furthermore, we get the existence of
a matrix function T3 of size n x n — r¢ such that range(72) = ker(kz2 ;). In the last
point 5) of Hypothesis 3.2.7 the condition

rank(F;Th)=d=m—a—v

which corresponds to

rank({ Eol ] T)=d=my

has to be satisfied for all (z,%,u) € Ly. This and therefore, the assertion follows
from (3.27). O
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Remark 3.5.2 The condition (3.27) is equivalent to range(E{ ) Nrange(k] ,) = {0}
for all (z,u) e M = {(z,u) € Xx U : ky(z,u) =0}. O

Lemma 3.5.3 Suppose that the quasi-linear DAE (3.23) with rank(E(x,u)) =
rg = const for all consistent values (x,u) is a solvable DAE. Then, the system
(3.23) is strangeness-free if there exists a nonsingular matriz function

_ Sl(l'yu) m,m
S(z,u) = [ So(z.u) } €eC(X x U,R™™) (3.29)

with S1(z,u) is of size rg X m with

rg = rank(Si(z,u)E(x,u)), (3.30a)
re = rank((Se(z,uw)k(z,u)) ), (3.30b)
0 = Syz,u)E(x,u), (3.30c)
and
S1(z,u)E(x,u) _

rank( (Sa(z, u)k(z, 1)) )=re+rC (3.31)

for all (z,u) € M, where
M= {(z,u) e XxU : So(x,u)k(x,u) =0}. (3.32)

Proof: From the existence of the matrix function S(z,u) it follows that the scaled
DAE S(z,u)E(z,u)i = S(x,u)k(x,u) corresponds to a semi-implicit DAE (3.24)
satisfying the conditions of Lemma 3.5.1. Therefore, the assertion follows from
Lemma 3.5.1. ]

Remark 3.5.4 Quasi-linear DAEs (3.23) satisfying Lemma 3.5.3 have d-index 1 if
rg+rc =m =nand rg < m and they have d-index 0 if rg = m = n. In the latter
case, the quasi-linear DAE (3.23) corresponds to an ODE in implicit form. O

Remark 3.5.5 A necessary but not sufficient condition for the semi-implicit DAE
(3.24) to be strangeness-free is that the matrices Fq(z,u) and ko, (z,u) have con-
stant rank for all (z,u) € M. Note that it is not necessary for the matrices to have
constant rank outside of M. Consider the following example. O

Example 3.5.6 An example for a semi-implicit DAE is
[ 22 —21 |3 = ki(z),
0 = [af+a23-1].

Since

{ Ey(z,u) }:[ T2 —I } (3.33)

kg z(x, ) 2r1 229

satisfies condition (3.27) for all z € M = {x = (z1,22) : 0 = 2% + 23 — 1}, this
DAE is actually strangeness-free although the matrix (3.33) is singular for z = 0,
since © = 0 ¢ M. In particular, this system is actually of d-index one since the
matrix (3.33) is nonsingular for all x € M. t
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We have seen in Examples 3.2.14 and 3.5.6 that the solution = of a DAE (3.2a) is
restricted to a subset M by certain constraints contained in the DAE. This manifold
is called the solution manifold. For a strangeness-free semi-implicit DAE (3.24) the
solution manifold M is defined by the constraints ks (x,u) = 0, see (3.28).

In general, the solution manifold for a nonlinear DAE (3.2a) is defined by all con-
straints, i.e., constraints occurring explicitly in the DAE and additional constraints
which are contained but hidden in the DAE, i.e., they are not stated as equations,
as it is in Examples 3.2.14 and 3.5.6, see Definition 3.5.32 below for details. In
particular, DAEs of higher index may contain constraints which are not explicitly
given in the DAE as shown in the following example.

Example 3.5.7 Consider a semi-explicit DAE of the form

C.Cl = k1($1,$27u), (334&)
0 = k‘g(l‘l,u) (334b)

with 1 € CH(I,R™), 2o € C(I, R™), k1 € C(X;3 xXgx U, R™), ko € CH(Xy xU,R"2),
Xy € R™ | and Xy C R™2. The solution has to satisfy the constraints (3.34b) which
are explicitly stated in the DAE and in addition the solution has to satisfy the
constraints

d
0 = ko g, (21, w)k1(z1, T2, w) + ko o (21, 0)0 = Ekg(ﬂll, u), (3.34c¢)

which arise from the first derivative of (3.34b) with respect to t and are not explicitly
stated in the DAE, but implicitly. Therefore, the solution has to lie in the manifold

M = {(1‘1,1}2,111) € Xy x Xg x Ul : 0= kg(l‘l,’u,),
O - k2,x1 (1'1; u)kl(xla QCQ,’IL) + kQ,u(l'l; U)U}

defined by both kinds of constraints.

In the case that ks 4, (z1,u)k1 5, (21, T2, u) has a bounded inverse for all (z1, 2, ul) €
M, the DAE has d-index v4 = 2, p-index v, = 2, s-index v, = 1, and t-index v, = 2.
Furthermore, if n; = no then the solution is completely determined by the algebraic
constraints (3.34b) and (3.34¢) such that actually the DAE (3.34) corresponds to
an algebraic system. 0

3.5.2 Analysis of quasi-linear differential-algebraic equations

In the following, we will investigate quasi-linear DAEs with respect to their ana-
lytical properties, like constraints and their solution manifold. We will develop a
tool for the analysis of quasi-linear DAEs in form of an iterative procedure. In
preparation we need the following two lemmata.

Lemma 3.5.8 Suppose that (5.23) is a solvable system of quasi-linear differential-
algebraic equations and let X C R™ be such that x(t) € X for all t € 1T and for all
solutions x. Then, the solution x of (3.23) is invariant under nonsingular transfor-
mations, i.e., (3.23) has in X x U the same solution set as

Z(x,u)E(z,u)i = Z(z,u)k(z,u), (3.35)
where Z(x,u) is nonsingular for all (x,u) € X x U.

Proof: Every solution of (3.23) is also a solution of (3.35). On the other hand, z(t)
is a solution of (3.35) if Z(x, u)(E(z,u)t—k(z,u)) = 0. Because of the nonsingular-
ity of Z(x,u) for all (x,u) € XxU this is satisfied if and only if E(z, u)i—k(x,u) =0
and we get the assertion. O
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Remark 3.5.9 Note, that if the transformation matrix Z(z, ) is singular, then
the solution set of (3.35) may be larger than the solution set of (3.23). O

Lemma 3.5.10 Suppose that (3.24) is a solvable system of semi-implicit differential-
algebraic equations and let X C R™ be such that x(t) € X for all t € T and for all

solutions x. Furthermore, let the initial values x(tg) = xo be consistent. Then,

the solution of (8.24) is invariant under differentiation of the constraints, i.e., a

solution of the initial value problem (3.24) with the initial values x(tg) = xq s also

a solution of

{El(%w }x _ { ki (a,u) ] (3.36)

koo (z,u) —kou(x,u)u

with the initial values x(tg) = xq, and vice versa.

Proof: If z is a solution of (3.24) with initial values x(t9) = ¢ it is also a
solution of (3.36) with initial values x(tg) = 2. On the other hand, setting x(t) =
ka(z(t),u(t)) we get the constraints in the form x(t) = 0 and its first derivative
with respect to ¢ as

i(t) = 0. (3.37)

The solution of (3.37) is given by k(t) = ko with kg = ka(zo,u(tp)). From the
consistency of the initial values we get kg = 0 and, therefore, every z(t) which
satisfies the first derivative (3.37) with respect to t of the constraints (3.24b) with
x(tg) = xg also satisfies the condition k(t) = 0 which corresponds to the constraints
of (3.24) such that we get the assertion. O

In the following we will present a procedure for the analysis of quasi-linear DAEs
of the form (3.23), with z € X. For the control variables v € U we will use the
Notation 3.1.4.

Procedure 3.5.11 Consider the quasi-linear DAE (3.23). Assume that the leading
matrix F(z,u) is continuous with respect to the first component, i.e., E € C% (X x
U, R™™).

Initialization: Set i = 0, E°(x,u) = E(x,u), k°(z,u) = k(z,u), and M_; = X.

Iteration step:
0) Start the iteration step with

Ei(z,u' i = ki (x,ub). (3.38)

1

Note that in the case of i = 0, the DAE (3.38) is identical with the DAE
(3.23) and note the convention that u=t = u® = u.

I) Suppose, there exists a matrix function Z%(x,u*~!) which is nonsingular for all
(x,uz_l) € M;_; and continuous with respect to its first component, i.e.,
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Zt e C% (M;_1,R™™), such that the following criteria are satisfied.

) ) ) ) i i—1
1) Zi(zuwHYE (2,0 = [ El(xbu ) } (3.39a)
2) Zi(a, w Nk (z ) = | FLEW) (3.39b)
ki (2, u?)
3) Ei is of size m} x n with m} = ( m_z)me (rank(E*(z,u"1))) (3.39¢)
x,u*)eM;
4) E; are of sizes mg-, j=1,2, withm} +mb=m (3.39d)
5) rank(E? (z,u'"")) = rank(E'(z,u’"!)) for all (z,u') € M; (3.39%)
6) M; = {(z,u") e Xx U’ : 0=Fkj(z,u)} (3.39f)
7) M; = (M;_1 x UD)NM; € X x U (3.39g)

IT) Multiply both sides of the quasi-linear DAE (3.38) with Z* from the left to
obtain the intermediate DAE

{ Ef(xbui_l) } i

ki (')
Fiews | ”

In this semi-implicit form the DAE is partitioned into the differential part
Ei(z,u'"Y3 = ki(x,u’) and the constraints

0= ki (z,u'). (3.41)

Let us call these constraints of level i. Together with the constraints up to
level i — 1 they restrict the solution x into the constraint set of level i M.

) 1f
mb=0 or ki(z,u)=0 (3.42)
for all (z,u?) € M;_; x U®, then the procedure terminates with v = i.

IV) If the right-hand side ki(z,u) is contradictory or not continuously differen-
tiable on M, then the procedure terminates without result.

V) Replace the constraints (3.41) by its derivative with respect to ¢ and transfer
the DAE (3.40) to the form

Ei(x7ui—l) .
R o (w, u')

RGN 1 , (3.43)

I o ()

VI) The DAE (3.43) is a quasi-linear DAE in the form (3.38) for i + 1 instead of i.
Set

Ei—',—l(x7 ui) —_

B (z,wi)
ké,w(xa ui)

and
kit (2, uitl) = l Nkli(x,ui)‘ _ 1 :

I ()

increase i by one, and proceed with step I).
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]

Remark 3.5.12 a) If the rank of the leading matrix in (3.38) is constant, i.e.,
rank(E!(z,u" 1)) = r; for all (x,u’"1) € M;_; and M;_; C X x U=t is C!-
diffeomorphic to a set Y defined in (2.4) then the existence of the transformation
matrix Z° follows from Theorem 2.1.6 and it can be computed with Algorithm 2.1.9.
b) If the rank of the leading matrix in (3.38) is not constant, it is often possible to
obtain such a transformation matrix by the following process.

1. Set M; = M;_; x U®,

2. Compute m} = max (rank(E*(z,u’"1))) and mb =m — mi.
(z,ut)eM;
3. If possible, compute a nonsingular matrix function Z° € C% (M;_;, R™™),
such that the following criteria are satisfied.

Ei(z, ™) ]

1) ZH(z Y E (2,0t = { 0

i) Zauw R () = l %Ezﬁ; ]

i) Ej is of size m| x n, k are of sizes mj, j =1,2

) rank(E? (z,u'"")) = rank(E (z,u’")) for all (z,u’) € M

4. Set M; = {(z,u') e X x U' : 0= ki(z,u’)}.
5. Set M; = (M;_; x UD)NM; € X x U
6. If max (rank(E‘(z,u’"!))) < m} then proceed with Step 2. Otherwise, the

(z,u?)eM;
process terminates with Z* computed in Step 3.

¢) If in any iteration step ¢ of Procedure 3.5.11 the constraints (3.41) contain
some trivially satisfied equations, i.e., constraints which are trivially satisfied for
all (z,u) € M;_; x U™, it is not necessary to consider these trivially satisfied
equations in the further iteration process of the procedure, rather, they are kept
unchanged in the constraints (3.41) from one iteration step ¢ to the next iteration
step © + 1. O

Remark 3.5.13 a) In the case that the matrix E'(x, u) is nonsingular for all (z,u) €
X x U, the quasi-linear DAE (3.23) corresponds to an implicit ODE and Procedure
3.5.11 terminates with v = 0. _

b) The termination criterion ki(z,u’) = 0 in (3.42) means that the remaining
constraints do not restrict the state x and therefore, also every subsequent derivative
of 0 = ki(x,u’) with respect to t does not restrict the state z.

¢) It follows from Procedure 3.5.11 that some components of the right-hand side
of the quasi-linear DAE (3.23) have to be v-times continuously differentiable with
respect to its first argument.

d) Note that we consider quasi-linear DAEs (3.4) with m not necessarily equal to
n. Therefore, the constraints (3.41) may be redundant. O

Remark 3.5.14 The Procedure 3.5.11 can be seen as a generalization of the Silver-
man structure algorithm introduced in [162] which is designed for the inversion of
linear control problems with constant coefficients as well as a generalization of the
modification of the Silverman structure algorithm for a certain class of nonlinear
control problems introduced in [168]. O
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Example 3.5.15 Consider again the semi-explicit DAE (3.34), i.e.,
1 = ki1, 32,u),
0 = ko(xy,u)

with z1 € Cl(ﬂ, Rnl), X9 € C(H,R"z), ki € C(Xl X Xg x U, Rnl), ko € Cl(Xl XU,R”Q),
X; C R™ | and Xy C R™. Following Procedure 3.5.11 we have

I 0 k1 (x1,x2,u)

0_ o_ | kil(z1, 22,

BT = |: 0 0 :| ’ K= |: kg(xl,u) :| )

With the transformation matrix Z9 = I we get E? = (I 0], K = ki, and

Eg = ky. The constraints of level 0 are given by 0 = %8 = ko and therefore, we get
Mo = My = {(z,u) € Xx U : 0= ky}. Differentiation of the constraints of level 0
with respect to t yields 0 = kg 5, (x1, u)&1 + k2 (21, u)t and we get the transformed
DAE El(z,u)i = k'(z,u!) with

Bz, u) = { Lo } K (2 u) = [ (1, 72, u) ]

k2o, (z1,u) O —kou (1, u)U

The transformation with the nonsingular transformation matrix

ZN(x,u) = [ —kz,ixDU) (; }

leads to
El(z,u) = [1 0],
ki(z,u') = [ ki(w1,22,u) |,
E(z,u') = [ —koo(z1, u)ki (w1, 22, u) — koo (z1, )it | .

Now we have determined the constraints of level 1 by
0= % (z,ub) = —ko 5, (1, W)k (21, T2, u) — ko (21, W) (3.44)
Furthermore, we get
M; = {(z,u') € X x U : 0= —kyp ki — ko it}
and the constraint set of level 1 by
My = {(z,u)) € X x U : 0=ky, 0= —kou ki — ko, u}.

Since the constraints of level 1 (3.44) are not satisfied for all (z,u') € My x UM,
we have to continue the procedure. Differentiation of the constraints (3.44) with
respect to t yields
0 = —(k2u (@1, 0)ki(z1,22,1)) 2,81 — K22y (T1, W) K12y (T1, T2, u) T2
— (k.2 (21, Wk (21, 22, 0)) it = (Ro,u (21, 0)0) 0, 1

— (kg (1, w)0) Wi — ko (21, u)l

and we get the transformed DAE E?(z,u!)i = k?(z,u?) with

I 0
E?(z,ut) = .
(:C’u ) |: (k2,z1k1),m1 + (k2,uu),zl k2,zlk1,zg :| ’

2 2 _ kl
K (x’u ) B |: _(kQ,:mkl),uu - (k2,uu)7ud - k‘gyuﬁ .

If kg 5, k1,2, is nonsingular for all (z1, z2, ul) € My, then m% = 0 and the procedure
terminates with v = 2. O
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Remark 3.5.16 Note that the procedure does not require that the rank of the
leading matrix EY (z,u”~!) in (3.40) of the termination step i = v has to be constant,
i.e., it is not necessary that

rank(EY (z,u” 1)) = const, for all (z,u’"') € M,_1, (3.45a)
or that the rank of the constraints of level 7 has to be constant, i.e.,
rank(%@(m‘,ui)) = const, for all (z,u’) € My, (3.45b)

for ¢ =0,...,v — 1, as shown in the following Example 3.5.17.

Of course, quasi-linear DAEs (3.23) that do not satisfy (3.45) are not in general
suitable for numerical integration. But the numerical integration only gets into
trouble if the solution (x,u) passes such singularities, in which the rank of the
leading matrix in (3.40) of the termination step ¢ = v or the rank of the constraints
of level 4 in (3.40) is not constant. As long as the solution, which is determined
by the initial values, does not pass such singularities the numerical integration
process will not get into trouble. Therefore, we will not exclude such DAEs from
our investigations. Rather, during the numerical integration process, if the solution
passes such singularities, the numerical algorithm should detect such singularities
and react in an appropriate way, see Example 5.3.4 in Section 5.3. |

Example 3.5.17 Consider the differential-algebraic equation

(z(t) — 1)@(t) = (x(t) — Dz (t). (3.46)

For this DAE the Procedure 3.5.11 terminates in the first step, i.e., v =i = 0, since
there do not exist any constraints. Obviously, with v = 0 we get for EY(z,u) =
(x — 1) that

0, ifx=1,
1, else.

3

rank(EY (z,u’ 1)) = {

Therefore, this DAE has a singularity at * = 1. The solution set is given by
{z € CH{I,R) : z(t) = 1 or z(t) = ce’ with ¢ € R}. If the initial value z(to) is
already larger than one, i.e., z(tg) > 1, the solution does not pass = 1 inside the
integration interval I = [to,¢s] with ¢; > to. On the other hand, if the initial value
is smaller than one, i.e., 2(tg) < 1, and the integration interval is small enough, the
singularity again will not be met. If the state space X does include the singularity,
but the particular solution determined by the initial values and the integration
interval does not pass through this singularity then it would be bad to exclude this
DAE in advance from the investigations.

Note, that the DAE (3.46) does not satisfy the Hypothesis 3.2.7 because the set of
solutions L; is not a manifold for any <. O

Proposition 3.5.18 Assume that Procedure 3.5.11 applied to the quasi-linear DAE
(8.23) terminates in iteration step i = v in (3.42). Then, my < my ' for all
1=1,..,v.

Proof: The proof follows immediately from Procedure 3.5.11. (]

Proposition 3.5.19 Assume that Procedure 3.5.11 applied to the quasi-linear DAE
(3.23) terminates in iteration step i = v in (3.42) and assume that the constraint

sets M; are manifolds, i.e., rank(%@(x,ui)) = counst for all (z,u;) € M;, then we
have

dim(M;) < dim(M;_; x U®)
foralli=0,...,v—1.
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Proof: The proof follows immediately from the construction of the constraint sets
M in Procedure 3.5.11 and the fact that m% > 0 for all ¢ € Ny with ¢ < v. O

Note that this proposition cannot be stated for general constraint sets M; (without
being a manifold) because the term ”dimension” is not defined for general constraint
sets possibly containing singular points.

With this proposition it can be guaranteed that Procedure 3.5.11 terminates within
a finite number of iteration steps.

Lemma 3.5.20 Assume that Procedure 3.5.11 applied to the quasi-linecar DAE
(3.23) terminates in iteration step i = v in (3.42). Then the differential part in
(3.40) and the constraints in (3.40), i.e., the hidden constraints (3.59), are deter-
mined by

Bz, w1 — kS (2, u) Z pi & (B — ), (3.47a)

— kL (z,u) Z A] < B = k), (3.47b)

with DY = 79, AS = Z9, and the recursion

D) = Z\,Dit+ Zi, At (3.48a)
Di = Z,DiT' 4 Z, A+ Z1, AT, j=1,.,i—1, (3.48D)
D! = Zi,AiTh (3.48¢)
Al = ZiLDit+ Zi, A (3.49a)
Ai = Z3 D+ Zh, AT+ Zh, AV, j=1,.,i—1, (3.49b)
AL = Zi, AL (3.49¢)

where Z9, k € {1,2} are defined such that

0
A [ g% } is nonsingular (3.50a)
2

and satisfies (3.39) fori =0 and Z},, k,1 € {1,2} are defined such that

A Zil Ziz is nonsingular (3.50Db)
Z5 Zi '
and satisfy (3.39) fori=1,..,v

Proof:  The proof will be done inductively. Let us start with ¢ = 0. From
Procedure 3.5.11 we get

0
EVi — k0 = Z%(Ei — k ZDg)dtj Ei—k)

which corresponds to (3.47a) for ¢« = 0. Furthermore, for the algebraic constraints
we have

—k) = Z%(Ei — k ZAJCW (Ei — k)



46 CHAPTER 3. DIFFERENTIAL-ALGEBRAIC EQUATIONS

which corresponds to (3.47b) for ¢ = 0. Let us assume that the relations (3.47a)
and (3.47b) are satisfied for certain ¢ > 0 and let us proceed one step of Procedure
3.5.11. Starting in substep II') we have

Eli—k = ZD]dtj (Ei — k),

Kk = ZA](W (Bi—k).

Differentiation of the algebraic constraints with respect to ¢ yields

Eig—Fk = ZDJ 1 i k), (3.51a)
Ht Ry’ = ZAJ a5 B = k) + ZAa g (BE = k) (351b)
o 1 REA
= A§(BE—k)+ D (Ajy + A)) oy (Bi — k)
7=0
di+1 )
FAL—— ey (Ei — k).

Selecting the differential and the algebraic part by use of the transformation matrix

o[ 2]
Zyi 2y
with
[ B o)A
Zor Lo —k5 . 0
yields
e AN A
—k5 Zor Zy —kh o — K o

With (3.51) we get

Eitl _“k’z‘+1

_ 1+1

= 77 ZD]dtJ (Ex—k)

2+1 i—1 N ) dj+1 di+1 )
(Ab(EE = k) + D" (A} + A T (Bi = k) + Al (B — )

7=0
= (ZI'Di + Zis AN (Ei — k)
i+1

(Ei— k) + Zi AL d

(3 K 7 d
+Z ZH' DL+ Zi A + 2T AL ) — S

W (B — k)
Jj=1
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and

_%iJrl

_ i+1
= Zi ZDjdt] (Ed — k)

i—1 . .

i i . ” i Qi+t i dlJrl .
+ZQ;1(AO(Ez—k)+Z(A L A T (Bl — k) + Al (E:c—k))
7=0

= (23" Dy + 233" Af) (B — k)
di+1

J
d (Ei — k) + Zig Al

+]Zl (Z'Di + Zi AL + Zif AL ) — T b (BE = F).
Hence, for the differential part we get the recursion
Ejg -k = (ZLDy '+ Zi, Ay ) (Bi — k)
i—1
+ ]Zl(zflp;fl + Zip AT+ 2 A7) 35 (B k)

d
+Zi, AT — 7 (Ei — k)

which corresponds to (3.47a) and for the algebraic part we get the recursion

—kh = (Z, Dy + ZhL AT (Bd — k)
i—1
dJ
+Z Z21DZ L+ Z22AZ L+ Z22A; 11) (Ex — k)
Jj=1

i, .
+Z5, A} }dtz (Bt — k)

which corresponds to (3.47b). O

Remark 3.5.21 Note that the matrix functions A% and D} formally depend on the

variables z up to its ith derivative z(*) with respect to ¢ and on the control variables
and its derivatives, i.e., on u’. In particular, we have A% = A;-(x,j;, ...,x(’),uz) and
Di = Di(x, &, ...,z u’). O

Lemma 3.5.22 Assume that Procedure 3.5.11 applied to the quasi-linear DAFE
(3.23) terminates in iteration step i = v in (3.42). Then for alli = 0,...,v —1
we have

AT
ZA ( (Ex—k)) = 0 forl=1,..,v, (3.52a)
- deJ 1)
j=0 »T
;Dﬂ' (dtj (B k)> o { 0 Jorl=2..v, (8.52b)

where D; and A;- are defined in (3.48) and (3.49), respectively.

Proof: The proof proceeds by induction. For i = 0 we get that (3.52a) simplifies
to

AY(Ei — k) yop =0 forl=1,..,v,
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with A = Z9 and (3.52b) simplifies to

. Ei forl=1,
Dg(Ex B k)’m(l) - { 0 ' foril=2,...,v

with DY = Z9. Since E(z,u) and k(z,u) do not depend on derivatives with respect
to t of x these identities are satisfied. Furthermore, since also the hidden constraints
do not depend on derivatives with respect to ¢ of & by construction, we get

0= (—E%(:v,u’))

O)

for (r/,u’~!) € L,_;. From (3.47b) it follows that

i ; dj .
O_ZAJI(” dtj E{L‘— ),]]+ZA] (@(E{L‘—k)>
7=0

o)

Therefore, from the induction hypothesis for (3.52a) it follows that

O_ZAJiE(” dt] Ew_k) ]]

for all | = 1,...,v. Furthermore, since Ei and k! do not depend on derivatives with
respect to t of x, by construction, see (3.40), we have

T T _ E'{ forl =1,
(Bid = k)0 = { 0 forli=2,..,u (3.53)
With (3.47a) it follows on L, _; that

( i¢ = ki) NI ZD? dtJ (Bs = k)

P0)

i . 47 ' i ; 47 )
> Dol (B2 =01+ 3, (32 -1)

a®

From (3.53) and the induction hypothesis for (3.52b) it follows that
i i ST
0= ZDmm [[@(ET/ —k), ]
=0

foralll=1,...,v—1.
Let us assume that (3.52) is satisfied for ¢ and consider now the next induction step,
i.e., we show (3.52) for ¢ + 1. We have

1+1 7 :
) d . ) dJ
§ At Ei — = ANYEi-— § AT —(Ei —
7=0 ! (dtj ( v k)) ,;p(l) 0 ( ! kj)’x(l) +_7 1 ’ dtj ( ! k) ,I(l)

+ A ! FEi—k
i+1 deitl ( T )

a®
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From the recursion (3.49) with respect to A’ we get

+1 d

1+1
Z Al <dtj (B — k)> .
J=0 e

= (ZéJlei + ZFT AN (Bd — k) L0
d]
+Z Zi Dl + 2 A+ 2 AL (dﬁ (Ei — k))
Jj=1

2

Tz Al ( I - k))
dtlJrl 2

and it follows that

i+1 4
i+1
E Aj (dtJ (B — k))

§=0 sz ()

= Z3T' Dy(Ed — k) o + Z35  AY(Bd — k) Lo
+ 75t Z D! d—j(Ea'c — k) + ZEt Z Al d—j(E;ic — k)
2 i T\ de o) 22 s T\ ded

d
z+1
+Z5 E A <dtﬂ (Bt — k)>

a®

41

) S d )
+ ZE Al (dtm (Ei — k)>

PO) a®

, d
_ i+1 7 .
= Z21 E - Dj (@(E.T — k)) 0 (354)
i= 5

Zit i AZ d Ei—Fk Al @ Ei—Fk
+ 2 ( & — k) o + dtﬂ+1( i — k) ol
J= ® T

For ki (x,u") we have

- (k2(x’u )) (D) - (_kZ,;c (‘r’u ) k2 ul (I U ) ) Lz

_ —Eéyz(x,ui) for 1 =1,
0 forl=2,...,v—1.

Furthermore, we have

o 7 d )
—ko(x,u") Ly <d— k (z,u’ )x(l) (dt ZAJdtJ (Ei — )))

. d’ (A
= ) Am(l)[[@(E —k)7.]]+jZOAj(dtj(Ex—k))

Jj=0

o)

o)

Jj+1

i ) Qi+t . ‘ , [ d .
+ZOAJ-’I(1)[[W(E£E—]€)7']] +ZOAJ (dtj+1 (Em_k)) 0 '
J= = :
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With (z,u’~1) € L,_; we get

7=0
= _%2(x7ui),;c<l>

= (Tl = By i)

_ —%w(ﬂc,ui) for I =1,
R ) forl=2,...,v

dit+1

+) Al (— E:’c—k)
g Hagm Be-0)

a®

and thus from (3.52b), (3.54), and (3.50b) it follows that

1+1 :
) Y
> oA (,(Ey'c - k))
j:() dtj 737(1)

_ [ ZH'Ei(zw) + Zig (<K, () for =1,
10 forl=2,...,v
=0

for i =1,...,v — 1. Analogously, it follows that

i+1 - ~. ,
; dr Efl(z,u)) forl=1
DH_l — (Fr — — 1 ) y
jz:;) / <dt] ( v k))@(” { 0 for | = 2, vV
fori=0,...,v—1. O

Definition 3.5.23 (underlying (ordinary) differential equation)  Assume
that Procedure 3.5.11 applied to the quasi-linear DAE (8.23) terminates in iteration
step i = v in (3.42) and assume that rank(EY(z,u’~')) = m¥ = const for all
(x,u’=1) € M,_1. Then, the obtained DAE

EY (z,u’ V)i = kY (2, u”) (3.55)

in (3.40) in step i = v is called underlying differential equation (UDE) of the quasi-
linear DAE (3.23).
If in addition the matriz EY (z,u’~") is nonsingular for all (x,u’~') € M,_; then
the obtained DAE

& = (BY (x,u ") "k (2,u")

in (3.40) in step i = v is called underlying ordinary differential equation (uODE)
of the quasi-linear DAE (3.23).

Lemma 3.5.24 Assume that Procedure 3.5.11 applied to the quasi-linecar DAE
(3.23) terminates in iteration step i = v in (3.42). Then the set of solutions of
the intermediately obtained DAEs E*(z,u)i = k'(z,u) fori=0,...,v — 1 with ini-
tial values x(tg) = xo equals the set of solutions of the original quasi-linear DAE
(8.23) with initial values x(tg) = xo, if the initial values x(tg) = xo are consistent
to the original DAE (3.23), i.e., if they lie in the solution manifold M.
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Proof: From Lemma 3.5.8 and from Lemma 3.5.10 it follows that the set of
solution is unchanged in every step of the Procedure 3.5.11 if the initial values
x(tg) = @ are consistent to the original DAE (3.23), i.e., if they lie in the solution
manifold M. O

Proposition 3.5.25 Assume that Procedure 3.5.11 applied to the quasi-linear DAE
(3.23) terminates in iteration step i = v in (3.42). Then the set of solutions of the
underlying differential equation (3.55) with initial values x(tg) = xo equals the set
of solutions of the original quasi-linear DAE (3.23) with initial values x(to) = o, if
the initial values x(tg) = xo are consistent to the original DAE (3.23), i.e., if they
lie in the solution manifold M.

Proof: According to the Definition 3.5.23 the proof follows from Lemma 3.5.8
and Lemma 3.5.10 considering Procedure 3.5.11. ]

Corollary 3.5.26 Assume that Procedure 3.5.11 applied to the quasi-linear DAE
(3.23) with m = n terminates in iteration step i = v with m4§ = 0 in (3.42)
and rank(EY (z,u’~1)) = const for all (z,u”~') € M,_1. Then, the DAE (3.40)
corresponds to

EY(x, 0 Vi = kY (z,u”) (3.56)

with nonsingular leading matriz EY (x,u’~Y) for all (z,u’~) € M,_y. Furthermore,
(3.56) corresponds to the underlying ODE in implicit form.

Proof: The proof follows immediately from Procedure 3.5.11 in view of Definition
3.5.23. 0

Definition 3.5.27 (Maximal constraint level) Assume that Procedure 3.5.11
applied to the quasi-linear DAE (3.23) terminates in iteration step i = v in (3.42).
Then the maximal constraint level, denoted by v, is defined as v, = v — 1.

Note that v. > —1. In particular, . = —1 means that there do not exist any
constraints such that the quasi-linear DAE (3.23) corresponds to a set of differential
equations. In the case of m = n the quasi-linear DAE (3.23) corresponds to an ODE
in implicit form.

Example 3.5.28 Consider again the semi-explicit DAE (3.34). If k2 4, k1 4, is non-
singular for all (z1,z2,u') € My, then m3 = 0 and the Procedure 3.5.11 terminates
with v = 2 as shown in Example 3.5.15. Therefore, from Definition 3.5.27 we get
that the DAE (3.34) has maximal constraint level v, = 1. O

Lemma 3.5.29 Assume that Procedure 3.5.11 applied to the quasi-linear DAE
(3.23) with m = n terminates with my = 0 in iteration step i = v = v, + 1
in (3.42) with mazimal constraint level v, and rank(EY (z,u”~1)) = const for all
(x,u’=1) € M, _4, then the d-index of the DAE (3.23) is well defined by vy = v, +1.

Proof: From Definition 3.2.3 we get the assertion with respect to the d-index
in view of the Procedure 3.5.11 and Corollary 3.5.26 with the relation (3.47a) of
Lemma 3.5.20. g
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Lemma 3.5.30 Assume that Procedure 3.5.11 applied to the quasi-linecar DAE
(3.23) terminates in iteration step i = v = v.+ 1 in (3.42) with mazimal constraint
level v, m4 = 0, and rank(EY (z,u”~')) = const for all (z,u”~1) € M, _;. Further-
more, let ki(z,ut), i = 0, ..., v with rank(ki(z, u')) = const for all (z,u’~') € M, _;
be vector valued functions of size m, respectively, as defined in Procedure 3.5.11.
Then, m < n and

E(x,u)

0 (z.u0
rank( k2"”(:’u) ) = m. (3.57)

e, (x,uve)

Proof: The proof follows immediately from Procedure 3.5.11. (]

Lemma 3.5.31 Assume that Procedure 3.5.11 applied to the quasi-linecar DAE
(3.23) terminates in iteration step i = v = v, + 1 in (3.42) with mazimal con-
straint level ve, m = n + m%, and rank(EY (z,u’~1)) = const for all (z,u*"!) €
M,_1. Furthermore, let ki(x,u'), i = 0, ..., v, with rank(k}(z,u’)) = const for all
(x,u~1) € M,_1 be vector valued functions of size mb, respectively, as defined in
Procedure 8.5.11. Then,

E(z,u)

K o ()
rank( ) ) =mn, (3.58)

K ()
i.e., the matriz in (3.58) has full (column) rank.

Proof: The proof follows immediately from Procedure 3.5.11. O

With Procedure 3.5.11 we are able to define important quantities of the quasi-linear
DAE (3.23), like the solution manifold, the hidden constraints, and the minimal
reduced derivative array, which are of great interest for the development of numerical
methods.

Definition 3.5.32 (Hidden constraints of quasi-linear DAEs) Assume that
Procedure 3.5.11 applied to the quasi-linear DAFE (3.23) terminates in iteration step
i=v=v.+11in (8.42) with mazimal constraint level v.. The algebraic constraints

(3.41)
0=FKxw), j=1,..v (3.59)
are called hidden constraints of level j of the quasi-linear DAE (3.23).

Remark 3.5.33 The maximal constraint level corresponds to the highest level of
existing (hidden) constraints of the quasi-linear DAE (3.23) which equals the highest
level of the derivative array which is necessary for the determination of all (hidden)
constraints.

In general, the maximal constraint level v. does not coincide with the s-index v, as
shown in the following Examples 3.5.34 and 3.5.35. Rather the s-index is an upper
bound for the maximal constraint level.
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In particular, if the quasi-linear DAE (3.23) has s-index v, and the matrix function
ZI of size a x (vs + 1)m in Hypothesis 3.2.7 has the form

Zy =123y -+ Zyy 1 Zy, | (3.60)

where ZI has the size a x m for all i = 0, ..., s and ZQTVS # 0, then all derivatives
included in the derivative array of level v,, i.e., the derivatives of the DAE up to
order v, are necessary for the determination of the algebraic part containing the
(hidden) constraints k% in (3.41) which are extracted from the derivative array §,.
by use of the matrix function Z7 and contains all (hidden) constraints. Therefore,
we have the maximal constraint level v. = v,. Otherwise, if the matrix function
73 of size a x (vs + 1)m in Hypothesis 3.2.7 has the form (3.60) with Z, =0,
then the derivative of the DAE of order vy is not used for the determination of the
algebraic part and we have the maximal constraint level v, < v;. (]

Example 3.5.34 Consider the DAE

i = 0, (3.61a)
0 = = (3.61D)

which is already in semi-implicit form (3.40) with E? = [ 1 ] and the constraint

which defines the manifolds My = My = {z € R : z = 0}. Following Procedure
3.5.11 by differentiation of the constraint with respect to ¢ we get the DAE E'4 = k!
with

Elz[l

1} and klz[o]. (3.62)

0

Transformation with the transformation matrix
1 0
1 _

leads to the Ell = [ 1 ] and the constraint
0=k3=0

which is trivially satisfied. Therefore, Procedure 3.5.11 terminates with v = 1 and
we get the maximal constraint level v, = v — 1 = 0. Obviously, this corresponds to
the highest level of the (hidden) constraints because there does not exist any hidden
constraint but only the constraint 0 = 7%3

On the other hand, the DAE (3.61) is not strangeness-free but satisfies the Hypoth-
esis 3.2.7 with v = 1, i.e., it has s-index v, = 1, while the DAE E's = k! with
(3.62) obtained after one iteration step of Procedure 3.5.11 has s-index 0. O

Example 3.5.35 Consider the DAE

10 0 010
01 0fé=|100]|=z (3.63a)
00 0| 10 0

The DAE is already in semi-implicit form (3.40) with ¢ = 0 and

"’0_ 100 ~0__010 ’Vo_
El[o 1 0 ,klf_l 00 z,ky=[1 0 0]z
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Therefore, we have the constraint 0 = Eg = x7 of level 0 and the manifolds I\NAIO =
My = {z € R® : z; = 0}. By differentiation of the constraint we get the DAE
(3.38) with ¢ = 1 and

1 00 010
Et=| 0 1 0|,k'=|1 0 0= (3.64)
-1 0 0 00 0

Transformation with the transformation matrix

1 0 0
Z'=10 1 0
1 0 1

leads to the DAE (3.40) in semi-implicit form with ¢ = 1 and

~ |1 00 = [0 10 =
El_{o 10 , k= 10 0 x,kQ—[O 1 O]x.

Therefore, we have the constraint 0 = % = x5 of level 1 and the manifolds I\7J11 =
{reR® : 23 =0} and My = {z € R® : 2y =0, 23 = 0}. Since the constraint of
level 1 is not trivially satisfied for all x € My, we have to continue the procedure.
By differentiation of the constraint of level 1 we get the DAE (3.38) with ¢ = 2 and

1 0 0 01 0
EFP=|0 1 0|,k=]|100]|x (3.65)
0 -1 0 00 0
Transformation with
1 00
Z2=10 1 0
0 1 1

leads to the DAE (3.40) in semi-implicit form with ¢ = 2 and

-2 1 0 0 72 0 1 0 72
El_[o . O],kl_{l 0 O]x,kQ—[l 0 0]z

Therefore, we have the constraint 0 = 7{:3 = z1 but this is trivially satisfied for all
x € My. Therefore, Procedure 3.5.11 terminates with v = 2 and we get the maximal
constraint level v. = v — 1 = 1. Obviously, again this corresponds to the highest
level of the (hidden) constraints.

On the other hand, the DAE (3.63) has s-index v4 = 2, while the DAE E'i = k!
with (3.64) obtained after the first iteration step of Procedure 3.5.11 as well as the
DAE EZ%i = k? with (3.65) obtained after the second iteration step of Procedure
3.5.11 have also s-index v, = 2. In particular, in this example the s-index does not
decrease from one iteration step to the next, in contrast to Examples 3.5.15 and
3.5.34. O

Remark 3.5.36 a) Hidden constraints impose consistency conditions on the initial
values and provoke severe difficulties for the direct numerical integration of DAEs
of higher index. For more details the reader is referred to [7, 25, 66, 69, 82, 133].

b) If the investigated quasi-linear DAE (3.23) does contain redundant constraints,
in particular, the hidden constraints 0 = ki (z,u?) for i = (0,)1, ..., v, are also re-
dundant with respect to the state x. Therefore, they impose in addition to the
restrictions on the state x also conditions on the control variables v and its deriva-
tives with respect to t. O
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Remark 3.5.37 Assume that Procedure 3.5.11 applied to the quasi-linear DAE
(3.23) terminates in iteration step ¢ = v = v. + 1 in (3.42) with maximal constraint
level v.. Furthermore, let the (hidden) constraints 0 = ki(z,u), i = 1,...,1, be
defined in (3.41). Then, if the initial values x(tg) = x( are consistent, they satisfy
all (hidden) constraints, i.e.,

0 = ki (z0,u'(to))
forallt =0,..., 1. O

Definition 3.5.38 (Solution manifold of quasi-linear DAEs)  Assume that
Procedure 3.5.11 applied to the quasi-linear DAFE (3.23) terminates in iteration step
i =v=v.+1 in (342) with mazximal constraint level v, and rank(%w(:c,ui)) =
const for all (z,u’*) € M,_ and i = 0,...,v. in Procedure 3.5.11. The solution
manifold of the quasi-linear DAE (5.23) is determined from all (hidden) constraints
(3.59) of level i =0, ..., v, and is defined by

M= My, = {(2,07) X x U 2 0= Kg(w,u’), oy 0= K5 (w,u)}.

The derivative array §,, of order v, defined in Definition 3.2.1 contains all necessary
information about the solution manifold, constraints, and hidden constraints. But
in general it contains more information than necessary. Unfortunately, the deter-
mination of the whole derivative array of order v, is often very technical and time
consuming, in particular, if we consider a complex DAE of higher index. Procedure
3.5.11 offers the possibility to filter out the following minimal reduced derivative
array which contains only the necessary information of the DAE.

Definition 3.5.39 (Minimal reduced derivative array) Assume that Procedu-
re 3.5.11 applied to the quasi-linear DAE (3.23) terminates in ileration step i =
v =v.+ 1 in (3.42) with mazimal constraint level v.. Then the minimal reduced
derivative array of level I < v, of the quasi-linear DAE (3.23) is defined by

E(z,u)i — k(z,u)

Eg(m,u)
0= Ry = | R
— Fi(adul) = 3, : (3.66)
K (z,ul)
L
~ m+ > m; . . ~. ;
where §; € C(X! x UL, R i=0 2), wo= [, 4T, DT and where ki(x,u),

i =0,...,1, are recursively defined as in Procedure 3.5.11.
In the case | = v, the minimal reduced derivative array §,, (x, &,u”e) is called com-
plete minimal reduced derivative array of the quasi-linear DAE (3.23).

Remark 3.5.40 a) The complete minimal reduced derivative array %l,c contains
the original DAE together with all its hidden constraints. Note that in contrast to
the derivative array (3.7) or a reduced derivative array (3.8) the minimal reduced
derivative array (3.66) only depends on the control function u and its derivatives
up to order v, and the unknown variables x and its first derivative & with respect to
t, but not on higher derivatives (9, i > 1 of the unknown variables = with respect
to ¢.

b) If the investigated quasi-linear DAE (3.23) is in semi-implicit form (3.24) then
it is not necessary to write down the explicitly given constraints twice in the upper
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block equations in (3.66). Thus, the minimal reduced derivative array associated to
a semi-explicit DAE (3.24) may have the form

Eqy(z,u)d — ki (z,u)
kS (z,u)

0= Fi(e,du') = (o, ul) . (3.67)
kb (x,ul)

¢) In particular, the minimal reduced derivative array (3.66) of level [ corresponds
to a semi-implicit DAE (3.24) of form

0= E(z,u))i — k(z,u) (3.68a)

which has the particular form

[ Ep(z,ul) }x _ l ED(%L‘Z) ] (3.68b)

0 ko(z,uh)
with
Ep(z,u) = B(z,u),  kp(z,u') = k(z, u), (3.68¢)
B3 (x,u)
Foe)y = | @) (3.684)
7512(55.,111)

and has the same set of solutions as the associated quasi-linear DAE (3.23). This
fact is obtained from the Lemmata 3.5.8 and 3.5.10. If the quasi-linear DAE is in
semi-implicit form (3.24) we may use Ep(z,u!) = Ey(z,u) and kp(z,u) = ki (2, u)
instead of the whole DAE in the first block equations. O

Example 3.5.41 Let us get back to Example 3.2.5. The considered DAE is

1 0 0 1 T1T2
0 0 X (ﬁg = Tro — 1 , (369)
0 0 0 {t3 xr3 — 1

with X = R? and ¢ € I. Note that rank(FE(x,u)) is not constant for z € R3, since

2, for x 0,
rank(E(z,u)) = { 1, for wi i 0.

Nevertheless, there exists a nonsingular matrix Z°(x, u) such that the criteria (3.39)
in step I) of Procedure 3.5.11 are satisfied. In our example we get Z° = I and

~ 1 0 O ~ 1T
E?(xvu):[o 0 x1:|7 k(l)(‘r7u):|: e ]7

Ig—l
%g(m,u)z[xg—l },

with the constraint 0 = %g (z,u) = x3 — 1 which defines the constraint set of level 0

M():Mo:{(x,u)ERSXU : {)33:1}
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and

max (rank(EY(z,u))) = m) = 2.
(z,u)EMo

Furthermore, we have that the constraint 0 = k(z, u) is not satisfied automatically,
ie., k§(z,u) does not vanish on R® x U and rank(k) ,(z,u)) = m§ = 1 for all

(z,u) € Mp. From the derivative of kJ(z,u) with respect to t we get the DAE
E'i = k', see (3.38), with

T1X2
and k'(z,u')=| 22 —1 |,
0

oo o
— 8 o

1
El(z,u)=1] 0
0

where E! has constant rank but not full rank for all z. With

10 0
zZ'=10 0 1
01—.131

we get the intermediate DAE (3.40) with ¢ = 1 and

O 0 1 1y 12
0 1:|’ kl(x’u)|: 0 :|a

b (z,ul) = [2—1 ],

El(z,u) = [

O =

with the constraint 0 = E% (x,u) = x9 — 1 which defines the subset
M; = {(z,u") e R® x U' : 2, =1}
and we get the constraint set of level 1
M; = (Mo x UD)AM; = {(z,u!) e R® xU! : zp=1, z5=1}.  (3.70)

Furthermore, we have that the constraint 0 = 75% (x,ul) is not satisfied automatically
on My and rank(ks_,(z,u')) = my = 1 for all (z,u') € M. From the derivative
with respect to ¢ of k3 (z,u') we get the DAE E2i = k2, see (3.38), with

E?(z,ut) =

OO =

0
0
1

O = O

which has constant rank and full rank for all (z,u!) € M; and the constraints
0 = k2(x,u2) are of size m% = 0. Therefore, the Procedure 3.5.11 terminates with
v =2, see (3.42). The maximal constraint level then is v, = v — 1 = 1, the solution
manifold is given by Ml = M in (3.70), and the complete minimal reduced derivative
array is given by

1 0 0 1T

_ 0 0 X1 jfl To — 1
0= 31 = 0 0 0 i?g - xr3 — 1
0 0 0 (ﬁg Trs — 1

0 0 O T —1

Note that we used the complete minimal reduced derivative array in form (3.67)
even if the original DAE (3.69) is in semi-implicit form. Therefore, the original
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constraints of level 0 appear twice. In particular, note that rank(Ei’ (x,uv7 1)) =
const for all (z,u’"1) € M,_; withv =v.+1=2.

In Example 3.2.5 we have already found that the d-index of (3.69) is vy = 2 and
in Example 3.2.12 we have already found that the s-index of (3.69) is v, = 1 which
coincides with the maximal constraint level v, = 1 for this example. O

Example 3.5.42 Counsider again the semi-explicit DAE (3.34), i.e.,

.fl = k1($1,$27u), (371&)
0 = k‘g(l‘l,u). (371b)

If ko 4, k1.2, is nonsingular for all (z1, x2, ul) € My, then m% = 0 and the Procedure
3.5.11 terminates with v = 2 as shown in Example 3.5.15. From Example 3.5.28 we
have already the maximal constraint level v, = 1. Furthermore, since the Procedure
3.5.11 terminates with m2 = 0 and we have m = n and rank(E?(x,u')) = const for
all (z,u!) € My, we get from Lemma 3.5.29 that the d-index of the DAE (3.71) is
well defined and determined by vy = v.+1 = 2. Furthermore, the solution manifold
is given by

M:{(xl,xg,ul) € X1 x Xq XUl : O:kg(xl,u), (372)
O = _k2,x1 (1‘1, u)k1 (1‘1, o, u) — k27u($17 u)u}
and the complete minimal reduced derivative array is defined by

&1 — ki(z1, 72, u)
kg(xl,u)
ka(x1,uw)
_k2,w1 (.1‘1, ’U,)k‘l (1‘1, ZTo, ’U,) — kg)u(x‘l, u)u

Fi(z, i, ul) = (3.73)

O

3.5.3 Regularization of quasi-linear differential-algebraic equa-
tions

As we have seen before, Procedure 3.5.11 provides a tool for the investigation of
general quasi-linear DAEs (3.23) with respect to their analytical properties in an it-
erative way, based on transformations and differentiation of the necessary algebraic
equations. On the other hand Hypothesis 3.2.7 provides a general tool for the in-
vestigation of general nonlinear DAEs (3.2a) based on transformations of the whole
derivative array (3.7). In the following we will discuss a regularization technique for
quasi-linear DAEs (3.23) based on Procedure 3.5.11. In preparation let us define
the functions 7! : M; — R, a! : M; — R, and d' : M; — R by

E(x,u)
kS o (2, )

rt = rank( k3 0 (,ut) ), (3.74a)

), (3.74b)

d = rl—d (3.74c¢)

for I < wv,.
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Definition 3.5.43 (Kinematic selector) Assume that Procedure 3.5.11 applied
to the quasi-linear DAFE (3.23) terminates in iteration step i =v =v.+ 1 in (3.42)
with mazimal constraint level v.. Let a¥e be defined by (3.74b) with | = v. and
let a¥ = const for all (z,u”*) € M. Then a matriz function Sc(x,u”s) of size
a’e x Y.Vc mb that satisfies

kS (2, )
k3 o (2, ut)

rank(Se(z, u”e) ) =a" (3.75)

ke, (w,uv)

for all (x,u”) € M (see Definition 8.5.38), is called kinematic selector of the quasi-
linear DAE (3.23).

Definition 3.5.44 (Dynamic selector) Assume that Procedure 3.5.11 applied to
the quasi-linear DAE (8.23) terminates in iteration step i = v = v, + 1 in (3.42)
with mazimal constraint level v.. Let r¥c and d”c be defined by (3.74) with | = v,
and let r¥e = const and d¥° = const for all (x,u”*) € M. Then a matriz function
Sp(x,ue) of size d’= x m that satisfies

Sp(z,u”)E(z, u)
kS o (x,u)

rank( k0 (2, u') ) = rve (3.76)
e, (2, ue)

for all (z,u¥*) € M (see Definition 3.5.38), is called dynamic selector of the quasi-
linear DAE (3.23).

Remark 3.5.45 In the investigation of semi-implicit DAEs (3.24) the definition of
the dynamic selectors may be based on E;(z,u) instead of E(x,u), see (3.76). O

Remark 3.5.46 a) The dynamic selector and the kinematic selector of a quasi-
linear DAE are not uniquely defined.

b) Because of this nonuniqueness, it is possible to choose the selectors piecewise
constant, see Lemma 2.1.3. This fact is of great advantage and importance for the
numerical integration because it offers the possibility to reduce the amount of work
for the regularization of the DAE. O

Lemma 3.5.47 Assume that Procedure 3.5.11 applied to the quasi-linecar DAE
(3.23) terminates in iteration step i = v = v, + 1 in (3.42) with mazimal con-
straint level v.. Let V¢ and d" be defined by (3.74) with | = v. and let r¥* = const
and d¥e = const for all (z,u”e) € M. Then, the DAFE

Sp(z, u”ﬂ)(?(x, w)i — k(z,u))
(z,u)
0= k3 (z,ut) , (3.77)

kg (")

with a dynamic selector Sp(xz,u”*) as defined in Definition 3.5.44 has at most maz-
imal constraint level 0 and is strangeness-free.
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Proof: With & = u”e, the DAE (3.77) corresponds to a semi-implicit DAE (3.24)
with Ey(z,4) = Sp(z,u”)E(z,u), ki(z,4) = Sp(z,u”)k(x,u), and ke(z,d) =
T

[ —(Z:S(:v, u)T .- —(%’C (z,ure))T ] satisfying the assumptions of Lemma 3.5.1
arising from the construction of the dynamic selector Sp. Therefore, the assertion
follows from Lemma 3.5.1. d

Proposition 3.5.48 Assume that Procedure 3.5.11 applied to the quasi-linear DAE
(3.23) terminates in iteration step i = v = v+ 1 in (3.42) with maximal constraint
level v.. Let r¥=, a¥<, and d"* be defined by (3.74) with | = v, and let v = const,
a’e = const, and d¥¢ = const for all (z,u”¢) € M. Then, the DAE

Sp(xz,u”)(E(x, E)x — k(x,u))
k9 (,u)
7.1 2. ul
0= Se(.u) ka( :,u ) , (3.78)

kg (@, u)

with a dynamic selector Sp(x,u”) as defined in Definition 3.5.44 and a kinematic
selector Sc(x,u”e) as defined in Definition 3.5.43 has at most mazimal constraint
level 0 and is strangeness-free.

Proof: The proof follows analogous to the proof of Lemma 3.5.47. O

Remark 3.5.49 Since the s-index is an upper bound of the maximal constraint
level, see Remark 3.5.33, it follows that the maximal constraint level of the DAEs
(3.77) and (3.78) is at most 0. In the case that no constraints exist in the DAE
(3.23), the maximal constraint level of (3.23) as well as of (3.77) and (3.78) is —1.
O

Definition 3.5.50 (Projected-strangeness-free form of a quasi-linear DAE)
Assume that Procedure 3.5.11 applied to the quasi-linear DAE (3.23) terminates in
iteration step i = v = v, + 1 in (3.42) with mazimal constraint level v.. Let r¥e,
a’e, and d’e be defined by (3.74) with | = v. and let v = const, a”* = const, and
d"e = const for all (z,u”¢) € M. Then, a projected-strangeness-free formulation of
the quasi-linear DAE (8.23) is defined by (3.77) with a dynamic selector Sp(x,u”e)
as defined in Definition 3.5.44. Furthermore, a projected-strangeness-free formu-
lation with selected constraints of the quasi-linear DAE (3.23) is defined by (3.78)
with a dynamic selector Sp(x,u”e) as defined in Definition 3.5.44 and a kinematic
selector Sc(xz,u”e) as defined in Definition 3.5.43.

Remark 3.5.51 In the case of the investigation of semi-implicit DAEs (3.24) the
definition of the projected-strangeness-free form (3.77) may be based on the differ-
ential part 0 = Ey(x,u)t — k1 (z,u) of the semi-implicit DAE instead of the whole
DAE 0 = E(z,u)& — k(z,u), see (3.77). Note that in this case the definition of the
dynamic selector, see Definition 3.5.44, also has to be based on F1(z,u) instead of
E(z,u).

Furthermore, the same remark also applies to the projected-strangeness-free form
with selected constraints (3.78) g
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Theorem 3.5.52 Assume that Procedure 3.5.11 applied to the quasi-linear DAE
(3.23) terminates in iteration step i = v = v.+ 1 in (3.42) with mazimal constraint
level v.. Let r7e and d”c be defined by (3.74) with | = v. and let r¥= = const and
dVe = const for all (x,u”*) € M. Then, every solution of the projected-strangeness-
free formulation (3.77) associated to the quasi-linear DAE (3.23) with initial values
(x(to),u”(to)) = (zo,ug®) € M solves also the original quasi-linear DAE (3.23)
with indtial values (x(to), u”*(to)) = (w0, uge) € M.

Proof: Consider the quasi-linear DAE (3.23) with respect to Procedure 3.5.11.
Let us define in advance

7.0 0 o 7.0

k2,x k2,uu k?
i . T4 . 700
K" = . ’ k12 - . ’ k2 -

Ti—1 Ti—1  ~i—1 T
kg . kz,ui—lu ks

fori =0, ..., v, such that 0 = K'i —1—7%2 = %7&3’ corresponds to the derivative with
respect to ¢ of the (hidden) constraints &} for j = 0,...,i—1. With mi, = >0 m},
the matrix functions K* are of size m‘;" x n and have rank ri, = rank(K?). Fur-
thermore, the vector functions 7%2 are of size m’;" and the vector functions 753 @ are
of size mi,. Note that for ¢ = 0 the matrix functions K* and the vector functions
7%2 do not occur, or in particular, they are of size 0 x n and 0, respectively, and
9y = 0.

Procedure 3.5.11 implies the existence of a nonsingular transformation matrix

SO

0 _

2= %]

which transforms the DAE Ei = k by scaling with Z° to the intermediate DAE
(3.40) of partitioned form

S°Bi = SO, (3.79a)
K% = —kY,, (3.79b)
0 = kY (3.79¢)

with SOF of size m{; x n and rank(S°E) = m{, and

S°FE
ranke| S5 ) =it =y 4 s

In view of Procedure 3.5.11 we have the intermediate DAE (3.40) with ¢ = 0 and

SYE SOk
EY = { ] and k¥ = [ ~ } .
1 KO 1 _k(1)2

Note that we have formally introduced K% = —%?2 even if this corresponds to
a vanishing number of equations. Since the nonuniqueness of the transformation
matrix functions Z¢ in step I) of Procedure 3.5.11 lies in the block-column-wise
scaling with nonsingular matrix functions, without loss of generality we can choose
the nonsingular transformation matrix Z**+! as

Sitt 0 0
0 Imi—l 0
12
0 0 Imi,
ap zp A

VARRIES (3.80)
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satisfying
ZiS - SPE+ Zi K+ 2k, =0 (3.81)
and
Si-"—lsi-j-SOE %
rank( ~Kt ) =mitt + rank([ T ]), (3.82)
B 2

where the matrix on the left-hand side of (3.82) is of size miT' + miy, x n with
mit"t = rank([ SH1ST- .- SOF ), ie., S7F1S%. .. SOF has full (column) rank. By
use of nonsingular transformation matrix functions Z¢ of the form (3.80) in every
subsequent step of Procedure 3.5.11, the intermediate DAE (3.40) has the structure

St...8%6¢ = S'...S%, (3.83a)
K = —kiy, (3.83b)
0 = ki (3.83¢)

Let us keep in mind the following associated DAE

St...8%Fr = §°...SO, (3.84a)
0 = Ky, (3.84b)
0 = k (3.84c)

which consists of all hidden constraints of level 0, ..., 7 and a selection of the original
DAE. Let us consider the iteration step from i, i.e., (3.83), toi+ 1 < v.+ 1. From
the derivative of the constraints (3.83c), using (3.83) we get the DAE Eitlj = kit1
see (3.43), by

Si...8%Ei = S'...S0, (3.85a)
Kie = —ki,, (3.85b)
K@ = _Eg’uiui (3.85¢)

By scaling with Zi*1 of the form (3.80), we get from (3.85) the intermediate DAE
(3.40) for i 4+ 1 again in partitioned form

Sitlgi.. S0k — Sitlgi... g0 (3.86a)
Kii = -k, (3.86Db)
Eé,mx = _%é,uiﬁia (386C)
0 — (3.86d)

with
W = ZiST 8% — Zi R, — 2R i (3.87)

and its associated DAE

SHl...8%F: = §itl... 80 (3.88a)
0 = Ky, (3.88b)
0 = ki, (3.88¢)
0 = kith (3.88d)
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The relation between the DAE (3.86) and (3.88) is that the equations (3.86b) and
(3.86¢) are the first derivative with respect to t of (3.88b) and (3.88c), respectively.
In particular, (3.88) forms the DAE explicitly consisting of all hidden constraints
of level 0, ...,7 + 1 and a selection of the original quasi-linear DAE (3.23).

In the following we will show that a solution of the associated DAE (3.88) solves
also the associated DAE (3.84). Then, recursively it follows that a solution of the
projected-strangeness-free formulation (3.77) of the quasi-linear DAE (3.23) also
solves the DAE (3.79) and therefore, also solves the original quasi-linear DAE (3.23).
Furthermore, the matrix S¥¢S¥~1 ... 80 satisfies the conditions of Definition 3.5.44.
Therefore, the dynamic selector Sp can by chosen as Sp = Y¢S~ ... S0 except
for scaling with a nonsingular matrix. _

From the derivative of (3.88b) with respect to t we get K'i = —k!, and, therefore,
it follows that

Z K = —Zi kL, (3.89)

Furthermore, from the derivative of (3.88c) with respect to ¢t we get Eémx = —Eg Ll
and it follows that

Zi3Ky 0 = — 205 k) i (3.90)

Therefore, from equation (3.88a) and the sum of (3.89) and (3.90) we get
Sitlgi...8%p; = Sitlgi... S0 (3.91a)
(2 K = 75 k)b = 23+ 2 e (3.91b)
On the other hand, the equation (3.88d) with (3.87) and the trivial equation
Sitlgi... S0k = §it1gi... SOk yield
Sitlgi... 8% = gitlgi... g0k (3.92a)
ZiSst 8% = Zi ki, + 205K i (3.92b)
From (3.91) and (3.92) it follows because of the same right-hand side that
Sitigi...8%pr = Sitlgh... S0,
(~Zi3'K' = Zif' ks )¢ = Zif's'e- SOk
which is equivalent to
Sitlgi... S0 . Sitl
{ ~Zi K~ 73R, ]x - { Z,f

st

Because of the nonsingularity of the matrix on the right-hand side, see (3.80), this
is equivalent to

Si+1 -1 Si-l—l . 'SOE ) ; 0
R .

Furthermore, we have from (3.81) that

|: Si-‘rl

; Sitlgi...S0p Sitlgi. .. q0p
i e[ 515 5|
41

Ziftsi...S9E ~Z3K — Zi3 K,
Therefore, we obtain

|:Si+1 ]—1{ gitlgi...q0p

1 0
. ; , i —§...5%g
Zitt || -z, ] 5oh
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and it follows from (3.93) that
S 8B =8 5%

Together with (3.88b) and (3.88c¢) it follows that every solution of (3.88) also solves
(3.84) and we get the assertion by the recursion mentioned above. ]

Remark 3.5.53 The projected-strangeness-free formulation (3.77) without select-
ing nonredundant constraints corresponds to a regularization of the quasi-linear
DAE (3.23) because both formulations have the same set of solutions (see Theo-
rem 3.5.52), because the reduced maximal constraint level is reduced (see Remark
3.5.49), and because the formulation (3.77) is strangeness-free (see Lemma 3.5.47).
But (3.77) is in general not suitable for the numerical integration because of the
(possible) redundancies in the constraints.

On the other hand, if the quasi-linear DAE (3.23) contains redundant algebraic
constraints, the projected-strangeness-free formulation (3.78) with selected nonre-
dundant constraints possibly has more solutions than the original quasi-linear DAE
(3.23) since a selection of a set of nonredundant constraints by use of a kine-
matic selector could lead to an enlargement of the set of solutions, see Example
2.3.15. But nevertheless, by such a selection the set of solutions is increased in
a way such that the (possibly) new obtained solutions are separated from the so-
lution manifold of the original quasi-linear DAE (3.23), see Lemma 2.3.14. Fur-
thermore, in the numerical treatment the numerical evaluation of the selectors is
done along the specific solution z(t) which is determined by the given initial values
x(tp) = xg. Therefore, the dynamic selector as well as the kinematic selector are
evaluated as function only depending on ¢ and not explicitely on z, i.e, we have
Sp(t) = Sp(z(t),u”(t)) and Sc(t) = Sc(z(t),u”(t)) as matrix functions depend-
ing on t. Hence, the projected-strangeness-free formulation (3.78) with selected
nonredundant constraints can serve as basis for the numerical integration because
of the separation of the additional solutions from the solutions of (3.23).

Note that in case of nonredundant constraints the formulations (3.77) and (3.78)
are identical except for a nonlinear scaling of the constraints. ]

Remark 3.5.54 Note that if we use Procedure 3.5.11 for the determination of the
projected-strangeness-free formulation (3.77), it is only necessary to determine the
derivatives of the algebraic constraints. The derivatives of the differential parts need
not be determined because they have no influence on the projected-strangeness-
free formulation (3.77). In contrast, if we use Hypothesis 3.2.7, it is necessary
to determine the derivatives of the whole DAE. Therefore, the use of Hypothesis
3.2.7 for the determination of the equivalent strangeness-free formulation (3.21)
of a quasi-linear DAE (3.23) is more involved than the use of Procedure 3.5.11.
Even if the leading matrix E of the quasi-linear DAE (3.23) has constant rank with
respect to x, then the determination of the transformation matrices Z% in (3.39) is
more simple than for leading matrices F having nonconstant rank. Therefore, the
execution of the Procedure 3.5.11 becomes still less involved than the use of the
Hypothesis 3.2.7. On the other hand, the Procedure 3.5.11 is restricted to quasi-
linear DAEs only, while the Hypothesis 3.2.7 is suited for general nonlinear DAEs.
O

Remark 3.5.55 The projected-strangeness-free formulation (3.77) corresponds to
a regularization of the quasi-linear DAE (3.23), since the projected-strangeness-
free formulation is strangeness-free and leads to the same solution for prescribed
consistent initial values. Therefore, the projected-strangeness-free formulation is
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useful for the numerical integration by use of numerical algorithms suited for stiff
ODE:s like implicit Runge-Kutta methods or methods based on backward differential
formulas (BDF methods).

The Procedure 3.5.11 also offers the possibility to regularize the DAE only up to a
certain level, i.e., because of the inductive nature of Procedure 3.5.11 it is possible
to stop it prematurely in (3.42), say with v = 7. +1 < v, + 1. Assume that
r7, a”, and d” are defined by (3.74) with [ = 7, and assume that r”> = const,
a’s = const, and d” = const for all (z,u”) € M. In this case the formulation
(3.77) with 7, instead of v, and with a dynamic selector Sp(z,u”) of size d”s~* x m
with d%~! = pPe=1 — g%~ g%~1 defined in (3.74b) and r”*~! defined by (3.74c)
satisfying

Sp(z,u”)E(z, u)
kS o (,u)

rank( ks o (z,ub) ) =7t
AT

for all (z,u”*) € My, has maximal constraint level v, — 7. > 0 and contains, there-
fore, hidden constraints up to the maximal level v, — 7.. But nevertheless, this
corresponds to a regularization because of the lowering of the index and the de-
termination of the hidden constraints up to level .. We call this an incomplete
reqularization. From the proof of Theorem 3.5.52 it follows that Sp = S%~1... 80
and that every solution of an incomplete regularization (3.77) with 7, instead of v,
also solves the original quasi-linear DAE (3.23).

Furthermore, according to Remark 3.5.53 the formulation (3.78) with 7. instead
of v, and with a kinematic selector Sc(z,u”) defined in Definition 3.5.43 with 7,
instead of v, can serve as basis for the numerical integration. Furthermore, note
that an incomplete regularization is only possible for . > 0 since a regularization
bases on additional information obtained from the derivative of constraints with
respect to t. O

In the following Example 3.5.56 we will demonstrate the regularization to the
projected-strangeness-free formulation as well as the incomplete regularization of
a semi-explicit DAE in Hessenberg form (3.25) of order 3.

Example 3.5.56 Let us consider the semi-explicit DAE

(ﬁl = kl(xl,xg,u), (394&)
By = ka(z1,72,73,u), (3.94b)
0 = ks(xg,u) (3.94c¢)

with z, € CI(H,Xl), To € CI(H,XQ), xr3 € C(H,Xg), u € C(H,U), ki € Cl(Xl X Xo X
U,Rnl), ko € C(Xl x Xo x X3 XU,an), ks € Cz(Xl XU, Rn3), X; C Rnl, Xy C an,
X3 C R"s, and assume that ks, ki z,k2 4, is nonsingular. Note that the DAE
(3.94) in this form does not correspond to the form (3.25) but by permuting the
meaning of x; with x5 and ky with ko the DAE (3.94) can be written in form (3.25).
Therefore, the DAE (3.94) is in Hessenberg form of order 3.

Following Procedure 3.5.11 we have

I,, 0 0 13}
E'=1 0 In 0|, k=] k
0 0 0 ks
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With transformation matrix ZY = I we get the intermediate DAE (3.40) with i = 0

and
~ I 0 O ~ k
0 _ mi 0 _ 1
o= [k ]

The constraints of level 0 are given by 0 = ES = k3 and therefore, we get My =
My = {(z,u) € XxU : 0 = kg}. Differentiation of the constraints of level
0 with respect to ¢ yields 0 = k3, &1 + k3,0 and we get the transformed DAE
El(z,u)i = k'(z,u') with

I, 0 0 ky
E!'= 0 In, O|,k'= ko
k3., 0 0 —k3. 0

The transformation with the transformation matrix

In, 0 0
Z1 (I, U) = 0 Imz 0
—k3z 0 Iy,

leads to the intermediate DAE (3.40) with ¢ = 1 and

~ 1 0 O ~ k
1 _ my 1 _ 1
A R L
kY = | —ksaz ki —ksut |.

Now we have determined the constraints of level 1 by 0 = %% = k3 g, k1 + k30
Furthermore, we get M; = {(z,u') € Xx U : 0= ksy k1 + ks,u} and the
constraint set of level 1 by Mj = {(z,u!) € Xx U' : 0= ks, 0= kg, k1 + k3 0}
Since the constraints of level 1 are not satisfied for all (z,u') € My x UM, we have
to continue the procedure. Differentiation of the constraints of level 1 with respect
to t yields

0= (k3o k1 + k3 ut) o, &1 + k3 2, k1 2,82 + (k3.0 k1 + kS,uﬂ),ulﬁl

and we get the transformed DAE E?(z,u!)i = k?(z,u?) with

I, 0 0 k1
E2 - 0 Im2 0 9 k2 = k2
(k3 z k1 + ksut) s, ksz k1z, O — (kg2 k1 + k3 00) ot

The transformation with the transformation matrix

I, 0 0
Z2(£L', ul) = 0 Im2 0
_(k?),azl kl + kS,uu),ml _k3,w1 kl,wz Img

leads to the intermediate DAE (3.40) with ¢ = 2 and

’V2 _ Iml O 0
B = { 0 Iy, 0]
o k1

kl = |:,ZC2 y

ky = [ —(ksw k1 + k3utt) o k1 — ks o k1o ko — (K3,zy k1 + kg u@) ottt .
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Now we have determined the constraints of level 2 by 0 = 763 = (k3 z,k1),0 k1 +
k3w, k1,zo ko + (ks z, k1 + k3, 00) o 0tt. Furthermore, we get M, = {(z,u?) € Xx U2 :
0 = (kau k1) 2 k1 + k3 g k1 m ke + (k3o k1 + k‘gyul-l,)vull.ll} and the constraint set
of level 2 by M, = {(m,u2) € X x U2 0 = k‘g, 0 = kS,xlkl + kgvu’l.l,, 0=
(ks,z1 k1) o1 k1 + k3,20 k1 oo k2 + (ks w0 k1 + k3,4%) ottt }. Since the constraints of level
2 are still not satisfied for all (z,u?) € M; x U®)| we have to continue the procedure.
Differentiation of the constraints of level 2 with respect to t yields

0 = ((ks,ork1) k1 + K3 okt wpko + (k3o k1 + ks o) it 2y 1
+((k3,z, k1) 2 k1 + k3o k1 g, ko + (k3 0, k1 + k37uu)7u1ﬁ1)7m2$2
+k3 2 k12, k22,73
+((k3,z, k1) 2, k1 + k3o, k1 ao k2 + (K3 0, k1 + kg,uu),ulul)ﬁzﬁ

and we get the transformed DAE E?(z,u?)% = k3(z,u?) with

i I,y 0 0
B3 = 0 I, 0 ,
Egl Eg2 k3»$1 kl»xzkl%s
k1
ko= ko
L _((kS,xl kl),xl k1 + k3o k1,2, k2 + (kg’wlkil + kg’u’ll)’ulill)’ugi@

with

B3 = ((ksz k1) o k1 + K3z k1 oo ko + (k3o k1 + k3 utt) 10t 4,
B3, = ((k3,my k1) o k1 + k3 g k1 gp ko + (k3 5 k1 + kB,uu),ulul),xQ-

Because of the assumed nonsingularity of ks ;, k1,2,%2 2, we have m3 = 0 and the
Procedure 3.5.11 terminates with v = 3. Therefore, the DAE (3.94) has maximal
constraint level v, = v — 1 = 2 and because of the nonsingularity of the matrix
function E? for all (z,u?) € M = My the DAE (3.94) has in addition d-index
vqg = v = 3. The s-index of the DAE (3.94) is vs = 2 which can be verified by
Hypothesis 3.2.7. The solution manifold is given by

M={(z,u?) € Xx U? : 0= ks,
0= k3,zlk1 +k3,uu7
0 = (k3,20 k1) 0, k1 +K3,0, k1,0, kot (ks 0, k1 + k3,0 t0) ot .

The complete minimal reduced derivative array is defined by

T, — k1
To — ko
~ . 2\ kg
52 (1'7 r,u ) -
ks
k3 o k1 + k3,0
(ks,z k1) o k1 + ks gy k1 zo ko + (K32, k1 + ks t0) ottt

Because of the assumed nonsingularity of ks ;, k1 z,k2 24, We get from Definition
3.5.43 the kinematic selector as identity, i.e., S¢ = I3,. Furthermore, according
to Definition 3.5.44 we can choose the dynamic selector as

Spi1 0 0

Sp=1" Spos 0
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such that

Sp1 and Spaz

k3,m1 kB,m kl,ibz
are nonsingular, and we get for the DAE (3.94) the associated projected-strangeness-
free formulation

Spi1(dy — k1)
Spaa(ts — ko)
0= ks
k3 z k1 + k3t
(ks,z k1) o k1 + ks g k1 zo ko + (k3z, k1 + ks ) ottt

In the following let us discuss an incomplete regularization of level 1. This means
that we stop the Procedure 3.5.11 already with ¢ — 1 = v, = 1. Then, we get the
(incomplete) reduced derivative array

Ty — Kk
_ To — ka
Sl(x,j:,ul) = kg
k3
k3 z k1 + k3t

From (3.74c) we get

I, 0 O
= FE 0 1 0
Ue—1 __ - — ma2 —
r = rank({ kS,w ]) rank( 0 0 0 ) =mq + mo
k3.2, 0 0
and a”*~! is given from (3.74b) with 7, = 1 instead of v, by a”*~' = m3. Be-

cause of the full rank of the constraints which follows from the nonsingularity
of k3 2, ki1 2,k2,2, we can again choose the kinematic selector as the identity, i.e.,
Sc(x,ul) = Iy, According to Remark 3.5.55, then the dynamic selector

Sp=1[Sp1 Sp2 Sps ]

of size d”>~! x m with d%e~! = rPe=1 _ g¥e=1 = my +my — mg3 has to be determined
such that
Sp1 Sp2 Sps |\ _ m.-1_
rank({ kow, 0 0 y=r = my + ma.

In particular, this can be reached by

S 0 0
SD1_|: %11:|7SD2_|:I :|vSD3_|:O:|a

with Spi11 of size m1 — mg X my chosen such that again the matrix

[ Spu1 }
k3,£1
is nonsingular. With respect to the DAE (3.94) this leads to

Spi1(dr — k1)
Tg — ko
k3
k3 z k1 + kst

(3.95)
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with maximal constraint level v. = 1 and which has s-index v, = 1 which can be
checked by use of the Hypothesis 3.2.7. Let us call the DAE (3.95) the associated
projected-s-indez-1 formulation of the quasi-linear DAE (3.94). O

Example 3.5.57 Consider the differential-algebraic equation (3.34), see Example
3.5.7. Assume that kg, ki 4, is nonsingular. In Example 3.5.42 we did execute
the Procedure 3.5.11, where we did determine its maximal constraint level v, = 1.
Furthermore, the solution manifold M is given in (3.72) and the complete minimal

reduced derivative array §1 is given in (3.73).
Following Definition 3.5.43 we can choose the kinematic selector as

n_ |10
SC(x>u ) - |: 0o I
and following Definition 3.5.44 we have the dynamic selector
Sp=5Sp1 Sp2 |

of size n; — ny X ny + ng with Spy = 0 and such that

Sp1 0
rank( k2 2, 0 ) = ny + no.
(k2,w1k1)711 k2,w1k1,w2

Hence, the projected-strangeness-free form of the DAE (3.34) is given by

Spi 0 Spiky
0 0 |z= ko (3.96)
0 0 k2,x1 k1 + kQ’u’d

with Spi chosen such that the matrix

Sp1
k2,x1
is nonsingular. In the case of n; = no the dynamic selector Sp is of size 0 X ny +nso

and then the projected-strangeness-free form (3.96) corresponds to a set of two
algebraic equations in accordance with Example 3.5.7. O

Example 3.5.58 Consider the DAE

(221 +22) w1 ] [ @1 } _ { 1 ] (3.97)

0 0 To J)% + x129

with X = R? and t € I. Following Procedure 3.5.11 we get the constraint 0 =
k9(x) = &} + w122 which does not define a manifold because rank(k9 ,(z)) is not
constant for all x satisfying this constraint, see Lemma 2.3.8. Nevertheless, we get
the constraint set of level 0 as My = {z € R? : 2% + 2129 = 0}. For the quantities
70, a®, and d° we get from (3.74)

0 {0 for x1 =22 =0, 0 {0 for x1 =z =0,
T = a =

0 _
1 else, 1 else, 4 =0,

where r° and a® are not constant in M. By differentiating the constraint we get

fossiall B
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and elimination yields
(221 + 22) 1 1| | ™
O 0 i‘g - —X1 ’

Obviously, the hidden constraint 0 = ki(z) = z; occurs, ie., my = 1 # 0 and
the hidden constraint is not satisfied automatically for all x € M. Therefore, the
procedure does not terminate and we get the constraint set of level 1

M; ={z€R? : 23+ 2129 =0, ; =0} = {x € R? : z; =0}.
For the quantities r!, a', and d' we get from (3.74)
rl=1, at =1, dt =0,

which are constant in M. From further differentiation of the constraint we get
(217 1 —+ IQ) X1 {E 1 o X1
1 0 2 | | O
which is equivalent to
X9 0 j?l o
1 0 To |

for all x € M;. Elimination yields

10 | |0
boalln =10 (499
The last equation corresponds to a constraint 0 = '155 = 0, which is satisfied for all
x € M because of 1 = 0. Thus, the procedure terminates in iteration step v = 2
in (3.42) and we get the maximal constraint level v, = 1.

From Definition 3.5.50 we get the projected-strangeness-free form (3.77) of the DAE
(3.97) by

0— [ a:%—l—xlacg ]

1

Obviously, the solution is not uniquely determined. We get 1 = 0 and x5 arbitrary
as set of solutions for the DAE (3.97). Note that because of the singularity of the
constraints of level 0 this example does not satisfy Hypothesis 3.2.7. O

Example 3.5.59 Returning to Example 3.5.41

1 0 0 1 T1T2
0 0 X ig = T — 1 y
0 0 0 i3 xr3 — 1

with X = R3 and ¢ € I. With a kinematic selector S¢ = I and a dynamic selector
Sp = [ 1 00 ] we get the projected strangeness-free form of the DAE as

1 00 1 T1T2
0 0 O (ﬁg = .’[3—1
0 0 O i3 1'2—1
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Example 3.5.60 The stirred tank: In [157] a stirred liquid-liquid dispersion,
i.e., a tank filled with two immiscible fluids is considered which are stirred so that
one of the phases disperses into the other one by building droplets. The modeling
of the flow field is done by Navier’-Stokes® equations for incompressible fluids and
the dispersed phase is modeled by the general population balanced equation. For
the detailed considerations we refer to [157]. After some (simplifying) assumptions
and semi-discretization with respect to the space variables a linear DAE of the form

I 00 u(t) Gty 0 C u(t) A
0 0 0 mt) =] 0 R(@) 0 m(t) | + | fa(t) (3.99)
00 0 p(t) C 0 0 p(t) f3(t)

is obtained, where R € C!(I, R™="m) is nonsingular for all ¢ € I, 6’, CT € R,
G € C(I,R™"™), f; € C(I,R™), fo € C(I,R™), and f3 € C'(I,R™). Following
Procedure 3.5.11 we get the intermediate DAE (3.40) with ¢ = 0 and

~ - u(t)
E=[100], ®K=[GH 0 C] m((t)) +[ A1) ], (3.100a)
p(t
|0 ED 0 U(? T2(0 1 3 1006

The derivative of the constraints 0 = %8 with respect to ¢ together with the differ-
ential part of the original DAE formally leads to

I 0 0 a(t) Gty 0 C u(t) f1(®)
0 —R(t) 0 mt) | =| 0 R{#) 0 m(t) | + | f2(t)
-C 0 0 p(t) 0 0 0 p(t) f3(t)
Multiplication by
I 0 0
Zl=10 I 0
C 01

from the left yields the intermediate DAE (3.40) with ¢ = 1 and

=1 [ 1 0 0

Er = 1o —re o } ) (3.101a)
[ [ u(t) ]

1 G(t) .O C m ](_.1(75)

= .| 0 R(t) 0 } p((tt)) T [ falt) } . (3.101b)

~ _ B [ u(t) ] B .

ky = | CGrt) 0 CC } m((t)) + [ Cfi(t) + f5(t) } (3.101c)
) | p(t) |

7Claude Louis Marie Henri Navier (born 1785 in Dijon, France - died 1836 in Paris, France)
8George Gabriel Stokes (born 1819 in Skreen, County Sligo, Ireland - died 1903 in Cambridge,
England)
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One further differentiation of the constraints 0 = 7%; with respect to ¢ yields, together

with the differential part,

I 0 0
0 —R(t) 0
-cat) o —CC
G(t) 0
= 0 R(t)

#(CG) 0

Recall that R(t) is assumed to be nonsingular for all ¢ € I.

u(t)

m(t) (3.102)
p(t)

C u(t) fi(?)

0 m(t) | + LAt
4(co) p(t) S(Cfi(t) + f5(t))

If CC is nonsingular

as well, then the leading matrix on the left-hand side of (3.102) is nonsingular and
(3.102) corresponds to the underlying ODE in implicit form associated with the
original DAE (3.99). Therefore, we have m3 = 0 and Procedure 3.5.11 terminates
with ¥ = 2, the maximal constraint level is v. = 1 and the d-index is vg = 2.
The (hidden) constraints are given by 0 = ki, i = 0,1 in (3.100b) and (3.101c).
Furthermore, the solution manifold is given by

M = {(u,m,p,t) € R"™ x R" x R" x I:

u(t)

[0 R® 0 f2(t)
0{6 0 0} 7;1(%) +[f3(i)}’
) [ ) |
0=[ cew o cc | 0 +[ enw+ho |y
p

and the associated projected-strangeness-free formulation is determined by

Sp 00 . SpG(t) 0 SpC Spfi(t)
0 00| “ 0 R({t) 0 u(t) fo(t)
0 00 ”7(%) =l ¢ o0 o mg)) + Ja(t) ’
o oo0|L? caw o oo JL7P ChH+h()
with Sp chosen such that
Sp 0 0
0 R{) 0
C 0 0
CGt)y 0 CC

is nonsingular. Since R(t) and CC are assumed to be nonsingular, this condition

reduces to the condition that

is nonsingular. This is achieved for example by Sp = (C~'_)T with range(é‘)

ker(C).

7]

O

In the following sections we will discuss the discretization of differential-algebraic
equations of this quasi-linear form via Runge-Kutta methods.
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3.5.4 Runge-Kutta method applied to quasi-linear differential-
algebraic equations

In this section we will present an approach for the numerical integration of an initial
value problem of general quasi-linear DAEs of the form

E(x,0)i = k(z,0), (3.103)

by use of an implicit Runge-Kutta method. We are interested in a numerical in-
tegration on the domain I = [tg,ts] with given initial values z(tg) = z¢ where
E € C(X x U,R™") and k € C(X x U,R™) with /,n € Ny, X ¢ R", U c R".
Furthermore, we will focus on the class of semi-implicit DAEs

[ ED(‘;C,&) ]fb: [ l]z];gz; ] ’ (3.104)

which arise frequently in industrial applications like the simulation of electrical
circuits and, in particular, in multibody dynamics, with Ep e C(X x U, R0,
kp € C(X x U,R™P), and ko € C(X x U,R™) with mp,me,n € Ng, X € R",
U c R"4, and rhp + e = .

The presented discretization technique is formally not restricted to quasi-linear
DAEs (3.23) of certain index or to quasi-linear DAEs with m = n, rather, formally
it works for m = n as well as for m # n and for quasi-linear DAEs of arbitrary
index. Therefore, we have to consider a general control variable @ € U which not
necessarily corresponds to u. Rather, depending on the used formulation as basis
for the numerical integration, it may correspond to u’, i = 0, ..., v, in case of the
use of an incomplete regularization, see Remark 3.5.55, or in particular, it may
corresponds to u”e in case of the use of the projected-strangeness-free formulation
(3.77) of the quasi-linear DAE.

The following investigations mainly focus on two different types of semi-implicit
DAEs and their associated linear systems which we will denote by use of a hat or a
tilde on top of the functions. First, the systems denoted by a hat are associated to
the regularized DAE (mostly we focus on the projected-strangeness-free formulation
with selected constraints (3.78)). In the case of nonredundant constraints these
systems have the same dimension as the original quasi-linear DAE (3.23). Secondly,
the systems denoted by a tilde are associated to the minimal reduced derivative
array (3.68). In general these systems contain more equations than the original
quasi-linear DAE (3.23).

Remark 3.5.61 In [136], the numerical solution of nonlinear DAEs in partitioned
form (3.5) is considered. The conditioning of the iteration matrix is considered and
scaling strategies are proposed. In particular, in [115] it is shown that the condition
number of the iteration matrix for a DAE of form (3.5) with d-index vy is of order
O(1/h¥4).

The investigation of strangeness-free DAES, i.e., of s-index 0 or at most d-index 1,
is relevant for our investigation with respect to the numerical integration of regular-
ized model equations of multibody systems, see Chapter 4. For the strangeness-free
DAEs in semi-explicit form a scaling of the algebraic constraints with 1/h is recom-
mended in [136]. In this case and if the DAE is regular then the iteration matrix
tends for h — 0 to a nonsingular matrix instead of a singular matrix in the case
without scaling.

While the round-off errors for d-index one systems can be reduced by scaling, the
situation for higher index problems is different. In [136], it is shown that the alge-
braic variables associated with a semi-explicit d-index two problem are influenced
by a round-off error up to order O(1/h?) without scaling and up to order O(1/h)
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with the proposed scaling. In the case of semi-explicit d-index three systems occur-
ring in multibody dynamics the situation is even more delicate. Without scaling,
the round-off error is of order O(1/h3) and with scaling of O(1/h?), which is not
satisfactory. O

As mentioned in previous sections, e.g., in Sections 3.2 and 3.4, the direct discretiza-
tion of higher index DAEs is not advisable such that we will base the numerical
integration on the discretization of the projected-strangeness-free form (3.77) of the
quasi-linear DAE (3.23) as regularization developed in Section 3.5.3, see Definition
3.5.50. In principle, the projected-strangeness-free form (3.77) has the form (3.103)
with

E(x,4) = S*(z,0)E(zx,0) and k(z,a) = S*(z, 0)k(z, 0), (3.105)

where E € C(X x U,R™") and k € C(X x U,R™) are given from E(z,0)i =
k(x,u) corresponding to the (complete) minimal reduced derivative array (3.68)
and S*(x,u) corresponds to the selectors, i.e.,

A Sp(x, @) 0

S @t =1 """ s, )

defined in Definitions 3.5.43 and 3.5.44. Furthermore, in Remark 3.5.46b it is men-
tioned that the selectors can be chosen piecewise constant such that we will consider
the special case that S* of size m x m is independent of x and wu.

In the numerical integration of quasi-linear DAEs (3.23), and in particular, of
the model equations of multibody systems (see Chapter 4), by use of the regu-
larization approach which is introduced in Sections 3.5.3 and 4.6.2.3, the regular-
ized DAEs have the form (3.104) with Ep(z,4) = Sp(x,4)Ep(x,u), kp(z,4) =
Sp(x, 2)kp(x,0), and ke(z,4) = So(z, @)ke (z, @), where Ep € C(X x U, R™mpm),
kp € C(X x U,R™?), and k¢ € C(X x U,R™¢), are given from E(z,a)# = k(x, )
corresponding to the minimal reduced derivative array (3.68) and Sp € C(X x
U,R™2:M0) S e C(X x U, R™Me™c) with rhp,me, mp, me,n € Ng, X C R",
U c R,

We will focus, in particular, on the class of selected semi-implicit DAFEs of the form

Sp(z,0)Ep(z,u) | . | Sple, a)kp(z, )
D / D }x— l Si(x,ﬁ)%i(x,a) ] , (3.106)

which arise in the regularization process introduced in Section 3.5.3 of the projected-
strangeness-free form with selected constraints (3.78) of quasi-linear DAEs (3.77).

3.5.4.1 Discretization

The discretization of quasi-linear DAEs of the form (3.103) via an s-stage Runge-
Kutta method can be defined by a Butcher-tableau given in Table 3.1, where A =
[@ij)ij=1,...s € R®® denotes the Runge-Kutta matriz, b = [b;];=1,.. s € R® denotes
the weight vector, and ¢ = [¢;]i=1,....s € R® denotes the node vector, with

C; — Zaij. (3107)
j=1

We assume in the following considerations that the Runge-Kutta matrix is invertible
and we are interested in a particular Runge-Kutta step from tg to t; = tg + h. We
assume, that the initial values at ¢ are consistently given by xq, i.e., (2o, @(t)) € M,
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C1|G11 - a1s
Cs | Gs1 e Uss
| by --- b,

Table 3.1: Butcher tableau for implicit Runge-Kutta methods

see Definition 3.5.38. The discretization of the quasi-linear DAE (3.103) yields the
nonlinear algebraic system

E(X;, a(to + ¢;h)) X k(Xi,a(to + ¢;h)), i=1,..,s,
Xi CC()—FhEainJ/-, izl,...,s.
j=1

(3.108)

This system determines the Runge-Kutta stages X; € R™ and X] €e R", i =1,..., s,
which approximate the solution x(ty+c;h) and its derivative & (tg+c;h), respectively,
see [79]. The approximation x; of the solution z(¢1) at ¢; is to be determined by

x1 = mo+hy bX] (3.109)

Jj=1

By introducing the shifted Runge-Kutta stages Y; = X; —xg and Y/ = X, which is
preferable in numerical implementations because of the smaller absolute values, we
get

E(xo+Yi, a(to + k)Y = k(zo+Yi,i(to+cih), i=1,..,s,
Y;‘ = h Z ainj’, 1= 1, ey S,
j=1
X1 = o + h Z b])/j/
j=1

Using the Kronecker product, see Definition A.2.19, and introducing

¢, ) = diag(Ey, ..., Ey), (3.110)
¢80 = [k, . kT, (3.111)
where
B, = EA(xo—i—Yi,ﬂ(to—l—cih)),z:l, , S,
ki = ]%(:E0+l/;,1l(t0+cih)),2:1, , S,
@ - [YlT""YsT]Ta
Yy = ML
& = [a"(to + c1h), ., " (to + csh)],
it follows that
¢, 0Y = kY.L, (3.112a)

Y = hA®L)Y, (3.112b)
r; = zo+h(0'®I,)Y. (3.112c)
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Using the properties of the Kronecker product, see Lemma A.2.20, we obtain from
the second equation that

1 1
@' = E(A® In)_lm = E(A_l ® In)m
and hence we get for (3.112) that
0 = EQ.N(A " ®,)Y - hE(D,1), (3.113a)
r; = zo+(0TAT'®1,)D. (3.113b)

The most expensive part in the determination of the next iterate x; is the solution
of the nonlinear stage equation (3.113a). Note that 4(¢) and therefore also i are
given. Let us denote the right-hand side of (3.113a) by

6(9.40) = €D, )(A7" © L)Y — h(, ). (3.114)
Therefore, the nonlinear stage equation corresponds to
0=6(D,4).

As mentioned above, formally the discretization technique is not restricted to quasi-
linear DAEs (3.23) of certain index or to quasi-linear DAEs with m = n, rather,
formally it works for m = n as well as for m # n and for quasi-linear DAEs of
arbitrary index, but as discussed in previous sections, higher index DAEs contain
hidden constraints which impose additional consistency conditions on the initial
values and provoke severe difficulties for the direct numerical integration of DAEs
of higher index, see [25, 66, 69, 73, 79, 82, 133, 134, 166]. Therefore, in general,
higher index DAEs are not suitable for the direct discretization.

3.5.4.2 Numerical solution of the nonlinear stage equation arising from
the discretization

In this section we will discuss the numerical solution of the nonlinear stage equation
(3.113a) for general quasi-linear DAEs (3.103), semi-implicit DAEs (3.104), and
selected semi-implicit DAEs (3.106). The Newton method, see Algorithm 2.3.18
and [42, 93, 141], applied to the nonlinear stage equation (3.113a) with (3.114) can
be summarized as

P given starting value,

solve  M(YF, WAYF = —B(P*,81)  for AYF, k= 0.1
set gjk+1 — Q)k —I—A@k, =U, 1,...,

where the Newton iteration matrix 91 is defined as

N, i) = %és@a,fn.

The Newton method will be carried out until a certain termination critgrion js
satisfied, e.g., see Section 5.1.3.5. From (3.113a), the Jacobi® matrix of &(2),4)
with respect to ) is given by

%éﬁ@),ﬂ) — (@D, 0)(A & L,)D).g — hy(, 50,

9Carl Gustav Jacob Jacobi (born 1804 in Potsdam, Prussia (now Germany) - died 1851 in
Berlin, Germany)
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By using a fixed approximation of the Jacobi matrix for several or all steps of
the Newton iteration process, we get the simplified Newton method, see Algorithm
2.3.20. Let us use the Jacobi matrix 9t = (), L) %(’5(2}*,11*) evaluated at

* and {* which we assume to be a regular point (X*, U*) with respect to all
(hidden) constraints of (3.103), where X* corresponds to a particular state and U*
to a particular control, such that

Y* U
V= : |€ER™ V" =X~z and*=| : | €R™:,  (3.115)

Y~ U*

is such an approximation. The regularity of the point (X*, U *) with respect to all
(hidden) constraints of (3.103) is defined in Definition 2.3.3. It follows that

N = (¢ U)A L)) g — heg(D*,4)
(A7 @ (EL[YV"]+ EY) — h(I, @ k%), (3.116)

with B* = B(X*,U*), B, = E,(X*,U*), k* = k(X*,U*), and k*, = k,(X*,U*).
If the leading matrix E(z,u) is independent of x such that E(z,u) = E(u), ie.,
E ,(u) = 0, or in the case of X* = ¢, i.e., Y* = X* — x5 = 0, we obtain the

particular approximation
Ny = (A" @ E*) — h(I, @ k%,).
From (3.113a) and by use of (3.116) we get a simplified Newton method in the form

2P given starting value,
solve (A™'® (B, [Y*]+E*) — (I, ®k%,) AY* = —& (D" 1) for AY*, o, 1 (3:117)
set g)k+1:mk+Amk7 =U,1,....

Here, the equation (3.117) corresponds to an s x sn dimensional linear system
which has to be solved in every Newton iteration step. Let us follow an approach
proposed by Butcher and introduced in [27] to decouple the linear system in several
smaller subsystems to reduce the amount of computation. The approach uses a
similarity transformation of the inverse A~! € R** of the Runge-Kutta matrix
such that

T 'A7'T =% or equivalently A=! =TT, (3.118)

where T' € R%® is an invertible appropriate transformation matrix with

1 1
T=|: |€R and T"'=| : | ER*’,

Ts Ts
7;, 7 € RU*. The matrix ¥ € R** should be of a convenient structure such that
the amount of computation in solving the linear system (3.117) will be reduced. It
would be optimal if 3 were a diagonal matrix, but in the real case the best we can
expect is a real Schur!'® form which is upper block triangular with diagonal blocks
of size 1 x 1 or 2 x 2, see [62].
The linear equation (3.117) in the Newton iteration then becomes

(TST & (B[] + B)) — M(TT ' @ %) ADF = —B(D*, )

107ssai Schur (born 1875 in Mogilyov, Mogilyov province, Russian Empire (now Belarus) - died
1941 in Tel Aviv, Palestine (now Israel))
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which is equivalent to

(C® (EL[Y* ]+ E*) — h(l, ® k%)) (T @ I,) AD* (3.119)
= —(T7' @ L,)&(PF, 41).

By defining the transformed Runge-Kutta stages 3

3=(T"'®1,)2 orequivalently 9 = (T ®I,)3

and
A3 = (T"'®1,)AY or equivalently A = (T ® I,,)A3
with
A AZy
3= : ) A3 = )
Z. AZ,

we obtain from (3.119) and (3.114) that
(S @ (EL[Y*]+ E*) — h(I, ® k*,)) A3k (3.120a)
= —(T7'® L,)6(T ® 1,)3*, 1)
with
BT ® 1,)3%,8) = ¢(T ® I,)3", )(A™'T @ I,,)3% — he((T ® I,,)3*, £1).(3.120D)
From (3.110) and (3.111) it follows that

(T ® I,)3%,40) (3.121)
E(zo+ (11 ® I,)3%, a(to+c1h))
= (AT ® I,,)3*
E(xo+(1s ® 1,,)3%, 4(to+csh))
k(zo+ (11 @ I,) 3%, a(to+cih))
—h .

k(zo+(rs © 1) 3%, ato+csh))
Let us assume that the inverse Runge-Kutta matrix A~! and therefore, the matrix

¥ in (3.118) are diagonalizable over C, which corresponds to

2 = diag(V1, .., Yps T1, ooy T, ) With T = [ g _aﬁ ] i=1,..,n;, (3.122)

where v; e Rfor i =1,...,ng, a;,0; € Rfor i =1,...,n;, and ng + 2n; = s. Then,
the linear system (3.120a) is decoupled into np subsystems
((ELIY T+ B7) = W) AZE = —(R @ L)S((T @ 1)3" ), (3123)

for i =1,...,ng of dimension m x n and into n; subsystems

ai(EL Y]+ E%) = bk, —Bi(EL Y] + E)

Bi(EL[Y "]+ E7) (B[ ]+ E%) = hk%y | [ AZigia

k
|: AZnR-l-%—l :| (3124)

— (| T2l | o IVS(T @ 1,,)3", 50)
Tnr+2i
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for i =1,...,n; of dimension 21 X 2n. From the nonsingularity of the Runge-Kutta
matrix A we have v; # 0 for i = 1,...,ng and af + 2 # 0 for i = 1,...,n;. Then
the linear system (3.117) of dimension s x sn is decoupled into ng linear systems
(3.123) of dimension M x n and ny linear systems (3.124) of dimension 21 x 2n.
Furthermore, apart from the coeflicients «;, 8;, and y; the leading matrix consists of
the same submatrices (E’*I [Y*]+E*) and l%*m for all systems (3.123) fori =1, ...,ng
and for all systems (3.124) for ¢ = 1, ...,ny. This fact is very convenient with respect
to the amount of computation needed for the solution of these linear systems and
with respect to the amount of storage, since only these submatrices have to be
stored.

Remark 3.5.62 It is important to note that all manipulations of the nonlinear
stage equation may be done in advance, i.e., before the implementation of the
algorithm. In particular, the entries of the matrices A, A~!, T, T~', ¥, and A~'T
are independent of the considered DAE. They only depend on the used Runge-Kutta
method such that they can be determined and stored or implemented independent
of the integrated DAE. O

In the case of the discretization of the semi-implicit DAE of the form (3.104) we
get the decoupled subsystems (3.123) and (3.124) in the following special form such
that we have np subsystems

3 ]e- (2]
for i = 1,...,ng of dimension 11 x n with & = AZF and
D= (Ep Y1+ Ep), B=-kp, C=-ki,, (3.125D)
and
bpi = —(7; @ I[,)&p (T © 1,,)3*,40), (3.125¢)
bei = —%(@ ® 1,)6¢((T ® I1,)3*, 1), (3.125d)
where
Gp((T® 1,)3"8) = (Ep((T © 1,)3" W)(A™'T © 1,)3" — htp (T © 1,)3", D)),
o((T ® 1,)3", 1) = (= hc(T © 1,)3*, 1)),
Ep((T ® 1,,)3,41) = diag(Ep1, ., Eps),  Epi = Ep(zo + (71 ® )3, i(to + c;h)),
Ep((T @ 1,)3,4) = [ky, ., kD] kpi = kp(zo + (1: ® In)3, 4(to + c;h)),
te(T®1,)3,4) = [k, ..., kLT, koi = kc(xo + (15 @ 1,)3, 4ty + c;h)).

Note that the second part of this linear system is scaled by 1/h, as suggested in
Remark 3.5.61 and [136]. From this scaling it follows that the leading matrix in

(3.125) tends to
%‘f)
C

if h — 0 and keeps its full rank, in the case of regular systems it remains nonsingular.
Without scaling, the lower part would also tend to 0 and the condition number would
increase for small step sizes.

Furthermore, from (3.124) we have the n; subsystems

a;D + hB ’ ~3:D 1:71Dz‘
C 0 &1 bici
= | —— 3.126
B:D o; D+ hB [ &2 ] bapi ( 2)
0 C baci




80 CHAPTER 3. DIFFERENTIAL-ALGEBRAIC EQUATIONS

for i = 1,...,n; of dimension 21 x 2n with &; = AZ£R+2z'—1v £ = AZ;:RH“ D,
B, and C as in (3.125b) and
bipi = —(Tnpi2io1 @ 1,)Gp (T © 1,)3%,40), (3.126b)
bici = —%(fnﬁzm @ L)6c(T ® I1,)3", 81), (3.126¢)
bapi = —(Fapsi © L)Gp (T @ 1,)3%,£1), (3.126d)
baci = —%(%W ® I,)&c((T @ I,) 3", 41). (3.126¢)

As mentioned above we will consider the numerical integration of quasi-linear DAEs
in combination with the regularization technique developed in Section 3.5.3. This
regularization technique yields a selected quasi-linear DAE (3.103) with (3.105) or
in particular, a selected semi-implicit DAE (3.106) which we will investigate in the
following. Regarding (3.105), with a constant selector S* for the whole interval
[to, to + h] from (3.121) we get

B((T® 1,)3" 8) = (I, ® S*)S((T ® I,,)3*, £1) (3.127a)
with
(T ® I,,)3", £1) (3.127D)
= (T ® 1,)3", W)(A™'T ® I,)3* — he((T  I1,,)3", &),
and
C(T®1,)3,8) = diag(Ey, ..., E,),
(T ®L)3.8) = [k, ...k]",
E; = E(ﬂﬂo + (7 ® I,) 3, u(to + cih)),
ki = k(zo+ (1 ®1)3,a(to + c;h)).

Hence, the subsystem (3.123) has the selected form
" (u(ELIY' T+ E) = hk,)AZE = =5%(m @ L)S((T  1,)3%, 1), (3.128)
with E* = E(X*,U*), B%, = E,(X*,U*), k* = k(X*,U*), and k%, = k,(X*,U*).

Furthermore, it follows from (3.127a) that the subsystem (3.124) has the selected
form

S0 ]| elELY I+EY)—hk:  —Bi(EL[Y]+EY) AZE i

0 s BUELIYVIHE")  ai(BL[YV]+E*)—hks, || AZy e

|5 0 (| Tret2i=t | o 1 )S((T ® 1) 3", 50) (3.129)
0 S Tnr+2i

with &((T ® I,,,)3, 1) as in (3.127b).

Regarding the selected semi-implicit DAE (3.106) also let us assume that Sp(z,u)
and Sc(z,u) are piecewise constant and, in particular, constant on the whole inter-
val [to, to+h], i.e., Sp(z,u) = S}, and Sc(x, u) = S¢, see Remark 3.5.46. Therefore,
from (3.128) for ¢ = 1,...,ng we get the linear systems (3.125) in the form

1iSHD + hShB
S;C

S1bpi
= 9 3.130a
¢ l Stbei ] ( )
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with & = AZF and

D= (Ep Y 1+Ep), B=-kh, C=—kiy,, (3.130Db)

and
bpi = —(7 ® L,)®p (T ® I,)3", 1), (3.130¢)
bei = —%(ﬂ @ 1) (T ® I1,)3", %), (3.130d)

with

So((T® 1,)3,4) = (€p((T @ L)3* WA © 1,)3* — hEp (T © 1,)3*. 1)),

Bo((T® 1,359 = (- htc((T © 1,)3"4) ).

Ep((T @ 1,)3,4) = diag(Epy, - Eps), Epi = Ep(wo+ (7 © I)3, ilto + ¢;h)),

{% (T ® 1,)3,4) = [khy, .. kBT, kpi = kp(zo + (1 ® 1,)3,ilto + cih)),
((T®I) ﬂ) [kglv"'vkgs]T’ kCl_kC($0+(Tz®I) (t0+cz ))

Note that again the second part of this linear system is scaled by 1/h, as suggested
in Remark 3.5.61 and [136]. Furthermore, from (3.129) we get the linear system

a;SpD + hSpB ‘ —3:S5D Stb1p
ScC 0 { i } _ | Schei | (3310)

5153D OZZSBD +~hSEB §oi SEbgDi

0 S5C SEbaci

for i =1,..,ny with &; = AZE o 1, &y =AZF ., D, B, and C as in (3.130b)
and

bipi = —(Fapr2io1 ® 1,)Gp((T @ 1,)3*, 1), (3.131b)
e = —%(%Hi_l 2 L)S((T ® 1,)3%,9), (3.131¢)
bopi = —(Fppi2i ® 1) p (T ® 1,)3%, £1), (3.131d)
baci = —%(ﬂmw ® 1,)6c (T ® I,)3%, 41). (3.131e)

Remark 3.5.63 a) By use of Runge-Kutta methods for the discretization of quasi-
linear DAEs (3.103), the solution of the s x sn dimensional linear system (3.117)
reduces to the solution of a set of linear systems consisting of ng systems of the
form (3.123) of size 1 x n and ny systems of the form (3.124) of size 21 x 2n.
The discretization of semi-implicit DAEs of the form (3.104) reduces to the solution
of a set of ng linear systems of the form (3.125) of size m X n and n; linear systems
of the form (3.126a) of size 27 x 2n which exploit the partitioned structure.
Furthermore, in the special case (3.106), where Sp(z, 1) = S} and Sc(z,4) = S§
are constant on the interval [to, to + h], this discretization of (3.106) reduces to the
solution of a set of ng linear systems of the form (3.130a) of size m x n and n;
linear systems of the form (3.131a) of size 211 x 2n which offer the special partitioned
structure.

We will discuss the efficient numerical solution of the latter systems in detail in
Section 3.5.4.3.

b) Note, that the matrices in the linear systems (3.130a) and (3.131a) contain the
same submatrices D, B, and C independent of i. Merely, the coefficients v, f3;,
and v; and the right- hand sides depend on i. This property can be exploited in the
numerical solution of these systems as shown in Section 3.5.4.3. O
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Remark 3.5.64 If we use BDF methods [25, 37, 64, 81, 125, 173] as discretization
method for the numerical solution of the initial value problem of the quasi-linear
DAE (3.103) we obtain the linear systems to be solved in every integration step of
the same type as (3.123). Analogously, the discretization of the semi-implicit DAE
(3.104) leads to a linear system of type (3.125) and the discretization of the selected
semi-implicit DAE (3.106) leads to a linear system of type (3.130a), where in every
case coefficients ~; and the right-hand side are adapted to the used discretization
method. |

Remark 3.5.65 Recently, a third class of discretization techniques, the so-called
general linear methods are widely studied, see [28, 159, 179]. The class of general
linear methods forms a generalization of Runge-Kutta methods and of BDF methods
and contains both as special discretization techniques. Also if we use general linear
methods as discretization method for the numerical solution of the initial value
problem of the quasi-linear DAE (3.103) or of the semi-implicit DAE (3.104) or
of the selected semi-implicit DAE (3.106) we obtain the linear systems of type
(3.123), (3.124) or (3.125), (3.126a) or (3.130a), (3.131a), respectively, to solve in
every integration step, where in every case the coefficients a4, (41, and 7; and the
right-hand side are adapted to the used discretization method. O

3.5.4.3 Numerical solution of special linear systems arising from dis-
cretization methods

In the previous sections we have investigated the discretization of the quasi-linear
DAE (3.103) via Runge-Kutta methods. We have seen that the numerical integra-
tion of the quasi-linear DAE (3.103) needs the efficient solution of the linear systems
(3.123) and (3.124). In the numerical treatment of semi-implicit DAEs (3.104) and,
in particular, in the numerical treatment of selected semi-implicit DAEs (3.106), the
existing structure can be exploited. This will be discussed in detail in the following.
Recall, that in the case of semi-implicit DAEs (3.104) we have to solve linear sys-
tems of two different types that contains the same submatrices C € R™em and
D, B € R™p"_ First, we have to solve linear systems of the form

{ vf?fhé ]§ [ Z[C, } (3.132)

of size m xn, fori=1,...,ng and v = 7, 130 = ECi € Re, IA)D = IA)Di € R™D with
me + mp = 7. This linear system corresponds to (3.125) where we did permute
the block rows and omitted the index i for the sake of simplicity. Let us call this
type of system selected linear system of type 1 or selected system of type 1 in short.
Furthermore, let us call the first block equation C’f = b of (3.132) the algebraic
part of (3.132) because of its correspondence to the algebraic constraints of the
considered DAE (3.104) which restrict the solution to be in the solution manifold
M. Furthermore, the second block equation (vD + hB)¢ = bp of (3.132) will be
called the differential part of (3.132) because of its correspondence to the differential
equations of the considered DAE (3.104), which describe the dynamics of the system
along the solution manifold M. Secondly, we have to solve linear systems of the form

C 0 510
aD+hB| —8D & bip
= |-AD_ 3.133
0 C |: 62 :| bgc ( )
8D aD + hB bap

of size 2m X 2n fori =1,...,n; and « = i, Q Bi, b1c = blcZ € Re, Bgc =
bgcl € R™e le = lel S RmD and byp = bep; € R™P. This coincides with
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(3.126a) when permuting the block rows and omitting the index i. Analogously, let
us call this system selected linear system of type 2 or selected system of type 2 in
short and let us call the first and third block equations C’ﬁl = BlC and C’§2 = i)gc
of (3.133) the algebraic part of (3.133). The second and fourth block equations
(aD+hB)& — BDE, = byp and BDE + (D +hB)&; = byp of (3.133) will be called
the differential part of (3.133).

Recall, that the linear systems (3.132) and (3.133) arise from the discretization of
the projected-strangeness-free form with selected constraints (3.78).

In the following we will consider general matrix decompositions of a matrix 7' € R%
of the form

T=QTP

with nonsingular matrices @ € R%9 and P € R4, We will call them decomposition
in short. Typical examples are the LU decomposition, the QR decomposition, or
the SV decomposition, see [72, 171]. Note that we will not distinguish between
the particular transformation matrices regarding the decomposition of the selected
linear systems (3.132) and (3.133) even if both systems are of different size. We will
denote the transformation matrices by Q, Q, and P, and P. From the context it
becomes clear which size and properties they have to have.

Let us start our discussion regarding the selected linear system of type 1 (3.132).
A decomposition of the matrix in (3.132) leads to the linear system

R = b (3.134a)
= P¢ (3.134b)
with
R = [O Qz][ ¢ A]P (3.134c)
vD + hB ’
- e el ] (3134)

where Q = [ Ql QQ ] € R™™ and P € R™" are nonsingular with Ql € Rmme,
Qg € R™™p  If the decomposition is a LU decomposition or QR decomposition,
respectively, then, in particular, R e R™" is an upper triangular matrix or in case
of the SV decomposition even a diagonal matrix. We will not restrict the terms
”triangular” or ”diagonal” to square matrices, but rather we will use these terms
also for rectangular matrices. The linear system (3. 132) can be solved for £ by back-
ward substitution of (3.134a) and transformation of ¢ to & with P as in (3.134b). If
the linear system (3.132) arises from the discretization of an arbitrary semi-implicit
DAE (3.104), the matrix R does not necessarily have full rank.

As already mentioned, we will investigate the numerical treatment of quasi-linear
DAEs or semi-implicit DAEs as combination of the regularization technique devel-
oped in Section 3.5.3 and the discretization technique developed in Section 3.5.4.1.
In contrast to the case of discretization of general semi-implicit DAEs (3.104), the
matrix in (3.132), and therefore also the matrix R in (3.134), have full rank for
all sufficiently small h and, in particular, for h — 0, when they arise from the dis-
cretization of the projected-strangeness-free form with selected constraints (3.78)
of a quasi-linear DAE (3.103). In the case of nonredundant constraints the matrix
(3.132) has full rank min(m,n).

In the case that the regularized DAE has the form (3.78) which corresponds to the
selected semi-implicit DAEs (3.106), the discretization discussed in Section 3.5.4.1
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leads to the selected linear system of type 1 of the form (3.132) with
D=2S85D, B=SpB, bp=_Spbp, and C =S5C, bo = Stbo, (3.135)

compare with (3.130a). We have C € Rmcm D B € Rmom and S € Rresme,
S, € R™0p  In particular, from the regularization (3.78) it follows that e = r¢
and mp = rp with

ro = rank(C) and rp = rank(l % ]) —re (3.136)

and rc + rp < n. With respect to the relations (3.135), the matrix R and the
right-hand side b in the decomposition (3.134) are given by

D A Qx . Q* ~C _ O
R = [QlSC Q2SD ] "YD-'—hB )
7 A Qx A Qx ZC

b = [ QiS: Q255 | lED .

This decomposition can also be interpreted as a decomposition of special type of
the linear system of the form

C
vD + hB

= PC ] (3.137)

bp

of the size m x n for i = 1,...,ng and v = 7, EC = ECi € R, ED = gDi e R"p,
C e R™e" D BeR™ " and m = mc +mp. The linear system (3.137) is called
unselected linear system of type 1, or unselected system of type 1 in short.

An analogous observation can be made for the decomposition of the linear system
(3.133) which can be interpreted also as a decomposition of special type of the linear
system of the form

C 0 EIC
aD+hB| -BD [ & } _ | bin (3.138)
0 C 62 bQC .
8D | aD+hB bap

of the size 2m x 2n for i = 1,...,n; and a = oy, 8 = f;, glCNZ glci € R™me,
boc = baci € R™C, bip = bip; € R™P, byp = byp; € R™2, C € R™C", and
D,B € R™>:"  Analogously, the linear system (3.138) is called unselected linear
system of type 2, or unselected system of type 2 in short.

In the numerical treatment of quasi-linear DAEs (3.103) by use of Runge-Kutta
methods described in the Sections 3.5.4.1 and 3.5.4.2 in combination with the reg-
ularization to the projected-strangeness-free form with selected constraints (3.78)
described in Section 3.5, the linear systems (3.137) and (3.138) arise from the dis-
cretization of the complete minimal reduced derivative array (3.66).

On the other hand, an arbitrary decomposition applied directly to the unselected lin-
ear system of type 1 (3.137) without respecting the regularization to the projected-
strangeness-free form would lead to

[?}Z: [E] (3.139a)

§ = P¢ (3.139b)
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with nonsingular @ € R™™ and P € R™ such that

R _ [ Qu Qu | C -
[ 0 ] a i C521 @22 | ’yﬁ+h§ P, (3.139c¢)
g — _ @11 @12 ] EC
[ 7’] T | Qu Q| l iy | (3.139d)
5 _ | Qi1 Qi ]
¢ - | @z Q2 | (3.139)

with Q11 € R’”C+mD””C ng € RMctmp.mp R ¢ RMmc+mon and b € R+,
In particular, R has full rank ie. rank(R) mc + mp and is an upper triangular
matrix in the case of LU decomposmon or QR decomposition or in the case of an
SV decomposition even a diagonal matrix. The unselected linear system of type 1
(3.137) could then be solved for £ by backward substitution of the upper block row
of (3.139a) and transformation of ¢ to & with P as in (3.139b).

Similarly, an arbitrary decomposition applied directly to the unselected linear sys-
tem of type 2 (3.138) without respecting the regularization to the projected-stran-
geness-free form would lead to

[5]5_ {f] (3.140a)

HE

with nonsingular Q € R2™:27 and P € R2™2n,

P,

B¢ (3.140D)

[ aD+nhB ‘ —B8D N
{ R } _ | @u Q12 Qi3 Qua C 0 Py (3.1400)
0 Qa1 Q22 Q23 Qo 6D aD + hB P2
) ) 0 C
N - b
b | Qu Q12 ng Q14 bip
{ FF} B | Qo1 @2 Q2 Q| | b ’ (3.140d)
| bep
~ Qll C212 Q:13 C214 ]
Q= | Q21 Qo2 Q2 Qu | (3:140¢)
=~ I ﬁl
P = _ B, (3.140f)

with @11 c Rzmc+2an,mc7 @12 c R2mC+2mD,T7LD, @13 c Rch+2an,mc, @14 c
R¥Me+2mp. Mo pe R™20 § = 1,2, R € R¥Me+2mo.2n and b € R2Me+2mo In
particular, R has full rank, i.e., rank(é) = 21he + 2mp and is an upper triangular
matrix in the case of LU decomposition or QR decomposition or in the case of an
SV decomposition even a diagonal matrix. The unselected linear system of type 2
(3.138) could then be solved for & and fg by backward substitution of the upper

block row of (3.140a) and transformation ¢ to &; and & with P as in (3.140D).

Remark 3.5.66 From the solvability of the considered quasi-linear DAE (3.23) the
solvability of the minimal reduced derivative array (3.66) follows. Unfortunately, the
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discretization of the derivative array causes discretization errors, which leads to an
overdetermined system which is in general not solvable, because the discretization of
the (hidden) constraints are in general slightly contradictory to the discretization of
the differential equations of the quasi-linear DAE (3.23). Here, "slightly” means that
in general a solution of the discretized (hidden) constraints causes small residuals
in the discretized differential equations. Therefore, the quantities 7 in (3.139) and
(3.140) corresponds to such residuals caused from discretization errors and we have
[|7]| << 1 for small step sizes h and consistent reference points (X*, U*).

Furthermore, the residual 7 can be used for the validation of the consistency of the
differential-algebraic equations. O

In the following it turns out that an arbitrary decomposition of the unselected
systems (3.137) and (3.138) could lead to unexpected effects or even to wrong results
as discussed in the following and shown in Example 3.5.77. Therefore, we will now
investigate the relation of the decomposition of the selected linear systems (3.132),
(3.133) and the decomposition of the unselected linear systems (3.137), (3.138).

Definition 3.5.67 (Discrete kinematic selector) Let the discretized complete
minimal reduced derivative array be given by (3.137) and (3.138). Then a matriz

So € R qith ro = rank(C) satisfying
rank(S¢C) = reo (3.141)

is called discrete kinematic selector of the discretized complete minimal reduced
derivative array.

Definition 3.5.68 (Discrete dynamic selector) Let the discretized complete
minimal reduced derivative array be given by (3.137) and (3.138). Then a matriz
Sp € R7D>™D qpith

rp = rank( [ g ] ) — rank(é) (3.142)

satisfying

C

) (3.143)

rank( [ ] ) = rank(

SpD

is called discrete dynamic selector of the discretized complete minimal reduced
derivative array.

Lemma 3.5.69 Assume that Procedure 3.5.11 applied to the quasi-linecar DAE
(3.23) terminates in iteration step i = v = v, + 1 in (3.42) with mazimal con-
straint level v.. Let a”° be defined by (3.74b) with | = v. and let a”° = const for
all (z,u”) € M. Furthermore, let the discretized complete minimal reduced deriva-
tive array be given by (3.137) and (3.138). Then every constant kinematic selector
Sc = Sc(X*,u¥*) (see Definition 3.5.43) forms a discrete kinematic selector Se
(see Definition 3.5.67). Conversely, every discrete kinematic selector §c forms a
constant kinematic selector S = Sc(X*,u”e*) in a neighborhood S((X*,u"*),¢)
for sufficiently small € > 0.

Proof: From the discretization of the complete minimal reduced derivative array
(3.66), see also (3.68) and (3.130b), we get

_Eg,w (X*’ U*)
C= :

: € Rmon (3.144)
— kg, (X, we)
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with me = >_0¢, mb. With (3.74b) we get a”e = r¢ with r¢ = rank(C). Therefore,
a kinematic selector S¢ defined in Definition 3.5.43 and a discrete kinematic selector
Sc defined in Definition 3.5.67 have the same size rc X m¢. Furthermore, it follows
that the conditions (3.75) and (3.141) are equivalent and we get the assertion. [

Lemma 3.5.70 Assume that Procedure 3.5.11 applied to the quasi-linear DAE
(3.23) terminates in iteration step i = v = v. + 1 in (3.42) with mazimal con-
straint level v.. Let a¥= and d”* be defined by (3.74) with | = v. and let a¥* = const
and d”s = const for all (x,u”e) € M. Furthermore, let the discretized complete
minimal reduced derivative array be given by (3.137) and (3.138) and let Y* =
X* —xog = O(h). Then every constant dynamic selector Sp = Sp(X*,u"*) (see
Definition 8.5.44) forms a discrete dynamic selector Sp (see Definition 3.5.68).
Conversely, every discrete dynamic selector §D forms a constant dynamic selector
Sp = Sp(X*,u”*) in a neighborhood S((X*,u"=*),€) for sufficiently small € > 0
and sufficiently small h.

Proof: From the discretization of the minimal reduced derivative array (3.66),
see also (3.68) and (3.130b), we get

D = E(X*,U")[Y*] + E(X*,U"). (3.145)

Furthermore, D depends smoothly on Y* and for h — 0 we have Y* — 0. Therefore,
from (3.144) and (3.145) we get for sufficiently small h that

rank(D) = rank(E(X™*,U")) (3.146a)
and with (3.144)

E(X*,U")
k2 (X*,U%)

rank( [ D ] ) = rank( (3.146b)

C :
Ry, (X )

From Definition 3.5.44 it follows with (3.144), (3.142), (3.145), and a*c = r¢ (see
proof of Lemma 3.5.69) that d”¢ = rp. Then, from Definition 3.5.44 and from
Definition 3.5.68 we get for sufficiently small & that a dynamic selector Sp and a
discrete dynamic selector Sp, respectively, have the same size rp X mp. Further-
more, we get from (3.146) for sufficiently small h that the conditions (3.76) and
(3.143) are equivalent and we get the assertion. O

Definition 3.5.71 (Index reducing decomposition matrix) If there ezist a
discrete kinematic selector §C e Rre™mc gnd a discrete dynamic selector §D~ S
R™2™0 with v and rp defined by (3.136) such that for a nonsingular matriz Q €
R qpith

Q _ C211 @12

€ R™™ 3.147
Q21 Q22 ( )

and @11 € Rretrp.me @12 e Rretromp - and m = me + mp it holds that with

Qi1 =Q1Sc and Q12 = Q25p
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the matriz
Q=@ Q]
is nonsingular and for a nonsingular matriz @ € R?™2™ qyith

~ @11 @12 @13 th 27,27
@= Q21 Qa2 Q23 Qo €K (3.148)

and @11, @13 S R2TC+QTD’T%C, @12, @14 S R2TC+QTD’H1D, and m = ﬁ’LC —l—ﬁl[) it holds
that with

Qu = Q15c, Q12 = Q2Sp, Q13 = QsSc, Qi = QuSp
the matriz
0=[a @ & ]
is nonsingular, then the matriz (3.147) is called an index reducing decomposition
matrix of type 1 of the unselected linear system of type 1 (3.187) and the matriz

(3.148) is called an index reducing decomposition matrix of type 2 of the unselected
linear system of type 2 (3.138).

Definition 3.5.72 (Index reducing decomposition) A decomposition (3.139)
and (3.140) of the discretized complete minimal reduced derivative array of the
form (3.187) or (3.138), respectively, is called index reducing decomposition if the
matrices Q in (3.139) and (3.140) are index reducing decomposition matrices, see

Definition 3.5.71.

Lemma 3.5.73 Let the linear system (3.137) be given and let r¢ and rp be defined
by (3.136). Furthermore, let

_ QL 0 -
Q= 1,01, I | eR™™ (3.149)
Q21 Q2

be a nonsingular matriz with @%1 € Rreme, @%1 € R™7"  and @%2 € Rrp-mp
satisfying

Ql, 0 = ~

g 3] R

9 ~1 2 _

1@n @ ~ x| = || (3.150)
Cnbn % | Up B [ 0 ]

Q21 Q2 7

where R € RTe+rpan pag full rank rank(ﬁ) =rc+rp. Then, for sufficiently small
h, the matriz Q is an index reducing decomposition matriz, see Definition 3.5.71.

Proof: The submatrix Q!; forms a discrete kinematic selector, since (3.150)
implies (3.141). Furthermore, for sufficiently small h the submatrix %, forms a
discrete dynamic selector, since (3.150) implies (3.143). Therefore, by defining

Se =Q!, and Sp = Q2 (3.151)
we have

- N1 - .~
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and
~ 0 0 - .~
G| g |=| £ |30 = o
12 D
With
A oA - | Le O ]
o=la @)= g .
we get that Q is nonsingular. From Definition 3.5.71 the assertion follows. (I

Remark 3.5.74 In particular, it follows from Lemma 3.5.73 that by use of a de-
composition (3.139) with a nonsingular matrix @ of the form (3.149) the discrete
selectors S¢ and Sp can be obtained directly from @ by (3.151). O

Theorem 3.5.75 Assume that Procedure 8.5.11 applied to the quasi-linear DAFE
(3.23) terminates in iteration step i = v = v.+ 1 in (3.42) with mazimal constraint
level v.. Let a”* and d*° be defined by (3.74) with I = v. and let a¥= = const and
de = const for all (z,u’*) € M. Let the related complete minimal reduced derivative
array . (3.66) be given with E(z(t),u(t)) € C(ILLR™") and Fl%yx(x(t),ui(t)) €
C(I, Rmé) for i =0,...,v.. Furthermore, let the discrete dynamic selector §D and
the discrete kinematic selector Sc: be obtained in (3.151) from an index reducing
decomposition of the discretized complete minimal reduced derivative array (given
by the unselected linear systems (3.137) and (3.138)) at the point (X*,U*). Then,
for sufficiently small step size h, the constant dynamic selector Sp(z,u”e) = Sp
and the constant kinematic selector Sc(xz,uve) = §c define a regularization of the
quasi-linear DAE (3.23) in form of the projected-strangeness-free form with selected
constraints (3.78) in a neighborhood of the point (X*,U*).

Proof: The discretization of the complete minimal reduced derivative array (3.66)
leads to the unselected linear systems (3.137) and (3.138). The index reducing
decomposition (see Definition 3.5.72) of the linear system (3.137) has the form

(3.139) with { Qu Q2 } = [ QiSc Q25p ] and [ Q1 Q2 ] is nonsingular,
see Definition 3.5.71. Therefore, we obtain with Sp(z,u”*) = Sp and Se(z, u”e) =
§C the dynamic selector and the kinematic selector, respectively, which satisfy
Definitions 3.5.43 and 3.5.44 in a neighborhood S((X*,U*),¢€) = {(x,u”s) : ||(x —
X*,u¥s —U*)|| < €} of the regular point (X*,U*) in accordance with Lemmata
3.5.69 and 3.5.70. N -

Hence, the selectors Sp(x,u”s) = Sp and Sc¢(z,u”*) = S¢ define a regularization
of the quasi-linear DAE (3.23) to the projected strangeness-free DAE (3.78) for
te (t* —h,t*+ h) with (z(t),u”=(t)) € S((X*,U*),¢). O

Remark 3.5.76 It follows from Theorem 3.5.75 that in view of the nonuniqueness
of the kinematic and dynamic selectors, see Definitions 3.5.43 and 3.5.44, the index
reducing decomposition of the unselected linear systems (3.137) and (3.138) arising
from the discretization of the complete minimal reduced derivative array (3.66) al-
ready contains a certain choice of the kinematic and dynamic selectors such that the
decomposition of the selected linear systems (3.132) and (3.133) arising from the
discretization of the regularized quasi-linear DAE and the index reducing decom-
position of the unselected linear systems (3.137) and (3.138) are equivalent in the
sense that both solutions are identical. In particular, this means that the sequence
of regularization and discretization can be exchanged, see Figure 3.2. (|
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quasi-linear
differential-algebraic equation
E(x,u)x=Kk(x,u)

|

minimal reduced derivative
array of the
differential-algebraic equations

.-~ Discretization

Regularization _ _

\

projected—-strangeness— N discretized minimal reduced
free differential—- PSRN derivative array of the
algebraic equations -7 A differential—algebraic equations
, N

’

Discretization” - _ -~ "Regularization
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strangeness—free

differential—algebraic equations

Figure 3.2: Discretization and regularization of quasi-linear DAEs

Example 3.5.77 Consider again the differential-algebraic equation introduced in
(3.34), see Example 3.5.7. Assume that 7y = ny = 1. The Procedure 3.5.11 is
already executed in Example 3.5.15 and we did determine in Example 3.5.42 the
maximal constraint level v, = 1 and the complete minimal reduced derivative array
(3.73) in form of the semi-implicit DAE

Ep(z,u)i = kp(z,u),

with

o (e, ul) = { F } .

—k2,z, k1 — k2t

The discretization of this overdetermined DAE leads to a linear system (3.137) of
the form

_k2,xl 0 ECI
(k2 T kl + k2 uu) x1 k2 T kl To |: §1 :| bC2
) u), ) ) = | === 3.152
v = hkl,xl _hkl,xg 52 bDl ( )
—hkg o, 0 EDQ

compare with (3.125), which has to be solved in every Newton iteration step inside
every integration step. From (3.136) we get r¢ = 2 and rp = 0 because of kg ,, # 0
and kg 2, k1,2, # 0, see Example 3.5.7. Obviously, this linear system is overdeter-
mined and in general not solvable because of discretization errors. Therefore, it is
to be solved up to a remaining residual which mainly depends on the discretization
and the step size. Let us use the LU decomposition for simplicity.
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If we choose the matrix @ in the decomposition (3.139) as

0 1 } 0 0
~ 0 O 1 0
@= 1 g32 | ¢33 O
0 hgsa | hgss 1
with
q32 = hk27w1/(h(k2,w1k1 + k27uu),$1 + k2,2, (,Y - hk‘l@l))’
q33 = k2,z1k2,z1/(h(k2,x1k1 + kQ,uu),Il + k2sl’1 (7 o hkal))

and multiply the equation (3.152) from the left with @, then we get

(kQ,fﬁlkl + kQ,ud),zl +k2,m1 kl,Iz ECQ
v — hky 4 —hk1z, [ & } _ bp1 (3.153)
0 0 13 ber + ga2bez + gssbpr

0 0 hgzabca + hqsszbp1 + bpo

Obviously, the upper two by two submatrix of the leading matrix in (3.153) is
nonsingular for small h because of v # 0 and kg ., k1, # 0, and the equation
can be solved for £ and &. But, this numerical solution only depends on the
second and the third equation of (3.152) which correspond to the discretization of
the differential equation of (3.34) and of the first time derivative of the constraint
equation of (3.34). In particular, this means that we actually use an index reduced
formulation of the DAE which is obtained just by replacing the constraint (3.34b)
by its first time derivative (3.34c) which is not advisable because of the drift-off
phenomenon, see Section 3.4.1. Therefore, this choice of the transformation matrix
@ is not a good choice and on the other hand the transformation matrix @ is not
an index reducing decomposition matrix, see Definition 3.5.71.

A better choice of the transformation matrix @ is for example

1 010 0
~ 0 1 ({0 O
@= g1 g2 |1 0
qa1 qa2 |0 1
with
~ Pka,zl - hkl,zl kQ,:cl + h(kQ,zl kl + kQ,ud),zl ~ h
Q31 = y 432 = )
_ k2,$1k2711 - k2,wl
qgun = —h, qsz = 0.

Note that this choice of @ corresponds to an index reducing decomposition matrix
with S = I, € R?>?2 and Sp € R%2. see Definition 3.5.71. By multiplication of
the equation (3.152) from the left with @ only the discretized algebraic constraints
remain in considerations, which is good since the original DAE (3.34) actually corre-
sponds to two algebraic equations, see Example 3.5.7 with n; = ng = 1. Therefore,
the discretization of the projected-strangeness-free form (3.96) is equivalent to the
index reducing decomposition of the discretization of the complete minimal reduced
derivative array (3.73). O

We have seen that the numerical integration of the quasi-linear DAE (3.23) needs the
efficient solution (via index reducing decompositions) of an overdetermined linear
system of the form

[VDihB]g_H,ﬂv (3.154)
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with C € R™¢:" D B € R™>™ beo € R™C, bp € R™P £ € R™ and mc+mp = m.
This linear system corresponds to (3.123). Furthermore, we have to solve the second
linear system of the form

C ‘ 0 bic
aD + hB —ﬁD + hB 51 :| le
_ , 3.155
0 C { &2 bac ( )
BD+hB | oD+ hB bap

where the matrices B, C, D are the same as in the system (3.154) and b,c € R™°,
bjD € R™p, fj eR" j=1,2.

In the following we will discuss the efficient solution of both linear systems exploiting
the given structure. The decomposition of all unselected linear systems, i.e., the
unselected linear systems of type 1 for v = ; for ¢ = 1,...,ng and the unselected
linear systems of type 2 for a« = a4, 8 = §; for i = 1,...,n;, will be done in
the following way. First, we will pick out arbitrarily one of the unselected linear
systems of type 1 and perform a decomposition as described below. Then we will
use the information of the transformation matrices Q) and P for the decomposition
of the remaining unselected linear systems of type 1 and for the decomposition of
the unselected linear systems of type 2 with the aim to perform an index reducing
decomposition.

From the properties of an index reducing decomposition we have the condition that
the algebraic part of the linear system (3.137) has to be satisfied exactly. Therefore,
we decompose only the algebraic part in the first step. Let the matrices

Ql
-] 4
Qe
1 2 y
be nonsingular with QC € Rre-mo, QC e Rme—resme P, e R and P, €
R™™~ "¢ guch that

€R™e™MC and P=[ P, B, ] €R™

Re = O,CPy € R is nonsingular and QnC = 0 € R™7Cm. (3.156)

Then, by scaling the constraint part with QC and transforming with &€ = P( we get
from (3.154) the equivalent equation

%~ 1
RC Vch el chc
0 0 [P t=] Qlbe (3.157)
(YD +hB)Py  (yD + hB)P, bp
with
Ve = QuC e RO™, (3.158)

The first ¢ components of the vector ( = P_lf can be determined from the al-
gebraic part because of the nonsingularity of the matrix Rc. Hence, the first r¢
columns of the differential part can be eliminated by use of block Gaui'! elimina-
tion. Let Lp, Lp € R™P"¢ be such that,

LpRe+DPy =0 and Lpke + BPy =0. (3.159)
Then by scaling with the nonsingular matrix
1 0 0
0 I 0
’YZD + h.tB 0 I

M Carl Friedrich Gau$l (born 1777 in Braunschweig, Germany - died 1855 in G6ttingen, Germany)
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we get
. 1
ke VP, o Qcbe
0 0 | P e= Olbe . (3.160a)
0 (Wp+hVp)P (vLp + hLs)Opbe + b
where
VD =D + EDVC and ‘73 =B + EDVc. (3.160b)
Finally, let us decompose the remaining differential part. Let
1
Qp = [ P | ermome
Qp

be nonsingular with QE € R"™>™b and Qé e Rmo—"0:mp and let Py = [ P, P ]
with Py € R™™0 and Py € R™" 77D of full rank such that P = [ P, Py, Py ]
is nonsingular,

Ry = Q*lD (YVp + hV )Py € R">"P is nonsingular,
and

* 2 * *

QD(’VVD + hVB) [ pg p3 } = 0 S RmD_TD’n_Tc.

Then by scaling the differential part with Q p and transforming & = P¢ we obtain

% x 1

RC chg chg QQCbC

0 0 0 L1 Qrbe
5 P ¢ = ¢ 3.161
0 Rp Ve Q%)((’VED + th)Qicbc +0bp) ( )

0 0 0 Qp((vLp + hLp)Qcbc + bp)
with

Vi =Qp(yVp +hVp)Ps € RIom—Te =m0, (3.162)

Summarizing these three steps, together with a row permutation, we get the trans-
formation of the linear system (3.154) in the form

C a—l. be
QR{’YD-FIZB ]PP EQR{bD ] (3.163a)
with
Qe 0
1 1 1
2 QC 1 02
@p(vLp + hlp)Qe Qp
P =[P P P3]. (3.163c)
This yields an equivalent system to the system (3.154) of the form
Re VoPs | VePs ot @ébCQI
0 Rr Vg _ p((vLp + hLp)Qcbc + bp)
0 0 ‘ 0 ¢ = QQCbc , (3.164a)
0 0 0 O ((vLp + hig)Qube + bp)
¢ = PG (3.164b)
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A solution £ of (3.154) can be obtained by solving the linear equation (3.164a) for
¢ by use of the first two block rows of (3.164a) with subsequent transformation of
¢ to & by the equation (3.164b). If the last block column of the leading matrix of
(3.164a) vanishes, then the solution of (3.154) is unique.

Remark 3.5.78 The matrix Q given in (3.163b) is an index reducing decomposi-
tion matrix, see Definition 3.5.71 and Lemma 3.5.73. Therefore, the decomposition
of (3.154) given by (3.163) is a suitable decomposition of the discretized minimal
reduced derivative array (3.66) regarding the regularization of the quasi-linear DAE
(3.23) to the projected-strangeness-free formulation with selected constraints (3.78).

. . . 3 1 .
Furthermore, we get the discrete kinematic selector as S¢ = QC and the discrete

dynamic selector §D = Q}D in accordance with Remark 3.5.74. Both can be used
as locally constant kinematic and dynamic selectors, respectively, for the regular-
ization of the quasi-linear DAE (3.23) to the projected-strangeness-free formulation
with selected constraints (3.78). O

For the remaining unselected linear systems of type 1 we can determine the trans-
formation of the linear system (3.154) in the form

Qr { yDihB :|PRP1;1€:QR { lb’g ] (3.165a)

with

1
| oAl Qo 1 10 1
QLQOL(vLp +hlp)Qe QLQp

Q : 3.165b

R O 1 . ( )
Q% (vLp + hLp)Qc Qb

P, = [P Py Ps], (3.165¢)

and the matrix

L Al

ﬁ?L (3.166)
Qp

is chosen nonsingular with Q}:,QlD e R™2mo Q% € RMp—romp and QF € R™2o"p

nonsingular such that

l QhL0n
Keons

5 0 0

[ Wo+hVs ][ P ps}:{M]

with Rp € R">"P nonsingular. This yields an equivalent system to the system
(3.154) of the form

B VebPs | VePs oot @éz%c ”
0 Rp Vg | QbQp((vLp +hLp)Qcbe +bp)
. 5 ‘ 5 ¢ = DD Qébc ¢ ,(3.167a)
0 0 0 Q% ((vLp + hﬁB)Qébc +bp)
£ = PgrC (3.167b)

Remark 3.5.79 Since the transformation matrices QC, Lp, Lg, P as well as the
resulting matrix products RC, chg, and Vo Ps are known from the particular
linear system of type 1 (3.154) and since the last two block columns in the linear
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system (3.167a) will be ignored for the solution of the linear system of type 1 (3.154),
the amount of computation for the decomposition of the remaining linear systems of
type 1 (3.154) reduces to the determination of a nonsingular transformation matrix

Q1, such that

x1 * * +
Qb (Qp(1Vp +hVp)P;) = Ry e RTP72

is nonsingular and preferably an upper triangular matrix.

Let us now consider the linear system (3.155). Inspired by the decomposition of the

linear system (3.154) we define a transformation of the system (3.155) as

C ‘ 0 b1t
x aD+hB | —68D + hB 1l & oA bis
QI O C PIPI |: 52 - QI b21 ) (31683’)
ﬂD -+ hB aD + hB b22
with
[ Oc 0 0 0 ]
0 0 Oc 0
1 1
QanQDLa Ql 1 1 QlDuQDLfﬁ 1 1 1
+Q}312?DLB +Q1DlQ?DLa
QlDQlQDLa 1 1 1 QlDQlQDL—ﬁ 1 1 1
1 Qc QD21QD 1 Qc QD22QD
Qr = +Q}322Q€LB +Qb@pLa
Qo 0 02 0
0 0 Qo 0
Qb11La 1 2 Qb L-s Ql Q2
+Q2D12L5 C D11 +Q2D12L(X C D12
Qba1La Ql 2 Q2D21L—B Ql 2
+Qpals) ¢ b2t +QDola) *¢ b2z ]
(3.168b)
[P, 0 Py, 0 Py 0
Pr = .
= 1o P, 0 P, 0 Py (3-168¢)
and
Lo = (alp+hlg), Ls = (BLp+hlg), L_5 = (—BLp+hLg).
Let the matrix
1 1
Q}DanD QlDlQQ{J
QlD%lc?D Q}D%2QD
Q%)ll Q%)lQ
RDa1 QD2
be chosen with Q}DMQE € R"pmp Q%ij e Rmp=ro.mp g 4 =1,2 and
1 1
Q}DMQP Q}DmQD i . ) i
QbZlQD Q%)ZQQID OA{D +h‘*/B _*8*‘/’3 +h}/3 Py 0 Py 0
Q2D11 Q2D12 6Vp+hVpg aVp+hVp 0 pg 0 pg
Qbar D22
Ry Vie | Viiz Vi
_ Rio | Vias Viog (3.1692)

0
0 0 0 0 ’
0 0 0 0
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where

is upper triangular and nonsingular. Then, system (3.155) is equivalent to
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Rn
0

Vi
R

:| c RQT‘D,27"D

(Qb11Qpalp + hlp) + QbyQp(BLp + his)Qebic
@by Qp(~BLp + hlp) + Qby,Qp(alp + hlp)Qcbac
+Q}311Q}351D + Q}:)lelDsz
(Qme}D(O‘ZD + hf/B) + Q1D22Q}J(5‘ED + htB))Qlcblc
+(Q1DQlQ1D(_ﬁED +hlp)+ QlDQQQZ(O‘iD +hLp))Qbac
+Q1Dz1Q1Dle + Q1D22Q1Db2D

[Re 0 VePy 0 |VePs 0
0 Re 0 VgPy| 0 VebPs
0 0 R Vi | Vs Vr1a
0 0 0 Ry Vios Vio4
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
o0 0 o0 0 0 0
Qlcblc
Qébzc

(3.169b)

(3.170a)

(

+(

(

L\ +(

Q
Q
Q
Q

D1 (
2Dll(
D21 (
Daa(
D2

&)=

Solutions &1 and &> can be obtained by solving the linear equation (3.170a) for ¢ via
the first four block rows of (3.170a) with subsequent transformation of ¢ to &; and
&s by the equation (3.170b). If the last two block columns of the leading matrix of

(3.170a) vanish, then the solutions &; and & are unique.

QéblC
2
Qcbac

(oLlp +hip) + Q%15 (BLp + hﬁB))Qlc?lc +Qp11b1p
—BLp + hLp) + Q}yy(alp + hLp))Qcbac + QFoban

aLp +hLs) + Qhon(FLo + hls))Qbbic + Qhmbin )
1(=BLp + hLp) + Qbyy(alp + hlp))Qcbac + Qpobep ) |

(3.170D)

Remark 3.5.80 Since the transformation matrices QC, Lp, Lg, P as well as the
resulting matrix products Re, Ve Ps, and Ve Ps are known from the particular
linear system of type 1 (3.154) and since the last four block columns in the linear
system (3.170a) will be ignored for the solution of the linear system of type 2 (3.155),
the amount of computation for the decomposition of the linear systems of type 2
(3.155) reduces to the determination of the nonsingular transformation matrix

[ Qp1i

1
QD21

QlDlQ :|

1
QD22
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which must satisfy that

Op(aVp +hVE)Py Op(—BVp + hV'g) P

{ Qb1 Qpra ] pla¥ ) Y
Qp(BVp +hVe)Py  Qp(aVp+hVi)Ps

1 1
QD21 QDQQ

| B Vi 2rp,2rp
- { 0 Rp | R
is nonsingular and preferably an upper triangular matrix. (Il

Remark 3.5.81 The matrix @ given in (3.168b) is an index reducing decompo-
sition matrix, see Definition 3.5.71. Therefore, the decomposition of (3.155) given
by (3.168) is a suitable decomposition of the discretized minimal reduced derivative
array (3.66) for the regularization of the quasi-linear DAE (3.23) to the projected-
strangeness-free formulation (3.77). O

Remark 3.5.82 It is important to note that the transformation matrices QC, Lp,
Lp, and P as well as the resulting matrix products Re, VePsy, and Ve Ps are
already known from the treatment of the particular linear system (3.125). Never-
theless, the matrices QC, Lp, Ly, P, Rc, Vo Ps, and Ve Ps depend only on the
submatrices C, D, and B, but not on the coefficients «, 3, or the step size h.
Therefore, it is not necessary to recompute these matrices for the remaining linear
systems (3.125) and (3.126a).

In particular, this means that the matrices QC, Lp, Ly, P, Re, Ve Py, and Ve Ps
have to be determined only once for the whole simplified Newton process and they
are usable for all linear systems obtained by the discretization of the minimal re-
duced derivative array. Therefore, let us denote the transformations done starting
with (3.154) up to (3.160a) as predecomposition process.

In this way the amount of computation can be reduced. Instead of the decompo-
sition of ng linear systems of type 1 (3.154) of size m x n and n; linear systems
of type 2 (3.155) of size 2m x 2n we have to decompose only one linear system of
type 1 (3.154) of size m xn and nr — 1 linear systems of size rp X rp and n; linear
systems of size 2rp X 2rp, see Remarks 3.5.79 and 3.5.80, respectively. [l

3.5.4.4 Stability of Runge-Kutta methods

Stability is a very important fact in the numerical treatment of (stiff) ordinary dif-
ferential equations as well as of differential-algebraic equations. In the following we
will review and discuss several commonly used stability concepts. For more details
see for example [63, 74, 82, 173].

With respect to the numerical treatment, the notion of stability refers to the behav-
ior of the numerical solution of differential equations whose solution shows a stable
behavior. In particular, if the solution of an initial value problem has the property

ly(t+ M < [ly(@)]] for all A >0, (3.171)

this should be reflected also in the numerical solution. For the investigation of the
stability of numerical methods for ODEs Dahlquist!? introduced in [38] the equation

& = Az with A € C and Re(X) <0 (3.172)
as test equation. The solution of this equation is given by

z(t) = ce

12Germund Dahlquist (born 1925 in Uppsala, Sweden - died in Stockholm, Sweden 2005)
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with a constant ¢ determined by the initial value. This function z(t) has the property
(3.171) because of the negative real part of .
Beside the property (3.171) with respect to (3.172) one is also interested in the
property that
li t+h)=0 3.173

hRe()})H—l»—ooy( +h) ( )
which should also be reflected in the numerical solution.
The application of a Runge-Kutta method given by the Butcher tableau in Table 3.1
to Dahlquist’s equation (3.172) for a particular integration step from ¢¢ to t; = to+h
yields

X; = x0+ Mh E ainj, 1=1,..,s,
j=1
r1 = Zg-+ Ah Z ijj
j=1
which is equivalent to
x1 = R(2)xo
with z = Ah and
R(z) =1—2b"(I, — zA)~'1, (3.174)

where 1= 1 ... 1]7eRe.

Definition 3.5.83 (Stability function of a Runge-Kutta method) The func-
tion R(z) defined in (3.174}) is called stability function of a Runge-Kutta method
defined by Table 3.1.

Definition 3.5.84 (A-stability and A (a)-stability) A Runge-Kutta method is
called A-stable, if

|R(z)] <1 forall ze€ C with Re(z) <0
and it is called A(a)-stable, if
|R(z)| <1 forall z € C with Re(z) <0 and |arg(z) — 7| < «
with a € (0,7/2).

A-stability corresponds to the fact that independent of the step size h the decreasing
behavior (3.171) is also reflected in the numerical solution.

Let us again consider equation (3.172). If the parameter A is increasing in its
absolute value then this differential equation becomes more and more stiff and
corresponds to the singularly perturbed system

1,
—t=u.
A
Hence, if A — oo we have in the limit the equation
O==z

which corresponds to an (differential-)algebraic equation. With z = Ah — oo this
shows that for the numerical treatment of differential-algebraic equations by use of
Runge-Kutta methods the limit of the stability function R(z) at infinity plays a
very decisive role. For invertible Runge-Kutta matrices A we have

R(xo)=1-0b"A"11 (3.175)
with 1 =1 --- 1] eRe,
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Definition 3.5.85 (strong A-stability) A Runge-Kutta method is called strongly
A-stable, if it is A-stable and if

lim |R(2)] < 1.

Re(z)——o0

Definition 3.5.86 (L-stability) A Runge-Kutta method is called L-stable, if it is
A-stable and if

lim R(z)=0.

Re(z)——o0

If a Runge-Kutta method is L-stable then the properties (3.171) as well as (3.173)
are reflected in the numerical solution.

With respect to stability properties of numerical methods there exists a large num-
ber of further stability concepts like AN-, B-, BN-, D-, I-stability. For more details,
we refer the reader to the literature, e.g., [38, 40, 58, 63, 82, 173, 178|.

Another important aspect in the numerical treatment of DAEs is the consistency
of the numerically computed solution. Although, in particular, in the case of
strangeness-free semi-implicit DAEs (3.24) all constraints are given in an explicit
way and therefore, the consistency of the stages X; by use of an implicit Runge-
Kutta method is guaranteed, the consistency of the numerical solution x; at the
point ¢; cannot be guaranteed, since x; is given by (3.109). Therefore, Runge-
Kutta methods which automatically determine consistent numerical solutions are
to be preferred, since in this case no additional effort has to be performed to force
the numerical solution onto the solution manifold.

Note that the original quasi-linear DAE (3.23) does in general not contain all con-
straints in an explicit way, but the projected-strangeness-free formulation (3.77) is
strangeness-free and of semi-implicit form (3.24) and therefore, it contains all con-
straints including the hidden constraints as equations in the algebraic part. There-
fore, by use of this regularized formulation, the stages X; of an integration step (say
from ¢g to t; = to+h) are automatically consistent, i.e., they satisfy all constraints.

Proposition 3.5.87 If an implicit Runge-Kutta method with nonsingular A satis-
fies one of the conditions

as; =bj,  j=1,..5, (3.176a)
a;1 = bl, = 1, ey S (3176b)
then R(c0) = 0.
Proof: See [82]. O

Each of the conditions (3.176) make A-stable methods L-stable. Methods satisfying
the condition (3.176a) are called stiffly accurate [137]. In particular, those meth-
ods are important for the numerical treatment of differential-algebraic equations,
because from (3.176a) it follows that the numerical solution z; coincides with the
last stage X, i.e., z1 = X;. Therefore, it can be guaranteed that the numerical
solution is consistent for strangeness-free semi-implicit DAEs.

3.5.4.5 Convergence of Runge-Kutta methods applied to quasi-linear
differential-algebraic equations

Due to the discretization of the DAE we introduce errors in the numerical solution
which are defined as follows.
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Definition 3.5.88 (Local discretization error) The difference
dxp(t) =x1 —x(t+h)

between the exact solution x(t+ h) of the differential-algebraic equations (3.2a) and
the corresponding numerical solution x1 obtained after one integration step from t
to t + h with exact initial values xo = x(t) is called local discretization error.

In [79] the convergence of Runge-Kutta methods applied to semi-explicit DAEs in
the form (3.15) or quasi-linear DAE (3.103) with constant leading matrix F(z, %) =
E are investigated. The considered quasi-linear DAE (3.103) or the semi-implicit
DAE (3.104) are in general not in this form and the given results cannot be applied
directly to the DAEs of interest. Therefore, we first consider transformations of
quasi-linear DAEs to semi-explicit DAEs which conserve the numerical solution,
and subsequently, we apply the results stated in [79].

In [134] results on the order of implicit Runge-Kutta methods applied to differential-
algebraic equations are presented. In particular, it is shown that the obtained order
of implicit Runge-Kutta methods applied to differential-algebraic equations differs
from the obtained order of numerical integration methods by application to ordinary
differential equations. Let us denote the obtained order by application to ODEs as
the classical order. Therefore, Runge-Kutta methods have to be investigated with
respect to several types of DAEs. This is done in [79] for semi-explicit DAEs of
d-index one, two, and three. Let us recall the results obtained for Runge-Kutta
methods applied to semi-explicit DAEs of the form

j?l = k‘l(l‘l,xg), (3177&)
0 = ko(x) (3.177b)

of d-index 2. The following theorem is stated in [79].

Lemma 3.5.89 Suppose that a Runge-Kutta method defined by the Butcher tableau,
see Table 3.1, satisfies the conditions

B(p): > bkt = 1 fork=1,..,p,

Clg): > aijcffl = % fork=1,..,qandalli=1,..,s

e

with p > q+ 1 and q > 1. Then by the discretization of the semi-explicit DAE
(3.177) of d-index 2 the local error dz1p(t) of the x1-component is of magnitude

gz (t) = O(RTT), P(t)dz1p(t) = O(hTF?),
with
P(t) =T = (k1.0 (ko,2, F1.20) 2,y ) (21(8), 22 (1)) (3.178)
Proof: See [79]. O

Theorem 3.5.90 Consider a system of DAFEs of the form (3.177). Suppose that
(k20 k1,2,) 7 < L (3.179)

holds in a neighborhood of the solution x(t) of (3.177) and that the initial values are
consistent. If the Runge-Kutta matriz A, see Table 3.1, is invertible, |R(c0)| < 1
(see (3.175)), and if the local error dxp(t) satisfies

dx1p(t) = O(h"), Péxyp(t) = O(h™H)
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with P given by (3.178) then with respect to the x1-component of (3.177) the Runge-
Kutta method is convergent of order r, i.e.,

Z1n — T1(tn) = O(R") for t, = nh < const.

Proof: See [79]. O

Let us formally introduce a transformation of the quasi-linear DAE (3.103) to a semi-
explicit DAE of the form (3.177) of d-index 2. Based on the obtained semi-explicit
DAE we will investigate the convergence of the Runge-Kutta methods applied to
the quasi-linear DAE (3.103).

Lemma 3.5.91 Suppose that the initial value problem (3.2) is a solvable DAE of
d-index vy. Then

T =y,
0 = F(‘r7y7 t)?

together with the initial values x(tg) = xo and y(to) = yo = &(to) is a semi-explicit
DAE of d-index vq + 1 with the same solution for x(t) as in (3.2).

Proof: See [25]. O

Remark 3.5.92 As a rule of thumb, it is mentioned in [25] that the semi-explicit
case of a given d-index vy is much like the general case of d-index vy — 1, i.e., a
nonlinear DAE of d-index one behaves like a semi-explicit DAE of d-index two. [

Lemma 3.5.93 The initial value problem of the quasi-linear DAE (3.103) with
initial values x(ty) for t € I = [tg,ts] is equivalent to the initial value problem of
the autonomous quasi-linear DAE

E(ys, i) 0 } { " } _ [ fc(yl,f(yz)) ] (3.150)
2

with initial values

y1(to) = x(to), y2(to) = to

fort € I = [to,ts] in the sense that the solution y1(t) of (8.180) is identical to the
solution xz(t) of (3.103).

Proof: With y(t) = x(¢), y2(t) = t the assertion follows immediately. O

Lemma 3.5.94 Suppose that the initial value problem (3.103) is a solvable DAFE
of d-index vqg = 1 and that the matriz E(x,u) has constant rank vz = rank(E(z, @))
for all possible (x,4). Lety = [ yi y3 ]T =[[af 23] ¢ ]T e R"™ and a
decomposition of the matriz E(yy,u(y2)) be given by

1(y1,y2){ s 0} {Tu(yhyz) 512(3/173/2) (3.181)

E(y1,a(y2)) = 0 || To1(y1,92) Too(y1,y2)

S~
s = | ) |

8
-

:| " x1 €ERE xo e R"TTE,

8

2
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Then the DAE

v = fly,2), (3.182a)
0 = gy (3.182Db)

with

T (v, y2) (S1(y1, y2)k(y1, (y2)) — Tha(ys, Y2)z)
fly,2) = 2 . (3.182¢)
1

9y) = Sa(yr,y2)k(y1,i(y2)) (3.182d)
together with the initial values y(tg) = [ 2T (ty) ¥ (to) to ]T and z(to) = @2(to)
is a semi-explicit DAE (3.15) of d-index vy = 2 with the same solution for x as in
(3.103).

Proof: From Lemma 3.5.93 we get that the solution y;(t) of (3.180) is identical
to the solution x(t) of (3.103).
Furthermore, we get with (3.181) from (3.180) that

Ti1(y1,92) Ti2(y1,92) O Y11 S1(y1s y2)7%(y17@(y2))
0 0 0 iz | = | Sa(y1,y2)k(y1,4(y2))
0 0 1 Yo 1
By introducing z = 92 it follows that
Th1(y1, y2) 0 0 0 Y11 S (Y1, y2)k(yr, @(y2)) — Thalyr, yo)2

0 In—r};: 0 0 Z)12 _ z

0 0" 1ol | T 1

0 0 00 z Sa(y1,y2)k(y1, u(y2))

Since the matrix T'(y1,y2) is nonsingular, apart from permutation of columns we
may assume that 711 (y1,y2) is nonsingular. Hence, we get the assertion by multi-
plication of the first block row with Tfll(yl, Y2)- O

Remark 3.5.95 The DAE (3.182) is called augmented semi-explicit DAE. In terms
of x and ys =t it has the form

A= Tl_ll(x,yg)(Sl(a:,yg)l%(x,a(yg))—Tlg(a:,yg)z), (3.183a)
By = 2 (3.183b)
g2 = 1 (3.183c)
0 = Sy(z,y)k(z, a(ys)). (3.183d)

O

Lemma 3.5.96 Suppose that the quasi-linear DAE (3.103) is a solvable DAE. Then
the direct discretization of the quasi-linear DAE (3.103) and of the augmented semi-
explicit DAE (3.182) using Runge-Kutta methods defined by the Butcher tableau in
Table 3.1, yields the same numerical solution x; as approximation of x(t;).
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Proof: The direct discretization of (3.182), i.e., of (3.183), leads to

X, = Tl_ll(XiaYQi)(Sl(XhYéi)ff(Xiaa(YQi)) — T12(X,;,Y2:)Z;), (3.184a)

X = z (3.184b)

Yy, = 1, (3.184c)

0 = So(Xi, Yoi)k(X;,a(Yai)), (3.184d)
S

X, = xo—I—hZain]’., (3.1846)
j=1
S

Yoi = wyao+hY aiYs, (3.184f)
j=1

7, = zo—|—hZaiij/-, (3.184g)
j=1

for i = 1,...,s. We did already substitute Y1; = X; = [ XlTi XQTl- ]T and Y{;, =

X/ = [ (X})T (X3)7 ]". From yao = to, (3.184c) and (3.184f) with (3.107)
we get Ya; = to + ¢;h. Furthermore, replacing Z; by X, in (3.184a) we get from
(3.184a), (3.184d), and (3.184e)

Tll(XiytO_Fcih)Xii +T12(Xi,t0—|—cih)Xéi = Sl(Xz,to—FCZh)IAC(XZ,’lAL(to—FCZh)),
0 = SQ(XZ,to-l-Clh)if(X“ﬁ(to-l—CJl)),
s
X, = xo+ hZaUX]/
7j=1

independent of Y5; and Z;, which is equivalent to

S1(X;,to + c;h) - I, 0O T11(Xisto + cih)  Tia(Xi,to + cih) X!
Sg(Xi, to + Czh) 0 0 Tgl(Xi, to + Clh) TQQ(XZ', to + Clh) v

= k‘(Xi,ﬂ(to —‘rCih)),
Xi = o+ hZGlJX]/
j=1

With (3.181) these equations correspond exactly to the direct discretization (3.108)
of the quasi-linear DAE (3.23), independent of Ys;, Y3,, Z; and Z!. |

Corollary 3.5.97 The numerical approzimation xy of x(ty) by use of Runge-Kutta
methods is invariant under the transformation of the DAE (3.108) to its augmented
semi-explicit DAE (3.182), i.e., the numerical integration yields the same solution
for the x-component.

Proof: The proof follows immediately from Lemma 3.5.96. O

Theorem 3.5.98 Suppose that the initial value problem (3.103) is a solvable DAE
and the matriz E(x,0) has constant rank r = rank(E(x,4)) for all possible (x,1).
Furthermore, suppose that there exists a nonsingular matriz

sw= [ 3455
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with Sy(x,0) is of size vz x m such that
<L (3.185)

holds in a neighborhood of the solution (x(t),a(t)) of (3.103) and that the initial
values are consistent. If the Runge-Kutta matriz A is invertible, |R(c0)| < 1 (see
(8.175)) and if the local error dxy(t) satisfies

Szp(t) = O(h"), Péxp(t) = O(R™")

with P(x) given by (3.178), then the Runge-Kutta method (3.108) is convergent of
order r, i.e.,

Xy — 2(ty) = O(Rh") fort, = nh < const.

Proof:  With Lemma 3.5.3 it follows from (3.185) that the quasi-linear DAE
(3.103) has d-index v4 = 1 or v4 = 0. Therefore, from Lemma 3.5.94 with (3.181)
we have S1E = [ T Tio } and we get from (3.185) that
T T !
11 12
A A < L.
W Sob)r Sk |15

With 777 nonsingular we get
1T < Loand [[((Sok),ep — (S2k) o, Tiy i) M| < Lo
The second inequality is equivalent to

. A o ~T11 Tz
([ (Sok)w,  (Sok) .z,  (S2k)at ] I )7 < Ly
0

which corresponds exactly to the condition (3.179) in Theorem 3.5.90 respecting
the DAE (3.103) in its augmented form (3.182).

Hence, the proof follows from Theorem 3.5.90 applied to the augmented semi-
explicit DAE (3.182), since the numerical solution of the semi-implicit DAE (3.104)
and its augmented semi-explicit DAE (3.182) produces the same result, see Lemma
3.5.96. |

From the convergence results in [79] applied to semi-explicit DAEs of d-index 2, we
get the convergence results listed in Table 3.2 for Runge-Kutta methods applied to
the quasi-linear DAE (3.103) of d-index v4 = 1. Compare with Table 2.2 in [79].

3.5.4.6 Important classes of Runge-Kutta methods

Certain classes of implicit Runge-Kutta methods are well investigated and very pop-
ular in the numerical integration of DAEs. In particular, these are Gaufl methods,
Radau methods, and Lobatto'® methods.

Gaufl methods are collocation methods based on the Gaufl-quadrature formulas,
see [82, 172]. The s-stage Gaufl method is of classical order 2s but the numerical
integration of strangeness-free quasi-linear DAEs in general leads to a convergence
rate of only s+1 for odd s and a convergence rate of s for even s, see Table 3.2. Fur-
thermore, the Gaufl methods are A-stable and B-stable but they are not L-stable.
From the choice of the nodes, i.e., of the parameters ¢;, it follows that no stage

13Rehuel Lobatto (born 1797 in Amsterdam, Netherlands - died 1866 in Delft, Netherlands)
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X; coincides with the approximation x; at the end of the current integration step.
Rather, the approximation z; is determined as linear combination of the stages
X, see (3.109). While the consistency of the stages of the Gaufl method applied
to strangeness-free semi-implicit DAEs of the form (3.104) can be guaranteed, the
consistency of the approximation x; is in general not insured. This facts makes the
Gaufl methods impracticable for the numerical integration of differential-algebraic
equations.

The s-stage Radau methods are of classical order 2s — 1 which is slightly lower than
the classical order of the Gaufi method. But the order of convergence rate of Radau
IIa methods for strangeness-free quasi-linear differential-algebraic equations is still
2s — 1 which is, in general, larger than the convergence rate of the Gaufl methods
for strangeness-free semi-implicit DAEs. Furthermore, the Radau methods have a
large number of advantages in contrast to the Gaufl methods. The stability prop-
erties of Radau methods are excellent, i.e., Radau methods are A-, B- as well as
L-stable. In particular, the L-stability is of great importance for the numerical
treatment of differential-algebraic equations, see Section 3.5.4.4. Furthermore, for
the node vector ¢ of the Radau Ia methods we have that ¢; = 0. This means that
the first stage X7 coincides with the initial point of the current integration step,
i.e.,, zg = X;7. On the other hand, with respect to Radau Ila methods we have that
¢s = 1 and furthermore, ag; = b; for i = 1,..., s, i.e., Radau Ila methods are stiffly
accurate, see Section 3.5.4.4. In particular, we have that the last stage X coincides
with the final point of the current integration step, i.e., x1 = Xs. From this fact
the consistency of the approximation z; obtained from a Radau Ia and Ila method
applied to strangeness-free semi-implicit DAEs of the form (3.104) follows from the
consistency of the stages which is insured because of the explicit occurrence of all
constraints. The simplest representative of the Radau ITa methods is the implicit
Euler method.

The s-stage Lobatto IIla, I1Ib, and IIlc methods are of classical order 2s — 2, and
the numerical integration of strangeness-free quasi-linear differential-algebraic equa-
tions lead to the same rate of convergence, see Table 3.2. Lobatto IIla, IIIb, and
IIIc methods are A-stable but not L-stable, while Lobatto IIla and IIIc methods
are in addition stiffly accurate. For the numerical treatment of mechanical systems
Lobatto methods are investigated in [151, 152].

Method stages | rate of convergence stability
Gauf} s { 3\%% { SJSFI A-, B-stable
Radau Ia s s A-, B-, L-stable
Radau Ila S 2s —1 A-, B-, L-stable
Lobatto Illa s 2s — 2% A-stable
Lobatto IIlc S 2s — 2 A-stable

*) Result for Lobatto I1la is proven for s = 2,3 and conjectured
for larger s (see [79])

Table 3.2: Properties of implicit Runge-Kutta methods applied to strangeness-free
semi-implicit DAEs

These facts make Radau methods and, in particular, the Radau ITa methods excel-
lent candidates for the numerical integration of initial value problems for strangeness-
free quasi-linear differential-algebraic equations of form (3.104).



106 CHAPTER 3. DIFFERENTIAL-ALGEBRAIC EQUATIONS

3.6 Numerical methods and software: an overview

The numerical treatment of initial value problems for ordinary differential equa-
tions of the form (3.1) is well developed, see [34, 35, 63, 74, 75, 81, 161, 173]. Thus,
there exists a large collection of efficient algorithms which are suitable for the nu-
merical integration of ordinary differential equations. As discussed in Sections 3.4
and 4.6, the numerical treatment of differential-algebraic equations, in particular,
of the model equations of multibody systems, is more difficult and should combine a
discretization scheme with suitable regularization techniques, because of the order
reduction phenomenon, drift-off effects, or instabilities caused by the higher index
of DAEs.

Therefore, not all numerical methods that are suitable for ordinary differential equa-
tions are also suitable for the numerical treatment of differential-algebraic equations.
In [25, 77, 82] suitable methods for the numerical treatment of differential-algebraic
equations are investigated. In particular, the drift-off phenomenon and therefore,
the consistency of the approximate solution plays an important role in the accuracy
and stability of numerical algorithms.

With respect to the numerical treatment of differential-algebraic equations implicit
or half implicit numerical methods are of great interest. Therein, three classes of
methods play a major role. These are multistep methods, one step methods, and
extrapolation methods.

For multistep methods, discretization and implementation is not very difficult. Also,
the solution of the nonlinear systems arising in every integration step is relatively
cheap. On the other hand, the development of a step size control is complicated
and this control is not very flexible in its choice of the step sizes, see [70, 71]. Fur-
thermore, the convergence behavior of multistep methods with variable step size for
nonlinear DAEs is not completely understood, not even for quasi-linear DAEs of
the form (3.103) with state depending leading matrix. Very popular representatives
of multistep methods are the BDF methods. But, they have the disadvantage that
they are A-stable only for k£ < 2, A(«)-stable only for k < 6, and may not be stable
for k > 6, see [81, 173].

For implicit Runge-Kutta methods, as representative for one step methods, the dis-
cretization of differential-algebraic equations and its implementation is very tech-
nical and the solution of the nonlinear systems arising in every integration step is
expensive. On the other hand, the development of a suitable and efficient step size
control is easy and the control is very flexible in the choice of the step sizes, see
[39, 63, 78, 82, 169], with respect to the accuracy of the numerical solution and to
the convergence of the Newton iteration method for solving the nonlinear systems.
Furthermore, the convergence behavior of implicit Runge-Kutta methods at least
for quasi-linear DAEs of the form (3.103) with state depending leading matrix is
well understood, see Section 3.5.4.5.

The available software is mostly suited for special classes of DAEs and does of-
ten not contain a regularization technique. Therefore, general DAESs, in particular,
higher index DAEs, first have to be regularized and the regularized form has to be
provided to the numerical algorithms. In the following we give an an overview over
available and commonly used numerical algorithms for the numerical integration of
DAEs.

The software package DASSL'* [25, 135] is based on backward differentiation formulas
with step size and order control. It is designed to integrate nonlinear differential-
algebraic equations of the form (3.2a) of d-index one. This code is widely used
and works efficiently for nonstiff systems. Furthermore, the numerical algorithm
DASPK'® [26, 177] is designed for large scale DAEs. It also bases on backward dif-

14DASSL - http://www.engineering.ucsb.edu/~cse/software.html
15DASPK - http://www.engineering.ucsb.edu/~cse/software.html
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ferentiation formulas with step size and order control but in contrast to DASSL the
numerical solution of the arising linear systems is done via iterative methods. The
latest version of DASPK includes in addition a sensitivity analysis and root finding.
It is known that BDF methods are suitable for the numerical integration of DAEs
(3.2a) with d-index at most one, see [25]. Unfortunately, the direct discretization
of higher index problems by use of BDF methods may lead to wrong results or may
not produce a solution at all.

GELDA'6 [107] is a software package for the numerical integration of linear DAEs
(3.3) with variable coefficients. While most of the standard integration methods
are suitable only for regular strangeness-free DAEs, i.e., for DAEs of d-index not
higher than one, GELDA is suitable for the numerical integration of linear DAEs
of arbitrary index. The implementation of GELDA is based on the combination of
regularization, see Section 3.4.2, which transforms the linear DAE (3.3) into a lin-
ear equivalent strangeness-free DAE (3.20) with the same solution set, followed by
discretization of the regularized strangeness-free DAE by use of the Runge-Kutta
scheme RADAU5 [79, 82] as well as the BDF method DASSL [25, 135]. The user has
to provide the necessary number of derivatives of the whole system matrices.

A nonlinear version of GELDA is available and called GENDA'” [109]. GENDA is suit-
able for general nonlinear DAEs (3.2a) of arbitrarily high index. The code GENDA
combines the regularization technique reviewed in Section 3.4.2 with the discretiza-
tion of an equivalent strangeness-free formulation (3.21) of the DAE by use of BDF
methods. The user has to provide the necessary number of derivatives of the whole
DAE (3.2a), in particular, the whole derivative array §,, of level v, and in addition
the characteristic quantities. For more details we refer to [103, 109].

Both numerical algorithms GELDA and GENDA are included in a recently developed
MATLAB'® toolbox, see [108].

The subroutine LSODI'® [90] is designed to solve initial value problems in quasi-
linear form (3.103) with u(¢) = t by use of backward differentiation formulas for the
discretization.

RADAUS?? [79, 82] is designed for the direct numerical integration of quasi-linear
DAE:s of the form

Ei = k(z,u) (3.186)

where F a constant, possibly singular matrix. It is based on the implicit Runge-
Kutta method of Radau Ila type of order 5. In addition to RADAU5 the numerical
algorithm RADAUP2! is avaliable. It bases on the implicit Radau Ila method of
order 5, 9, or 13. In [79] and [82] it has been proved that convergence of the
Radau IIa method can be guaranteed for semi-explicit DAEs of d-index 1 and d-
index 2. In addition, convergence for this method applied to semi-explicit DAEs
in Hessenberg form (3.94) of d-index 3 is investigated in [79]. Furthermore, it is
shown in [79] how to transform the DAE (3.186) into semi-explicit form (3.15) and,
moreover, that Runge-Kutta methods are invariant under this transformation, see
also Section 3.5.4.5. Because of this invariance, the convergence results proposed in
[79, 82] are valid for semi-explicit DAEs (3.15) as well as quasi-linear DAEs (3.186)
with constant leading matrix. Therefore, RADAUS allows the numerical integration
of quasi-linear DAEs (3.186) up to a differentiation index 3.

However, the application of RADAU5 to quasi-linear DAEs of the form (3.103) is not
possible because of the state depending leading matrix F(x) which is in general not

16GELDA - http://www.math.tu-berlin.de/numerik/mt/NumMat/Software/GELDA/
17GENDA - http://www.math.tu-berlin.de/numerik/mt/NumMat/Software/GENDA/
I8MATLAB - http://www.mathworks.com/

19LSODI - http://www.netlib.org/alliant/ode/prog/lsodi.f

20RADAUS - http://www.unige.ch/~hairer/software.html

21RADAUP - http://www.unige.ch/~hairer/software.html



108 CHAPTER 3. DIFFERENTIAL-ALGEBRAIC EQUATIONS

constant. A way out is the introduction of new variables and the transformation to
a semi-explicit DAE of the form

= Y
0 = E(r,u)y—k(z,u).

Unfortunately, this increases the d-index by one, see [25], but Runge-Kutta methods
are still applicable if the d-index of the original quasi-linear DAE does not exceed
2, see [79].

LIMEX?? [44, 45] and SEULEX?? [82] are extrapolation integrators for the solution
of quasi-linear DAEs of the form (3.186) with u(t) = ¢ and d-index lower or equal
one. These discretization methods base on the linearly implicit Euler discretization
combined with extrapolation. The codes offer the possibility to compute consistent
initial values and dense output. Both codes use the same numerical method, but a
different implementation.

Another approach to integrate the system of differential-algebraic equations is the
so-called dynamic iteration or waveform relaxation. In [123, 124] the convergence of
the dynamic iteration for the analytical solution of the subsystems in every iteration
step is investigated. In addition, in [20] the convergence of the dynamic iteration
concerning the numerical solution of the subsystems in form of ODEs by use of
Runge-Kutta methods in every iteration step is investigated. Furthermore, in [8, 49)
the dynamic iteration applied to coupled strangeness-free DAEs is discussed.

22LIMEX - http://www.zib.de/Numerik/numsoft/CodeLib/ivpode.en.html
23SEULEX - http://www.unige.ch/~hairer/software.html



Chapter 4

Multibody Systems

The dynamical behavior of multibody systems (MBS) is of great importance in many
fields of mechanical engineering, like robotics, road and rail vehicle construction, air
and space craft design, see [52, 86, 154, 155, 156]. Furthermore, today the need and
the demand for mechanical systems with high speed motions is increasing, e.g., the
desire for high speed cars, high speed trains, high speed aircraft, high speed ferries,
or high speed elevators. Because of this high speed motion of mechanical systems
effects arising from huge inertial or centrifugal forces cannot be neglected.

From the dynamical point of view a multibody system is regarded as a number of
mass points and rigid or elastic bodies, subject to possibly existing interconnections
and constraints of various kinds, e.g., joints, springs, dampers, and actuators. In
particular, rigid bodies are regarded as a collection of particles which are kept at
invariant distances of each other.

As a basis for the investigations of the dynamical behavior of multibody systems,
the equations of motion (EoM) provide the tool for modeling the relevant dynami-
cal properties. The equations of motion as well as the necessary derivatives of the
constraints with respect to t can be generated in a systematic way by multibody
formalisms based on the principles of classical mechanics [53, 112, 149, 154]. The
equations of motion usually form a nonlinear system of differential-algebraic equa-
tions (DAEs) with a very special structure that can and should be exploited in the
numerical solution [52, 82].

The efficient and robust numerical integration of these equations is a challenging
problem in the development of simulation packages, because dynamical simulation
is a frequently used and one of the most time consuming analysis methods for MBS
models. In this chapter we will discuss properties and tools which are important for
the efficient numerical integration of the equations of motion. We will not restrict
ourselves to classical constrained mechanical systems but consider the more com-
plex model equations that are currently used in state-of-the-art multibody system
simulation packages.

We will mainly consider multibody systems from the dynamical point of view. In
Section 4.1 we will discuss the modeling procedure of MBS. In a large part of lit-
erature, equations of motion in standard form including the dynamical equations
of motion subject to some holonomic constraints are discussed in detail. But, in
industrial applications more complex equations arise which include friction effects,
contact force laws, dynamical force elements, nonholonomic constraints, and in some
cases the existing constraints are redundant. Therefore, we will focus our investi-
gation on the most general case that includes all of these features. Furthermore,
we will discuss solution invariants of several mechanical systems, and we will give
a classification of several forms of equations of motion in form of modeling levels.
In Section 4.2 we will consider equations of motion with possibly redundant con-
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straints with respect to their dynamical properties and, in particular, with respect
to the existence and partial uniqueness of solutions.

It is well known that the direct numerical integration of the equations of motion
leads to several numerical difficulties due to the higher index of the equations of
motion. Therefore, we will discuss the numerical properties of several formulations
of the equations of motion in Section 4.4. In particular, we will discuss the drift-off
phenomenon.

Based on the obtained results, in Section 4.5 we will postulate two paradigms, one
for the modeling of multibody systems and one for numerical integration methods
for the model equations of dynamical systems.

As mentioned in the previous paragraphs, numerical integration of equations of
motion is a nontrivial problem such that a numerical method should combine a
discretization method with a suitable regularization technique. Therefore, we will
review some important regularization techniques in Section 4.6 and extend them to
the general form of the equations of motion investigated in this thesis. Furthermore,
we will introduce a new regularization technique for the equations of motion, fol-
lowing a novel approach that has originally been developed for the time integration
of general nonlinear differential-algebraic equations of arbitrarily high index.
Concluding, we will give a short overview of numerical integration methods de-
signed for certain types of equations of motion in Section 4.7 and we will discuss
their applicability.

4.1 Modeling of multibody systems

In this section we will briefly discuss the modeling of multibody systems. For more
details the reader is referred to the large variety of literature on this topic, e.g.,
[1, 12, 17, 48, 57, 83, 147, 148, 174, 180].

4.1.1 Free motion of multibody systems

For a multibody system, let a set of generalized coordinates or position variables p,
depending on ¢, be given such that the position (and the orientation) of all bodies
is uniquely specified. The classical approach (see, e.g., [57]) for the modeling and
simulation of multibody systems is using minimal coordinates p. In this approach
a minimal number of coordinates is used to describe the motion of the multibody
system. Possible kinematic constraints, for example those resulting from joints,
which restrict the motion are eliminated. Other frequently used aproaches base on
the relative coordinates, on the absolute coordinates, or both, i.e., mized coordinates.
While the absolute coordinates describe the position and orientation of the several
bodies with respect to a fixed inertial coordinate system, the relative coordinates
describe the position and orientation of a body relatively to an other body, for in-
stance the distances and angles between different bodies.

Note that the choice of the coordinates p is not restricted to absolute coordinates,
but the choice of relative coordinates is possible and often advantageous, in partic-
ular, in the investigation of more complex multibody systems. In the case of a free
motion, it is necessary that the coordinates are nonredundant, i.e., each of them is
freely selectable, independent of other coordinates.

Let the coordinate vector p consist of arbitrary coordinates which describe the posi-
tions of all bodies involved in the multibody system. Let the derivative with respect
to t of the position variables p = dp/dt denote the generalized velocity of the MBS.
Furthermore, let us assume that these positions are unrestricted in their choice. Let
T(p,p) denote the kinetic energy which is assumed to be given as a function of the
arguments p and p. From the definition, see [17, 180], it follows that the kinetic
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energy T'(p, p) of a multibody system is in general nonnegative. In particular, if only
masses with a positive value are allowed then the kinetic energy is strictly positive
for p # 0. Therefore, T'(p, p) is a positive semi-definite (positive definite in case of
nonvanishing masses) quadratic form in p.

The acting force on a moving mass point of a multibody system in R? can be
described by a vector function

o(g) : R? — R?

which describes a field of forces. Here, ¢ € R3 denotes the position of the mass
point. A special field of forces is the so-called conservative field of forces, which
has the property that the work done by the forces of the field only depends on the
initial and the final configuration of the multibody system but is independent of
the path between both configurations. It satisfies the condition

Opi _ O¢p; _

dq; g

for 4,5 = 1,2, 3. Following an idea of Lagrange, the force ¢(q) can be expressed as
the gradient of a scalar function U(q) : R3 — R, i.e.,

o) = —8(({);(])-

Following Green! and GauB the scalar function U is called potential or potential
energy, see [148]. Gravity is a conspicuous example for a conservative field of forces.
The work to move a body from the height hg to hy is —mg(hi — ho) done by gravity,
where m is the mass of the body and g is the gravitational acceleration. This work
does not depend on the path by which the body is moved from one height to the
other.

If the multibody system is influenced by a conservative field, we have to take the
potential energy into account. Let the potential energy of the whole multibody
system be denoted by U(p). Mechanical systems which are only influenced by
forces of conservative fields of forces are called conservative mechanical systems.
The functions T'(p,p) and U(p) are functions in p and p and are known from the
configuration of the multibody system.

The motion of an arbitrary conservative mechanical system described by the position
variables p and the generalized velocities p satisfies the Hamilton principle of the
least action, e.g., see [17, 148, 174, 180], which reads as

ty

/T(p(t)m(t)) —U(p(t)) dt = extremal. (4.1)

to

This integral is called action integral, with the Lagrangian or Lagrange function

L(p(t), p(t)) = T(p(t),p(t)) — U(p(t)). (4.2)

By use of techniques from variational calculus, see [96], from (4.1) we get a necessary
condition for the extremity in the form

d [OL oL
— (=] —-——=—=0. (4.3)
dt \ dp Op

These equations are called the Fuler equations see [36, 55, 148].

In this thesis, we will not restrict our investigations to multibody systems influenced

LGeorg Green (born 1793 in Nottingham, England - died 1841 in Sneinton, England)
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by a conservative field of forces. Rather, we take into account work which is done by
other forces that we call external forces. Let us denote the work done by the external
forces for an arbitrary displacement 9p by Q(p, t)9p. In the case of free motion, the
external forces contain applied forces Qq(p,t) only, i.e., Q(p,t) = Qu(p,t). Then
the equations of motion which determine the motion of the multibody system may

be written as
d /0L OL
S I, . 4.4
i (ap) o Q(p,t) (4.4)

From (4.4), one then obtains the equations of motion in state space form

M(p)p = f(p,p,t) + Q(p,t) (= f(p,p,t)). (4.5)

The matrix M (p) = T is called the mass matrix. Since the kinetic energy T'(p, p) is
a positive semi-definite quadratic form in p, the mass matrix is positive semi-definite.
If only masses with a positive value are allowed the mass matrix is actually strictly
positive definite. and does not depend on p. The right-hand side f(p,p,t) of (4.5)
contains gravitational forces and gyroscopic forces (both contained in ]F”v(p,]j7 t)) as
well as the external forces Q(p,t).

The state space form of the equations of motion (4.5) is an ordinary differential
equation (ODE) in implicit form of second order that can be reduced to a first
order ODE in implicit form. Then, it can be treated in the usual way according to
the theory and numerical methods for ODEs. From the numerical analysis point
of view, the numerical integration of the equations of motion in state space form is
well developed and there exists a large collection of efficient and robust solvers for
nonstiff as well as for stiff ODEs, e.g., see [28, 34, 63, 74, 75, 81, 82, 161].

Example 4.1.1 The mathematical pendulum: A mathematical pendulum of
length L > 0 represents a point mass which moves without friction along a vertical
circle of radius L under gravity, see Figure 4.1 and [13]. Let us use the angle p(t) to

Figure 4.1: Topology of the mathematical pendulum

describe the configuration depending on ¢. The kinetic energy is given by T'(¢, $) =
%mL%Q. Furthermore, the potential energy is given by U(¢) = —mgL cos(¢). By
use of the Lagrange function (4.2) L(yp,¢) = 3mL*$? +mgL cos(y), from the Euler
equations (4.3) we get

L = —gsin(p)
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as the equations of motion in state space form. O

The determination of the state space form plays a key role in the classical approach.
In [52] it is described how to determine and to compute the state space form for
linear or linearized equations of motion. Furthermore, the determination and com-
putation of the state space form of the general equations of motion is considered
in [60] and [147]. Here, it becomes clear, that for general nonlinear mechanical
systems, especially those with closed loops, the state space form can only be estab-
lished locally, and that the complete process of reduction to state space form is
quite laborious and therefore, very time consuming. For instance the example of a
wheel set [11] features so-called closed kinematical loops. This example cannot be
modeled as a system of ordinary differential equations in minimal coordinates.

4.1.2 Constraint motion of multibody systems

As discussed in the previous section, in the case of a free motion it is necessary
that the coordinates are nonredundant. Unfortunately, a choice of nonredundant
coordinates p is in general very difficult, very technical, or not possible, in particular,
if multibody systems with kinematical closed loops are considered. Therefore, in
modern approaches (see e.g. [52, 53, 149, 154, 155, 156, 164]), multibody systems
are modeled by use of nonminimal coordinates in connection with constraints.

In this section we will discuss the modeling of constrained multibody systems in
this way. We have to distinguish between two important types of constraints. Let
us illustrate these with a simple example.

Example 4.1.2 The rolling ball: Let us consider the motion of a ball with given
radius 7, see Figure 4.2. The position coordinates are subject to constraints arising
from the fact that the ball has to move while being in contact with a given two-
dimensional plane in the three dimensional space, e.g., see [17, 129, 180]. The

(p1(t), p2(t), p3(t))

X

Figure 4.2: Rolling ball on surface

configuration is described by three position coordinates, say p1(t), p2(t), and ps(t),
and three orientation coordinates, say p4(t), ps(t), and pg(t). The ball can take
any position, as long as it is in contact with the plane. Therefore, the position is
restricted by a constraint of the form

O:g(pvt)' (46)

In addition to this constraint it is obvious that its first total derivative with respect
to t has to be satisfied, too, i.e.,

0= g,(p, b + 9.1(p,). (4.7)



114 CHAPTER 4. MULTIBODY SYSTEMS

If the plane is smooth in the sense that sliding is possible, any displacement dp
from the configuration p to the configuration p + dp with g(p + dp,t + ot) = 0 is
possible in an arbitrary way, i.e., for example just changing the orientation without
changing the position is allowed. But if the plane is perfectly rough this is no longer
possible. In this case just perfect rolling is possibly. Therefore, the displacements
are mutually connected and have to satisfy a condition of the form

0= h(p,p,t) (4.8)

in addition to the constraint (4.7). While the constraint (4.6) restricts the posi-
tions and the constraints (4.7) restrict the displacements according to the possible
positions, the constraints (4.8) additionally restrict the possible displacements, i.e.,
velocities, of the considered system without being based on any restrictions of the
positions. This suggests that we have to distinguish carefully these two types of
restrictions for the multibody system. O

Let us define the two types of restrictions mentioned in Example 4.1.2, the so-
called holonomic constraints and the so-called nonholonomic constraints, e.g., see
17, 129, 147].

Definition 4.1.3 (Holonomic and nonholonomic constraints)  Constraints
which only depend on the position variables p of the multibody system, i.e., which
are of the form

0=g(p,1), (4.9)

are called holonomic constraints (on position level).
Constraints which depend on the derivative p with respect to t of the position vari-
ables p, i.e., which are of the form

0= h(p,p,t), (4.10)

and for which no functions g(p,t) with %g(p, t) = h(p,p,t) exist, are called non-
holonomic constraints (on velocity level).

Remark 4.1.4 a) The constraints arising from (4.9) by differentiation with respect
to t, i.e.,

0=g,®t)p+9.:(p,t) (4.11)

are called holonomic constraints on wvelocity level and the constraints arising from
(4.9) by one more differentiation with respect to t, i.e.,

0= gpp (P, )P, 2] + 29t (0, )D + 9. (0, )P + 9,14 (D, 1)

are called holonomic constraints on acceleration level. Furthermore, the constraints
arising from (4.10) by differentiation with respect to t, i.e.,

0= ;va(papv t)p + ;Lﬁb(pvpv t)p + E,t(pvpv t)

are called nonholonomic constraints on acceleration level.

b) If the holonomic constraints (4.9) explicitly depend on ¢, then we have a so-called
kinematical excitation. In case of the explicit dependency of the nonholonomic
constraints (4.10) on ¢ we have a so-called motional excitation. ]

Remark 4.1.5 a) Holonomic constraints restrict the position as well as the mo-
tion of a multibody system with the same number of constraints. Nonholonomic
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constraints restrict the velocity only, independent of associated restrictions to the
position.

b) Note that if constraints do depend on the velocities they are not automatically
nonholonomic.

c) In [24, 83, 147], it is discussed that nonholonomic constraints are linear in the
velocity, i.e., they have the form

0= H(p,t)p+ h(p,t). (4.12)

d) Examples of multibody systems with nonholonomic constraints are the sliding of
blades, knives, or skates (without scratching sidewards), or the rolling of balls (see
Example 4.1.2) or cylinders. O

Definition 4.1.6 (Holonomic and nonholonomic multibody system) If the
motion of a multibody system is restricted by nonholonomic constraints, the multi-
body system is called nonholonomic or nonholonomic system. Otherwise it is called
holonomic or holonomic system. If there do not exist any holonomic constraints but
only nonholonomic constraints, the system is called purely nonholonomic or purely
nonholonomic system.

Since we have different types of constraints which restrict the coordinates p and its
derivative p with respect to ¢ in different ways, we have to distinguish between two
types of degrees of freedom. In [147] the positional and motional degrees of freedom
are introduced.

Definition 4.1.7 (Positional and motional degrees of freedom) The positi-
onal degrees of freedom are defined as the degrees of freedom of choice of the position
coordinates p and are denoted by ny, .

The motional degrees of freedom are defined as the degrees of freedom of the choice
of the motion denoted by p and are denoted by ny, .

Remark 4.1.8 If the positional and the motional degrees of freedom are identical,
we will not distinguish them and call them degrees of freedom and we will denote
them by ny. O

Remark 4.1.9 In [129] the notation geometrical degrees of freedom and kinematical
degrees of freedom is used instead of positional and motional degrees of freedom,
respectively. The meaning is the same. O

Remark 4.1.10 The number of positional degrees of freedom is influenced by the
number of nonredundant holonomic constraints which restrict the positions of the
multibody system and therefore, the number of holonomic constraints reduces the
positional degrees of freedom. Furthermore, the number of motional degrees of
freedom is influenced by the number of nonredundant nonholonomic constraints
in addition to the number of nonredundant holonomic constraints. Therefore, the
number of motional degrees of freedom is less than or equal to the number of
positional degrees of freedom

nf, SN,
e.g., see Example 4.1.2. O

There exists a lot of literature, where holonomic as well as nonholonomic constraints
are defined and discussed, e.g., [17, 24, 36, 52, 129, 147] but the number of references
which additionally consider the modeling of nonholonomic systems, e.g., [126, 180],
and furthermore which investigate the dynamical behavior of nonholonomic systems
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ASHT(pa t)

a)' holonomic constraints b) nonholonomic constraints

Figure 4.3: Holonomic and nonholonomic constraints and the respective constraint
forces for the example of one mass point in three dimensional space with two holo-
nomic constraints and one nonholonomic constraint

is quite small, e.g., [140]. In this work we will discuss the modeling of nonholonomic
systems, see below, as well as their numerical integration, see Chapter 5.

For the investigation of the modeling process let us assume that the considered
multibody system is restricted by constraints of the form

0= K(p,t)p+ k(p, 1), (4.13)

regardless if they are of holonomic or of nonholonomic nature. In the case of a
holonomic system (4.13) corresponds to (4.11). In the case of a purely nonholonomic
system (4.13) corresponds to (4.12). Otherwise (4.13) corresponds to a system of
equations consisting of equations of the form (4.11) and (4.12). We then have

K(p,t)_{ H(p,t) } k(p,t)—[ h(p,t) ]

gp(p,t) g.:(p,t)

In general, the investigated constrained multibody system is equivalent with re-
spect to its resulting motion to a free multibody system with additional forces, say
Q.(p,t), depending on the position p and on ¢, which force the motion to satisfy
the constraints and do not perform any work on the system. Since the work of the
system performed by Q.(p,t) is defined as

W= /Qc(p7t) dp(t),

the force Q.(p,t) does not perform any work on the system if and only if Q.(p,t)
is perpendicular to all possible directions of motion, i.e., to p(t), according to the
constraints (4.13) for all ¢ € I, see Figure 4.3. Thus, we get

Lo ]
Q: (p, )p(t) = 0. (4.14)
Investigations of Lagrange [110] show that the force Q. can be expressed as
Qe =—K"(p,t)¢, (4.15)

with unknown functions ¢ € C(I, R™¢), which are called Lagrange multipliers. Adding
the constraint forces Q.(p,t) to the external forces in the equations of motion (4.5)
to force the motion to satisfy the restrictions (4.13), we get equation (4.4) in the
form

d [OL oL
& (8p> - 87p = Qa(p’ t) + Qc(p’ t)a (416)
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with Qa(p, t)+Qc(p,t) = Q(p,t). The equations (4.16) are known as Fuler-Lagrange
equations, see [36, 180]. From the Euler-Lagrange equations, it follows that

M(p)p = f(papa t) + Qa(pv t) + QC(pv t)

The applied force Q,(p,t) is a known function and the constraint forces Q.(p,t) are
defined by (4.15) with still unknown Lagrange multipliers ¢. But the consideration
of the constraints delivers the information to determine the Lagrange multipliers,
such that the equations

M(p)p = f(papa t) - KT(p,t)C, (417&)

0 = K(p,t)p+k(pt), (4.17b)

with f(p,p,t) = ~(p,p, t) + Qa(p,t) are sufficient to determine all unknowns p(¢)

and ((t). Recall that the constraints (4.17a) contain holonomic constraints (4.9)

as well as nonholonomic constraints (4.12). Explicit distinction of the holonomic

and nonholonomic constraints in their original form yields the equations of mo-

tion of a constraint multibody system including holonomic constraints as well as
nonholonomic constraints in the form

M(p)p = f(p7pﬂ t) - GT(p7 t))‘ - HT(p> t)M, (4183‘)
— Hp.Op+hp,b). (4.18b)
= g(p.t), (4.18¢)

with the nonholonomic constraint matriz H(p,t) and the holonomic constraint ma-
triz G(p,t) defined by

G(p,t) = gp(p:t).

The columns of the matrices GT and HT describe the inaccessible directions of the
motion, see Figure 4.3.

The equations of motion in the form (4.18) are known as descriptor form for non-
holonomic systems. Note that, in general, the descriptor form for holonomic systems
of the form

Mp)p = f(p,p.t) — G (p,t)A, (4.19a)
0 = g(pt), (4.19Db)

is used as basis for investigations in the literature. The form (4.18) represents an
extension of the generally used descriptor form (4.19). Nevertheless, in the present
work we will focus on general nonholonomic systems such that mainly the descriptor
form (4.18) for nonholonomic systems will be used.

Remark 4.1.11 In principle, it is possible (at least locally) to solve the constraints
of the descriptor form (4.19) and to determine the (local) state space form (4.5).
But the complete process of reduction to state space form is quite laborious, time
consuming, and subject to the solution of nonlinear systems.

Even in the case when a determination of a set of minimal coordinates is possible,
the convenient structure of the equations of motion in descriptor form, like sparsity,
banded system matrices, or the constant mass matrix, is usually lost, such that the
evaluation effort for the system matrices or the right-hand side of the equations of
motion as well as the time consumption for algebraic transformations is increasing
in an inconvenient way. On the other hand the descriptor form (4.18) bypasses
topological analysis. Often the technical interpretation of the full set of nonmini-
mal coordinates p with respect to the features and the dynamical behavior of the
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mechanical system is simpler than for minimal coordinates.

In [164] the advantages and the disadvantages of several choices of the position
variables, e.g., in minimal or nonminimal and in absolute or relative coordinates,
is discussed in more detail. Already in [64], the authors dissuade from the usage
of the state space form as basis of numerical computations because of the loss of
sparsity and structure in comparison to the descriptor form. Furthermore, both
the choice of the coordinates and the formulation in descriptor or state space form
strongly influence the computational complexity of the equations of motion. For
more details we refer to [52, 60, 147, 167]. O

4.1.3 Examples for mechanical systems

Example 4.1.12 The mathematical pendulum: Again, let us consider the
mathematical pendulum, see Figure 4.1. In contrast to Example 4.1.1, now we

choose absolute coordinates p = [ Ty }T denoting the position of the mass m
in the two dimensional space R? for the description of the configuration of the
pendulum. The equations of motion of first order have the form

“;; ] = { Z; } (4.20a)

wo](a] - () [m) wew

0 [ p?+p2—I12]. (4.20¢)

The constraints on velocity level and on acceleration level are given by

= [ 2p1v1 +2pav2 |, (4.20d)
= [ 20} + 203 — 2pag — 5 (DT + P3N |, (4.20e)
respectively, and
Glp.t)=[2p 2p2 | (4.21)
defines the holonomic constraint matrix. (|

Example 4.1.13 The lolly: In this example let us introduce an extension of
the mathematical pendulum. The multibody system consists of one point mass
in the three dimensional space rotating about the origin with a fixed distance L
and sliding on a surface given by 0 = go, see Figure 4.4. The gravitational force
is directed downwards along the z-axis and presses the point mass on the surface.
The equations of motion of first order have the form

[P ] [ v
pg = V2 5 (4223)
| P3| L U3
m o0 0][#n] [ O 2p1 A(pi+p3—Dpn |y
0 m 0 vy | = 0 |—| 2p2 4(P}+p3—1po [ )\1 ] , (4.22b)
00 m]|[9 | |-mg 0 1 ?
- 2 .2
_ py+p;—1
0= e—BPI+P3-1)2 _ 1 — s } : (4.22¢)

Note that we have introduced the parameter 3 in the equations of motion which
influences the shape of the surface. With increasing parameter (3, the summit
becomes sharper. O
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Example 4.1.14 The nonlinear truck model:

Figure 4.4: Topology of the lolly

119

In [167] a planar nonlinear

model of a truck is introduced as benchmark example. In Figure 4.5 (thanks to
Bernd Simeon for providing this figure) the topology as well as the coordinates,
bodies, joints, and force elements are depicted. The model consists of eleven coor-
dinates p;, i = 1, ..., 11 describing the motion of seven rigid bodies and one Lagrange
multiplier A\{, see Table 4.1.

Body Coordinate
1 | rear wheel p1 | vertical motion
2 | front wheel p2 | vertical motion
3 | truck chassis | ps | vertical motion
p4 | rotation about y-axis
4 | engine ps | vertical motion
pe | rotation about y-axis
5 | driver cabin | py | vertical motion
ps | rotation about y-axis
6 | driver seat po | vertical motion
7 | loading area | p1g | vertical motion
p11 | rotation about y-axis
A1 | Lagrange multiplier with respect to the joint

between loading area and truck chassis

We omit to specify the equations of motion in detail and refer to [167] instead.

Table 4.1: Nonlinear truck model

Note that the equations of motion of the truck model are badly scaled, since the
solution of the Lagrange multiplier \; is of magnitude 10* but the solution of the
other independent variables p and v are of magnitude 1072.

]
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Example 4.1.15 Slider crank:

Figure 4.5: Topology of the truck

In this example we will model a slider crank as

depicted in Figure 4.6.

N~ My
yA &g /d\

. mass point
O

joint

Figure 4.6: Topology of the slider crank

We will discuss two different types of equations of motion. First, the equations of
motion with nonredundant constraints

i

M) | |

0

_ U1
- { o ] : (4.23a)
_ { —(m1 + ma)gly cos(p1) — malilav3 sin(py + p2)
magla cos(pz) — malilav? sin(p + pa)
Iy cos(p1)
_ { v e (4.23b)
= [ ll sin(pl) — lg sin(p2) ] s (423C)
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where

_ (ml + m2)l% —m2l1l2 COS(pl + pz)
M(p) = |: —mglyls cos(pr + p2) mol3 ) (4.23d)

and secondly, the equations of motion with redundant constraints

H}; } = { 5; ] , (4.24a)

o —(m1 4+ ma)gly cos(p1) — malilovs sin(py + p2)
M . = ; 4.24b
(p) |: V2 :| |: m2912 COS(pQ) — mglllQU% Sln(p1 + p2) ( )
A1
_GT(p7 t) )‘2 P
A3
lysin(py) — l2sin(p2)
0 = T1g + T2g — T3g , (4.24c¢)
T1y + T2y — T3y
where
re = licos(py), riy = lysin(py),
roz = l1cos(p1) + Iz cos(p2), roy = lysin(p1) + lasin(pe),
r3z = 2l cos(p1) + Iz cos(ps), r3y = 2lysin(p1) + lasin(p),

and with mass matrix (4.23d) and constraint matrix

Iy cos(p1) —l2 cos(p2)
G(p,t) = | —(—2lysin(py) +2l1sin(p1)) —(—lzsin(pz2) + l2sin(pz)) | . (4.24d)
—(2l1 cos(pr) — 2l cos(pr))  —(—l2sin(pz) + Iz sin(pz))

The generation of the equations of motion (4.24) with redundant constraints may
be obtained via use of tools for the automatic generation of the model equations,
see [112]. O

Example 4.1.16 Double four joint mechanism: Let us consider the mecha-
nism depicted in Figure 4.7. It consists of four rigid bodies which are linked together
by use of rotational joints. The lengths of the bodies are denoted by L;, i =1,...,4
with L; = Ly = L3, the masses by m;, ¢ = 1,...,4, and the gravitational acceler-
ation by g. The position variables are given by the absolute orientation p; = ¢,
i =1,...,4. The masses of bodies 1,2, 3 are placed at the end of the rods and the
mass of the fourth body is placed in its center. The position of the mass my is given
by (x4,y4) with respect to the reference frame.

Let us follow the approach of Lagrange and Euler to model this mechanical system.
The kinetic energy is given by

T(p,9) = %Jlsb? + %stb% + %J?#P% + %m;l(ﬁci +93)
= SO ML+ LR+ ST+ L Dmad]
+%m4L1L4 cos(p1 — pa)P1Pa
and the potential energy is given by
U(p) = g(lmiLisin(pr) +maLlasin(ps) +msLzsin(ps)

+my(Lq sin(p1) + % sin(py4))).
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. @ mass o joint @ closed loop joint

Figure 4.7: Topology of the double four joint mechanism

Furthermore, the motion of the mechanism is restricted such that the closed loop
joints, see Figure 4.7b, fit together. The constraints are given by

L L
0= gi(p) = Licos(pr) + 7 cos(pa) — Ly cos(pa) = 7,
. Ly .
0= 0alp) = Lisin(pr) + 2 sinfps) — Lasin(ea),
0= g3(p) = Licos(¢1)+ Lacos(ps) — Lgcos(ps) — Ly,
0 = g4 ((p) = L1 sin(gpl) =+ L4 sin(<p4) — L3 Sin((pg).

With the Lagrange function (4.2) and the constraint forces Q. = —GT\ with

—Lysin(py)  Losin(ypa) 0 —L% sin(py)

a— L, co§(gp1) — Lo cos(pa) .O 5 co.s(<p4) (4.25)
— Ly sin(epq) 0 Lssin(ys) —Lgsin(py)
Ly cos(ip1) 0 —Lzcos(ps)  Lycos(ps)

from the Euler-Lagrange equation (4.16) in form

d (0L OL
a(a@)‘% @A

we obtain with

o _ 4oy or
 dt \op Op

(J1 +myL?) 0 0 —|—%m4L1L4 cos(p1 — pa) b1
_ 0 Jopa 0 0 Go
0 0 J3p3 0 @3
%m4L1L4 COS((pl — <p4) 0 0 %Lim;; @4
ImyLy Lysin(pr — pa)$3 g(my +my) Ly cos(¢1)
0 gma Ly cos(p2)
+ +
0 gms Lz cos(p3)

—%m4L1L4 sin(p1 — @4)% gm4% cos(p4)
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the equations of motion together with the constraints in the form

(J1 +maL?) 0 0 +%m4L1L4 cos(p1 — @4) b1
0 Joga 0 0 %))
0 0 Jggbg 0 8273
smaliLycos(or —@a) 0 0 1Limy P4
—g(m1 + my)Lq cos(p1) — %m4L1L4 sin(p — ©4)P3
—gma Ly cos(p2)
— 4.26
—gms L3 cos(p3) ( a)
La 1 . .9
—gma =t cos(@a) + gmaly Lysin(pr — 04)$7
—Lysin(py)  Licos(pr) —Lisin(py) Lqcos(pr) A
Losin(ys)  —Lgcos(ps2) 0 0 Ao
0 0 Lzsin(p3)  —Lscos(es) Az |7
—Lisin(ps)  Licos(ps) —Lasin(ps)  Lagcos(ps) A4

L cos(p1) + &t cos(pa) — La cos(i2)
0 — Ly sin(yp1) + % sin(p4) — Lo sin(p2) — % . (4.26b)
Ly cos(p1) + Ly cos(pg) — Lg cos(ps)

Ly sin(p1) + Lysin(pa) — Ly sin(ps) — Ly

At first glance one might assume that this mechanism is a forced mechanism. But
it is clear, that this mechanism reacts like a pendulum with one degree of freedom.
Therefore, the constraints must be redundant. A check of the rank of the constraint
matrix G (4.25) yields

3 if p satisfies (4.26b),
rank(G) = { 4 els];. ( )

Since the rank of the constraint matrix G is three along every solution, this four
joint mechanism has one degree of freedom. O

Example 4.1.17 The skateboard: In this example we will consider a skate-
boarder who is rolling on a flat horizontal surface. The simplified topology is illus-
trated in Figure 4.8.

Yy z

(563,213723)

Figure 4.8: Topology of skateboard

Let us model the board such that the whole mass of the board is split into the masses
mq and ms located in the center of both axes whose positions are defined by (x1,y1)
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and (z2,y2), respectively. Furthermore, the orientation of the board is defined by
the angle ¢ which gives the direction of the motion and by the angle 8 which defines
the bank of the board. It is assumed that the wheels of the skateboard do not lose
the contact to the surface, i.e., to the z-y-plane. The skateboard is constructed such
that both axes are pivoted such that the axes are changing their relative direction
denoted by the angle o with respect to the center axis of the board if the board
banks. This yields a self stabilizing effect which is strongly influenced by the relation
between « and 6, which is assumed to be

a=ab

with the banking coefficient a.

Let us assume that the skateboarder is very unexperienced such that he is modeled
just as the mass mg with position (x3,ys, z3) which is located at a distance of I3
perpendicular to the board as shown in the right of Figure 4.8.

If the position variables p = [ T1 Y1 T2 Y2 @ x3 Y3 23 0O ]T could move
freely in three dimensional space, the equations of motions would be given by

Mp = f(p)

with

, fp,p) =

—di a1
—d111
—daTo
—dayo
—d,
—d3is
—d3y3
—m3g — d3z3

—c — dyb

where the stiffness of the spring, the damping, and the gravitational acceleration
are given by c, d1, da, d3, dy, dg, and g, respectively. Furthermore, J; and J, denote
the inertia of the board with respect to the rotations ¢ and 6, respectively. But
obviously the positions are restricted in its choice by holonomic constraints 0 = g(p)
with

g1 x2 + Ly cos(p) — 1,

g2 = Y2+ Lisin(yp) —y1,

93 = (w14 22)/24 Lycos(p — w/2)sin(f) — x3,
91 = (y1+y2)/2+ Lasin(p — 7/2)sin(0) — ys,
gs L3 cos(0) — z3.

From the holonomic constraints we get the holonomic constraint matrix

10 1 0 L, sin(y) 0 0 0 0

0 -1 0 1 Ly cos(yp) 0 0 O 0
Gp)=|1/2 0 1/2 0 —Lgsin(p,)sin(d) =1 0 0 Lscos(py)cos(d)

0 1/2 0 1/2 Lszcos(pyi)sin(d) 0 —1 0 Lssin(p,)cos(f)

0O 0 0 0 0 0 0 -1  —Lysin(d)

with | = ¢ — /2.
Furthermore, let us assume that the skateboard is not allowed to slide on the surface.
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In particular, this means that the the motion of the wheels is perpendicular to its
cos(m/2 — ) sin(m/2 -«

axes. This leads to the nonholonomic constraints 0 = lvz(p7 p) with
hi = [x1—22 y1—y2 | ) o1
—sin(n/2 — a) cos(m/2 — ) n |’
cos(m/2+a) sin(r/2+ ) ] [ To }
( ) Y2 |’

—sin(n/24+ ) cos(n/2 + «

v

hy = [331—562 y1—y2][

They have the form h(p, p) = H(p)p with the nonholonomic constraint matrix H (p)
with

[ Az cos(m/2 — a) — Aysin(r/2 — «) 0
Azsin(n/2 — a) + Ay cos(n/2 — ) 0

0 Az cos(m/2 + ) — Aysin(r/2 + «)

0 Azxsin(r/2 + ) + Aycos(m/2 + «)
H (p) = 0 0
0 0
0 0
0 0

- 0 0 -

with Az = (21 — x2) and Ay = (y1 — y2). Hence, the equations of motion for the
skateboard have the form

P o= v (4.27a)
Mo = f(p,v) =G (pA—H (p), (4.27b)
0 = g(p), (4.27¢)
0 = H(pw (4.27d)

with the holonomic constraint force GT A and the nonholonomic constraint force
HT i and their associated Lagrange multipliers A and p, respectively. (]

4.1.4 Solution invariants

Many motions of mechanical systems have known solution invariants, i.e., relations
which are satisfied along any motion of the mechanical system, like the invariance of
the total energy, momentum, or impulse. Let us denote the m. equations describing
such solution invariants by

0=e(p,v,s,u). (4.28)

In particular, conservative multibody systems are energy conserving. In this case
the total energy is constant along every motion of the system. Let us consider
this fact. The equations of motion for constraint conservative systems are given by
the Euler-Lagrange equations (4.16) without applied forces, i.e., Q. (p,t) = 0. The
constraint forces are given by (4.15) and we get

d (oL oL
— (= )-==-K"(p,t 4.29
i (55) - 50 = KT (4.29)
which describes the solution behavior. From the Lagrange function (4.2) we get
(4.29) in the form

d
&TJ) T, +Up= _KTCa
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which is satisfied by every solution of (4.29). Therefore, every solution satisfies

.T d .T .T T 7T

Pyl —p T +p Up=—p K°C.
From (4.14) it follows that p7 K¢ = 0, and we get

7 d : .
BTy =P Ty +5"Up =0
which is equivalent to
d ., ..
E(p T,)—T+U=0. (4.30)

Furthermore, we have that the kinetic energy is a quadratic form in p (see page
111), i.e.,

T(p,p) =" O(p)p-

We obtain that

Ty = pTa%(pT@(p)p) — T (20(p)p) = 2T

and from (4.30) we get the conservation of the total energy in the form
T+U =0.

In the numerical integration of the equations of motion it is often desirable to con-
serve these solution invariants in an explicit way, because in general the numerical
solution does not satisfy the solution invariants of the equations of motion. In [65]
a method for maintaining solution invariants in the numerical solution of ODEs is
considered. The idea is to introduce a regularization term into the ODE such that
the solution manifold defined by the solution invariants becomes attracting. Fur-
thermore, the preservation of solution invariants of so-called Hamiltonian systems
is considered in [80, 151] in detail.

Let us discuss the conservation of the total energy in the example of the mathemat-
ical pendulum.

Example 4.1.18 The mathematical pendulum: The equations of motion of
the mathematical pendulum in descriptor form, see Figure 4.1, are developed in
Example 4.1.12.

Since the pendulum is only influenced by the gravitational field of forces, i.e., by
a conservative field of forces, and since it is not affected by other applied forces, it
represents a mechanical system which conserves the total energy. This total energy
is given by

1
E(p,v) = 5m(vi + v3) + mgps (4.31)
and is conserved such that

0= E(p(t),v(t)) = E(po,v0) = e(p,v) (4.32)

for t € I and every solution of the equations of motion (4.20).

In Figure 4.9 the total energy in the numerical solution is illustrated. The numerical
solution is computed with RADAUS [79, 82] for different formulations, see Section 4.4,
ODASSL [59, 60], MEXAX [118], and HEDOP5 [6]. Obviously, the numerical solutions
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s x107° Total energy
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Figure 4.9: Conservation of the total energy by numerical solutions

are far from being constant.

Let us consider the holonomic constraints (4.20c) and their derivatives, which re-
strict the motion of the pendulum in a nonredundant way, in comparison to the
conservation of the total energy (4.32). We have

= p?+pi- L2 (4.33a)
= 2p1v1 + 2povo, (4.33b)
4
0 = 20} +2v3 — 2pag — E(P% +p3)A1, (4.33¢)
1
0 = §m(vf +v3) + mgps — Ep. (4.33d)

The constraints (4.33) are nonredundant for all p, v, and A satisfying (4.33). In
particular, in addition to the holonomic constraints and their derivatives the energy
conservation restricts the solution as well. The dimension of the solution manifold
with the energy conservation is therefore smaller than without the energy conserva-
tion. As shown in Figure 4.9, the restriction according to the energy conservation
is in general not satisfied by the numerical solution of the equations of motion.
Therefore, it is necessary to insert these restrictions arising from energy conserva-
tion in the equations of motion. This yields a stabilization of the solution such that
all constraints, i.e., the holonomic constraints and their derivatives as well as the
energy conservation are satisfied even in the numerical method.

For further numerical results see Example 5.3.1 in Section 5.3. O

4.1.5 Classification of equations of motion

In [164] a classification of several forms of the equations of motion using modeling
levels is given. In this section we will shortly recall the modeling levels 0, 1, and
2, and we will give an extension of this classification by two additional modeling
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levels.

Modeling level 0 - Standard formulation: Based on the standard formulation,
given by the Lagrange equations of type one in descriptor form for holonomic sys-
tems (4.19) and by use of the velocity variables v(t) of dimension n, the equations
of motion of modeling level 0 are given by

o= v, (4.34a)
Mp)o = f(p,v,t)— G (p)A, (4.34D)
0 = g(p). (4.34¢)
In connection with initial values
p(to) = po, v(to) = vo, Alto) = Ao (4.34d)

we have the initial value problem for the equations of motion of modeling level 0 on
the domain I = [¢o,ts]. The n, equations (4.34a) are called kinematical equations
of motion. They accomplish the order reduction of the equations of motion (4.5) or
(4.19) from order two to order one.

Furthermore, the equations of motion are affected by the n) holonomic constraints
(4.34c). From the constraints g(p) = 0 one obtains the constraint matrix G(p) =
g—g(p) which column-wise contains the inaccessible directions of motion, see Figure
4.3.

The n, equations (4.34b) are called dynamical equations of motion. They follow
from the equilibrium of forces and momenta and include the mass matrix M (p),
the vector f(p,v,t) of the applied and gyroscopic forces, the constraint matrix
G(p) of the holonomic constraints, the associated constraint forces GT (p)A, and the
Lagrange multipliers A. The mass matrix M (p) is positive semi-definite, since the
kinetic energy is a positive semi-definite quadratic form, and it includes the inertia
properties of the multibody system.

If the mass matrix M (p) is nonsingular for all possible p, the equations of motion of
modeling level 0 (4.34) are in Hessenberg form (3.25) of order 3. See also Example
3.5.56.

The solution of the equations of motion (4.34) satisfies in addition to the holonomic
constraints (4.34c) its first and its second derivatives with respect to t, i.e.,

0=G(pv =g'(p,v), (4.35)
0=Gy@)vlv+GEIM 7 (p)(f(p.v.t) = GT(P)N) =g" (p.v.N),  (4.36)

such that every solution of (4.34) lies in the solution manifold
M = {(p,v,\,t) € RZ»T™x x 1 : 0=g, 0=g', 0=g"}. (4.37)

The equations of motion (4.20) modeling the mathematical pendulum, see Example
4.1.12, belong to modeling level 0.

Often used forms for the equations of motion of modeling level 0 are the s-indez-1
formulation of modeling level 0

p o= w, (4.382)
M@ = f(p0.6) — GO, (4.38h)
0 = g¢'(pv), (4.38¢)

using the first derivative (4.35) with respect to ¢ instead of the holonomic constraints
(4.34c¢) and the s-index-0 formulation of modeling level 0

p = v (4.39a)

M (p)o flp,v,t) = GT(p)A, (4.39b)

0 = g"(p,v,N), (4.39¢)
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using the second derivative (4.36) with respect to ¢ instead of the holonomic con-
straints (4.34c).

If the mass matrix M (p,w) is nonsingular for all possible p and u, also the equations
of motion of modeling level 1 (4.40) are in Hessenberg form (3.25) of order 3. See
also Example 3.5.56.

Modeling level 1 - Dynamical force elements, friction, and spatial motion:
If the investigated multibody system is influenced by friction effects, the friction is
modeled as part of the applied forces @), such that f additionally depends on the
Lagrange multipliers A. Furthermore, if the multibody system contains some con-
trols or dynamical force elements, like multibody systems with additional control
devices, hydraulic or electromagnetic components, dynamical force variables r of
size n, are introduced, which specify the state of such dynamical force elements as
in equation (4.40c), see [52].

In the case of spatial multibody systems, which are discussed in [52], an additional
feature has to be taken into account. If the equations of motion of second order,
like (4.5), (4.18), or (4.19), are reduced to first order, one has to take the relation
between the generalized velocity p and the velocities v into account, see [86]. In
order to transform this second order system to an equivalent first order system we
introduce a velocity vector v and get the equations (4.40a) with a transformation
matrix Z(p) of size n, x n, with n, < n,, that determines the (angular) velocities.
The transformation matrix Z(p) is not the identity I, if there are rotations in
three dimensional space and it can be determined by Poisson’s® kinematical equa-
tions [1, 52]. In the two dimensional case we have Z(p) = I,,, i.e., p = v. Note
that the transformation matrix Z(p) mainly depends on the choice of the veloc-
ity vector. The use of Eulerian angles, Cardano® angles, Tait*-Bryan angles, see
[1, 86, 147, 180], are common choices of the velocity vector. They yield n, = n,
and a square transformation matrix Z(p). Unfortunately, in these cases the trans-
formation matrix Z(p) holds singularities, i.e., there exist some configurations given
by p such that the transformation matrix becomes singular. If it cannot be insured
in advance that the mechanical system does not pass through such configurations
a remedy is the use of quaternions, often also called Fuler parameters, which lead
to a rectangular transformation matrix Z(p) with n, < n,. For more details on
quaternions see [140, 147].

Summing up, the equations of motion of modeling level 1 have the form

p = Z(p)w, (4.40a)
M(pa U)'U = f(pavara)‘vu) - ZT(p)GT(p, u))‘a (4 40b)
i = b(p7 U’ T’ A? u)’ (4'40C)
= g(p,w). (4.40d)
Together with initial values
p(to) = Do, ’U(to) = o, ’I“(f,o) =To, /\(to) = )\0 (4406)

we have the initial value problem for the equations of motion of modeling level 1 on
the domain I = [to, t;]. Note that here all functions and system matrices depend on
an additional variable u of size n,, which represents control variables that are given
as a function of t. In particular, if the investigated system is a nonautonomous

2Siméon Denis Poisson (born 1781 in Pithivier, France - died 1840 in Paris, France)

3Girolamo Cardano (born 1501 in Pavia, Duchy of Milan (now Italy) - died 1576 in Rome (now
Ttaly))

4Peter Guthrie Tait (born 1831 in Dalkeith, Midlothian, Scotland - died 1901 in Edinburgh,
Scotland)
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system, then there exists an explicit dependency on ¢. If this is the case, ¢ will be
modeled as a component of the control u, for example wuy () = t.

Note in addition, that in contrast to [164] for reasons of symmetry, the dynamical
equations of motion are premultiplied by the transformation matrix Z(p), implicitly
contained in M and f.

Modeling level 2 - Contact, force laws and constraints: The equations

Figure 4.10: Contact point between two bodies

of motion up to modeling level 1 do not yet allow the consideration of additional
constraints, e.g., arising from contact problems. Therefore, the equations of motion
(4.40) have to be extended by contact variables s of size ns which have to be uniquely
determined by the contact conditions 0 = ¢(p, s,u) of dimension ng that describe
the relationship between these contact variables s, the position variables p, and the
control variables u, see Figure 4.10. Note that because of the assumed uniqueness
of s, the partial derivative ¢ s(p, s, u) is assumed to be nonsingular for all possibly
solutions, see the Implicit Function Theorem 2.3.1. Therefore, we have the contact
variables as function of the positions and the control variables, i.e., s = s(p, u).
Sometimes, force laws and constraints may be formulated more conveniently using
auxiliary variables w of size n,, that are implicitly defined by the possibly nonlinear
equation (4.41d). Note again that because of the assumed uniqueness of w by
(4.41d), the partial derivative d ,, is assumed to be nonsingular for all possible
solutions, see the Implicit Function Theorem 2.3.1.

The equations of motion of modeling level 2 have the form

p = Z(p), (4.41a)
M(p,uw)o = f(p,v,r,w, s, \u)—Z% (p)GT(p,s,u)A, (4.41b)
r = b(p,v,r,w, s\ u), (4.41c)
0 = d(p,v,r,w,s,\u), (4.414d)
0 = c(p,s,u), (4.41e)
0 9(p, s,u). (4.41f)

Together with initial values
p(to) = po, v(to) = vo, r(to) =10, W(te) = wo, s(to) = s0, A(to) = Ao (4.41g)

we have the initial value problem for the equations of motion of modeling level 2
on the domain I = [t,¢y]. This formulation of modeling level 2 is proposed in [4].
Note that in contrast to [164] no additional acceleration variables a = © are intro-
duced here. The introduction of additional acceleration variables a would yield the
equations of motion in the form of a semi-explicit DAE (3.24).

In contrast to the equations of motion of modeling level 0 or 1 the equations of
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motion of modeling level 2 (4.41) are no longer in Hessenberg form (3.25) because
of the occurrence of the auxiliary variables w and the contact variables s.

In the previous considerations concerning constraints we have found that the con-
straint forces, given by Q. in (4.15), do not perform any work on the mechanical
system. This is satisfied if the constraint forces are perpendicular to the manifold
given by the holonomic constraints (4.41f) with respect to the contact equations
(4.41e). Because of the dependency of the contact variables on the positions and
the control variables, we have holonomic constraints in the form 0 = g(p, s(p, u), u).
Therefore, we get a constraint matrix which contains columnwise the inaccessible
directions that are perpendicular to the manifold given by the holonomic constraints
(4.41f) with respect to the contact equations (4.41e).

Lemma 4.1.19 Let ¢ s(p, s, u) be nonsingular and have a bounded inverse c;l(p, s,u)
for all (p, s,u) € R" xR™ xR"™ satisfying (4.41¢) and (4.41f). Then the constraint
matriz G in (4.41b) is given by

dg 0Og [ 0Oc 1 He

= - = — . 4.42
22 (5%) 5lew (1.42)
Proof: From (4.41e) it follows from the Implicit Function Theorem 2.3.1 that
there exists a function £(p,u) such that 0 = ¢(p,&(p,u),u). Therefore, we have

s = s(p,u) = &(p,u), and for the total derivative of g(p, s(p,u),u) with respect to
p, it follows that

G(p,u) =

Glo) = Lo stou))
=[5+ 225 st

99 0Og (0c _1@ (p,w)
op 0s \ 9s Op P, w)-

The Jacobian g—; has been obtained from (4.41e) by implicit differentiation with

respect to p, see the Implicit Function Theorem 2.3.1. [l

Modeling level 3 - Nonholonomic constraints: As discussed in Section 4.1.2
there exist some mechanical systems where the motion is not only restricted by
holonomic constraints but in addition by nonholonomic constraints, see Example
4.1.2 or Remark 4.1.5d. Therefore, we will introduce the equations of motion of
modeling level 3 containing nonholonomic constraints in addition to the features of
the equations of motion of modeling level 2 (4.41). Because of Remark 4.1.5¢ we
introduce nonholonomic constraints in quasi-linear form as in (4.12). We get the
equations of motion of modeling level 3 in the form

p = Z(p)v, (4.43a)
M(p,u)o = f(p,v,r,w,s A p,u) (4.43D)
—ZT(p)G" (p, s, WA = ZT (P H (p, 5, u)p,

7 = b(p,v,r,w, 8, A\ 1), (4.43c)
0 = dp,v,r,w, s\ p,u), (4.43d)
0 = clp,s u), (4.43¢)
0 = H(p,s,u)Z(p)v+ h(p,s,u), (4.43f)
0 = g s,u). (4.43g)
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Together with initial values

p(to) = po, v(to) = vo, r(to) =ro, w(te) = wo,
’ S(t?)) = SOQ, )\(t(;) = /\00, ﬂ(go) — 20 0 (4.43h)

we have the initial value problem for the equations of motion of modeling level
3 on the domain I = [tg,¢s]. Here, the explicit constraints are called holonomic
constraints on position level (4.43g) with respect to the contact point equation
(4.43e) and the nonholonomic constraints on velocity level (4.43f). If the linear
dependency of v is not important, then we denote the nonholonomic constraints on
velocity level by

71(p, v,8,u) = H(p, s,u)Z(p)v+ h(p, s, u). (4.44)

Modeling level 4 - Redundant constraints: Sometimes the multibody system
under investigation contains a topological structure which is statically overdeter-
mined. For instance, the Example 4.1.16 offers no unique solution with respect
to the Lagrange multipliers, i.e., the joint forces are not uniquely determined. In
such cases the constraints are redundant, see Definition 2.3.10. Furthermore, by
the modeling of mechanical systems using certain connections via certain types of
joints or by use of certain modeling tools redundant constraints may be generated,
see [86, 112, 147, 181].

Therefore, the holonomic and nonholonomic constraints of the equations of motion
of modeling level 3 are allowed to be redundant. This yields the equations of mo-
tion of modeling level 4 which have the same structure as (4.43) but the holonomic
and nonholonomic constraints (4.43g) and (4.43f), respectively, are allowed to form
redundant sets of equations. The equations of motion (4.24) modeling the slider
crank, see Example 4.1.15, or the equations of motion (4.26) modeling the double
four joint mechanism with redundant constraints, see Example 4.1.16, belong to
modeling level 4 because of their redundant constraints.

With n = np+n, +n, +ny +ns+nx+n, and the state variables x defined by
T = [ pl T T T T \T T ]T of size n, the equations of motions of
modeling level 4 (4.43) correspond to a quasi-linear DAE (3.23) with

L,

P

M (p,u)

E(x,u)

I
o

of size n x n and

Z(p)v
f(p7 v, T, W, s, >\a Ky u) - ZT(p)GT(p7 S, U)A - ZT(p)HT(pz S, U)#
b(p7v7r7w7s7>\’ﬂ’u)
d(p,v,r,w, 8, \, i, u)
c(p, s,u)
H(p, s,u)Z(p)v+ h(p, s, u)
9(p, s,u)

k(x,u)

of size m. In the present work we will concentrate on the equations of motion of
modeling level 3 and 4.
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Remark 4.1.20 In the case of nonredundant or uniformly redundant constraints
let us define

rg =rank(G(p, s,u)) and rgy = rank(H(p, s,u)) (4.45)

for all (p,s,u) € M (see Lemma 4.2.14 below). In the case of nonredundant con-
straints we have rq = ny and rg = n,. In particular, we have r¢ < n, and
ra +rg < n, independent on the redundancies of the constraints. In the special
case that r¢ = n, the motion of the mechanical system is completely determined
by the constraints. Such mechanical systems are called forced mechanical systems.
O

Remark 4.1.21 Because of high speed motions of mechanical systems, effects aris-
ing from deformation of structural elements sometimes cannot be neglected. Then,
the consideration of (partially) elastic structural components of mechanical systems
is necessary. In [165] mechanical systems with elastic bodies are investigated and it
is pointed out that after the space discretization of the elastic effects the equations
of motion for elastic multibody systems have the same structure as those of rigid
multibody systems. For this reason they can be treated in an analogous way as
discussed below. One should be aware though that the dimension of the systems
then is typically very large. O

4.2 Analysis of the equations of motion

In this section we will analyze the equations of motion of modeling level 4 (4.43) with
possibly redundant constraints (4.43g) and (4.43f). In particular, we will determine
the solution manifold, consistency conditions, the minimal reduced derivative array,
and we will consider the existence and uniqueness of a solution of the equations of
motion.

Before we start to investigate the regularity of the equations of motion let us antic-
ipate some assumptions. In the investigations below it will become clear why these
assumptions are justified and necessary. In the following let us use the abbreviations

Gy = Z'G" = fa+ fudy, dx, (4.46)

H, = Z'"H" — f,+ fuwdy,d,. (4.47)

Assumption 4.2.1 Consider the equations of motion of modeling level 4 (4.43).
Then the matrices

a)  d., (4.48a)

b) cs, (4.48b)

are assumed to be nonsingular and are assumed to have a bounded inverse for all

(p,v, 7w, 8,\, i, u?) € M (see Lemma 4.2.14 below) and furthermore, we assume
that

M G\ H,
c¢) rank(| GZ 0 0 |)=n,+rc+rn (4.48c¢)
HZ 0 0

for all (p,v,r,w,s,\, u,u?) € M with rq and rg defined in (4.45). Furthermore, it
is assumed that

d e CY(M,R™), ¢ e CH(M,R™), h e C*(M,R™), gc C>(M,R™).
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With respect to u? see Notation 3.1.4.

Remark 4.2.2 Note that in the case of nonredundant constraints, i.e., in the case
of the equations of motion of modeling level 3 (4.43), the Assumption (4.48c) cor-
responds to the assumption that

M G, H,
c) GZ 0 0 is nonsingular (4.49)
HZ 0 0

and has a bounded inverse for all (p,v,r,w,s,\, u,u?) € M (see Lemma 4.2.14
below). In particular, in the case of the equations of motion of modeling level 0
(4.34) this corresponds to the nonsingularity of the matrix

M GT
G 0 |’
which is assumed in many references, e.g., [6, 23, 118, 164]. |

Remark 4.2.3 a) In the case of ng = 0 or n,, = 0 it follows that dc/ds € R0
and dd/0w € R™Y respectively. Since the empty matrix represents the identity
mapping from R® into R® we interpret it as nonsingular.

b) Assumption (4.49) guarantees that the constraints are not redundant. O

In the following we will restrict our considerations to nonsingular mass matrices M.
If in addition to Assumption 4.2.1 we assume the nonsingularity of the mass matrix
M for all (p,u) € M (see Lemma 4.2.14 below) we obtain from the contact equations
(4.43e), and the auxiliary equations (4.43d), via the Implicit Function Theorem
2.3.1, see (2.14), that

. 1 . 1 .
§ = —cgcph—Cycyl
_ ~1 1. -
= —CyCpdv—cgcyl

and

W = A (dpp+dyi+dr+d s+ dad+d o+ d )
= —d (dpZv+d M (f-Z"G"N—Z"H" ) +d b
—d e epZv+ cytt) + d A+ d i+ d ).

Using the equations of motion of modeling level 4 (4.43), the first and second deriva-
tives with respect to t of the holonomic constraints (4.43g) are given by

0 = g'(p,v,s,u') (4.50a)
= Gp+ (gu—9,5C5 " Cu)tt (4.50b)
= GZv+ (gu— g7scfslc,u)u (4.50¢)

and
0 = g"(pv,rw,8, A p, ) (4.51a)
= gpb+ gL+ gls+ gl (4.51b)
= (gfp — g’ISc;lc,p)ZU +GZ0 + g{ulul - gfsc’_slc’uﬂ (4.51c)
= (¢, —ghetep)Zv+ GZM N (f = ZTG" A - Z"H ) (4.51d)

I -1 I —1
+g a0 — g C .
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The first and second derivatives with respect to ¢ of the holonomic constraints on
position level are called holonomic constraints on velocity level (4.50a) with respect
to the contact point equation (4.43e) and holonomic constraints on acceleration
level (4.51a), respectively. Differentiating the holonomic constraints (4.43g) three
times yields

0 = g"(pv,rw, s\ A, 1,0 (4.52a)
d3
= qpdpsu) (4.52b)
= gPp+glo+gli+ gt +gls+ gBA+glpu+gloi®  (4.52)
= (9hZv+ g M (f - Z"G"N = Z"H" i) + g%b (4.52d)
—ghd o (dpZo+d M (f = ZTGTN = ZTH ) + d b

+dyscv_sl(cﬁva —C ) + d 1)
—gﬁcgl(c,pZU +cut) + gflzuZ)
—GZM N (ZTGT — fa+ fuwd d )
—GZM NZ"H" — f, + fuwd ) d )i
= §o(p,v,rw, 8\ p,u?) — GZM TGN — GZM ™ H i, (4.52e)

with Gy and H, given in (4.46). The first derivative with respect to ¢ of the
nonholonomic constraints (4.43f) is given by

0 = hi(p,v,r,w, s\ pub) (4.53a)
= S (H.5 )2+ hip,s,) (4.53b)
= hpp+ HZ0+hes+hu (4.53¢)
= (h,— ivz)sc;lc)p)Zv + HZi + (h, — E,chlc,u)u (4.53d)
= (hy—hyclep)Zo+ HZM N (f = ZTGTN— Z"H ) (4.53¢)

—|—(7L7u - 71730;16716)12,

which are called nonholonomic constraints on acceleration level (4.53a) with respect
to the contact point equation (4.43e). Furthermore, differentiating the nonholo-
nomic constraints (4.43f) twice yields

0 = h”(p,v,r,w,s, A,/L,U,}\,ﬂ,uz) (454&)
d2

= hbp+nl o+ h i+ bl + RIS+ ROA+ R+ RI0 (4.54)

= (WL zZv+ W M7 (f = Z"G"N—Z"H ) + h'b (4.54d)

—hld ) (dpZo+d M7 (f—Z"G"N = Z"H  p) + d b
+d7sc;1(c,va —Cqut) +d 1)
—h{sc’_sl(c,va + ¢ ) + h’Iul 111)
—HZM N(ZTG" = fx+ fwdy da)A
—HZM N (Z"H" — [, + fuwd)d)p
= hl(p,v,rw s, 0 pu?) — HZM'GoA — HZM ™ 'H,ji,  (4.54e)
with G and H, given in (4.46). The holonomic constraints on velocity level and

on acceleration level in form (4.50c) and (4.51d), respectively, as well as the non-
holonomic constraints on acceleration level in form (4.53e) will turn out to bee the
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hidden constraints of the equations of motion as we will see in Procedure 4.2.21,
below.
With a nonsingular mass matrix M we impose a more restrictive assumption as
follows.

Assumption 4.2.4 Consider the equations of motion of modeling level 4 (4.43).
Then the matrices

a) d, (4.55a)
b) s, (4.55b)
c) M (4.55¢)

are assumed to be monsingular and are assumed to have a bounded inverse for all
(p,v, 7w, 8, \, p,u?) € M (see Lemma 4.2.14 below) and furthermore, we assume
that

GZM~'G, GZM~'H,

O vkl yzyigy mzu-m, )T tH

(4.55d)

for all (p,v,r,w,s,\, u,u?) € M. Furthermore, it is assumed that
d e CY(M,R™), ¢ e CY(M,R™), h e C*(M,R™), gc C*(M,R™).

The difference between Assumption 4.2.1 and Assumption 4.2.4 lies only in the fact
that the mass matrix M is assumed to be nonsingular in the latter case.

Remark 4.2.5 a) The condition (4.55d) implies that the constraints are either
nonredundant or uniformly redundant on M.

b) Note that in the case of nonredundant constraints, i.e., in the case of the equa-
tions of motion of modeling level 3 (4.43), Assumption (4.55d) corresponds to the
assumption that the matrix

GZM~'G, GZM~'H,

d) HZM™'G, HZM 'H,

is nonsingular (4.56)
and has a bounded inverse for all (p,v,r,w,s,\, u,u?) € M (see Lemma 4.2.14
below).

In particular, in the case of the equations of motion of modeling level 0 (4.34) this
corresponds to the nonsingularity of the matrix GM ~'GT. If M is positive definite,
then the nonsingularity of GM ~1G7 is equivalent to the full rank of the constraint
matrix, i.e., that G(p) has full row rank, see (4.34). This corresponds to the so-
called Gribler condition [59].

¢) Note that in (4.56) we have

GZM™'Gy GZM™'H, | _ g8 —gtdtdx gt —ghdld,
HZM~'G, HZM'H, hly —hldtd s Bl —nldotd, |

]

Remark 4.2.6 a) The Assumptions (4.55¢c), (4.55d) correspond to Assumption
(4.48c) in the case of a nonsingular mass matrix.
b) Note that if w does not occur, then Assumption (4.55d) reduces to
R, Rl
rank([ i ’H)‘])—rg—l—rH
I 9

)

for all (p,v,r,w, s, \, u,u?) € M. 0
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Definition 4.2.7 (Quasi-regular equations of motion) Fquations of motion
of modeling level 4 (4.43) satisfying Assumption 4.2.1 with noncontradictory con-
straints (4.43f) and (4.43g) are called quasi-regular equations of motion.

Definition 4.2.8 (Regular equations of motion) Equations of motion of mod-
eling level 4 (4.43) satisfying Assumptions (4.48a),(4.48b) and (4.49) are called
regular equations of motion.

Remark 4.2.9 Analogously to the definitions above, if the mass matrix is non-
singular for all possible p and w then the equations of motion of modeling level 4
(4.43) are quasi-regular if they satisfy Assumption 4.2.4, and they are regular if
they satisfy Assumptions (4.55a)-(4.55¢) and (4.56) O

Here and in the following, we will often suppress the dependency on p, v, 7, w, s,
A, i, and u in the notation unless we want to focus on some of those dependencies.

Lemma 4.2.10 Let the equations of motion of modeling level 3 (4.43) satisfy As-
sumptions (4.55a)-(4.55¢) and (4.56). Then the matrices

oon [§].[5] 16 m

have full rank for all (p,v,r,w, s, \, i, u?) € M.
Proof: The matrix in (4.56) can be written as

GZ

[G}ZMl[G,\ H”]_[HZ

H }MI[GA H, .

From the nonsingularity of the matrix in (4.56) for all (p,v,r,w, s, \, u,u?) € M, it
follows that the matrices

5115 16

have full rank. Furthermore, we have that [ GT HT ]T is of size ny +n, X n, with
nx+n, < n,. Therefore, it follows in addition that G and H have full (row) rank. O

Lemma 4.2.11 Let the equations of motion of modeling level 4 (4.43) be quasi-
regular, i.e., they satisfy Assumptions 4.2.4 with noncontradictory constraints (4.43f)
and (4.43g). Then

rank(G) = rg, rank(H) = rg, rank({ IC;; }) =rqg+rm,

rank( [ Gz

17 ]):rg—i—rH, rank([ G H, |)=rg+ru

for all (p,v,r,w,s,\, u,u?) € M.

Proof: The proof is analogous to the proof of Lemma 4.2.10. O
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Lemma 4.2.12 Let the equations of motion of modeling level 4 (4.43) satisfy As-
sumptions (4.55a)-(4.55¢) with noncontradictory constraints (4.43f) and (4.43g).
Then the state (p(t),v(t),r(t), w(t),s(t), A(t), u(t)) € M is a regular point if and
only if the matrices

e HZM™'Gy, HZM~‘H, } { GZ }

GZM™'Gy GZM™'H, HZ (4.57)

have full rank for all (p,v,r,w,s, A, p,u?) € M.

Proof: The solution manifold is given by (4.65). The partial derivative of its
constraints with respect to w, A, p, v, s, and p, after some block row changes is
given by

[ d,w d,/\ d,u d,v d,s d,p
GZM™'fu GZM~\(fy~Z"G") GZM~\(f,~Z"H") g g% g5,
HZM*1f7w HZM’I(fVA—ZTGT) HZMfl(f_#—ZTHT) hfv h{s hi
0 0 0 HZ h, h,
I I

0 0 0 GZ ¢. gL | .(4.58)
0 0 0 0 cs5 cp
0 0 0 0 9s 9p

Note that the partial derivatives with respect to r are not relevant, because r is not
restricted by M. Block Gauf} elimination leads to

[ dyw d)\ d.,,u d,v d,S va
0 —GZM~'Gy, —-GZM~'H, g'-Bgd, g¢"—Bad, g% —Bed,
0 —HZM™'G\, -HZM‘H, hl,—Bypd, bl -Bpd, bl - Bpd,
0 0 0 HZ h.s h.,
0 0 0 GZ g% g%
0 0 0 0 Cs Cp
0 0 0 0 0 G

with Bg = GZM~'f ,d>} and By = HZM~'f ,,d,}. From Assumptions (4.55a)
and (4.55b) we have the nonsingularity of d ,, and ¢, and we get the full rank
of the matrix (4.58) if and only if the matrices in (4.57) have full rank for all
(p,v,m,w, 8, \, i, u?) € M. By Definition 2.3.3 the assertion follows. O

Remark 4.2.13 For the equations of motion of modeling level 3 (4.43), i.e., in par-
ticular, with nonredundant constraints, we obtain a justification for Assumptions
(4.55a)-(4.55¢) and (4.56) from Lemmata 4.2.10 and 4.2.12. Furthermore, for the
equations of motion of modeling level 4 (4.43), i.e., in particular, with possibly re-
dundant constraints, constant rank of the matrices in Assumption 4.2.4 are of great
importance for the numerical treatment. This gives a justification for Assumption
4.2.4 from Lemmata 4.2.11 and 4.2.12. O
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If the equations of motion of modeling level 4 (4.43) satisfy Assumption 4.2.4, then
we have that

0 _ { c ] _ { Cs Cp } (4.59)
8[ ST pT ] g 9s Yp

has rank n, + rg, which follows by block Gauf} elimination and Lemma 4.1.19. Fur-
thermore, the auxiliary variables w are uniquely determined by equation (4.43d) via
the Implicit Function Theorem 2.3.1. Therefore, the state variables x (in particular,
the position variables p, the auxiliary variables w, and the contact variables s) are
restricted to the (n,+n,+n,+(nx—rg)+n,+n,)-dimensional position manifold

M, = {(pv,rw,s,\pu)eR*"xU : 0 = dp,v,rws A\ pu),
0 = c(p,s,u),
4.60
0 = glp.s.u)} (4:60)
c R"xU.

Furthermore, with respect to the constraints on velocity level, we have that

% { HZg)I—i—h } - [ ché ] (4.61)

has rank rg + rgy. Therefore, the state variables = (in particular, the velocity
variables v) are restricted onto the (np+n,+n,.+n,+ns+(nr—rg)+(nu—rm)+2n,)-
dimensional velocity manifold

M, = {(p,v,r,w,s, Aaﬂ,ul) eR” x U
0 = H(p,s,u)Z(p)v+h(p,s,u),
0 = g'(p.vsu)} (4.62)
c R*"x UL
Furthermore, it follows from Assumption 4.55d that
9 4" _ [ GzMT'Gy GZMT'H, (163)
ONT uTT | W | T | HZM7'Gy, HZM™'H, '

has rank rg + rg. Therefore, the holonomic and nonholonomic constraints on
acceleration level form an additional (n,+n,+n,+n,+ns+(nr—re)+(n,—rmg)+3n,)-
dimensional manifold. Let us call it the acceleration manifold

Ma = {(p’v7r7w757)\7/’(‘au2) e R" x U2
: 0 = hi(p,v,rw, s\ pu,ub),
0 = gl(p”U’T?vav)\?.ua Ll2)} (464)
c R"xU%

In summary, the solution (p,v,7,w, s, A, 1, u?) has to satisfy all constraints, i.e., all
constraints given in (4.60), (4.62), and (4.64). Therefore, we have

!
(p(t),v(t),r(t), w(t), s(t), \(t), u(t),u?(t)) € (M, x UD x UP)n (M, x U?) M,
for all t € I. This allows to introduce the solution manifold.

Lemma 4.2.14 (Solution Manifold of the equations of motion) The soluti-
on manifold of the equations of motion of modeling level 4 (4.43) satisfying Assump-
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tion 4.2.4 is given by

M = {(p,v,r,w,s,\, i, u*) ER" xU? : 0 = d(p,v,r,w,s,\ 1), (4.65)
0 = c(p,s,u),
0 = H(p,s,u)Z(p)v+hip,s,u),
0 = g(p,s,u),
0 = hi(p,v,r,w, s A\ puut),
0 = g'(pv,s,ul),
0 = gl(p,v,r,w, s\ pu?)}

Proof: The proof follows from the considerations above or by applying Procedure
3.5.11 for the equations of motion, see (4.71), (4.74), and (4.77). O

Remark 4.2.15 Note that in particular, only p, v, w, s, A, and p are restricted by
constraints. The dynamical force variables r are unrestricted. O

Lemma 4.2.16 (Positional and motional degrees of freedom) Let the equa-
tions of motion of modeling level 4 (4.43) satisfy Assumption 4.2.4 with noncon-
tradictory constraints (4.43f) and (4.43g). Then the number of positional degrees
of freedom is my, = n, —rg and the number of motional degrees of freedom is
ng =Ny =g —TH-

Proof: The freedom of choice in the position variables is ny, = n, —rg because
of the rank of the matrix (4.59). On the other hand the freedom of choice in the
velocity variables is ny, = n, —rg — ry because of the rank of the matrix (4.61).
Then the assertion follows with Definition 4.1.7. (]

Remark 4.2.17 In the case that rg = 0, we have ny = ny, = ny, degrees of
freedom of the multibody system. O

Suppose that the constraints, i.e., both holonomic and nonholonomic constraints,
are uniformly redundant and that g(p, s(p, u),u) € C*(M,, R™) and H (p, s(p,u),u) €
C'(M,,R™ ™). Then, from Lemma 2.1.4 we obtain the existence of nonsingular
transformation matrices

Sx(p,u) 1 NN S, (p,u) 1 i X
|: Si(p,u) } € C (M, R ) and { S'M(p,u) ] € C'(M,,R ) (4.66a)

with Sx(p,u) € C*(M,, R"¢>™) and S,,(p,u) € C*(M,, R"# ") such that the matri-
ces

{ giggzg }G(p’s(p’“)’“) = [ é(p’s%”“)’“) } (4.66b)
and
{ @Zgzzg ]H(p,S(p,U),u) _ [ fl(p,s((z)?, w),u) ] . (4,660

Here, é(p7s(p, u),u) € C1(M,, R"¢") and f[(p,s(p,u),u) € CY(M,,, R"#:"+) have
full (row) rank, i.e., the matrix function Sy(p,u)g(p, s(p, u),u) and the matrix func-
tion S, (p, w)(H (p, s(p,u), u) Z(p)v+ h(p, s(p,u),u)) are nonredundant with respect
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to p and v, respectively. These selectors Sy and S, are (nonuniquely) defined by
the conditions

rank (S (p, u)G(p, s(p,u),u)) = rag, Sx(p,u) € C*(M,,R™e™), (4.67)
rank (S, (p, w)H (p, s(p, u),u)) = ra, Su(p,u) € CH(My, R™#:), (4.68)

with rg, rg defined in (4.45) and s(p,u) defined by (4.43e). Furthermore, the
following lemmata show that these selectors applied to the hidden constraints on
velocity level (4.50c) and applied to the hidden constraints on acceleration level
(4.51d) and (4.53e) yield nonredundant constraints.

Lemma 4.2.18 (Nonredundant selected constraints on velocity level) Let
the holonomic constraints on velocity level be given by (4.50c) with g € C*(M,, R™)
using (4.43¢). Let them be possibly redundant but noncontradictory. Then a selec-
tor Sx(p,u) satisfying (4.67) applied to the holonomic constraints on velocity level
0 = g'(p,v,s,ul) yields the nonredundant selected holonomic constraints on velocity
level

0= S)\(pa u)gl(pv v, S, ul)
for the velocity variables v.

Proof: The selected constraints on velocity level, together with (4.50¢c), are given
by

Sx(p,w)g (p, v, s(p,u), u') = Sx(p,u) (GZv + (g,u — g,5¢5' C.u)t).

The total derivative with respect to v yields

d

dv (S)\(pa u)gl(p’ v, s(p, u)v ul)) = SA(p’ U)G(pv S(pa u)’ U)Z(p)

Because of condition (4.67) and the full rank of the matrix Z(p) € R"»"™ i.e.,
rank(Z(p)) = n,, it follows that

d
rank(aSA(p, u)g! (p, v, s(p,u), ul)) =rg

and the assertion follows from Definition 2.3.10. O

Lemma 4.2.19 (Nonredundant selected constraints on acceleration level)
Let the holonomic constraints on acceleration level be given by (4.51d) with g €
C%(M,, R™) using (4.43¢). Furthermore, let the nonholonomic constraints on ac-
celeration level be given by (4.53¢) with h € C*(M,,R™) with (4.43¢). Then
selectors Sx(p,u) and S,(p,u) satisfying (4.67) and (4.68), respectively, applied
to the constraints on acceleration level 0 = g (p,v,r,w,s(p,u),\, p,u?) and 0 =
R (p,v,r,w, s(p,u), A, u, ul) yield the nonredundant selected constraints on acceler-
ation level

07 SA(p,u)gH(p,v7r7w,s,)\,u,u2)
~ L Su(psw)h ! (pv,w, 8, )

for the Lagrange multipliers X\ and p.
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Proof: The selected holonomic constraints on acceleration level together with
(4.51d) are

S’)\(p7u)g (p,v,r,w, s, )\ by U 2)
= Sx(p.u)((g), — ghcLtep) 2o+ GZM ™ (f — ZTG"A - ZTH  p)

+g ulu gISc cuu).

Furthermore, the selected nonholonomic constraints on acceleration level together
with (4.53e) are

Sﬂ(p) u)hl(p7 v? 7‘7 w7 8? )\7 /’(" ul)
= S, (p,uw)((hy — hscte,) 2o+ HZM N (f — Z"GTXN — ZTH )
+(7Lu — ﬁyscglcyu)u).

The total derivative of the acceleration constraints with respect to A\ and p yields

d Sxg" ] _ [ =S\GZM~'Gy -S,GZM~'H,
a[ A"t " S.pt | T | =S, HZM™'G\ —-S,HZM™'H,

Because of condition (4.67), the regularity condition (4.55d) is given by

M Gy H,
rank(| S\GZ 0 0 |)=ny+rg+rm.
S.HZ 0 0

By use of block Gauf} elimination it follows that

M G i,
rank(| 0 —S\GZM™'G, -S\GZM™'H, |)=n,+rc+ru
0 —S,HZM ‘G, —-S,HZM ‘H,

and we get

—S)\GZM_lG,\ —SXGZM_lHM

k(| o gzv-lGy —S,HZM H, |) T e T TE:

(4.69)

Note that the matrix in (4.69) is of size rq +rg X ny +n, with rg +rg < nx +n,.
Then the assertion follows from Definition 2.3.10. O

Remark 4.2.20 Note that if there are redundant constraints, then the selected
constraints on acceleration level are not sufficient to determine the Lagrange mul-
tiplier uniquely. Therefore, the solution of the equations of motion with redundant
constraints is not unique. In Lemma 4.2.30 and in the Theorems 4.2.32 and 4.2.33
below we discuss the existence and the uniqueness of a solution of the equations of
motion of modeling level 4 (4.43). O

In preparation for further investigations associated with the equations of motion
let us apply Procedure 3.5.11 to the equations of motion of modeling level 4 (4.43)
with nonsingular mass matrix M, i.e., satisfying Assumption 4.2.4.

Procedure 4.2.21 Let the equations of motion of modeling level 4 (4.43) satisfy
Assumption 4.2.4. Furthermore, let the holonomic constraints (4.43g) be nonre-
dundant or uniformly redundant, noncontradictory, and three times continuously
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differentiable and let the nonholonomic constraints (4.43f) be nonredundant or uni-
formly redundant, noncontradictory, and twice continuously differentiable.
According to Procedure 3.5.11 it follows that

E%(z,u)i = k°(z, u) (4.70)
with
[(I,, 0 0 0 0 0 0]
0O M 0 0000
0 0 I, 00 00O
E(z,u)=E(x,w)=| 0 0 0 0 0 0 0|,
0 0 0 0O0O00O
0 0 0 0000
| 0 0 0 00 0 O]
_ 7o -
f=2TGT"\—-ZTH
b
EO(z,u) = k(z,u) = d ,
C
HZv+h
L g i

T .
where z = [ pl T T T TN T ] . Because of the assumed nonsin-

gularity of the mass matrix M(p,u), we have E(z,u) already in partitioned form.
Therefore, we have Z° = I and we get

B Zv

= f-Z"G"\-Z"H"u |,
I b
[ d

i C

kY = HZo+h | (4.71)
L9

In particular, we obtain the algebraic part (4.71) which is nonredundant or uni-
formly redundant, noncontradictory, and continuously differentiable. Furthermore,
we obtain the manifold

Mo=My={z€R"xU : 0=d, 0=¢, 0=h, 0=g}. (4.72)

By differentiation of 753 with respect to ¢, we get the transformed DAE according
to (3.43) in the form

E(z,u)i = k' (2,u'), (4.73)
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with

E(z,u)

E' (2, ub)
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I,, O 0
0 M 0
0 0 I,
dy, d, d,
cp O 0
h, HZ 0
gp O 0
Zv
f—2TGT\ -
b
—d U
—C U
—ht
_g,ua

0 0 0 0

0O 0 0 0

0 0 0 0
dow de dx d, |,
0 ¢co 0 0

0 he 0 0

0 gs 0 0 |
ZTHT

and h = HZv + h, see (4.44). By Assumption 4.2.4, we have the nonsingularity of
M, d,,, and c . Therefore, we get a transformation matrix

I, 0 0 0 0 0 0
0 I, 0 0 0 0 O
0 0 I,., 0 0 0 o0
ZNz,u) = —d, —d,M™' —d, I 0 0 0
—Cp 0 0 0 1 0 o0
hp— hvscglcvp HZM™! 0 0 h7sc;1 -1 0
i 0 0 0 gt 0 T |
Premultiplication with this transformation matrix yields the DAE in partitioned
form
EY(z,u)i = k' (z,ub),
with
[ I,, 0 0 0 0 0 0 ]
0 M O 0o 0 0 o0
B o 0 I,, 0O 0 0 0
E'zju)=| 0 0 0 d, ds dx d, |,
0 0 O 0 ¢, 0 O
0 0 O 0o 0 0 0
| 0 0 0 o 0 0 0 |
"~ 7 -
f—2ZTGT\—-ZTHTy
b
El(z,ul) = | —dpZv—d M- Yf—ZTGTN— ZTH T p) — d b — d i
—CpZU — C
hI
g!

With respect to the terms k! and g’ compare with (4.50c) and (4.53e). In particular,
for the algebraic part we obtain

Bl = |

9

hl
I

} (4.74)
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which is nonredundant or uniformly redundant, noncontradictory, and continuously
differentiable. Furthermore, we get the manifold of level 1

WL = {e € R" xU' : 0=}, 0=g'}. (4.75)
and

Ml = (MO XU(l))mM1
= {zeR"xU' : 0=d, 0=c¢,0=h, 0=9g, 0=h", 0=4g'}.

Further differentiation of the algebraic part % (x,ul) according to (3.43) gives

E?(z,uh)i = k2 (x,u?), (4.76)
with
(I,, 0 0 0O 0 0 0
0O M 0 0 0 0 0
o o0 I, 0 0 0 0
E*z,uhy=| 0 0 0 dy ds dx d, |,
0 0 0 0 ¢c5 0 0
I I I I I I I
A R A D S N
[ 9p 95 0 0 g5 0 0
- 2o -
f—ZTGT"\ - ZTH"
b
E(zu?) = | —dpZv—d MY f—ZTGTN—ZTHT ) —d b —d i
—CpZU — C U
—h! 4
L _g,luﬂ N

Premultiplication with the transformation matrix

- Inp 0 O 0 0 O 0
0 0 0 I 0 0 o0
2 1 -
Zle =1 o 0 0 0 L, 0 o0 |
Suht, Suhl, M~V SR S.hldn Zgs =S, 0
uht Supt Mt St Sntdnt Z2 0 =S, 0
L g M0 0 glel' 0 —I |
with
2% = —Su(~hl +hldtd)et
7% = =Su(=hl bl d ) d e

and with S, satisfying (4.68) and S, chosen such that the matrix [ sFost ]T is
nonsingular and such that S, H = 0, see (4.66¢), yields

E?(z,u")d = k2 (2, u?),
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with
[(L,, 0 0 0 0 0 0 T
0O M 0 0 0 0 0
0 0 I, 0 0 0 0
2 1\ 0 0 O d7w d75 d,)\ d)u
Elew)=19 o 0o 0 . 0 0
0 0 0 0 0 S,HZM'Gy, S,HZM 'H,
0o 0 0 0 0 S,HZM'G, S,HZM 'H,
L0 0o 0 0 o0 0 0 |
(L, 0 0 0 0 0 0 T
0O M 0 0 0 0 0
0 0 I, 0 0 0 0
o 0 0 d, d, d.y d,,
"l o 0 0 0 e, 0 0 ’
0 0 0 0 0 S,HZM™'Gy, S,HZM™'H,
0 0 0 0 0 0 0
L0 0 0 0 o0 0 0 |
i 2o h
f—2ZTGT"\-ZTH"
b
o —dpyZv —d M(f — ZTGTA - ZTHT 1) — d b — d it
k(%) = —CpZv — €yt ’
50"
Sy
I g |

where g7 is given by (4.51d) and KI is given by (4.54e). From the fact that the
nonholonomic constraints are noncontradictory it follows that S'Hh” = 0 for all
(z,u?) € M; x U®). Therefore, the second last block column is trivially satisfied

and no longer of interest, see Remark 3.5.12c. In principle, the condition S M}NLH =0
corresponds to a consistency condition for the control variable u and its derivative
.

On the other hand, the algebraic equation 0 = g” is not trivially satisfied for all
(z,u?) € M; x U® such that we have to continue with the procedure. Following
Remark 3.5.12c and keeping the trivially satisfied equation 0 = S’M%” unconsidered
for the remainder of the procedure, we obtain the algebraic part

0=Fk(x,u?) = [ g" ], (4.77)

which is nonredundant or uniformly redundant, noncontradictory, and continuously
differentiable. Furthermore, we get the manifold

M, = {z e R" xU? : 0=g"} (4.78)
and

M, = (M; xU®)NM,
= {zeR"xU? : 0=d,0=c¢,0=h, 0=g, 0=h', 0=¢', 0=¢"}.

Further differentiation of the algebraic part Eg (x,u?) according to (3.43) gives

E3(z,u®)d = k3 (x,u®) (4.79)
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with
[ I, 0 0 0 0 0 0 i
0 M 0 0 0 0 0
0 0 I, O 0 0 0
0 0 0 d d d d
3 2\ ,w ,8 A L
Bz @)= "9 0o 0o 0 . 0 0 ’
0 0 0 0 0 S,HZM™'G, S,HZM™'H,
0 0 0 0 0 0 0
[ 95 9 95 Y 9% 9 I
_ T -
f—ZTGT\-ZTHTp
b
3 3 —dpZv—d M f—ZTGTN—ZTH ) —d b —d i
k(2 u) = —Cp U — C oyt
500
Suh
L -9t |
Premultiplication with the transformation matrix
[ I, 0 0 0 0 0 0 0 ]
0 I, 0 0 0 0 0 0
0 0 I, 0 0 0 0 0
0 0 0 I, 0 0 0 0
Z3(x,u?) = 0 0 0 0 L., 0 0 0
0 0 0 0 0 I, 0 0
S)\ggJ SAgg)M_l S)\gg, S)\ggﬂd’_wl Z$’5 0 0 —S)\
0 0 0 0 0 0 In,—ry 0
L S,\ggj S)\gFUM71 S,\g’{ S,\ggud’jul Zg’5 0 0 -5 ]
with
Z3s Sa(gs = ghud i ds)e!
Z3s = Silgh —ghdyds)e!
and with Sy satisfying (4.67) and Sy chosen such that the matrix [ ST ST ]T is

nonsingular and such that SyG = 0, see (4.66b), yields

B3 (z,u?)d = (2, u%),
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where
(I,, 0 0 0 0 0 0 i
0O M 0 0 0 0 0
0 0 I, 0 0 0 0
N 0 0 0 d, dg d.x d,,
E¥z,u®)=| 0 0 0 0 cg 0 0
o 0 0 0 0 S,HZM™'Gy, S,HZM™'H,
0 0 0 0 0 S)\GZM_lG)\ S)\GZM_lHH
0O 0 0 0 0 0 0
L 0 0 0 0 0 SGZM'Gy, S\GZM™'H, |
(I,, 0 0 0 0 0 0 i
0O M 0 0 0 0 0
0O 0 L, 0 0 0 0
0 0 0 dy, ds d.x d,,
=1 0 0 0 0 cg 0 0 ,
o 0 0 0 0 S,HZM ‘G, S,HZM™'H,
0 0 0 0 0 S)\GZM_lG)\ S)\GZM_lHM
0O 0 0 0 0 0 0
. 0 0 0 0 0 0 0 |
_ Zo :
f=ZTGTX - ZTH"
b
~dpZv—d M (f - ZTGTN - ZTH" i) —d b —d i
k3 (z,u®) = —CpZv — €yl
S,ht
Sxg™
S, AT
L Sxg™ |

where g is given by (4.52e). From the fact that the holonomic constraints are

noncontradictory it follows that S\g¥ = 0 for all (z,u?) € My x U®). Therefore, in

addition to the second last column also the last block column is trivially satisfied
and we obtain the algebraic part

73 3 S, ht

0=k3(z,u’) = [ Sigﬂz ] 5

which is satisfied for all (z,u?) = (p,v,r,w,s, A\, p, u?) € My x U®) and the Proce-

dure 3.5.11 terminates with v = 3. (]

Lemma 4.2.22 (Maximal constraint level of equations of motion) Let the
equations of motion of modeling level 4 (4.43) satisfy Assumption 4.2.4. Then the
equations of motion of modeling level 4 (4.43) form a system of differential-algebraic
equations with maximal constraint level v, = 2.

Proof: The proof follows from Procedure 4.2.21 in view of Procedure 3.5.11 and
Definition 3.5.27. 0

Remark 4.2.23 a) If the equations of motion of modeling level 3 satisfy Assump-
tions (4.48a),(4.48b) and (4.49) and if there appear holonomic constraints (4.43g),
then the equations of motion (4.43) form a system of DAEs of s-index v; = 2 and
d-index v4 = 3. This follows from Procedure 4.2.21 with the assumption that the
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constraints are nonredundant. In the case of purely nonholonomic systems the equa-
tions of motion of modeling level 3 (4.43) satisfying Assumptions (4.48a),(4.48b) and
(4.49) form a system of DAEs of s-index vs = 1 and d-index v4 = 2.

b) In the case of equations of motion of modeling level 4 (4.43) satisfying Assumption
4.2.4, with redundant but noncontradictory constraints (4.43f) and (4.43g) having
constant rank the d-index is not defined but the s-index is still v, = 2 if holo-
nomic constraints (4.43g) appear and the s-index is v; = 1 for purely nonholonomic
systems. |

Remark 4.2.24 Note that the manifolds Mi, i=0,1,2, see (4.72), (4.75), and (4.78),
do not correspond to the manifolds M,,, M,,, and M,, see (4.60), (4.62), and (4.64).
But the intersection of all manifolds corresponds to the solution manifold (4.65),
ie.,

M = (Myx UL xU@)n(M; x UPD)nM,
= (M, x UM x U@)n (M, x UP)nM,.

]

Note that after every iteration step in Procedure 4.2.21, the maximal constraint
level is reduced by one. In particular, we have the original equations of motion
(4.43) or (4.70) with v. = 2. After the first iteration step we get (4.73) with
v. = 1 and after a further iteration step we get (4.76) with v. = 0. In particular,
(4.76) is already strangeness free. Furthermore, after the third iteration step of
Procedure 4.2.21 we get (4.79) with v, = —1, i.e., (4.79) is also strangeness-free. In
particular, in the case of nonredundant constraints, i.e., in the case of the equations
of motion of modeling level 3 (4.43), because of the nonsingularity of the leading
matrix E3(z,u?) in (4.79) the DAE (4.79) corresponds to an ODE in implicit form,
the underlying ODE, see Definition 3.5.23.

Lemma 4.2.25 (Complete minimal reduced derivative array of the EoM)
The complete minimal reduced derivative array of the equations of motion of mod-
eling level 4 (4.43) satisfying Assumption 4.2.4 is given by
[ —p+ Zv T
—Mi+ f—ZTGTXN - ZTHT
—r+b
d
c

HZv+h

g
h[
gI

gﬂ

0 :{;{2(1),1},7”,“},8, )‘a/%pai]a’fﬁ?uQ) = ’ (480)

where the hidden constraints are defined in (4.50), (4.51), and (4.53).

Proof: We get the assertion by Definition 3.5.39 with (4.71), (4.74), and (4.77).
(I

Because of the semi-implicit structure of the equations of motion of modeling level
4 (4.43) it is not necessary that the constraints of level 0 appear twice in the com-
plete minimal reduced derivative array, as precisely defined in Definition 3.5.39, see
Remark 3.5.40b.
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Remark 4.2.26 Let the equations of motion of modeling level 4 (4.43) satisfy
Assumption 4.2.4 and let the hidden constraints be defined in (4.50), (4.51), and
(4.53). Then, if the initial values pg, vo, 70, Wo, So, Ao, and pg are consistent, the
constraints

0 = d(po,vo,r0,Wo, S0, Ao, Mo, Uo),
0 = c(posso,uo),
0 = H(po,s0,u0)Z(po)vo + h(po, s0,uo),
0 = g(po;s0;u0),
0 = &' (po,vo,70, W0, S0, Ao, Los Up),
0 = gl(povvo,smué),
0 = g"(po,vo, 70, wo, S0, Ao, Lo, u7)
have to be satisfied with ug = u(to), uy = ul(to), and u3 = u?(t). O

Besides the original equations of motion, several formulations resulting from differ-
entiation of the constraints are frequently used for analytical and numerical investi-
gations. These formulations do not correspond to the formulations (4.73) or (4.76)
obtained in Procedure 4.2.21. In the following we will introduce these formulations
for the equations of motion of modeling level 4 (4.43).

Strangeness-index-1 formulation: If we use the holonomic constraints on ve-
locity level (4.50a) instead of the holonomic constraints on position level (4.43g) in
the equations of motion of modeling level 4 (4.43), then we get the equations of
motion in the form

p = Zv, (4.81a)
My = f-2Z'G"\N-ZzZTH"p, (4.81b)
7 = b, (4.81c)
0 = d, (4.81d)
0 = ¢ (4.81e)
0 = HZv+h, (4.81f)
0 = 4. (4.81g)

Let us abbreviate the DAE (4.81) as EoM; in order to highlight that it has maximal
constraint level one.

Remark 4.2.27 a) The associated EoM; (4.81) is a semi-implicit DAE of s-index
one. Therefore, it is not strangeness-free. In the case of regular equations of motion
the d-index of the associated EoM; (4.81) is two.

b) Note that the solution of the initial value problem for the associated EoMj
(4.81) with the initial values (4.43h) which are consistent to the original equations
of motion, see Lemma 4.2.26, is identical to the solution of the initial value problem
for the equations of motion of modeling level 4 (4.43), see Lemma 3.5.10.

¢) In general, the solution set is larger than the solution set of the original equations
of motion, because of the loss of information of the holonomic constraints of position
level. In particular, the set of solutions is given by {(p, v, 7, w, s, \, u,u?) € R*xU? :
0=d, 0=c, 0=HZv+h, 0=g%, 0=h!, 0=g"}. |

Strangeness-index-0 formulation: If one substitutes the holonomic constraints
on position level (4.43g) in the equations of motion of modeling level 4 (4.43) by
the holonomic constraints on acceleration level (4.51a) on the one hand and the
nonholonomic constraints on velocity level (4.43f) by the nonholonomic constraints
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on acceleration level (4.53a) on the other hand then we get the equations of motion
in the form

p = Zv, (4.82a)
My = f—-Z'GT"AN-z"H"y, (4.82b)
7 = b (4.82¢)
0 = d, (4.82d)
0 = ¢ (4.82¢)
0 = hl, (4.82f)
0 = g% (4.82g)

Let us abbreviate the DAE (4.82) as EoMj in order to highlight that it has maximal
constraint level zero.

Remark 4.2.28 a) The associated EoMy (4.82) corresponds to a semi-implicit
DAE of s-index zero. Therefore, it is strangeness-free. In the case of regular equa-
tions of motion the d-index of the associated EoMj (4.82) is one.

b) Note that the solution of the initial value problem for the associated EoMg (4.82)
with the initial values (4.43h) which are consistent to the original equations of mo-
tion, see Lemma 4.2.26, is identical to the solution of the initial value problem for
the equations of motion of modeling level 4 (4.43), see Lemma 3.5.10.

¢) In comparison to the s-index-1 formulation (4.81) the solution set again is in-
creased because of the loss of information of the holonomic constraints of position
level as well as the constraints on velocity level. In particular, the set of solutions
is given by {(p,v,7,w,s,\,p,u?) ER" xU? : 0=d, 0=¢c, 0=h!, 0=¢7}. O

Underlying differential equation: Replacing the auxiliary equations (4.43d)
by their derivative with respect to t

d
d

0=d = —
dt

(4.83)

as well as the contact equations (4.43e) by their derivative with respect to t,

d

OZCI:&C,

(4.84)
the holonomic constraints (4.43g) by (4.52e) and, finally, the nonholonomic con-
straints (4.43f) by (4.54e) in the equations of motion of modeling level 4 (4.43), we
get the underlying differential equation as defined in Definition 3.5.23, in the form

p = Zv, (4.85a)

Mi = f—Z'GT"A—~ ZT"H" pu, (4.85b)

= b, (4.85¢)

dpp+ d o4 d o7+ d i+ d g5+ d A d s = —d i, (4.85d)
CpD+ €58 = —Cut, (4.85¢)

HZM 'Go\A+ HZM “H,ji = h", (4.85f)

GZM G\ A+ GZM*H, i = g=-. (4.85g)

Remark 4.2.29 a) In the case of regular equations of motion the DAE (4.85)

corresponds to the uODE, see Definition 3.5.23, and therefore, it is strangeness-
free.

b) Note that the solution of the initial value problem for the associated underlying
differential equations (4.85) with the initial values (4.43h), which are consistent to
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the original equations of motion, see Lemma 4.2.26, is identical to the solution of
the initial value problem for the equations of motion of modeling level 4 (4.43), see
Lemma 3.5.10.

¢) Because of the structure of the underlying differential equation, the solution is
not restricted to a manifold such that the solution set is the entire R™. (]

In [113] Lotstedt discussed the influence of redundant constraints on the existence
and the uniqueness of solutions for the equations of motion of modeling level 0
(4.34). It was shown that redundant constraints only influence the uniqueness
of the solution of the Lagrange multipliers. The constraint forces as well as the
solution p and v are unique. Let us generalize the obtained results to the equations
of motion of modeling level 4 (4.43). Furthermore, we will derive the existence and
(partial) uniqueness of the solution for the equations of motion of modeling level 4
in Theorem 4.2.32, below.

Lemma 4.2.30 (Partial uniqueness for redundant constraints) Let the equa-
tions of motion of modeling level 4 (4.43) satisfy Assumption 4.2.4 with noncon-
tradictory constraints (4.43f) and (4.43g) having constant rank on M. Further-
more, let the functions f(p,v,r,w,s, A, pu,u) and d(p,v,r,w, s, \, u,u) be linear in
w, A\, and p. Suppose that for given (p,v,r,s,u) satisfying (4.43¢) the function
(w, A\, 1) = b(p,v,r,w, 8, \, i, ) is constant in (w, A, u) € {R™ x R™ xR™ : 0=
d(p,v,m,w, s, \, g, u), 0= gl(p,v,r,w,s,\ pu2), 0=~hi(p,v,r,w, s\ uul)}.
Then, for given (p,v,r,u?) the forces originating from the Lagrange multipliers X
and p, i.e., GaA+ H, i, the generalized velocity p, the acceleration v, as well as the
contact variables s and 7 are uniquely defined.

Proof: We have that p and s are uniquely determined by (4.43a) and (4.43e),
respectively, independent of the Lagrange multipliers A and p and independent of
the auxiliary variables w.

Furthermore, the functions f and d are linear in w, A, and p such that they have
the form

f(p7 /U7 T? w7 S)A7 ILL7 u) (4.86)
= ~(p7/U7T787u)+fw(p7v7r7s)u)w+‘f.)\(p7v7r787u)A+f;//(p7v7r787u)u’
d(p,v, 7w, 8, A, p, u) (4.87)

= c?(p, v, Ty S, u) + (jw(p7 v, 7y S, u)w + JA(p, U, Ty S, U)A + (L(p, U, T, 8, U)
From (4.87), (4.43d), and from Assumption (4.55a), we obtain
w = —dy (d+ dy\+ dpp). (4.88)
From (4.43b) we get, with (4.86) and (4.88), that
Mo = f — fudy'd — G\ — Hyp

Together with the constraints on acceleration level (4.51¢) and (4.53d), we get

M GA Hﬂ ’U f_ fwcflqulcflv
ot - o (4.89)
HZ 0 0 m !
with
g' = =gy —giciep)Zv = gratt + gle e,

v

o = —(hy — ;L,chlc,p)Zv — (;Lu — ﬁ}scglc,u)ﬂ.
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Note that the matrix and the right-hand side in (4.89) only depend on (p, v, r, s,u?).
Furthermore, the matrix in (4.89) is of size n, + nx + n, X n, + ny + n, and
has rank n, + rg + rg, see Assumption (4.48¢c). There exist orthogonal matri-
ces Qg = [ Qa1 Qa2 ] € R™™ and Qg = [ Qa1 Qmu2 ] € R™ ™ such
that Gy [ Qa1 Qa2 | = [é,\ O} and H, [ Qu1 Qu2 | = {ﬁu 0} with
rank(é}) = rg and rank(ﬁu) = ry, respectively. With A\ = QGle + Qng and
= Qi1 + Quafiz, (4.89) is equivalent to

M G, H, K f= fodztd
GZ 0 0 N = gq" ; (4.90)
HZ 0 0 11 h!

where the matrix in (4.90) has full (column) rank. According to the General Implicit
Function Theorem 2.3.2 we get the uniqueness of X~1 and fi1 and, in particular, we
get the uniqueness of ¢ as solution of (4.90), while Ao and iz can be freely chosen.
Furthermore, with respect to the forces resulting from the Lagrange multipliers it
follows that

G+ Hup = GrQei\ + H, Qi jin,

which is uniquely determined because of the uniqueness of Xl and gi1. The unique-
ness of 7 follows directly from the assumption that the associated right-hand side b
is a constant function for all

(w, A\, p) € {R™ x R™ x R"™ : 0=d(p,v,r,w,s,A, pu,u),
0 :gﬂ(p7 U7T’w7 8’ A’/’[/7u2)7
0= hI(p7v7T7wu S, )‘7M7u1)}7

i.e., it is invariant under the nonuniqueness of the Lagrange multipliers A and p and
of the auxiliary variable w. O

Remark 4.2.31 a) If d does not depend on A or p, then the auxiliary variables w
are also uniquely determined.

b) If f and d do not depend on X or p, the matrix G corresponds to Z7G”T and
the matrix H,, corresponds to ZTHT and we get the uniqueness of the constraint
forces given by ZTGTX + ZTHT pu. g

In the following theorems we will discuss the existence and uniqueness of the solution
of the equations of motion of modeling level 3 (4.43) as well as of modeling level 4
(4.43).

Theorem 4.2.32 (Existence and partial uniqueness of the solution) Let
the equations of motion of modeling level 4 (4.43) satisfy the Assumption 4.2.4
with noncontradictory constraints (4.43f) and (4.43g) having constant rank on M
and let the initial values (4.43h) be consistent. Furthermore, let the functions
f(p,v,ryw, 8, pyu) and d(p,v,r,w, s, A\, u,u) be of the form (4.86) and (4.87),
respectively, i.e., linear in w, X, and p, and let the functions f, fw, c?, giv;l, b, Z,
M~ and GAA+ H 1 be bounded and continuous on M and furthermore, Lipschitz
continuous on M with respect to (p,v,r). Suppose that for given (p,v,r,s,u) satis-
fying (4.43¢e) the function (w, A, u) — b(p,v, 7, w, s, \, 1, u) is constant in (w, A, u) €
{R™ x R™ x R™ : 0 =d(p,v,r,w,s A\ uu), 0=g"(p,v,r,w,s,\ uu?), 0=
R (p,v,r,w, 8, A, pu,ut)}.

Then there exists a unique solution (p(t),v(t),r(t),s(t)) of the initial value problem
of modeling level 4 (4.43).
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Proof:  From Lemma 3.5.10 we obtain that the solutions of the initial value
problem for the equations of motion of modeling level 4 (4.43) and of the initial value
problem for the EoMy of modeling level 4 (4.82) are identical for the same initial
values. Therefore, the proof reduces to show that the solution (p(t),v(t),r(t), s(t))
of (4.82) exists and is unique.

Because of the Assumption (4.55b), from the Implicit Function Theorem 2.3.1 we
get the unique solvability of (4.82e) with respect to s = s(p,u) as functions of p
and u. Furthermore, we get w from (4.88) and from Lemma 4.2.30 we get the
uniqueness of the forces arising from the Lagrange multipliers, i.e., the uniqueness
of GaA + H,u. Therefore, with Assumption (4.55¢) the equations (4.82a)-(4.82c)
correspond to the ODE

P Y
0| = | M7Yf— fudy'd— G\ —Hup) |- (4.91)
7 b

From Lemma 4.2.30 we have that the right-hand side of (4.91) is uniquely deter-
mined by p, v, 7, and u with s satisfying (4.82e), even if the Lagrange multipliers A,
p or the auxiliary variables w are not unique with (w, A, u) € {R™ x R™ x R™ :
0 =d(p,v,r,w,8,\ ), 0=g¥(p,v,r,w,s,\ u,u?), 0= hi(p,v,r,w,s \ pu)}.
Because of the assumed boundedness, continuity, and Lipschitz continuity of f, fw,
d, dyt, b, Z, M~', and G\ + H,p, the conditions of the Theorem of Picard and
Lindel6f, see Theorem 3.1.1, are satisfied and the existence of a unique solution for
p, v, and 7 then follows. Furthermore, from Assumption (4.55b), and from the Im-
plicit Function Theorem 2.3.1 we get the unique solution for the contact variables
s from (4.82¢). O

Theorem 4.2.33 (Existence and uniqueness of the solution of EoM) Let
the equations of motion of modeling level 8 (4.43) be regular, i.e., satisfy Assump-
tions (4.55a)-(4.55¢) and (4.56). Let the initial values (4.43h) be consistent. Fur-
thermore, let the functions ]7 and b be defined by

fo,v,mu?) = fp,v,r@,3 X u) — Z5 ()G (p,5,u)A — ZT () HT (p,3,u) i,
b(p,v.ru?) = b(p,v,r,@,3,\ i, u),

where w = w(p,v,r,u%), § = s(p,u), X = Ap,v,m,u?), i = p(p,v,r,u?) are deter-
mined from (4.82d)-(4.82g). Assume further that f and b as well as M~' and Z
are continuous and bounded on M and Lipschitz continuous with respect to (p,v,r)
on M.

Then there exists a unique solution (p(t),v(t), r(t), w(t), s(t), A(t), u(t)) of the initial
value problem of modeling level 8 (4.43).

Proof: From Lemma 3.5.10 we get that the solutions of the initial value problem
for the equations of motion of modeling level 3 (4.43) and of the initial value problem
for the EoMy of modeling level 3 (4.82) for the same initial values are identical.
Therefore, the proof reduces to show that the solution of (4.82) exists and is unique.
Because of the Assumptions (4.55a), (4.55b), and (4.56) from the Implicit Function
Theorem 2.3.1 we get the unique solvability of (4.82d)-(4.82g) with respect to w, s,
A, and g as functions of p, v, 7, and u?. Therefore, with Assumption (4.55c) the
equations (4.82a)-(4.82c) correspond to the ODE
p Z(p)v

v | = | M~ Y(p,u)f(p,v,ru?)

r b(p,v,r,u?)



4.3. LINEAR EQUATIONS OF MOTION AND LINEARIZATION 155

Because of the assumed boundedness, continuity, and Lipschitz continuity of f, g,
Z, and M~! the conditions of the Theorem of Picard and Lindelsf, see Theorem
3.1.1, are satisfied and the existence of a unique solution for p, v, and r then follows.

O

4.3 Linear equations of motion and linearization

In this section we will consider linear equations of motion and linearized equations
of motion of modeling level 4 (4.43) in function space along a reference trajec-
tory p(t), o(t), #(t), w(t), 5(t), A(t), and [i(t), see also Section 3.3. The refer-
ence trajectory does not have to be a solution of the equations of motion, see
Remarks 3.3.1 and 3.3.3. The linearization of the equations of motion of mod-
eling level 2 (4.41) is discussed in detail in [9]. With the reference trajectory

z=[p" o7 7 T 57 X @7 " we get
P+p, v o= D48, r o= A w = @+,
oy 1.92
s = 544 A = A\ 4 = Gt (4.92)

Following the considerations of Section 3.3 we get the linearization of the equations
of motion of modeling level 4 (4.43) in the form of (3.3) with (3.17) as

E(t): = A(t)x + k(t), (4.93)
where
[I,, 0 0 000 0] e+ Ze ]
0 M 0 0000 Mo+ f-ZT"G"A\-ZTH"
0 0 I, 0000 —7+b
Et)y=| 0 0 0 000 0|,k = d ,
000 00000 o
0O 0 0 00O0OO HZv+h
| 0 0 0 000 0| I g |
[(Zv), Z 0 0 0 0 0] [ D]
App fo fr fw Aps Apn Ap v
bp  bo br buw bs ba by r
A(t) = d,p dy dy dow ds dx d, |.,z@t)=|w|,
Cp 0 0 0 Cs 0 0 %
Ay, HZ 0 0 A, 0 0 A
L 9w O 0 0 gs 0 0 ] L A
with
*Z}pp = (Mv)m"‘fp (ZT_GT_S‘),ZJ_(ZTFIT/Z)JN *{lpu - _,g__ZTﬁT
Aps = fs_ZT(GT)‘) —(Z"H" ) s, A = (H%@H})
Ap)\ = f)\—ZTGT Aus = (HZ17+h)

The entries of the matrix functions are evaluated at the reference functions p(¢),
o(t), 7(t), w(t), 5(t), A(t), and fi(t), respectively. This is denoted by the bar on top
of the matrix functions. Recall that the control u is assumed to be given, it remains
as a nonlinear function in the matrix functions FE, A and the vector function k,
which therefore, only depend on ¢.
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Example 4.3.1 The mathematical pendulum: In Example 4.1.12 we derived
the equations of motion (4.20) describing the dynamical behavior of the mathemat-
ical pendulum. The linearization is given by

10 0 0 0 p1
01 0 0 0 D2
0 0m 0 0 01
00 0 m 0 i
00 0 0 0 iy
0 0 10 0 D1 —p1 + 0
0 0 01 0 D2 —Pa + o
= —2_1 0 0 0 —2]31 ’lA)l + —mi_/l - 2}315\
0 —25\1 0 0 —2]72 ’lAJQ —m’le —mg — 2]725\
2 2 0 0 0 A pt+ps — L?

Note that by choosing a reference trajectory with [ p1 D2 ]T going through zero,
we get a jump of the rank of the constraint matrix G' from 1 to 0, which does not
occur for any solution satisfying the constraint (4.20c).

Furthermore, if [ p1 P2 ]T =0, then the last column of the matrix A(t) becomes
zero. Therefore, the Lagrange multiplier is not uniquely defined. See Remark 3.3.3.

The d-index as well as the s-index are not defined if p(t) goes through zero. O

4.4 Solution submanifold drift and drift stability

In Section 3.2 and, in particular, in Section 3.5 it was discussed that DAEs of
higher index contain hidden constraints. As mentioned above, these are algebraic
constraints which do not appear explicitly in the original form of the system. Re-
garding quasi-linear DAEs, in Procedure 3.5.11 it is shown that by differentiating
the differential-algebraic equations [ times with respect to t, with [ = 1,..., v, and
by applying algebraic transformations one can determine the hidden constraints of
level I. In the case of equations of motion of modeling level 4 we have found in
Lemma 4.2.22 that they have maximal constraint level v, = 2.

Let us consider the equations of motion of modeling level 4 (4.43) satisfying As-
sumption 4.2.4 with noncontradictory constraints (4.43f) and (4.43g).

Definition 4.4.1 (Drift function) For the equations of motion of modeling level
4 (4.43), the holonomic drift function «(t) and the nonholonomic drift function
n(t) are defined as the residual depending on t of the holonomic constraints on
position level (4.43g) and of the nonholonomic constraints on velocity level (4.43f),
respectively, i.e.,

and

along a solution z(t) = [ p™(t) oT(t) rT(t) w'(t) sT(t) AT(¢) ph(t) }T
and with given u(t).
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In particular, from Definition 4.4.1 it follows that

Y(t) = g(p(t),s(t), u(?)), (4.94a)
() = g (), v(t), s(t),u'(t)), (4.94b)
A1) = g" (), v(t),r(t), w(t), s(t), A(t), p(t),u?(1)), (4.94c)
() = gT(p(e),o(t), r(2), w(t), s(t), A(E), u(t), M), i(£),13(2)), (4.94)
n(t) = h(p(t),v(t), s(t), u(t)), (4.94e)
W) = B (), o(t), r(), (), s(), (D), pl6), (1)), (4.94f)
i) = BT (p(), (), r(t), w(t), s(t), (), p(t), A(t), fu(t), u*(1)),  (4.94g)
and with respect to the initial values we get
Y(to) = 9(pos S0, uo), (4.95a)
A(to) = g"(po;vo, s0,1g), (4.95b)
H(to) = g" (po,vo,70, wo, S0, Ao, 10, 45), (4.95¢)
n(to) = h(po,vo, 0, o), (4.95d)
n(to) = h'(po,vo,r0, w0, 50, Ao, po, Up).- (4.95¢)

Let us define the drift differential equations as follows.

Definition 4.4.2 (Drift differential equation) The holonomic drift differential
equation corresponding to the equations of motion of modeling level 4 (4.43) is
defined by

e () + e (t) + ey (t) + coy(t) = €(t),

where ¢; € C fori=0,...,3 and the nonholonomic drift differential equation corre-
sponding to the equations of motion of modeling level 4 (4.43) is defined by

d2fj(t) + din(t) + don(t) = 6(t),
where d; € C fori=0,...,2 with (4.94).

In the following, we consider different formulations of the equations of motion and
analyze when the holonomic and nonholonomic constraints on position, velocity,
and acceleration level of the original equations of motion, which describe the solu-
tion manifold (4.65), are satisfied, see also [170].

Let us start the considerations with the underlying differential equation (4.85). We
get the drift differential equations which correspond to (4.52¢) and (4.54e) in the
form %(¢t) = 0 and 7j(t) = 0, respectively. Since in the numerical integration the
solutions are influenced by round-off errors or stopping errors denoted by €(t) and
d(t) when applying an iterative method to solve the nonlinear equations, perturba-
tions influence the equations of the underlying differential equations. Assume that
the errors €(t) and §(¢) do not vanish and there exist Taylor expansions

) 1 _ 0 1 .
G(t)=€o+€1At+ZEGiAtZ and 5(t)=50+51At+255iAt1

=2 i=2

with At = (¢ — to). This leads to perturbations of (4.52¢) and (4.54¢) in the form

o] 1 ) o] 1 )
§(t) = o+ et AL+ SeAt and j(t) = do + 01 AL+ > G0N (4.96)

=2 i=2
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Then we get the solution of the perturbed drift differential equations (4.96) as

1

At + ..
gg 1Rt s

1 1
’Y(tO) + ;Y(tO)At + E"}‘/(to)Aﬁ + 660At3 +

=2

=
~+

N

1 1
n(to) + n(to) At + 560At2 + gélAt?’ + ...

3

=
~

=

with (4.95) and At =t —t(. Since y(¢) and 7(t) represent the residuals of the right-
hand sides g(p(t), s(t), u(t)) and h(p(t), v(t), s(t), u(t)) of the holonomic constraints
on position level and of the nonholonomic constraints on velocity level, respectively,
the best what we can expect is that the residual of the holonomic constraints on
position level is of order O(t3) (if not worse) and of the nonholonomic constraints
on velocity level is of order O(t?) (if not worse) for ¢ — oo. This behavior of the
numerical solution is known as drift-off phenomenon (see also Section 3.4.1) and
describes the behavior of the numerical solution which drifts away from the solu-
tion manifold defined be the holonomic and nonholonomic constraints on position,
velocity, and acceleration level.

Remark 4.4.3 a) The underlying differential equations (4.85) have a solution for
every set of initial values pg, vg, 79, Wo, So, Ao, and pg. Besides numerical aspects of
the solution of ODEs, no problems arise from initial values or computed solutions
at intermediate steps.

b) If the initial values are consistent with the equations of motion (4.43), see Lemma
4.2.26, then the analytical solution satisfies all constraints and, consequently, it lies
on the solution manifold.

¢) If the initial values are not consistent with the equations of motion (4.43), then
even the analytical solution does not satisfy the constraints and therefore, it does
not lie on the solution manifold. In particular, the analytical solution is deviating
from the position manifold M, such that the residual of the constraints on position
level has quadratic behavior in ¢. Likewise, the analytical solution is deviating from
the velocity manifold M, with a residual of constraints on velocity level behaving
linearly in t. The residual of the acceleration constraints is constant. ]

If one uses the s-index-0 formulation EoM (4.82) of the equations of motion as a
basis for the numerical integration, we get the perturbed drift differential equations

; 1 i . — 1 i
5(t) = €0 + e1 At —|—ZﬁeiAt and n(t):60+61At+ZﬂdiAt. (4.97)

i=2 i=2

Therefore, we get the solutions as

2

=S
~+

N

1 1
V(to) +F(to) At + §€oAt2 + éelAt3 + .
1

n(t) = n(to)+ doAt + 560At2 + ...

with (4.95) and At =t — tg. Therefore, the best what we can expect is that the
residual of the holonomic constraints on position level is of order O(¢?) (if not worse)
and of the nonholonomic constraints on velocity level is of order O(t!) (if not worse)
for t — oo.

Remark 4.4.4 a) If the initial values wo, so, Ao, and pg are not consistent, then
the strangeness-free form of the equations of motion EoMq (4.82) has no solution.
b) Furthermore, if the initial values are consistent with the equations of motion
(4.43), see Lemma 4.2.26, then the holonomic constraints on acceleration level
(4.51a) and the nonholonomic constraints on acceleration level (4.53a) are enforced
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by using these constraints explicitly in EoMg. Therefore, if the initial values are
consistent, then the analytical solution according to EoMj satisfies all constraints
and, therefore, lies on the solution manifold.

¢) If the initial values wy, sg, Ag and pg are consistent and pg and vy are not consis-
tent with the equations of motion (4.43), then the analytical solution deviates from
the position manifold M, in a linear way with respect to the residuals and lies with
a constant residual near the velocity manifold M,,. The analytical solution itself lies
on the acceleration manifold M.

d) Since the strangeness-free formulation of the equations of motion has no solution
if the initial values wy, sg, Ag, Or po are not consistent, one would expect numerical
problems. Actually, if these initial values are inconsistent then no solution exists
but it is easy to compute consistent initial values by solving the constraints (4.43d),
(4.43e) (4.51a), and (4.53a) for wp, so, Ao, and pg. All necessary constraints are
explicitly available in EoMg (4.82). Furthermore, in all subsequent integration steps
the intermediate numerical solutions x; at t; satisfy all constraints. Therefore, the
intermediate solutions w;, s;, A;, and u; are consistent in each intermediate step.
The consistency of p; and v; is not important for numerical aspects. Therefore,
neglecting numerical aspects of the solution of ODEs, no numerical problems arise
from initial values or computed solutions at intermediate steps. O

In analogy to the considerations above with respect to the s-index-1 formulation
EoM; (4.81) as a basis for the numerical integration we get the perturbed drift
differential equations

> 4 ' > 4 ‘
’y(t) =¢e9+ At + Z EGiAtl and 77(t) =g + 01 At + Z ﬁélAtl (498)

i=2 i=2

Therefore, we get the solutions as

1
() = 7(t0)+€oAt+§61At2+...,
n(t) = 6o+ AL+ ...

with (4.95) and At =t —t. Since y(t) and 7(t) represent the residuals of the right-
hand sides g(p(t), s(t), u(t)) and h(p(t), v(t), s(t), u(t)) of the holonomic constraints
on position level and of the nonholonomic constraints on velocity level, respectively,
the best what we can expect is that the residual of the holonomic constraints on
position level is of order O(t!) (if not worse) and of the nonholonomic constraints
on velocity level is of order O(t°) (if not worse) for t — oco.

Remark 4.4.5 a) If the initial values vg, wo, Sg, Ao Or o are inconsistent then the
EoM; has no solution.

b) If the initial values py are consistent with the equations of motion (4.43), see
Lemma 4.2.26, then according to the analytical solution the holonomic constraints
on velocity level (4.50a) and also their first derivative with respect to ¢, i.e., the
holonomic constraints on acceleration level (4.51a), as well as the nonholonomic
constraints on velocity level (4.43f) and also their first derivative with respect to
t, i.e., the nonholonomic constraints on acceleration level (4.53a), are enforced by
using the velocity constraints explicitly in (4.81). With consistent initial values, the
analytical solution satisfies all constraints even in the form (4.81) and, Therefore,
it lies on the solution manifold M.

¢) Since (4.81) is no longer strangeness-free, it contains hidden constraints on level
one. These are 0 = ! and 0 = g7.

d) If the initial values v, wo, So, Ao, and po are consistent and pg is not consistent
with the equations of motion (4.43), then it follows that the holonomic constraints
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on position level are not satisfied and have a constant residual g(p(t), s(t),u(t)) =
~(to) # 0 for all ¢t € T with respect to an analytical solution. The constraints on
velocity level (4.43f) and (4.50a) and also their first derivative with respect to ¢, i.e.,
in particular, the holonomic constraints on acceleration level (4.51a) are enforced
by using the constraints on velocity level explicitly in (4.81). Therefore, by using
inconsistent initial values pg the analytical solution lies near the position manifold
M, with a constant residual, but the solution lies on the velocity manifold M, and
on the acceleration manifold M.

e) Since the s-index-1 formulation (4.81) of the equations of motion has no solution
if the initial values vg, wg, Sg, Ao, and pg are not consistent, one would expect nu-
merical problems. Actually, if these initial values are inconsistent then no solution
exists. But it is possible to compute initial values wy, sg, and vy by solving the con-
straints (4.81d)-(4.81f). Furthermore, if one provides consistent initial values, after
every numerical integration step the consistency of the solution components v;, w;,
and s; is guaranteed by the explicit appearance of the constraints on velocity level
(4.81d)-(4.81f). But, in general, the solution components A; and p; are not con-
sistent because of rounding errors. Therefore, in addition to the numerical aspects
of the solution of ODEs, in general it is not possible to guarantee a convergence
behavior for Lagrange multipliers. The consistency of p; is not important for the
numerical solvability by use of the EoMj. O

Consider the original equations of motion of modeling level 4 (4.43). Since the
holonomic constraints on position level (4.43g) and the nonholonomic constraints
on velocity level (4.43f) are satisfied because of their explicit appearance in the
original equations of motion, also their first and second derivative with respect to
t, i.e., the constraints on velocity level (4.50a) and the constraints on acceleration
level (4.51a) and (4.53a) are satisfied by an analytical solution.

However, with respect to a numerical integration we get the perturbed drift differ-
ential equations

o] 1 ) o] 1 )
¥(t) = o +a AL+ SeAt and () = do + 0, AL+ > G0N (4.99)

i=2 i=2
Therefore, we get their solutions as

’}/(t) = 60+61At+...,
n(t) = 50 + 51At + ...

with (4.95) and At = ¢ —t. Since y(t) and 7(t) represent the residuals of the right-
hand sides g(p(t), s(t), u(t)) and h(p(t), v(t), s(t), u(t)) of the holonomic constraints
on position level and of the nonholonomic constraints on velocity level, respectively,
the best what we can expect is that the residual of the holonomic constraints on
position level is of order O(t°) (if not worse) and of the nonholonomic constraints
on velocity level is of order O(t%) (if not worse) for t — oc.

Remark 4.4.6 a) If all initial values are consistent, then the analytical solution
lies on the solution manifold M.

b) If the initial values are inconsistent, then the original equations of motion (4.43)
with s-index two (and d-index three, when exist) have no solution.

¢) Since the original equations of motion (4.43) have no solution if the initial values
are not consistent, numerical problems have to be expected. Actually, if these initial
values are inconsistent, then no solution can be found but it is possible to compute
consistent initial values pg, wo, and sg by solving the constraints (4.43d), (4.43e),
and (4.43g). Therefore, if one provides consistent initial values after each numerical
integration step, the consistency of solution components p;, w;, and s; is enforced
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by the explicit appearance of the constraints (4.43d), (4.43¢), and (4.43g). On the
other hand, the solution components v;, A;, and u; in general are not consistent,
because of rounding errors. Therefore, in addition to the numerical aspects of the
solution of ODEs, it is in general not possible to guarantee a convergence behavior
for the velocity components and the Lagrange multipliers. ([

In [5] the influence of perturbations on different formulations is discussed. It is
demonstrated that the numerical integration of the original equations of motion of
s-index two leads to (large) errors in the solution independent of the prescribed
tolerance. But otherwise, the numerical integration of the EoM; of s-index 1 leads
to appropriate errors in the solution depending on the prescribed tolerance. This
effect arises from the fact that the solution of higher index DAEs does not only
depend continuously on perturbations but, rather in addition on derivatives of the
perturbations, too.

Table 4.2 summarizes all these results. Note, that the d-index only exists if the
equations of motion of modeling level 4 (4.43) with noncontradictory constraints
(4.43f) and (4.43g) satisfy the Assumptions (4.48a), (4.48b), and (4.49). From
Table 4.2 it becomes clear that none of the formulations above is ideally suited
as a base for numerical integrations. Either the analytical solution deviates from
the solution manifold in a cubic way but without possible numerical oscillations
when using the underlying differential equations. By using the original equations of
motion the solution does not deviate from the solution manifold but the numerical
integration may yield numerical oscillations with respect to A, p, and v. A trade-off
between oscillations and deviation is the use of EoMg or EoM;.

This shows that it is necessary to look for a formulation which does not contain any
possible oscillating behavior, i.e, one has to look for a strangeness-free formulation.
On the other hand, this formulation must contain all possible information about the
solution manifold. Different ways out of this dilemma are regularization techniques
are discussed in the following Section 4.6.

The index of a differential-algebraic system and the way how all information about
the solution manifold is given have an essential influence on the quality and the
success of numerical integration. Here, a small index, if possible d-index 0 or d-
index 1, i.e., s-index 0, is preferred, see [69]. Furthermore, there should be no
hidden constraints, i.e., all information of the solution manifold should be given in
an explicit way in the system which has to be integrated.

Example 4.4.7 The drift-off phenomenon is demonstrated in [82] for the example
of the mathematical pendulum, see also Figure 5.6 in Example 5.3.1. Furthermore,
the drift-off phenomenon is considered in [167] for the nonlinear truck model, see
Example 4.1.14. O

4.5 Two paradigms

As we have seen in Section 4.4, it is essential for the quality of a numerical solution
that the constraints which restrict the solution are provided in an explicit way, i.e.,
the information about the constraints should appear as equations in the equations
of motion. We have seen that in the case of hidden constraints contained in the used
form of the equations of motion, the numerical solution is influenced by instabilities
and in the case of replacing constraints by their derivatives, yielding the s-index-1
formulation of the equations of motion (4.81) and the s-index-0 formulation of the
equations of motion (4.82), the numerical solution is influenced by the drift-off ef-
fect.

Furthermore, in Section 4.1.4 we have seen that in the case of existing solution in-
variants which are satisfied by an analytical solution, the numerical solution usually
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not satisfy these solution invariants, since the numerical algorithm cannot force the
numerical solution into invariant manifolds without explicit information describing
these invariant manifolds, see Figure 4.9. Therefore, it is essential for the accuracy
and the stability of the numerical solution that the corresponding numerical algo-
rithm is provided in an explicit way with all information which is available. We get
the following Modeling Paradigm.

Paradigm 4.5.1 (Modeling Paradigm) The model equations of a dynamical sys-
tem should explicitly contain all available information about the dynamical system.

Remark 4.5.2 In the modeling paradigm ”explicitly contain” means that the in-
formation appears as equations among the model equations.

In particular, for the equations of motion of modeling level 4 (4.43) it follows from
the nature of the equations, that the first and the second derivative of the holonomic
constraints with respect to ¢t and the first derivative of the nonholonomic constraints
should be explicitly provided in the model equations.

Furthermore, information of possibly existing invariant manifolds are of importance
and should explicitly appear in the model equations. O

On the other hand, it is clear that explicitly providing all information about a
dynamical system that is available, does not make sense if the used numerical al-
gorithm is not able to handle this information. Therefore, a numerical algorithm
should be able to respect all possibly available information of a dynamical system
which leads to the following Algorithm Paradigm.

Paradigm 4.5.3 (Algorithm Paradigm) A numerical algorithm for the numer-
ical solution of model equations of dynamical systems should be able to respect all
possible information about the dynamical system that is available.

Remark 4.5.4 Previously there did not exist numerical codes which do respect
all information, in particular, the information about invariant manifolds. Some
numerical integration methods exist which reflect invariant manifolds in the used
discretization scheme, see [80], but nevertheless, round-off errors and truncation
errors lead to a drift away from the invariant manifolds. |

4.6 Regularization of the equations of motion

In general, the numerical integration of the equations of motion (4.43) is substan-
tially more difficult and prone to intensive numerical computation than that of
ODEs, see [25, 73, 82, 133]. As mentioned above, the index of a DAE provides a
measure of the difficulty of solving the treatment of the DAE. A lower index is to
be preferred for the numerical simulation. However, simple differentiation of the
constraints does lower the index, but it does increase the drift-off effect as shown
in Section 4.4.

Several approaches have been introduced in order to stabilize the integration pro-
cess. For an overview see [25, 51, 82, 164]. In principle, the regularization techniques
can be classified into three different categories.

The first class are the stabilization methods, e.g., Baumgarte stabilization [19], the
use of singularly perturbed problems [82, 97], or lowering the index by differentia-
tion of the constraints [66]. The second class covers the state space methods, e.g.,
[127, 139]. The third class is concerned with projection methods, e.g., the Gear-
Gupta-Leimkuhler formulation [68], overdetermined or ssf-formulation [60].

In the following we will review some important and widely used regularization tech-
niques and if possible we will extend these techniques to the equations of motion of
modeling level 3 and 4 (4.43). Furthermore, in Section 4.6.2.3 we will develop a new
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regularization technique for the equations of motion of modeling level 3 and 4 (4.43)
based on the general approach for nonlinear DAEs, see Section 3.4.2, which exploits
the structure of the equations of motion such that this regularization technique
is simple to realize and offers the possibility of combination with a numerical dis-
cretization method to create a robust and stable integrator for mechanical systems,
see Chapter 5.

4.6.1 Stabilization methods
4.6.1.1 Regularization by differentiation the constraints

The regularization of DAEs via index reduction by use of differentiated constraints
instead of the original constraints is already discussed in Section 3.4.1.

The application of this regularization technique to the equations of motion of mod-
eling level 4 leads to the formulations (4.81), (4.82), and (4.85). In particular, we
have seen that lowering the index by differentiation creates a more suitable for-
mulation for the numerical integration but increases the drift-off phenomenon as
discussed in the previous Section 4.4.

Nevertheless, this technique is widely used in numerical integration methods. An
acceptable compromise using one of the formulations (4.43), (4.81), (4.82), or (4.85)
as basis for the numerical integration is the s-index-1 formulation (4.81), which is
the basis of several numerical integration methods for the equations of motion, e.g.,
MEXAX [118], HEDOP5 [6], HEM5 [22, 21], see Section 4.7.

4.6.1.2 Baumgarte stabilization

In [18] , Baumgarte proposed a stabilization technique for the equations of motion
of multibody systems of modeling level 0 (4.34), see also [82, 147, 164]. He in-
troduced stabilization terms into the associated s-index-0 formulation of modeling
level 0 (4.39), which steers a perturbed nonconsistent solution back to the solution
manifold M. The dimension of the obtained system is preserved. The s-index of
the Baumgarte-stabilized equations of motion is reduced to s-index 0 (the d-index
is reduced from 3 to 1) but the solution manifold associated with the stabilized
equations of motion has a larger dimension than the original solution manifold M
and contains the solution manifold M.

In particular, the holonomic constraints (4.34¢) are replaced by a linear combina-
tion of the holonomic constraints on position level (4.34c), on velocity level (4.35),
and on acceleration level (4.36), i.e., the constraints are replaced by

0= g"(p,v,\) + 2ag" (p,v) + B*g(p).

By using v(t) = g(p(t)) according to Definition 4.4.2, we get the holonomic drift
differential equation

0 = H(t) + 2a5(t) + B2(1). (4.100)

The coefficients o and 3 are chosen such that the roots A o of the corresponding
polynomial

0= A2+ 2a\+ 32

have negative real part. In this case, the solution v(¢) = 0 is a stable solution of
(4.100), i.e., solutions with initial residuals v(tg) = g(po) and #(to) = g’ (po,vo)
which are possibly nonzero tend to zero. Using this stabilization technique, the
solution manifold (4.37) is attracting.

The main difficulty with the Baumgarte stabilization is the choice of the parameters
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a and (. This question is discussed in [14, 76], while in [14] it is shown that there
exists no universal choice of the parameters for all problems. Rather, the optimal
choice of the parameters a and § depends on the problem, the discretization method,
and the discretization step size.

An extension of the Baumgarte stabilization to equations of motion of modeling
level 4 (4.43) is possible and has the form

p = Zphv, (4.101a)
M(p,u)o = f(p,v,r,w,s,\, pu,u) (4.101b)
~ZT(p)GT (p, s,u)\ — ZT (p)H (p, 5, u) s,
7 = b(p,v,r,w, s, A\ @, u), (4.101c)
0 = d(p,v,r,w,s, A pu), (4.101d)
0 = cp,su), (4.101e)
0 = hi(p,v,r,w,s \ put)+h(p,v, s, u), (4.101f)
0 = g"(p,v.,r,w, s X pu?) +ag'(p,v,s,u') + Bg(p,s,u), (4.101g)

with a and 8 chosen as in the classical Baumgarte stabilization and § > 0. In the
case of § > 0 the corresponding nonholonomic drift differential equation

0 =(t) + on(t),

arising from (4.101f), has n(t) = 0 as a stable solution and the solution manifold
becomes attracting.

4.6.2 Projection methods
4.6.2.1 Gear-Gupta-Leimkuhler formulation

In [68], Gear, Gupta, and Leimkuhler presented a possibility to modify the equations
of motion of modeling level 0 in a simple way such that the s-index is lowered from
two to one (d-index is lowered from three to two), while the solution manifold is
preserved, i.e., no drift-off effects occur. The idea is to add the constraints on
velocity level (4.35) to the equations of motion of modeling level 0 (4.34) whose
purpose is to ensure that the constraints on velocity level are satisfied. This leads to
an overdetermined DAE. This system can be made determined by introducing new
Lagrange multipliers 9 yielding the so-called Gear-Gupta-Leimkuhler formulation
of the equations of motion of modeling level 0 given by

p = v—GT(p)Y, (4.102a)
M(p)s = f(p,v.t)—G"(p)A, (4.102b)
= g(p), (4.102c)

= G(p. (4.102d)

The dimension of the system is increased by njy.

In [68] the relation between the equations of motion of modeling level 0 (4.34) and
the Gear-Gupta-Leimkuhler formulation (4.102) is discussed. It is shown, that if
(p,v,A) is a solution of (4.34) then (p,v,\, ) with ¥ = 0 is a solution of (4.102).
Conversely, if (p,v, A, ) is a solution of (4.102) then it follows that ¥ = 0 and
(p,v,A) is a solution of (4.34).

An extension of this approach to equations of motion of modeling level 3 (4.43) is
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possible and has the form

p = Zlpv—G"(p,s,u)d, (4.103a)
M(p,u)o = f(p,v,rw, 8, p,u) (4.103Db)
_ZT(p)GT(p7 S, u))‘ - ZT(p)HT(p7 S, u),u>
7 = b(p,v,r,w, s, A p,u), (4.103c)
0 = dp,v,r,w,s,\ pu), (4.103d)
0 = cps,u), (4.103¢)
0 = H(p,s,u)Z(p)v+h(p,s,u), (4.103f)
0 = g s,u), (4.103g)
0 = g'(p,v,suh). (4.103h)

Let us call this formulation the Gear-Gupta-Leimkuhler formulation of modeling
level 8. In the following we will perform the Procedure 3.5.11 concerning the Gear-
Gupta-Leimkuhler formulation of modeling level 3.

Procedure 4.6.1 Let the equations of motion of modeling level 3 (4.43) satisfy As-

sumptions (4.55a)-(4.55¢) and (4.56). Following Procedure 3.5.11 we get, according

to the Gear-Gupta-Leimkuhler formulation of modeling level 3 (4.103) the DAE
B’ =k°

with x = [ pT T T T T AT T Y7 ]T and

[ i [ Zv —GTY

f=ZTGT"\-ZTHT

3

bl

N

E° = , KO =

coocococogo
coococoiloco
coococoococoo
coococococoo
coococococoo
cCcoococoococoo

SO OO OO oo

OO OO O oo

This is equivalent to
E% = k°

with E° = E° and k° = k9. Differentiation of the constraints leads to

E's =k
with
[I,, 0 0 0 0 0 0 0] I Zv—GTY T
O M 0 0 0 0 00 f—=ZTGT\-ZTH"
0O 0 I, 0 0 0 00 b
2 dp dy dy dy ds dy d, 0 . —d
cpy 0 0 0 ¢cs O 0 0| —C
h, HZ 0 0 hs 0 0 0 —h
gp 0 0 0 gs 0 0 O —gal
L g g, 0 0 gL 0 0 0] i —gfulul |

Elimination leads to

&
K-
I
1
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with
i I,, 0o 0 0 0 0 00 i
O M 0 O O O 0 O
o 011, 0O 0 O 0O
Bl 0 0 0 dy ds dx d, 0
- 0 0 0 0 ¢s O 0O
O 0 0 0 O O 0O
O 0 0 0 O O o0 O
. 0 0 0 0 0 0 0 0|
and
[ Zv—GTY 1
f—=2ZTGTX\ - ZTHT
b
i —d i —dp(Zv — GTY) — d,vM_l(f —ZTGTN-ZTH ) — d,b

—c it —cp(Zv — GTY)
—hf 4+ (hp— h7scfslc,p)GT19
—g' +GGTY
—g" + (g%, — glicte,,)GTY

Further differentiation of the algebraic equations leads to

E?3 = k?
with
(L, 0 0 0 0 0 0 0 T
0 M 0 0 0 0 0 0
0 0 I, 0 0 0 0 0
52— 0 0 0 d w de dyx d, 0
o 0 0 0 0 cs O 0 0 ’
x x x —HZM7f., x EZ E% (hy—hsclcy)GT
X X X 0 x 0 0 GGT
| x x x —-GZM7'f, x E3 EZ% (gfp - g’fscy—slc’p)GT |
B}y = —HZIM~(fa—27GT), E} = —HZM-\(f,—ZTHT),
E% = —-GZIM Y f\—-2'G"), E3, = —-GZM~\(f,-Z"HT)
Elimination and row permutation leads to
E%i = k?
with
(L, 0 0 0 0 0 0 0 1
0 M O 0 0 0 0 0
0 0 I, 0 0 0 0 0
B2 0 0 0 dw ds dx d, 0
- 0 0 0 0 ¢s O 0 0
0 0 0 0 0 E E2 (h,—hycile,)GT
0 0 0 0 0 E% E2 (¢ —gicley)GT
.o 0 0 0 0 0 0 GGT
and
E% E2, | [ HZM™'Gy, HZM™'H,
B2, E2. | | GZM™'Gy GZM™'H, |’
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From Assumption (4.55a)-(4.55¢) and (4.56) and Lemma 4.2.10 we get the nonsin-
gularity of E? for all (p,v,7,w,s,\, u,u?) € M. Hence, the algebraic constraints
vanish, i.e., m3 = 0. In accordance to (3.42) the Procedure 3.5.11 terminates with
v=2. ]

Lemma 4.6.2 Let the equations of motion of modeling level 3 (4.43) satisfy As-
sumptions (4.55a)-(4.55¢) and (4.56). Then the Gear-Gupta-Leimkuhler formula-
tion (4.108) of modeling level 3 has maximal constraint level v. = 1 and d-index
vg = 2, any solution (p,v,r,w, s, A\, u, ) of (4.103) has ¥ = 0 for all t € 1, and
(p,v,ryw, 8, A, 1) is a solution of the original equations of motion (4.43) of model-
ing level 3. Conversely, if (p,v,r,w,s,\, 1) is a solution of the original equations
of motion (4.43) of modeling level 3, then (p,v,r,w, s, A, iu,0) is a solution of the
Gear-Gupta-Leimkuhler formulation (4.103) of modeling level 3.

Proof: From Procedure 4.6.1 we get that the Gear-Gupta-Leimkuhler formulation
(4.103) has maximal constraint level v, = 1. Furthermore, from Lemma 3.5.29 it
follows that the Gear-Gupta-Leimkuhler formulation (4.103) has d-index v4 = 2.
In [68] the equivalence of the standard form of the equations of motion (4.34) of
modeling level 0 and its associated Gear-Gupta-Leimkuhler formulation (4.102) is
given. The proof for the equivalence of the equations of motion of modeling level
3 (4.43) and its Gear-Gupta-Leimkuhler formulation of modeling level 3 (4.103) is
similar.

Obviously, every solution of (4.43) does satisfy the Gear-Gupta-Leimkuhler formu-
lation (4.103) with ¢ = 0. On the other hand, suppose that (p,v,r, w, s, A\, u,?) is a
solution of (4.103). Differentiating (4.103g) leads to (4.50b). Substituting (4.103a)
yields

0=G(Zv—G"I) + (gu — g5 cu)ic (4.104)
Subtracting (4.103h) in the form (4.50c) from (4.104) yields
0=GG"Y.

From Lemma 4.2.10 we have the full rank of G and therefore, the nonsingularity of
GGT and we get ¥ = 0. Hence, the solution of (4.103) also satisfies (4.43). O

Remark 4.6.3 From Lemma 4.6.2 we get that the Gear-Gupta-Leimkuhler formu-
lation (4.103) of modeling level 3 is equivalent to the original equations of motion
(4.43) of modeling level 3 in the sense that both solution sets are identical apart
from the additional Lagrange multipliers . O

The advantage of the Gear-Gupta-Leimkuhler formulation (4.103) is the reduced
maximal constraint level v, = 1, the reduced d-index and s-index, that its solution
manifold is equivalent to the solution manifold M, and that in addition to the
constraints on position level the constraints on velocity level appear explicitly. The
disadvantages are the higher index, i.e., the s-index is still larger than 0, and that
the Gear-Gupta-Leimkuhler formulation is not strangeness-free. Slight instabilities
may occur and the constraints on acceleration level remain hidden.

An extension of the Gear-Gupta-Leimkuhler formulation (4.102) of the equations
of motion of modeling level 0 is proposed by Fiihrer and Leimkuhler in [60] which
is still of s-index one, i.e., not strangeness-free, but involves all constraints (4.34c),
(4.35), as well as (4.36) in an explicit way. Therefore, no drift-off effects for the
state variables of the multibody system but slight instabilities for the additionally
introduced variables occur. For more details see [60, 164].
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4.6.2.2 Overdetermined formulation

While the regularization techniques that are discussed in the previous sections
mostly lead to an equivalent regularized form of the equations of motion of the
same number of unknowns and equations, in [52, 60] an approach based on the
equations of motion of modeling level 0 (4.34) is proposed which adds all hidden
constraints to the equations of motion. This approach leads to an overdetermined
system consisting of (4.34), (4.35), and (4.36). Applying this approach to the equa-
tions of motion of modeling level 3 or 4 (4.43) we get the overdetermined DAE
consisting of (4.43), (4.50), (4.51), and (4.53)

p = Z(p)v, (4.105a)
M(p,u)o = f(p,v,r,w,s, A p,u) (4.105b)
—ZT(p)G" (p, s, WA = ZT (P H (p, s, u)p,
T b(p, v, r,w, s, A, 1, ), (4.105¢)
0 = dp,v,r,w,s,\ p,u), (4.105d)
0 = clp,s u), (4.105¢)
0 = H(p,s,u)Z(p)v+ h(p,s,u), (4.105f)
0 = g s,u), (4.105g)
0 = hi(p,v,rw, s\ put), (4.105h)
0 = g'(pv,sul), (4.1054)
0 g% (p,v,r,w, 5, X, 1, u?). (4.105j)

By application the Procedure 3.5.11 to the overdetermined formulation (4.105) we
get the maximal constraint level v, = 0. Furthermore, from Hypothesis 3.2.7 it
follows that the DAE (4.105) has s-index vs = 1. In particular, this means that
the overdetermined formulation (4.105) is not strangeness free but all necessary
information is contained in the system in an explicit way and, therefore, there exist
no hidden constraints. However, the d-index is not defined for (4.105), because of
its overdeterminedness.

After discretization of the DAE (4.105), an overdetermined set of I(n, + n, + n, +
Ny + N + 3n + 2n,) nonlinear equations in {(n, + ny + Ny + Ny + ng + 13 + 1)
unknowns has to be solved several times at each integration step. The number [ € N
is specified by the integration method, e.g., I = 1 for BDF methods or [ denotes
the number of stages for Runge-Kutta-Methods. Because of truncation errors, the
discretized equations become contradictory and can only be solved in a generalized
sense. The solution of the resulting overdetermined algebraic system (discretized
DAE) as described in [60] can be interpreted as a numerical projection onto the
constraint manifold. This approach is implemented in the code ODASSL (thanks to
Claus Fiihrer for providing this algorithm for usage). For more details see [52, 60].

4.6.2.3 Projected-strangeness-free formulation

For equations of motion of modeling level 0 (4.34), a regularization based on the
strangeness concept, see Section 3.4.2, is investigated in [170]. Furthermore, in
[10] the regularization of linear equations of motion of modeling level 2 (4.41) is
discussed. In this section we will extend and generalize the results obtained in
[10, 170] to the equations of motion of modeling level 4 (4.43) with noncontradic-
tory constraints (4.43f) and (4.43g), i.e., they satisfy Assumptions 4.2.4, via index
reduction according to the results of Section 3.5.3.

As shown in Section 4.4 and postulated in the two paradigms in Section 4.5, it is
important to preserve and to determine all information about the solution manifold.
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Therefore, in the regularized form, in addition to the explicitly given constraints
(4.43d)-(4.43g), all hidden constraints, i.e., the holonomic constraints on velocity
level (4.50a), the holonomic constraints on acceleration level (4.51a), and the non-
holonomic constraints on acceleration level (4.53a) should appear in an explicit way
in the regularized equations of motion.

In Section 4.2 we determined the maximal constraint level of the equations of mo-
tion as v, = 2, see Lemma 4.2.22, and the complete minimal reduced derivative in
the form (4.80), see Lemma 4.2.25. Because of the semi-implicit structure of the
equations of motion, we may use the complete minimal reduced derivative array in
the form (3.67) instead of (3.66). From (3.74) we get for v, = 2 the quantities

Ve

r Np + Ny +Np + Ny + N5 +7G +7H,
a” = ny+ns+retru+re+ro+re,
de = (np,—rg)+ (ny —rg —ru) +n, =ng, +nys, +n,.

Therefore, from Definition 3.5.44 with respect to (3.67) we get that a dynamic
selector Sp has to have the size ny, + ny, + n, x n, + n, + n, and with Sp =
[ Sp1 Spa Sps ] it has to satisfy the condition that

 Sp1 SpaM Sps 0 0 0 0 7
dp dy dr do de dx d,
cp, 0 0 0 cy 0 0
rank( z; oz o0 ’;i o0 Db (4.106)
N O P G N
g,I GZ 0 0 gfs 0 0
A T ST R g5 dl |
= Np+Ny+Np+ Ny +Ns+ra+rH (=n—(nax—rg)—(nu—rH))

for all (z,u) € M. Using block Gauf} elimination, we get that the rank condition of
the matrix in (4.106) is equivalent to

. Sm SpaM  Sps
h,—h cte HZ 0
rank( | P é s P 0 0 ) = np+n,+n, (4.107)
gﬁj—g}sc;lc,p GZ 0
and
dyw O d d,

0 c 0 0
rank( 0 (’)s WL~k d-ldy Bl —hl d-ld, ) = np+ns+re+ry. (4.108)
s, SW LW W )

;W

0 O gﬂ—gﬂd;}d,A gi—gﬂd;}d,u

While the matrix in (4.108) is a square matrix of size n.,, + ns + ny +ny, X ny, +
ns+nx + n, and the satisfaction of its rank condition (4.108) follows directly from
Assumption 4.2.4, the matrix in (4.107) is rectangular of size (ny, +ny, +n,) +
Ny +nx+nx X ny +ny +n, withng, =n, —rg and ny, =n, —rg —ry and the
rank condition (4.107), i.e., the matrix in (4.107) has to have full (column) rank, is
satisfied for certain choices of the dynamic selector Sp. If we choose the dynamic

selector in the form

Sp 0
0 0
0 S

Sp=|[Sp1 Sp2 Sps|= (4.109)

oo

<
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and if we choose S, = I, , then we get from (4.107) the (rank) conditions for
choosing the remaining dynamic selectors S, and S, such that

g Sy M
rank({ é’ }) =n, and rank(| HZ |)=n,. (4.110)
GZ

In the case of nonredundant constraints, the condition (4.106) for the determination
of the dynamic selector Sp of size ny, +ny, +n,. X ny+n, +n,, with ny, =n, —ny
and ng, = n, —ny —n,, corresponds to the condition that the matrix in (4.106)
has to be nonsingular for all (z,p) € M. Analogous to the considerations above,
this condition is equivalent to the condition that the matrices in (4.107) and (4.108)
are nonsingular for all x € M. The nonsingularity of the matrix in (4.108) follows
from Assumption (4.55a)-(4.55¢) and (4.56). Furthermore, if we choose the dynamic
selector in the form (4.109) and if we choose S, = I,,,, then we get the conditions
for choosing the remaining dynamic selectors .S, and S, such that the matrices

g Sy M
[ é’ ] and HZ
GZ

have to be nonsingular.

Lemma 4.6.4 Let the equations of motion of modeling level 4 (4.43) be quasi-
regular, i.e., they satisfy Assumptions 4.2.4. Furthermore, let the constraints (4.43g)
and the contact equations (4.43e) be continuously differentiable with respect to p
and s and continuous in u, i.e., g € CHHO(M,,R™), ¢ € CH1O(M,,R"). Then,
there exists a matriz function K, € C®(M,, R"»™») depending on (p,u) with ny, =
n, — rg such that K, has full (column) rank and

G(p, s(p,u), u)K,(p,u) = 0 for every (p,s,u) € M,,.

Proof: From Assumptions 4.2.4 together with the Implicit Function Theorem
2.3.1, it follows that the contact variables s are uniquely determined by the posi-
tion variables p and the control variables u such that we have s € C1°(M,, R":)
as function of (p,u). Hence, we get G € C19(M,,, R™"») depending on (p,u), i.e.,
G = G(p, s(p,u),u), with rank(G) = rq, see Lemma 4.2.11, and the assertion fol-
lows from Lemma 2.1.6. 0

Lemma 4.6.5 Let the equations of motion of modeling level 4 (4.43) be quasi-
reqular, i.e., they satisfy Assumptions 4.2.4. Furthermore, let the contact equations
(4.43¢) be continuously differentiable with respect to p and s and continuous in u,
i.e., ¢ € CHLO(M,,,R"=). For the holonomic constraints (4.43g) and the nonholo-
nomic constraints (4.43f), let the matriz functions G(p, s,u)Z(p) and H(p, s,u)Z(p)
be continuous in p, s, and u, i.e., GZ € CO(M,, R"»"™) and HZ € C°(M,,, R"+ "),
respectively. Then, there exists a matriz function K, € CO(MP,R”“’”J'U) depending
on (p,u) with ny, =n, —rg —rg such that K, has full (column) rank and

G(p,s,u)Z(p)

H(p,s,u)Z(p) Ky(p,u) =0 for every (p,s,u) € M,.

Proof: From Assumptions 4.2.4 together with the Implicit Function Theorem 2.3.1
and the smoothness assumption on ¢(p, s,u), it follows that the contact variables
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s are uniquely determined by the position variables p and the control variables u
such that we have s € C1"*(M,,, R"*) depending on (p,u). Hence, we get
[ GZ

HZ :| € CO(MPaRn)\Jrnwnv)v

depending on (p,u), i.e., G = G(p, s(p,u),u) and H = H(p, s(p,u),u), with a rank
rg + ryg, see Lemma 4.2.10, and the assertion follows directly from Lemma 2.1.6.
[l

Lemma 4.6.6 Let K € C°(X x U, R™") have full (column) rank for every (p,u) €
X x U. Then there exists a map S € C°(X x U,R™™) such that

S(p,u)K(p,u) is nonsingular for every (p,u) € X x U.

Proof: The proof follows directly from Lemma 2.1.12. (]

In preparation for the regularization of the quasi-regular equations of motion of
modeling level 4 (4.43) we also need the following two lemmata.

Lemma 4.6.7 Let the equations of motion of modeling level 4 (4.43) be quasi-
regular, i.e., they satisfy Assumptions 4.2.4. For every (p,u) € M, let the columns
of a matriz function K, € C°(M,, R""™#) depending on (p,u), with ng, =n,—ra,
span ker(G(p, s(p,u),u)) with G € CO(M,, R™ ") and rank(G(p, s,u)) = rg for all
(p, s,u) € M. Furthermore, let a matriz function S, € C°(M,,, R™» ") depending
on (p,u) be given such that S,(p,u)K,(p,u) is nonsingular for all (p,u) € M.
Then

Sp(p,u) —n
G(p, s(p,u),u) ) = np, (4.111)

i.e., the matriz in (4.111) has full (column) rank, for all (p,u) € M,.

rank(

Proof: Let the matrix function K, € C%(M,, R""¢) depending on (p, u) be given
such that the columns of K),(p, u) span coker(G(p, s(p,u),u)). Hence, we have that

rank(G(p, s(p, u), u) Kp(p,u)) = rg. B
Because of the nonsingularity of the matrix [ K, K, ] we have

rank({ % ]) :rank([ %’[Igpp Sé’f—((: }) :rank([ Spg(p %[[—((5 })

With the assumed nonsingularity of the matrix function S,K, € C°(M,, R"/» ")

and rank(G(p, s(p, u),u)K,(p,u)) = rqg it follows that

rank([ %,D }):rank({ Spg{p %’gp })an,,*'rgznp
P

and we have the assertion. O

Lemma 4.6.8 Let the equations of motion of modeling level 4 (4.43) be quasi-
regular, i.e., they satisfy Assumptions 4.2.4. For every (p,u) € M, let the columns
of a matriz function K, € CO(M,, R™ "), with ny, =n, —rg—rm, depending on
(p,u) span

(p, s(p,u),u)Z(p) )

G(p, s(p,
ker( H(p, s(p,u),u)Z(p)
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with GZ € CO(M,,R"™ ™) and HZ € C°(M,, R™"). Furthermore, let a matriz
function S, € C°(M,,, R+ ™) depending on (p,u) be given such that the matriz
function S, (p, w) M (p, u)K,(p,u) is nonsingular for all (p,u) € M,,. Then

Sy (p, u) M (p, u)
rank(| H(p,s(p,u),u)Z(p) |) = ny, (4.112)

G(p, s(p,u),u)Z(p)
i.e., the matriz in (4.112) has full (column) rank for all (p,u) € M,.
Proof: From Lemma 4.2.11 we have that

rank( [ G(p,s(p,u),u)Z(p)
H(p, s(p,u),u)Z(p)

for all (p,u) € Mj,. Let K, € CO(M,, R""¢*+"#) depending on (p,u) be given such
that the columns of K,(p,u) span

])ZTG+TH

G(p, s(p,u),u)Z(p)
COker([ H(p. s(p.u). w)Z(p) ])’

i.e.

G(pas(pa ’LL),’U,)Z(p) [ _
rank({ Hip. s(p.u), ) Z(p) K,(p,u)) =rg+rpm. (4.113)
Because of the nonsingularity of the matrix [ K, K, ] we have
Sy M SoMK, SUM:f{U SoMK, Sva(v
rank(| HZ |)=rank(| GZK, GZK, |)=rank( 0 GZK, |).
GZ H/K, HZK, 0 HZK,

With the assumed nonsingularity of S, MK, € C°(M,, R"/»>""fv) and (4.113) it
follows that

Sy M SuMK, S,MK,
rank(| HZ |)=rank( 0 GZK, |)=mnys +rc+rg=n,
Gz 0 HZK,
and the assertion follows. O

Theorem 4.6.9 Let the equations of motion of modeling level 4 (4.43) be quasi-
reqular, i.e., they satisfy Assumptions 4.2.4. Then there exists a selector S), €
CO(M,R™»""™) with ny, = n, —rg and there ezists a selector S, € CO(M, R™# ")
with ny, =n, —rg —rg such that the differential-algebraic system

Sp(p,w)p = Sp(p,u)Z(p)v, (4.114a)
Se(p,u)M(p,uw)o = Sy(p,u)f(p,v,r,w,s,\ p,u) (4.114b)
—S,(p,u) ZT (p)GT (p, s, u)\ — Sy (p,w) ZT (p)HT (p, s,u)

7 = b(p,v,r,w, s, A\ puu), (4.114c)

0 = dp,v,rws A pu), (4.114d)

0 = c(p,s,u), (4.114e)

0 = H(p,s,u)Z(p)v+ h(p,s,u), (4.114f)

0 = g(ps,u), (4.114g)

0 = hl(p,v,rw, s\ put), (4.114h)

0 = g'(pv,sul), (4.114i)

0 = g"(pv,rw s\ pu?) (4.114j)



174 CHAPTER 4. MULTIBODY SYSTEMS

has the same solution set as the equations of motion of modeling level 4 (4.43).
Furthermore, it has mazimal constraint level v, = 0 and it is strangeness-free.

Proof: If the constraints (4.43f) and (4.43g) are contradictory then the solution
set of the differential-algebraic system (4.114) as well as the solution set of the
original differential-algebraic system (4.43) are empty and therefore identical.

In the following, we will consider the case with noncontradictory constraints (4.43f)
and (4.43g) and we will omit the dependencies on p, v, r, w, s, A, u, and u. The
existence of the selectors S, € C°(M,R"»") and S, € C®(M,R"/»>"v) is proved in
Lemmata 4.6.4-4.6.8. Furthermore, from the construction of S, and S, it follows
that the system (4.114) has maximal constraint level v, = 0.

According to Lemma 3.5.1 we get for the semi-implicit DAE (4.114) that m; =
ng, +mnyg, +n, and rc = ny + ng + 3rg + 2rg. Furthermore, the conditions in
Lemma 3.5.1 are satisfied. In particular, the condition (4.106) for the determination
of the dynamic selector corresponds to the condition (3.27). Therefore, it follows
from Lemma 3.5.1 that the DAE (4.114) is strangeness-free.

It remains to show that the solution set of (4.114) is identical to the solution set of
(4.43). Tt is obvious that a solution of (4.43) is also a solution of (4.114). The other
direction will be proven in the following.

With the trivial equation S,Zv = S,Zv and (4.114i) in the form of (4.50c) we get

{ s, } Ju - { L SpZv . ] (4.115)

G w— gyscfslc,u)u

On the other hand, it follows from (4.114a) and from the derivative of (4.114g) with
respect to t in the form (4.50b), that

Sp | . SpZv
= _ . 4.116
|: G }p |: _(g,u _g,sc,slc,u)u ] ( )
Because of the full rank of the matrix [ SZ; GT ]T, see Lemma 4.6.7, it follows
from the General Implicit Function Theorem 2.3.2 that Zv as well as p are uniquely
determined by (4.115) and (4.116), respectively. Therefore, from (4.115) and (4.116)
we get the kinematical equations of motion (4.43a)

p = Zv.

Furthermore, with the trivial equation S, (f—ZTGTA~ZTHT i) = S, (f—ZTGT X\ —
ZTHT ;1) and (4.114h) in the form of (4.53e) and (4.114j) in the form of (4.51d) we
get

S,M
GZ | M MNf-2Z"G"X\=Z"H"p) (4.117)
HZ
Su(f — ZTGTA — ZTH" )
Tetep)Zo—glaidt + gheteat | (4.118)

v v

—(ilp —h sCStep)Zv — (ha — h,scglc,u)u

) »8™,s

On the other hand, it follows from (4.114b), from the derivative of (4.114i) with
respect to t in the form (4.51c), and from the derivative of (4.114f) with respect to
t in the form (4.53d) that

S, M So(f —ZTGTN - ZTHT 1)
Gz | o= —(g; — géc;lc,p)Zv — g{u1u1 + g}lsc’_slc’uﬂ
oz —(;LJ, — ivl,sc;,lc,p)Zv — (ivzu — ivz,scfslc,u)u
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Because of the full rank of the matrix

SoM
GZ |,
HZ

see Lemma 4.6.8, it follows from the General Implicit Function Theorem 2.3.2 that
M=Yf—ZTGTX— ZTHT i) as well as © are uniquely determined by (4.117) and
(4.119), respectively. Therefore, from (4.117) and (4.119) we get the dynamical
equations of motion (4.43b)

Mio=f—ZTGT"\ - zTH .

In addition, the equations equations (4.43c)-(4.43g) are explicitly contained in both
formulations and therefore, satisfied. Hence, a solution of (4.114) is also a solution
of (4.43). O

Remark 4.6.10 In the case of regular equations of motion , i.e., with nonredundant
constraints, it follows from Lemma 3.5.29 that the DAE (4.114) has d-index vq4 =
ve+1=1. O

Analogous to the projected-strangeness-free DAE developed in Section 3.5.3 we will
call the DAE (4.114) the projected-strangeness-free formulation of the equations
of motion of modeling level 4. Because of the same solution set and the reduced
maximal constraint level and the reduced index, the projected-strangeness-free for-
mulation (4.114) corresponds to a regularization of the equations of motion.

The projected strangeness-free formulation (4.114) is a quasi-linear DAE of n, +
Ny + N 4Ny + s + 13+ 1y +2(ny —rg) + (n, — ) equations and ny, +n, +n, +
Ny +Ns 41y +n, unknown variables which corresponds to an overdetermined DAE
if nx > rg or n, > rpy, i.e., in the case of redundant constraints. Furthermore, in
general, a selection of a set of nonredundant constraints is not recommended, since
a selection of the constraints possibly does change the solution set of the projected-
strangeness-free formulation (4.114) which leads to possibly wrong results in the
analytical or numerical solution, see Example 2.3.15.

In the following we will discuss the special case of the equations of motion of mod-
eling level 2 with Z = I, and a positive definite mass matrix M which offers the
possibility for simplifications of the regularization to the projected-strangeness-free
formulation.

Lemma 4.6.11 Let the equations of motion of modeling level 2 (4.41) satisfy As-
sumptions 4.2.4. Furthermore, let M € C°(M,,,R™ ") be positive definite and
Z(p) = I, for all (p,u) € M.

Then there exists a selector S, € CO(M,R™»""») with ny, = n, — ¢ such that the
differential-algebraic system

Sp(p,u)p = Sp(p,uwv, (4.119a)
Sp(p,u)M(p,u)0 = Sp(p,u)f(p,v,r,w,s,\ u) (4.119Db)
—Sp(p,u)GT (p, 5, w)A,

r = b(p,v,r,w, s\ u), (4.119c¢)
0 = dp,v,rw,s,\u), (4.119d)
0 = clp s u), (4.119¢)
0 = g(ps,u), (4.119f)
0 = g'(pv,s,ul), (4.119g)
0 = g"(pv,rws \u?) (4.119h)
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has the same solution set as the equations of motion of modeling level 2 (4.41) and
is strangeness-free.

Proof: From Z(p) = I,,, it follows that n, = n,. Choosing the selector S, in such
a way that range(S}) = ker(G), i.e., GSI = 0. Then the selector S, satisfies both
conditions (4.110), i.e.,

rank({ S(’é) })—np and rank({ SpGM ])—nv—np

because of the positive definiteness of the mass matrix M, see Lemma A.2.18. The
remaining part of the proof follows from the proof of Theorem 4.6.9. O

With these preparations we have presented all the tools to perform the solution
manifold preserving index reduction of the quasi-regular nonlinear equations of mo-
tion of modeling level 4 (4.43) as follows.

Algorithm 4.6.12 (Solution manifold preserving strangeness deletion)
The equations of motion of modeling level 4 (4.43) are assumed to be quasi-regular,
i.e., they satisfy Assumptions 4.2.4, with noncontradictory constraints (4.43f) and
(4.43g) having constant rank. Furthermore, let M € C°(M,,R™ ™) and Z €
CO(M,, R™»:m),

Then the regularization by index reduction is done by choosing a selector S, €
C°(M,, R™»""7) and a selector S, € C®(M,, R™»'"») depending on (p, u) withny, =
ny, —rg and ny, = n, —rg — rH, in the following way.

1. Determination of selector 5,

(a) Determine K, € CY(M,,R™ ") depending on (p,u) such that the
columns of K,(p,u) span ker(G(p,s(p,u),u)) for all (p,u) € M,, see
Lemma 4.6.4.

(b) Determine the selector S, € C°(M,, R™»"*) depending on (p,u) such
that S, (p, u) Kp(p, u) is nonsingular for all (p,u) € M, see Lemma 4.6.7.

2. Determination of selector S,

(a) Determine K, € C°(M,,R" ") depending on (p,u) such that the
columns of K, (p, u) span

G(p73(p7u)v“)z(p)
ket Hp, s(p. ), u)Z(p) |

for all (p,u) € M,, see Lemma 4.6.5.

(b) Determine the selector S, € C°(M,, R™f+"") depending on (p,u) such
that S, (p, u) M (p, u) K, (p, w) is nonsingular for all (p, u) € M, see Lemma
4.6.8.

3. Projected strangeness-free form of the equations of motion
By appending the constraints on velocity level (4.50a) and the constraints on
acceleration level (4.51a) and(4.53a), the projected strangeness-free form of
the equations of motion is given by (4.114).

With this algorithm we are able to determine an equivalent strangeness-free form
(4.114) of the equations of motion which contains all information about the solution
manifold (4.2.14). The strangeness-free form created in this way is analytically
equivalent to the original equations of motion in the sense that both have the same
solution set. Furthermore, this form is suitable for numerical integration using stiff
ODE solvers like implicit Runge-Kutta-Methods or BDF methods.
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Remark 4.6.13 Note that the selectors S, and S, satisfying the nonsingularity
conditions (4.111) and (4.112) are not uniquely determined. Rather it is possible
to choose the selectors in a piecewise constant fashion. This fact is of great advan-
tage and importance for the numerical integration because it offers the possibility
to reduce the amount of work for the computation of the selectors. But on the
other hand the choice of the selectors influences the conditioning of the projected-
strangeness-free formulation. In particular, this means, that the condition number
of the iteration matrix M (see Section 3.5.4.2), e.g., for solving the nonlinear stage
equations (3.113a), depends directly on the choice of the selectors. O

Let us perform Algorithm 4.6.12 for the example of the mathematical pendulum.

Example 4.6.14 The mathematical pendulum: Following Algorithm 4.6.12
we have to consider G which is given in (4.21) as

G = [ 2p1  2po ] .
The matrix function K, can be determined as
fr = [ n ]
and, therefore, the selector S, can be chosen as
Sp=1[-p2 p1 |
such that

Splp = [ —p2 Pl][;?]:[p%p%]:[ﬂ},

see the constraints (4.20c). Since the mass matrix is given such that M = mlI, the
equations of motion satisfy the conditions of Lemma 4.6.11 and we can use S, = S,
and we get the projected strangeness-free formulation

—p2P1 +Pp1P2 = —p2u1 + P1ve, (4.120a)
—mpaU1 + mp1vy = —mgpi, (4.120Db)
0 = pi+ps—L7% (4.120c)
0 = 2p11)1 + 2]92’[)2, (4120(1)

4
0 = 20} +20} —2pog— —(p} +pD)N.  (4.120¢)

As mentioned in Remark 4.6.13, the selectors S}, and S, are not uniquely determined
by the conditions (4.111) and (4.112) or the Algorithm 4.6.12. In particular, the
selectors can be chosen to be piecewise constant.

Let us consider this fact for the pendulum with the initial state p; = 0 und po = —L,
i.e., the pendulum is hanging downwards. In this position the selectors can be
determined as

Sp(p,u) = Sp(p,u)=[ L 0]. (4.121)

Keeping these selectors constant, the leading matrix of the left-hand side of the
underlying ordinary differential equations, (obtained by substituting the algebraic
equations in (4.120) by their derivatives with respect to t) is

L 0 0 0 0
0 0 mL 0 0

21 2p2 0 0 0 . (4.122)
X X 2p1 2p2 0

X x o ox o ox A(piip3)
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Obviously, this matrix is nonsingular as long as ps does not become zero. In par-
ticular, this means that as long as that the pendulum does not reach one of the
horizontal positions, i.e., p; = £L and ps = 0, the selectors may be chosen constant
as in (4.121). Otherwise, if the pendulum reaches or crosses the horizontal position,
the matrix (4.122) becomes singular and the first and third as well as the second
and fourth equations are redundant such that the solution is not uniquely defined.
Furthermore, the condition number of matrix (4.122) goes to infinity as ps goes to
Zero.

For these reason, in the neighborhood of the horizontal position of the pendulum
new selectors have to be determined. See also the Example 5.3.1 for numerical
results. ]

4.6.2.4 Projected-s-index-1 formulation

In addition to the projected-strangeness-free formulation of quasi-linear DAEs we
discussed in Remark 3.5.55 an incomplete regularization which leads to a DAE with
reduced maximal constraint level and reduced index that has the same solution
set but which is not necessarily strangeness-free. In the following we will discuss
an incomplete regularization of level 1 for the equations of motion analogously to
Example 3.5.56.

Theorem 4.6.15 Let the equations of motion of modeling level 4 (4.43) be quasi-
regular, i.e., they satisfy Assumptions 4.2.4. Furthermore, let the constraints (4.43d)-
(4.48g), (4.50a) be continuously differentiable. Then there exists a selector S, €
CO(M, R™»""») with ng, = np —rg such that the differential-algebraic system

Sp(p,u)p = Sp(p,u)Z(p)v, (4.123a)
M(p,u)o = f(p,v,r,w,s, A p,u) (4.123D)
=21 ()G (p, s, u)A = ZT (p)HT (p, 5,u)p,

T b(p,v,r,w, 8, \, p, w), (4.123c)
0 = dp,v,r,w, s\ p,u), (4.123d)
0 = cps,u), (4.123¢)
0 = H(p,s,u)Z(p)v+ h(p,s,u), (4.123f)
0 = g(p s u), (4.123g)
0 9" (p,v,s,u") (4.123h)

has the same solution set as the equations of motion of modeling level 4 (4.43) and
has mazimal constraint level v, = 1.

Proof: If the constraints (4.43f) and (4.43g) are contradictory then the solution
set of the differential-algebraic system (4.123) as well as the solution set of the
original differential-algebraic system (4.43) are empty and therefore identical.

In the following, we will consider the case with noncontradictory constraints (4.43f)
and (4.43g) and we will omit the dependencies on p, v, r, w, s, A, g, and u. The
existence of the selector S, € C°(M, R"™/»"7) is proved in Lemmata 4.6.4-4.6.7.
Following Procedure 3.5.11 we get according to (4.123)

E% =k°
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withx:[pT ol T T sTONT

SpZv
f=2ZTGTX\ - ZTHTy

3

coocococoon
coocococogo
coococoitoco
cococococoo
coococococoo
coococococoo
coocococococo
e
[}
I

This is equivalent to the intermediate DAE (3.40) for i = 0
E% =k°

with E° = E and £° = k°. We get the constraint set of level 0

My = {(z,u’) eXxU' : 0=d, 0=¢, 0=HZv+h, 0=g, 0=g'}.

Differentiation of the constraints leads to

Eli =k
with
(S, O 0 0 0 0 0 T i SpZv
O M O O O 0 O f—=ZTH" - ZTGT
o o I, 0 0 0 O b
Bl dp do dy dw ds dx d, pl d .t
Tl ep O 0 0 ¢s O O ’ - Cull
hpy HZ 0 0 hs 0 O —h
gp O 0 0 gs 0 O —gulU
Lgh 9% 0 0 g% 0 0 ] I gl
Elimination leads to
E'i =k
with
[T 0 0 0 0O 0 O ]
oM O O 0O 0 O
0o oI, 0 0 0 O
Bl 0 0 0 dw ds dx dy
10 0 0 0 cs O O ’
0O 0 0 0 O 0 O
0O 0 0 0 0O 0 O
L0 0 0 0 0 0 0 |
[ ¥
f=ZT'G"\-ZTH",
b
o —d 0 — dvUMfl(f —ZTGT ) - ZTHT,u) —d.b— dpF*H
N —C .l — Dy
—h!
_ng

SA(—g)u’l'l, + gjsc:glc)u’l'l,)

179
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where G = S,\G has full rank, with

SpZv

. 71 .
—Gaulh+ g,sC 4 C,uu)

L(p,s,u) = [ %’ } and v(p,s,u) = Si(

Note that I' is nonsingular. From the fact that the holonomic constraints are non-
contradictory, it follows that Sx(—g.t+g,sc; cutr) = 0 for all (z,u') € My x U,
According to Remark 3.5.12¢, therefore, it is not necessary to take the last block
equations into account for further investigations. Further differentiation of the al-
gebraic equations (without the last block equations) leads to

E?i = k?
with
[T o 0 0 0 0 0
0O M O 0 0 0 0
0 0 I, 0 0 0 0
2 0 0 0 dw de dx d,
0 0 O 0 cs O 0 ’
X x x —HZM7'f, x FEZ FEZ
X x x —-GZM™'f, x FE% FE2
L0 0 0 0 o 0 0 |
where
B = —HZM '(fa—27G"), E} = —HZM '(f,-ZTH"),
B}, = ~GZM \(fy—Z2"G"), By = —GZM~'(f,-Z"H"),
and with
_ . ;
f=2ZTG"\-ZTH"y
b
12— —d i —d M f—ZTGTX\ - ZTHT ) — d b — d,I' "1y
- —cutt— Iy
hfulul
91{‘2’42

Elimination leads to

E%i = k?
with
T 0 0 0 0 0 0 i
0O M 0 0 0 0 0
0 0 I, 0 0 0 0
0 0 0 d, dg d.x d,,
g_ |0 0 0 0 ¢ 0 0
~l0o 0o 0o 0 0 S,HZM'G, S,HZM™'H,
00 0 0 0 SGZM™'Gy S\GZM~'H,
00 0 0 0 0 0
0o 0 0 0 0 0 0
00 0 0 0 0 0 |
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and

Y
f—=2ZTGT"\ - ZTH"
b
—d i —d M f—ZTG"X\ - ZTHT ) — d b — d,I' "1y
2 —C U _NCPF Ly
S,ht
Sxg"
ST
Sxg"
S)\(_g,uilf + g,sc:glc,uilf)

by use of the the matrices Sy (p,u) and Sy (p, u) and S, (p,u) and S,,(p,u) defined in
(4.66). From the fact that the holonomic constraints are noncontradictory it follows
that 5xg% = 0 and S,h% = 0 for all (z,u') € My x U®. Therefore, the last three
block equations which represent the algebraic constraints are trivially satisfied for
all (x,ul) € My x U® and the procedure terminates with » = 2 and we get the
maximal constraint level v, = v —1=1.

It remains to show that the solution set of (4.123) is identical to the solution set of
(4.43). Tt is obvious that a solution of (4.43) is also a solution of (4.123). The other
direction will be discussed in the following.

With the trivial equation S,Zv = S,Zv and (4.123h) in the form of (4.50c) we get

Sp _ SpZv
|: G :|ZU N |: _(g7u_g7sc:glc7u)u :|

On the other hand, it follows from (4.123a) and from the derivative with respect to
t of (4.123g) in the form (4.50b) that

{%’}p = { SpZv ] (4.125)

_(g,u —9,sC C,u)u

(4.124)

Because of the full rank of the matrix [ SZZ,F GT ]T, see Lemma 4.6.7, it follows
from the General Implicit Function Theorem 2.3.2 that Zv as well as p are uniquely
defined by (4.124) and (4.125), respectively. Therefore, from (4.115) and (4.116) we

get the kinematical equations of motion (4.43a)
p = Zv.

In addition, the equations (4.43c)-(4.43g) are explicitly contained in both formu-
lations and therefore, satisfied. Hence, a solution of (4.123) is also a solution of
(4.43). O

Remark 4.6.16 By use of Hypothesis 3.2.7 it can be shown that the set of diffe-
rential-algebraic equations (4.123) has s-index v, = 1. O

Example 4.6.17 The mathematical pendulum: In Example 4.6.14 we have
developed the projected-strangeness-free form of the equations of motion for the
mathematical pendulum. In this example we will state the projected-s-index-1
formulation which has the form

—p2pP1 +Pp1P2 = —P2v1 + P1vz,
muy = —2p1Ai,
mvy = —mg— 2p2A1,
0 = pi+p;-—L7

0 = 2pv1 + 2povs.
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For numerical results based on this projected-s-index-1 formulation see Example
5.3.1. U

4.7 Numerical methods and software: an overview

As discussed in the previous sections, the numerical integration of the equation of
motion of s-index two (or d-index three) is nontrivial. Problems which can appear
are for instance convergence order reduction for the used discretization methods,
convergence problems of the iterative method for solving the nonlinear system be-
cause of ill conditioned iteration matrices, and hidden constraints up to level two.
Furthermore, the step size control has to be adapted and the numerical solution
may not depend continuously on perturbations of the input data.

Therefore, numerical methods have to combine suitable regularization methods, dis-
cussed in Section 4.6, with appropriate discretization methods. Different forms of
the equations of motion as basis for numerical integrators of multibody systems are
investigated in [15, 23, 60]. In particular, these are the

e original equations of motion (4.43) with s-index 2, d-index 3 (see [136]),
e s-index-1 formulation (4.81) with s-index 1, d-index 2 (see [136]),

e s-index-0 formulation (4.82) with s-index 0, d-index 1 (see [136]),

e state space form (4.5) with s-index 0, d-index 0 (see [52]),

e semi state space form with s-index 0, d-index 0 (see [52]),

e underlying ODE (4.79) with s-index 0, d-index 0 (see [52]),

e Baumgarte stabilization (4.101) with s-index 0, d-index 1 (see [18, 19]),

e Gear-Gupta-Leimkuhler formulation (4.103) with s-index 1, d-index 2 (see
[68]).

The numerical integration of the equations of motion arising in mechanical systems
is considered in several articles like [5, 9, 23, 52, 86, 116, 118, 127, 152, 154, 164]. An
overview of suitable numerical methods is provided in [144, 164]. Some numerical
algorithms are collected in libraries like MBSPACK® [164] and MBSSIMS [3].

Currently widely used solvers for general DAEs are DASSL” [25, 135] and RADAUS®
[79, 82], see Section 3.6. Both codes do not actually exploit the special structure of
multibody systems and therefore, they do not follow the Algorithm Paradigm 4.5.3.
The presence of hidden constraints, i.e., the constraints on velocity and acceleration
level is not considered.

Therefore, there is a need for numerical integration methods which exploit the
properties and the structure of the equations of motion to avoid arising problem-
atic effects. In this context, a large number of numerical methods has been de-
veloped for the numerical integration of DAEs arising in multibody dynamics. A
detailed overview over the numerical solution of ordinary differential equations and
differential-algebraic equations for technical simulations is given in [144, 164].

An important feature of numerical integrators is the type of the interface which al-
lows a classification into algorithms based on structural evaluations and algorithms
based on residual evaluations, see [164]. In particular, while the exploitation of the

SMBSPACK - http://www-m2.ma.tum.de/~simeon/Software/mbspack.tar.gz

6MBSSIM - http://wwwl.iwr.uni-heidelberg.de/~Michael.Winckler//Projects/MBSSIM/
"DASSL - http://www.engineering.ucsb.edu/~cse/software.html

8RADAU5S - http://www.unige.ch/~hairer/software.html
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dominating structure of the equations of motion is highly developed for algorithms
based on structural evaluations, the flexibility with respect to modifications or ex-
tensions of the equations of motion is strongly restricted. On the other hand the
algorithms based on residual evaluations present a high degree of flexibility but the
exploitation of the special structure of the equations of motion is restricted in favor
of the adaptability.

In [52, 60] an approach based on the equations of motion of modeling level 0 (4.34)
is proposed which adds all hidden constraints to the the equations of motion. This
approach leads to an overdetermined system consisting of (4.34), (4.35), and (4.36)
consisting of 2n, + 3n, equations in 2n, + ny variables, see Section 4.6.2.2. This
approach is implemented in the code ODASSL® and is based on residual evaluations.
It solves the system of overdetermined differential-algebraic equations of the form
(4.105) in such a way, that the holonomic constraints on position level (4.34c) and
on velocity level (4.35) are taken to define solution invariants to the s-index-0 of
modeling level 1 formulation containing (4.34a), (4.34b), and (4.36). The subrou-
tine ODASSL uses the backward differentiation formulas of orders one through five.
For more details see [52, 60].

The subroutine library MBSPACK [164] provides a collection of numerical integration
methods based on (half) explicit Runge-Kutta methods for the equations of motion
of modeling level 1 (4.40) with u(¢) = ¢. The numerical methods are based on the
s-index-1 formulation of the equations of motion of modeling level 1 (4.40), i.e.,

p = Zphv, (4.1264)
M(p,t)yo = f(p,v,r,\t)—ZT(p)GT (p, t)A, (4.126Db)
= b(p,u,m, A\ ), (4.126¢)

= G, 1)Z(p)v+g.(p,t), (4.126d)

with G(p,t) = g,(p,t). The integration process is stabilized by additional projec-
tions onto the manifold of position and velocity constraints. All codes are designed
for nonstiff problems and rely on structured evaluations, i.e., the system matrices
are provided separately, such that the special structure of equations of motion is
well exploited, but otherwise the structure of the equations of motion is strongly
restricted. A modification or extension to equations of motion of modeling level 2
or 3 is difficult. Also possible solution invariants are not considered. Regarding the
Algorithm Paradigm 4.5.3 only the constraints and their derivative with respect to
t are respected.

The subroutine library MBSPACK contains the subroutines HEDOP5 based on the half-
explicit 5th order Runge-Kutta method of Arnold [6], MDOP5 based on the explicit
5th order Runge-Kutta method of Dormand and Prince [82], MHERK3 and MHERK5
based on the half-explicit 3rd and 5th order Runge-Kutta method of Brasey and
Hairer [23], and PMDOP5 based on the explicit 5th order Runge-Kutta method of
Dormand and Prince [82].

A similar numerical integration method is the subroutine HEM5 [21, 22]. The nu-
merical method bases on the the s-index-1 formulation of the equations of motion
of modeling level 1 (4.126) and the discretization method is a half-explicit Runge-
Kutta method of order 5(3).

In [139] the subroutine EULAG is presented. The method is based on the reduction
of the equations of motion to a second order ODE on the solution manifold which is
discretized by use of the explicit Runge-Kutta scheme DOPRI5 [81]. The algorithm
guarantees that the constraints are satisfied.

The numerical integrator MEXAX'? [118] is suitable for the equations of motion of

90DASSL - available from the author, see [59]
10MEXAX - http://www.zib.de/Numerik/numsoft/CodeLib/ivpode.en.html
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modeling level 1 (4.40) and exploits its structure to a high degree. The code is based
on coordinate projection and uses relatively expensive but very accurate extrapola-
tion methods for the integration. The code MEXAX bases on structured evaluations,
i.e., it needs detailed information about the system matrices and vectors in a sepa-
rated form. Note that MEXAX originally was called MEXX.

Besides the mentioned numerical algorithms (mostly written in Fortran77, provided
as source code and public-domain) which perform only the numerical integration
of the equations of motion, there are some (mostly commercial) software packages
which combine the modeling as well as the numerical simulation and animations.
Among others the multibody system tools ADAMS!! [150, 154], DYMOLA'? [33, 131],
NEWEUL'® [98, 153, 154, 156], and SIMPACK!* [149, 154] are software packages for
the dynamic analysis of mechanical systems with the multibody system method.
They comprise the computation of the symbolic equations of motion or the evalu-
ation of the residuals of the model equations and the simulation of the dynamical
behavior.

Concluding, MODELICA'® [122], should be mentioned. MODELICA is an object-
oriented modeling language designed for the modeling of complex physical systems.

11ADAMS - http://www.mscsoftware.com/products/products detail.cfm?PI=413
12DYMOLA - http://www.dynasim.com/dymola.htm

I3NEWEUL - http://www.mechb.uni-stuttgart.de/research/neweul/neweul de.php
T4SIMPACK - http://www.simpack.de/websitep.html

I5MODELICA - http://www.modelica.org/



Chapter 5

Two New Solvers for
Equations of Motion

In Section 4.7 an overview over numerical methods and numerical solvers which are
adapted to the special structure of the equations of motion is given. All algorithms
presented in Section 4.7 are suitable for regular equations of motion only, i.e., equa-
tions of motion of modeling level at most 3. In particular, this means that none of
these algorithms is suitable for equations with redundant constraints or is capable
of handling additional information on solution invariants as discussed in Section
4.1.4.

Therefore, in this chapter we will present two new methods GEOMS and GMKSSOL.
While the latter code is designed for the numerical integration of the special form
(5.14) of the equations of motion of modeling level 4 with possibly redundant con-
straints, the first code is designed for the numerical integration of general equations
of motion of modeling level 4 (4.43) with possibly redundant constraints and takes
into account possibly existing information concerning solution invariants. The pre-
sented codes GEOMS and GMKSSOL combine the stabilization technique developed
in Section 4.6.2.3 with an implicit Runge-Kutta scheme, see Section 3.5.4, as dis-
cretization of the projected-strangeness-free formulation (4.114) of the equations of
motion. Both codes are based on residual evaluations, i.e., the system matrices need
not be given in explicit form. It is sufficient, that the right-hand side of (4.43) and
the mass matrix M are specified.

The algorithms implemented in GEOMS and GMKSSOL are based on the 3-stage im-
plicit Runge-Kutta Method Radau Ila of order 5. The Runge-Kutta matrix, the
weight vector, and the node vector are given in Table 5.1.

4—/6 88—7v6 296—169v6 —2+3V6

10 360 1800 225
446 | 29641696 88+76 —2-3v6
10 1800 360 225
1 16—/6 16+6 1

36 36 9
16—/6 1646 1
36 36 9

Table 5.1: Butcher tableau for 3-stage implicit Runge-Kutta method Radau Ila of
order 5

As discussed in Section 3.5.4.3 and illustrated in Figure 3.2, the discretization of
the projected-strangeness-free form (4.114) of the equations of motion and solution
of the selected linear systems (3.123) and (3.124) in every Newton iteration step are
equivalent to the discretization of the complete minimal reduced derivative array
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(4.80) in combination with the solution of the unselected linear system of type 1
(3.154) and of the unselected linear system of type 2 (3.155) by use of index reduc-
ing decompositions, see Definition 3.5.72. Apart from the additional specialization
of GMKSSOL to a certain type of equations of motion, the codes GEOMS and GMKSSOL
are based on these two technically different approaches for the combination of reg-
ularization and discretization of the equations of motion. While in GMKSSOL the
equations of motions are regularized to the projected-strangeness-free form with
subsequent discretization (left branch of Figure 3.2), the code GEOMS discretizes the
reduced derivative array with subsequent regularization by solving the unselected
linear systems (3.154) and (3.155) via index reducing decompositions (right branch
of Figure 3.2).

In Section 5.1 we will introduce the code GEOMS and we will discuss its features and
its applicability in detail. Then we will present the multibody system code GMKSSOL
in Section 5.2. Concluding this chapter, we will present numerical results for several
examples of mechanical systems in Section 5.3.

Here and in the following we will use the typewriter style for objects which are part
of the source codes of the implemented numerical algorithms. In particular, this
involves names of subroutines like GEOMS, GMKSSOL, GEERREST, and variables like T,
X, NWTMAT, CALSEL.

5.1 GEOMS

In this section we will present the code GEOMS and we will discuss its features in
detail. For the usage and implementation of GEOMS see the manual in Appendix
B.1.

As discussed in Sections 3.5 and 4.2, the initial values are restricted in their choice.
In particular, they are restricted by the (hidden) constraints. On the other hand
consistent initial values, in particular, consistent initial Lagrange multipliers, are
not automatically given by the modeling process and their determination by solving
a system of nonlinear algebraic equations is difficult for complex multibody systems
with a large number of constraints. Therefore, the algorithm GEOMS provides the
possibility to determine consistent initial values discussed in Section 5.1.2.

In Section 3.5.4 the discretization of general quasi-linear DAEs by use of an arbitrary
Runge-Kutta method has been discussed. As already mentioned, the code GEOMS
bases on the index reducing decomposition (see Definition 3.5.71) of the discretiza-
tion of the minimal reduced derivative array (4.80). In Section 5.1.3 we will discuss
in detail the approach which is used in the algorithm GEOMS for the discretization
of the equations of motion of modeling level 4 (4.43) by use of the Runge-Kutta
method of type Radau Ila of order 5. Subsequently, in Section 5.1.4 we will discuss
the efficient solution of the linear systems arising in the Newton iteration inside
the algorithm GEOMS. We will describe how the structure of the equations of motion
may be exploited.

Further important topics for the efficiency and the robustness of an algorithm
are an efficient error estimation and an appropriate step size control mechanism.
For GEOMS, this will be discussed in Section 5.1.5. Furthermore, since the algo-
rithm GEOMS is based on the combination of discretization and regularization to
the projected-strangeness-free formulation of the equations of motion which is in-
fluenced by the choice of the selectors, see Section 3.5.3, an efficient choice of these
selectors is also important and will be discussed in Section 5.1.6.

As mentioned above, the algorithm GEOMS is designed to handle equations of motion
of modeling level 4 (4.43) with possible redundant constraints as well as solution
invariants which may be provided as additional equations. The consideration of
redundant constraints and of solution invariants is a very sensitive topic and will
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be discussed in Sections 5.1.7 and 5.1.8.

5.1.1 Outline and features of GEOMS

Before we will discuss the features of GEOMS in detail, let us present an outline of
the algorithm.

Algorithm 5.1.1 (GEOMS)

1. Initializing of variables, constants, and problem dimensions. Set T= tg, X= g
and H= h.

2. Checking the consistency and correction of the initial values X= z(, see Section
5.1.2.

3. Basic integration step.

(a) Simplified Newton iteration, see Algorithm 5.1.4.

(b) Error estimation and computation of a new step size HNEW, see Section
5.1.5.

(¢) Check acceptance of the integration step.

i. If the integration step is not accepted, use the new step size H = HNEW
and repeat the integration step going to 3a (in particular, goto 6 in
Algorithm 5.1.4).

ii. If the integration step is accepted, continue.

(d) If T+H= ty, i.e., the end of the time domain I is reached return to the
calling program. If not, i.e., T+H< ty, ...

i. ... and the step size is unchanged and the convergence rate of the
Newton method was high, set T := T 4 H and goto 3a (in particular,
goto 6 in Algorithm 5.1.4).

ii. ... and the step size has been changed or the convergence rate of the
Newton method was not high, set H := HNEW, T := T + H and goto 3a
(in particular, goto 1 in Algorithm 5.1.4).

As mentioned above, the algorithm GEOMS is based on residual computations. The
information of the equations of motion has to be provided in the following form.
The vector of the unknown variables has to be in the form

XT:[U)T /\T /J/T"I“T|UT‘ST pT]

and the right-hand side has to be specified in a user-supplied subroutine which
name is given from the user. The residuals of different parts have to be given in the
following order if they occur.

d(p,v,r,w, s, A, p, )
gL (p,v,r,w, 8, A, 1, u%)
R (p,v,r,w, s, \, p,ut)
gl(p7v7 S7ul)
H(p, s,u)Z(p)v+ h(p, s, u)
RDA — e(p, v, s,u) (5.1)
c(p, s,u)
9(p, s, u)
b(p,v,r,w, s, A, 1, u)
flp,v,mw, 5,0 p,u) = Z7 (p)GT (p, s, u)A — ZT (p) H™ (p, 5, u)p
L Z(p)v ]
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In particular, the right-hand side has to be ordered such that the upper part con-
tains the algebraic constraints ordered with respect to their dependencies, i.e., first
the constraints which restrict the additional variables w as well as the Lagrange
multipliers A and g, secondly, the constraints on velocity level and the information
concerning solution invariants which restrict the velocities v and third, the con-
straints on position level, which restrict the position p and the contact variables
s. The specified order of the algebraic part leads to a Jacobian of the form (4.58)
without respecting solution invariants and the unrestricted variables r. In partic-
ular, the obtained Jacobian has already block upper triangular structure and this
will be exploited in GEOMS.

The second part of the right-hand side contains the differential equations also or-
dered in the same way as the algebraic part. We have first the equations that
describe the behavior of the dynamical force elements followed by the dynamical
equations of motion and, finally, the kinematical equations of motion.

Option Name Feature Section
respecting invariant solutions 5.1.8
respecting hidden constraints
respecting nonholonomic constraints

respecting redundant constraints 5.1.7
IOPT( 2) | LUN optional output for integration information
IOPT( 3) | NIT maximal number of Newton iterations 5.1.34
IOPT( 4) | STARTN starting values for the internal stages in the | 5.1.3.2
Newton iteration
I0PT( 5) | FORM incomplete regularization 5.1.1
IOPT( 6) | NMAX maximal number of integration steps
IOPT( 8) | PRED step size control 5.1.5
IOPT( 9) | NWTMAT approximation of the Newton matrix at x¢ | 5.1.3.3
or one of the extrapolated stages pos-
I0PT(10) | NWTUPD updati:llg)lfethe Newton matrix 5.1.3.5
I0PT(11) | DECOMPC LU, QR, or SV decomposition for the alge- | 5.1.4
braic part
I0PT(12) | DECOMPD LU or QR decomposition for the differential | 5.1.4
part
IOPT(13) | SELCOMP selector control 5.1.6
IOPT(14) | AUTONOM exploitation of autonomous equations of mo-
IOPT(15) | MASSTRCT exploi&%rilon of the structure of the mass ma-
IOPT(16) | COMPLMDA avoidiggl;xthe computation of Lagrange mul-
tipliers

IOPT(17) | IVCNSST check and correction of the initial values | 5.1.2
with respect to its consistency

Table 5.2: Options and features of GEOMS

In some cases the constraints of acceleration level, i.e., 0 = g and 0 = h!, are
not available. In this case the user has the possibility to use the incomplete reg-
ularization of level 1 of the equations of motion as basis for the discretization, as
described in Remark 3.5.55 and Example 3.5.56. The incomplete regularization of
level 1 concerning the equations of motion of modeling level 4 (4.43) is discussed in
Theorem 4.6.15 and given by (4.123). This fact has to be communicated by the user
to the code GEOMS with help of the option IOPT(5)=FORM. If IOPT(5)=0 then the
projected-strangeness-free form (4.114) of the equations of motion will be expected
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Subroutines contained in the code GEOMS
GEBSUBST backward substitution of the algebraic part

GECORE core routine

GEDECCLU decomposition of the algebraic part FX1, FX2 and FX3 with LU
decomposition

GEDECCQR decomposition of the algebraic part FX1, FX2 and FX3 with QR
decomposition

GEDECCSV decomposition of the algebraic part FX1, FX2 and FX3 with SV
decomposition

GEDECDLU LU decomposition of the differential part, i.e., of E1 and E2
GEELIMFXQ | elimination in the differential part, i.e., of FX4, FX5 and FX6,

according to QR decomposition of the algebraic part
GEELIMFXS | elimination in the differential part, i.e., of FX4, FX5 and FX6,

according to SV decomposition of the algebraic part
GEELIMMIQ | elimination in the mass matrix and the identity of the kinematical

equations of motion according to QR decomposition of the

algebraic part
GEELIMMIS | elimination in the mass matrix and the identity of the kinematical

equations of motion according to SV decomposition of the

algebraic part
GEERREST error estimation, see Section 5.10

GEFXNUM numerical approximation of the Jacobian of the right-hand side

of the equations of motion
GEGREPEQ picking of nonpivot columns of the differential part and storing

in E1 and E2 according to QR decomposition
GEGREPES picking of nonpivot columns of the differential part and storing

in E1 and E2 according to LU and SV decomposition
GEINIVAL determination of consistent initial values, see Section 5.1.2

GEOMS main routine

GESOLDLU solving the differential part by use of LU decomposition
GESOLDQR solving the differential part by use of QR decomposition
GETRFRHSC | transformation of the right-hand side according to the algebraic

part

User-supplied subroutines

EOM provides the reduced derivative array RDA (5.1)

IVCOND provides additional initial conditions needed for the consistent
initialization, see Section 5.1.2

JAC provides the Jacobi matrix of the reduced derivative array

MAS provides the mass matrix

SOLOUT output of the numerical solution and additional information dur-

ing integration

Table 5.3: Subroutines of GEOMS

as basis for the discretization. Thus, the user has to specify all information of the
hidden constraints up to level 2, i.e., up to acceleration level. If IOPT(5)=1, then
the discretization will be based on the incomplete regularization of level 1 (4.123),
such that the constraints on acceleration level 0 = g? and 0 = A’ do not have to
be specified. In this case the used formulation of the equations of motion has max-
imal constraint level v, = 1 and is of s-index v4 = 1, i.e., it is not strangeness-free.
Because of the fact that the used formulation is not strangeness-free, the success
of the numerical integration highly sensitively depends on the problem and on the
consistency of the initial values, in particular, on the consistency of the Lagrange
multipliers A and u.
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An overview over the features of GEOMS is given in Table 5.2. Furthermore, in Table
5.3 the subroutines belonging to GEOMS and their task is listed.

5.1.2 Determination of consistent initial values

In Sections 4.2 we have discussed the regularity of the equations of motion of multi-
body systems. The initial values are of great importance for the existence and the
uniqueness of the solution. For the existence of a solution the consistency of the
initial values is necessary, see Definition 3.1.3 and Remark 4.2.26. But in complex
multibody systems, in particular, with a large number of kinematical closed loops
the consistency of the initial values is not natural. While the additional variables
w and the contact variables s are completely determined by the solution manifold
M (4.65) the position variables p and the velocity variables v are restricted to the
solution manifold M, see (4.65), but some of the position and velocity variables
are freely choosable. Furthermore, the variables r describing the dynamical force
elements are completely freely choosable. In case of nonredundant constraints the
Lagrange multipliers A and p are uniquely defined by the holonomic constraints on
acceleration level in combination with the nonholonomic constraints on acceleration
level, which are not explicitly given in the equations of motion. This uniqueness
arises from the nonsingularity of the matrix in (4.49) respectively (4.56) and the
Implicit Function Theorem 2.3.1.

The code GEOMS overcomes these problems by offering the possibility to determine
consistent initial values.

In addition to the algebraic equations determining the solution manifold (4.65),
the user has to define in a subroutine IVCOND additional conditions to determine
consistent initial values. Such conditions offer the possibility to determine some of
the freely choosable variables or to give further relations to other variables which
allows a unique determination of consistent initial values.

Example 5.1.2 The mathematical pendulum: In Example 4.1.12 we have
introduced the mathematical pendulum. The position variables p are restricted
to the circle with radius L, i.e., the constraint on position level is given by 0 =
p? + p2 — L2 If one of the position variables is given, the other one is uniquely
determined up to the sign.

By defining some additional conditions via the subroutine IVCOND the user can force
the pendulum into a deviation of 7/4 by setting p; = L/\/§ or by 0 = p; + ps, for
instance. Furthermore, a certain angular velocity w can be prescribed by setting

0=+/v{+v3/L—w. O

The determination of consistent initial values is done in the subroutine GEINIVAL
and is based on the collection of all algebraic constraints (4.43d)-(4.43g) and (4.50),
(4.51), and (4.53) in connection to the conditions defined in the subroutine IVCOND.
The user has to decide if the given initial values are assumed to be consistent or not.
By setting IOPT(17)=IVCNSST=1, the initial values are assumed to be consistent
and no check of consistency or correction of the initial values is done during the
run of GEOMS. Otherwise, by setting IOPT(17)=0, the initial values are considered
to be possibly inconsistent. Thus, consistency will be checked and the initial values
will be corrected during the run of GEOMS, if necessary. If the user does not provide
sufficiently many additional conditions, only the consistency is checked. If the
initial values are consistent, then the integration will be continued, otherwise the
run of GEOMS will be stopped. If the user provides more additional conditions than
necessary, then the correction (if necessary) is done regarding the overdetermined
nonlinear system. If all conditions together are noncontradictory, then consistent
initial values will be determined. Otherwise, the Newton iteration used in this
process will diverge and the run of GEOMS will be stopped.
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The solution of the nonlinear system of equations is obtained via a simplified Newton
method with the possibility of a certain number of updates of the iteration matrix,
as described in Section 5.1.3.5. The stopping criterion is the same as that for
the simplified Newton method during the integration process described in Section
5.1.3.5.

Remark 5.1.3 Note the fact that the conditions provided to IVCOND by the user
dominate the given initial guess, i.e., if the given initial guess is consistent but does
not satisfy the (possibly wrong) conditions provided to IVCOND, the initial guess will
be corrected in such a way that both, the constraints (4.43d)-(4.43g) and (4.50),
(4.51), and (4.53) and the initial conditions provided to IVCOND are satisfied.

In case of an initial guess which is consistent to the constraints, the option IOPT(17)
can be set to one to avoid such a correction. Otherwise, the conditions provided to
IVCOND should be adapted. g

If there is only interest in the computation of consistent initial values, the user has
to set T=TEND and IOPT(17)=0. Then the code GEOMS determines consistent initial
values, will call the user-supplied subroutine SOLOUT, and finally will return to the
calling subroutine.

5.1.3 Numerical solution of the nonlinear stage equations
arising from discretization methods

The presented code GEOMS is designed for the numerical integration of equations of
motion of modeling level 4 (4.43) with possibly redundant constraints and possi-
bly known solution invariants (4.28), as discussed in Section 4.1.4. The algorithm
combines the regularization technique developed in Section 4.6.2.3 with the dis-
cretization of the obtained projected-strangeness-free form of the equations of mo-
tion (4.114) by use of the implicit Runge-Kutta method of type Radau ITa of order
5. The projected-strangeness-free formulation of the equations of motion belongs to
the class of quasi-linear DAEs discussed in Section 3.5. The discretization of quasi-
linear DAEs by use of implicit Runge-Kutta methods has been discussed in Section
3.5.4 and requires the solution of the nonlinear stage equation (3.113a). Following
Section 3.5.4.2, the nonlinear stage equation is solved by the simplified Newton
method. Regarding the simplified Newton method the following four questions are
important:

1. how to get suitable starting values which are close enough to the solution to
guarantee the convergence and to decrease the effort for the whole Newton
process;

2. how to choose the Newton iteration matrix I;

3. how to implement the simplified Newton method efficiently such that as much
as possible of the given structure of the problem is exploited;

4. how to stop Newton iteration process such that the computed numerical so-
lution is close enough to the analytical solution with respect to the given
tolerances.

In the following we will discuss theses four questions in detail.

5.1.3.1 Discretization scheme

As mentioned above, the numerical integration of the equations of motion of mod-
eling level 4 (4.43) is based on the discretization of the projected-strangeness-free
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form (4.114) which corresponds to a semi-implicit DAE of the form (3.106) with

B L, 0 00000
Ep(e,d) = | 0 Mpu 0 0000 |,
0 0 I, 0000
_ [ Z(p)v
kD(x7a) = f(p,’l},T’,’UJ,S,A’ILL7U)—ZT(p)GT(p7S,U))\—ZT(p)HT(p7S7U)/J 3

b(p7v7r7 w? 87 )\? l’l" u)

[ d(p,v,r,w, s, )]
C(p757u)
H(p,S,U)Z(p)’U"‘h(paSau)
~ ~ g(p,Sa“)
kc(ﬂ?,u) - hl(p,v,r,w,s,)\,,u,u) ’
gl(pﬂhsau)
gﬂ(p7v77"7w,8,)\,/,&,u)
i 6(17,11757“) .
[ Sp(p, u) 0 0
Sp(z,u) = 0 Solpw) 01,
i 0 0 Inr
- Inw 0 0 0 0 0 0 0 ]
0 I, 0 0 0 0 0 0
o 0o 0 Spw 0 0 O
Selww) =1 o o 0 Supuw) 0 00
0 0 0 0 0 Sipu) 0 0
0 o 0 0 0 0 0 I |

Note that in addition to the constraints we take into account possible information
of solution invariants (4.28).

The discretization of this DAE follows the investigations in Section 3.5.4.1 by ex-
ploiting the structure of the Jacobi matrix of the right-hand side which has conve-
nient structure similar to (4.58) after row permutations.

The discretization leads to the nonlinear stage equation (3.113a) which has to be
solved by use of the simplified Newton method described in Section 3.5.4.2. This
leads to the linear systems (3.128) and (3.129) which are to be solved in an efficient
way by exploiting the structure as will be described in Section 5.1.4 below.

5.1.3.2 Determination of starting values

Lemmata 2.3.19 and 2.3.21 show the importance of a good choice of starting val-
ues for the Newton process. In the code GEOMS two different possibilities for the
determination of starting values for the integration step from ¢, to to = t1 + ho
are implemented. The user has to define in advance which of both shall be chosen
during the integration process.

By setting I0PT (4)=STARTN=1 the starting values for the internal stages are chosen
by X? = 1,4 =1,...,3, i.e., the shifted internal stages are set to zero Y, = 0 € R",
90 =0 € R,

On the other hand setting IOPT (4)=0 (which is the default) the starting values for
the Newton iteration are obtained by evaluating the interpolation polynomial ¢ of
degree s over the already passed integration interval from tg to t; = tg 4+ hy with

q(0)=0, ¢(c;) =Y;, i=1,...,3
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at 14 c¢;ha/hy such that we obtain the starting values for the Newton iteration as
)/io = Q(l + CihQ/h’l) + zo — 21, 1= 17 (XX} 37

where zg and x; denote the numerical solutions at the points ty and ¢1, respectively.
In particular, this means that the new starting values in the integration step from
t1 to to = t1 4+ ho are obtained by extrapolation to the points t; + c;he, i =1,...,3
based on the internal stages of the earlier integration step from ¢g to t; = tg+hy. Of
course, this is not possible in the first step. Here we set Y0 = 0 € R, 9% = 0 € R3".
For more details see [82].

5.1.3.3 Determination of the Newton iteration matrix

In Section 3.5.4.2 the numerical solution of the nonlinear stage equation (3.113a)
via the Newton method is discussed. In particular, it is mentioned that a constant
Newton iteration matrix 91 during the whole or several parts of the Newton itera-
tion process inside the current integration step from t; to t;11 = t; + h; leads to the
simplified Newton method. Obviously, the choice of a constant Newton iteration
matrix reduces the amount of computation because of the saved evaluation of Jaco-
bians and saved decompositions of the Newton iteration matrix in every except the
first iteration step. But the choice of the Newton iteration matrix influences the
convergence of the iteration process. For this reason, the code GEOMS offers the pos-
sibility to choose between several reference points (X*,U*), see (3.115). The kind
of choice has to be determined by the user by setting the option IOPT(9)=NWTMAT.
The range of possible choices is related to the stages during the integration step. As
discussed in the previous Section 5.1.3.2, there are two possibilities for the choice of
initial values for the iteration process for the determination of the internal stages.
In case of IOPT(4)=0 the initial values are obtained by extrapolation of the so
far computed solution in the points ¢; + h;c;, 7 = 1,2,3. This offers the possibil-
ity to approximate the Newton iteration matrix at four different reference points
(X*,U*) = (X;.),u(ti + hic;)), where ¢ = 0 and ¢;, j = 1,2,3 correspond to the
node vector of the Runge-Kutta method, see Table 3.1 or, in particular, Table 5.1.
Furthermore, X ]O = on + x; corresponds to the extrapolated initial values for the
internal stages at the times t; + h;cj, 7 = 0,...,3, and, in particular, X, = g
corresponds to the initial state of the current integration interval. Note that this
possibility is only given if the initial values for the Newton iteration process are ex-
trapolated. In the case of initial values chosen such that X; = z¢ for all j =1,2,3
this possibility is not given and the Newton iteration matrix will be approximated
at the initial point with the initial state of the current integration step.

Several numerical experiments have shown that the convergence of the iteration
process can be improved by use of extrapolated initial values, i.e., IOPT(4)=0 in
connection with an approximation of the Newton iteration matrix at the second in-
ternal stage, i.e., (X*,U*) = (X3, u(t;+h;c2)) with IOPT(9)=2. But, if the Newton
iteration detects convergence problems, and the integration step has to be repeated
with a smaller step size, the Newton iteration matrix has to be recomputed such
that the overall time consume may increase if the number of times a convergence
problem is detected is large. This number is reflected in the counter NCRJCT which
corresponds to the number of step rejections caused by convergence test failures.
Furthermore, the code GEOMS offers the possibility of a certain number of updates of
the Newton iteration matrix during the iteration process inside of one integration
step, see Section 5.1.3.5.

5.1.3.4 Simplified Newton method

The simplified Newton method is implemented in the following way.
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Algorithm 5.1.4 (Simplified Newton method in GEOMS) Consider the numer-
ical solution of the nonlinear stage equation (3.113a) in the integration step from
tk to tpy1 = tr + hi.

1. Determination of starting values )9, see Section 5.1.3.2.
2. Computation of 3% = (T! @ I,,)YY.

3.
4

. Determination of the Newton iteration matrix, see Section 5.1.3.3.

Initialization of 7 = 0.

(a) Computation of the mass matrix and storage in FMAS and MO.

(b) Initialization of IKIN corresponding to the leading matrix in the kine-
matical equations of motion.

(c¢) Computation of the (negative and partially scaled) Jacobian of the right-
hand side, storage in FX1, ..., FX6.

Predecomposition of the Jacobian and determination of the pivoting vector
PIV, see Section 5.1.4.

(a) Decomposition of the constraint part FX1, FX2 and FX3 and determina-
tion of the pivoting vector.

(b) Elimination in the differential part, i.e., FX4, FX5, FX6, FMAS, IKIN.

Decomposition of the differential part, see Section 5.1.4.
(a) Determination of E1 und E2.

(b) Decomposition of the differential part, i.e., of E1 and E2.

Internal loop of the simplified Newton iteration, see Section 5.1.3.4.
(a) Computation of Xi = 9% + (1 @ zy).
(b) Computation of the right-hand side.

(¢) Transformation of the right-hand side with respect to the decompositions
of FX1, ..., FX6, FMAS, IKIN, E1, and E2.

Backward substitution of the differential part.

Backward substitution of the constraint part.

Update of the Newton iterate 3;" = 3i + A3i.
Computation of @?jl =T® In)3§€+1.

)
)
) Transformation of the solution with the transformation matrix P.
)
)
) Check of the convergence of the Newton method.

i. If the maximal number of iterations is reached, i.e., i > NIT =
I0PT(3), then stop the Newton iteration, half the step size H := H/2
and repeat the integration step going to 1 .

ii. If a solution is not yet found and an update of the Newton matrix
is necessary and allowed, goto 4.

iii. If a solution is not yet found and an update of the Newton matrix
is not necessary, increase i by one and goto 7a.

Note that during the whole Newton iteration process the shifted stages Q)}C as well
as the transformed stages 3; are stored in order to avoid additional effort for the
transformation 3° = (T~ ® I,,)9" during the evaluation of the functions.
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5.1.3.5 Convergence and termination criterion of the simplified Newton
process

The convergence rate of the simplified Newton method is investigated in detail in
[42]. For the special case of applying the simplified Newton method to the linear
systems arising in the discretization of semi-explicit DAEs or of equations of motion
we have convergence results from [79, 117].

One important question in the use of an iterative method for solving linear systems
inside an integration process is when to stop the iteration such that the obtained
accuracy of the computed solution of the nonlinear system is within the prescribed
tolerance without performing too many Newton iteration steps.

The convergence estimation and the stopping criterion implemented in GEOMS is
adopted from the code RADAU5 and described in [82]. The estimation of the conver-
gence bases on the weighted root square norm || - ||sc which is defined for { € R™
by

G

2
n - scl-)

with s¢; = ATOL(¢) + max(|xos|, |x1:|)RTOL(7), see [82]. For the sake of completeness
we will review the results from [82].

If we are in the Newton iteration step k and have determined the new iterate 2)*+1,
the iteration will be stopped if

[1€l]se = (5.2)

||Q.jk+1 - Q.j*Hsc < KTOL (5'3)

with an appropriate choice of the parameter k, where 2)* is the exact solution of
the nonlinear stage equation (3.113a) and TOL the prescribed tolerance for the in-
tegration process. The question now is how to estimate ||Q*+! — D*||s..

Since the convergence of the simplified Newton method is linear, we have the esti-
mate

A9 | < 8| A" se,

where the AQ¥ are determined in (3.117) inside the simplified Newton iteration for
the solution of the nonlinear stage equation (3.113a). By applying the triangular
inequality we get from

P -9t = (P -9 + (M -9+

the estimate

S}
||@k+1 - @*Hsc < HA@kHsc' (5‘4)

—1-0
We estimate the convergence rate © by O defined by

Gk = ngkHSC/H@k_lec for k > 1.

Therefore, in view of (5.3) and (5.4) we can decide to stop the Newton iteration

and to accept 9**! as approximation to the exact solution )* if
O

1-0y

k|| ADF||se < KTOL with 7 = (5.5)

In the first Newton iteration step we set

no = (max(Nord, Uround))o'8
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where 1,4 is last 7 from the preceding integration step and Uround denotes the
rounding unit. The norm used for the convergence estimate should be the same as
for the the local error estimate of the integration process, see Section 5.1.5.

In the case of a very slow convergence or, in particular, in the case of divergence,
the number of Newton iteration steps has to be restricted by a maximal number
kmaz = NIT. Thus, the Newton iteration will be stopped if

a) for some k we have that

@k?maz*k

1I€_7@I€||A@k||sc > kTOL,

in this case the criterion (5.5) will probably not be satisfied within the maximal
number k,,.. of allowed Newton iteration steps, or

b) there is a k with O > 1, i.e., the iteration diverges.

If case a) applies, i.e., the Newton iteration is not fast enough to converge within
kmaz Newton iteration steps, the user has to decide whether the whole integration
step has to be rejected because of convergence failures and to be repeated with a
reduced step size, or if the Newton iteration should be continued with an updated
Newton iteration matrix. In GEOMS this decision is made by defining the maximal
number of updates in the option IOPT(10)=NWTUPD. However, several numerical re-
sults suggest that the number of allowed updates should not exceed 1, because of
the fact that the amount of computation for one integration step with one allowed
update of the Newton iteration matrix is about as high as the amount of computa-
tion for two integration steps with half the step size but no allowed update of the
Newton iteration matrix.

It should be noted that the possibility of an update of the Newton iteration matrix
within the Newton iteration process is not available in the code RADAUS.

5.1.4 Numerical solution of the linear systems arising from
discretization methods

As we have seen in Section 3.5.4.3 the sequence of regularization and discretization
in the numerical treatment of quasi-linear DAESs can be reversed, i.e., we can either
first regularize the differential-algebraic equations via the projected-strangeness-
free DAE (3.77) and then discretize the projected-strangeness-free DAE, or first
discretize the complete minimal reduced derivative array (3.66) and uses index re-
ducing decompositions for the solution of the linear system of type 1 (3.154) and of
the linear system of type 2 (3.155) in the Newton iteration. Both approaches are
equivalent, see Theorem 3.5.75 and Figure 3.2. In GEOMS we will follow the second
approach.

for this, we have to solve two different linear problems. First, the linear problem
(3.154) with n = n, +ny +n, + 1y +ng +ny +n, unknowns £ and m = me +mp
equations has to be solved. In particular, this means that we have to satisfy the
algebraic part C¢ = bc consisting of mg = n,, + ns + 3nx + 2n, + m. equations
within a prescribed tolerance, where m. is the number of solution invariants, and
with respect to the differential part mp = n, +n, +n, equations (YD +hB)¢ = bp
have to solved in a generalized way with respect to the restrictions of the algebraic
part. Secondly, the linear problem (3.155) has to be solved which has the double
number of equations and unknown variables.

The numerical solution of these linear problems is discussed in general in Section
3.5.4.3 without a detailed specification of the transformation matrices QR, Qr, Qr,
and P.

The code GEOMS offers the possibility to decompose the differential part and the
algebraic part via different decomposition methods. The user has to specify with
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the option IOPT(11)=DECOMPC if the algebraic part should be decomposed by use
of the LU decomposition with full pivoting (IOPT(11)=1), by a QR decomposition
with pivoting (IOPT(11)=2), or by a SV decomposition (IOPT(11)=3). It is known
that the LU decomposition is the cheapest choice with respect to the amount of
computation. But, with respect to numerical stability it is not the best choice,
despite full pivoting. On the other hand, the SV decomposition offers excellent
stability properties but is more expensive. Nevertheless, the default decomposi-
tion is the SV decomposition unless the user specifies another decomposition. Let
us note that heuristically seen, the LU decomposition with (partial) pivoting is
a good compromise concerned efficiency and stability such that it is sufficient for
many computations. Furthermore, with the option I0OPT(12)=DECOMPD, the user
can specify how to decompose the differential part. By setting I0OPT(12)=0 the
LU decomposition with partial pivoting is used and by setting I0PT(12)=1 the QR
decomposition is used. Concerning the decomposition of the differential part also
note the following detailed considerations. For strangeness-free differential-algebraic
systems in semi-implicit form the scaling of the algebraic constraints with 1/h is
recommended in [136], see Remark 3.5.61. Since the numerical integration of the
equations of motion in GEOMS is based on the projected strangeness-free formulation
of the equations of motion, the constraints are scaled by 1/h. Note that the matrix
in (3.154) and (3.155) has the following structure

Fll F12 F13 F14
C=1| 0 0 Fy Fy |, (5.6)
0 0 0 Fy

with
d’]}u d’l?\ d# d,r [ d.y [ d,s d’p ]
Fi = gjw g,[)\ g,[y, ’ Fio= g’]T ) Fiz3= gg} ) Fia= gg; g% )
B, hI, bl nl | h, |l |
9 9s Yp
F23 = HZ ; F24: h/,s h,p )
eav 615 e:p J
C C
Fa=| &5 ©»
P les g I

where the matrix entries are evaluated at the particular state (X*, U*) given by
(X, [7*) = (p*,v*,r*, w*, 5%, \*, u*,u?*), see (3.115). Because of this block struc-
ture, it is more efficient only to store the nonzero blocks such that the storage is
done with

FX1=[—-Fi1 —Fis —Fi3 —Fiy|, FX2=[ —Foy —Fo |, FX3=[ —Fay |.

In the case of regular equations of motion, we have the full (row) rank of Fiyy, Fas,
and Fi4 from Assumptions (4.55a)-(4.55¢) and (4.56). In the case of quasi-regular
equations of motion we have at least the constant rank of Fyi, Fby3, and F34 from
Assumption 4.2.4.

Because of the upper block triangular structure, the transformation matrix QC can
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be chosen as

[ Qe 00
0 le 0
0 0 Qo
el 0 o
0 Q2c2 0
L0 0 Q|

where the block dimensions of QC corresponds to the block structure of C. The
particular structure of C' and Qc reduces the amount of computation with respect to
the decomposition of the constraint part. Furthermore, the matrix P is determined
in the form

pll 0 0 ]512 0 0 0

p_ 0 0 0 0 I, O 0
T 0 Py 0 0 0 Py 0
0 0 Py 0 0 0 Py
The matrices Q- and P are chosen such that the relations
-1 A _ -
le Fu[ Pu Pp] = Rgl S’gl ;
L Qcn i L -
S ] _ -
ng Fys [ Py Py ] = RSQ gSQ ;
L Qe i L -
- _ ;
Qg?’ Fyy[ Psi Py ] = }?83 §83 ;
| Qs | - _

are satisfied with nonsingular upper triangular matrices Ry, i = 1,2,3 of appro-
priate size. We get (3.157) with

. Rer QeiFisPar OcyFiuPy
e = 0 Reo Q22F24I531 ;
|0 0 Res
o Scv QerFiz QenFisPr QpyFiaPs
Vel = 0 0 Seo Q22F24I532
0 0 0 Scs

Note that the permutations are not actually performed in GEOMS and the zeros in the
left lower parts of Re and VCPQ are respected. Furthermore, the transformation
matrices are stored in the new zero entries in the arrays FX1, FX2, and FX3, i.e.,
in the lower left part of the matrices R¢; for i = 1,2, 3. If the LU decomposition
or QR decomposition are used in the algebraic part, the transformation matrix P
corresponds to the pivoting and is stored in a pivoting vector PIV. In the case of
the SV decomposition P corresponds to the orthogonal matrix that is applied from
the right.

Subsequently, after detecting the full rank part of the constraints, the elimination
of the corresponding columns in the differential part will be performed. This will
analogously be done for the Jacobian of the right-hand side, i.e., for

Fypn Py Fy3 Fy

B=| Fs1 Fso Fs3 Fsa |, (5.7)
0 0 Fg3 Fou
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with
Fy = [ bw bx b, ],
Fyo [ b ],
Fi3 [ bo ],
Fuy [ bs by ],
Fy [ fw fa—2"G" f,—-Z"H" ],
Fso [ fr ],
Fs3 [ fo ],
F54 [ (f=Z"G"N=Z"H"p) s (f-Z"G"A-Z"H"pn), |,
Fgs3 [ Z ],
Foa = [ 0 (Zv), }a

0 0
M 0 , (5.8)
0 [01,]

where the matrix entries in B and D are evaluated at the particular state (X*, U )=
(p*,v*, r* w*, 8%, \*, u*, u?*), see (3.115). The matrices are stored as

FX4=[ —Fy —Fp —Fi3 —Fu |, FMAS=[M 0],
FX6=| —F51 —Fsy —Fss —Fsy |, IKIN=|0 I, |,
FX6 = | —Fs3 —Fes ]

The allocation of the zero entries in FMAS and IKIN is necessary for subsequent
matrix transformations. Furthermore, we determine two transformation matrices
Lp and Lp according to (3.159) of the form

0 0 0
Lp=10 Lpss Lpss
0 0 Lpes

and

) Lpsi Lpis Lpas
Lg=| Lgsi Lpsy Lpss
0  Lpes Lpes

These matrices will be stored in the new zero entries in the arrays FX4, FX5, FX6,
FMAS, and IKIN which originate from the elimination process, see (3.160a).

As mentioned in Remark 3.5.82, note that the transformations done up to this point
correspond to the predecomposition process and, therefore, no information on the
step size h or the Runge-Kutta coefficients is necessary for these eliminations. These
eliminations are done at a very early stage of an integration step. The transforma-
tion matrices QC, P, Ly, and Lp as well as the obtained matrices Re, Vo Py, Vi,
and Vp allow an efficient solution of the linear problems (3.154) and (3.155).
After finishing the predecomposition process, we have a decomposition of the al-
gebraic part and we have those parts of the solution inside the differential part
eliminated which are already determined by the algebraic part.

It remains the investigation of the differential part, which now depends on the step
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size h and the Runge-Kutta coefficients v, «, and 3. For the investigation of the
differential part, we have to decompose the linear system of the form

G
G2

see (3.160a) with ¢, having a dimension corresponding to (YVp +hV )P, and Vp
and Vg are defined in (3.160b). We are only interested in the second part (2 because
the first part {; then can be determined from the algebraic part. In particular, we
have to determine and to decompose the matrix

[0 (Vo + VB, | [ ] — (v + hip)Qbbe + b, (5.9)

* * . * x 1 - = ox1 .
El = (’}/VD + hVB)P2 = V(LDQCC + D)P2 + h(LBQCC + B)Pg

Fortunately, because of the predecomposition process, we have already computed
ZDQICC’ + D and EBQEC + B and have stored them in the arrays FMAS, IKIN and
FX4, FX5, FX6, respectively. Furthermore, also the matrix P, is known from the
predecomposition process such that the determination of E1 mainly needs storage
effort.

Furthermore, we have to solve the second linear system of type 2 (3.155) that
consists also of the blocks C, B, and D given in (5.6), (5.7), and (5.8), respectively.

As discussed in Section 3.5.4.3, the transformation matrices Qé, P, Lp, and Lp
may be reused for the linear system of type 2 (3.155) such that a large part of
the necessary computations already has been done. Thus, in the decomposition
process of the linear system (3.155) it remains to decompose the differential part of
the linear system (3.155). For this, it remains to determine and to decompose the
matrix

(04‘70 + hVB)PQ (—5‘70 + hVB)pQ

E2 = f e « L
(BVD + hVB)PQ (OZVD + hVB)PQ ’

compare with (3.169). From the predecomposition process we already have com-
puted Vp and Vp and we have stored them in the arrays FMAS, IKIN, and FX4,
FX5, FX6, respectively, such that their determination mainly needs storage effort.
Hence, the decomposition of the remaining differential part contained in E1 and E2
may be carried out in a straight-forward way using the LU decomposition or QR
decomposition (in general, the use of the SV decomposition is possible but it is not
implemented).

After the transformation of the right-hand side [ b5 bf, according to (3.167a)

and [ bl bip bl b3p }T according to (3.170a) we get the solution of the lin-
ear systems (3.154) and (3.155) via backward substitution.

Note that we offer two alternatives for the decomposition of the differential part of
the linear systems (3.154) and (3.155). First, the solution may obtained by use of
the LU decomposition of E1 and E2 with IOPT(12)=DECOMPD=0 and on the other
hand the solution may obtained by use of the QR decomposition of E1 and E2 with
I0PT(12)=DECOMPD=1.

]T

Remark 5.1.5 The described approach has the advantage that the predecompo-
sition process can be done independently of the step size h or the parameters v, «,
or (3, for both linear systems (3.154) and (3.155). Only the decomposition of the
differential part has to be done separately using h, v, a, and 8. In particular, if the
Newton iteration process has convergence problems and the algorithm interrupts
the Newton process for another try with a reduced step size, then the information
of the predecomposition process may be recycled which saves computational work.
In the case of the use of the LU decomposition for the differential part, it is pos-
sible to consider the linear system (3.155) as a system of half the dimensions in C
according to [82]. O
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Remark 5.1.6 For the linear algebra computations like QR decompositions and
SV decompositions we use BLAS! (Basic Linear Algebra Subprograms) [111] and
LAPACK? (Linear Algebra PACKage) [2] subroutines. O

Remark 5.1.7 In the case of the numerical integration of regular equations of
motion, see Definition 4.2.8, the linear systems (3.154) and (3.155) are uniquely
solvable. g

5.1.5 Error estimation and step size control

The step size control of the integration process is a very sensitive topic in the im-
plementation of numerical algorithms for the integration of ODEs as well as for
DAEs. An overview over several step size control strategies is given in [169], see
also [25, 39, 63, 82]. The code GEOMS works with two different step size control
strategies as used in the code RADAU5 adapted to the structure of the equations of
motion.

The base for a control mechanism of the step size is a local error estimation. Ac-
cording to [82] we use in GEOMS

3
(VE(X*,U*) — hk o (X*,U*))err = hk(xo, i(to)) + E(zo, i(to)) ZeiY; (5.10a)

’ i=1
with
(e1,e9,e3) = (=13 — TV6,—13 + 7v6, —1)/(37) (5.10b)

for the determination of the local error err. Following the investigations in Section
3.5.4.3 for the numerical integration of the projected-strangeness-free formulation
(4.114) of the equations of motion (4.43) we get the unselected linear system in the
form (3.154) with (5.6), (5.7), (5.8), and with £ = err and

be = 0,
b
bp = h| f—ZTGTA—ZTH
Zp
0 I, 0 0 3
+v|l0 0 M 0 > e,
0 0 0 [0 I,] ]|

where the entries are evaluated at the particular state (X*, U*) given by (X™*, U*) =
(p*,v*, r*, w*, 8%, \*, u*, u?*), see (3.115) and which has to be solved in an index re-
ducing sense as discussed in Sections 3.5.4.3 and 5.1.4. The right-hand side bc of
the algebraic part can be assumed to be zero, since it describes the algebraic re-
strictions and all of them are satisfied by all stages X; because of the properties of
Radau ITa methods applied to semi-implicit DAEs (3.24), see Section 5.1.3.1.
Since the solution of the linear system (5.10) is based on the same approach as
discussed in Section 5.1.4, from the simplified Newton iteration we have already all
information of the decomposition of the leading matrix in (5.10) which corresponds
to the leading matrix in (3.123), see Section 5.1.4. Only the transformation of the
right-hand side and the backward substitution has to be performed. The error es-
timation is implemented in the subroutine GEERREST.

1BLAS - http://www.netlib.org/blas/
2LAPACK - http://www.netlib.org/lapack/
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For the choice of a new step size for the next integration step or a repeated integra-
tion step there are two possibilities implemented in GEOMS which have to be selected
by use of the option IOPT(8)=PRED. First, with IOPT(8)=2 the classical step size
controller developed in [63] uses the step size strategy

hnew = fCLC hk Herrk-i-le_cl/‘l (511)

with errg41 determined by (5.10) in the current integration step from ¢y to tgp41 =
tr + hi, and the weighted root square norm || - ||s. defined in (5.2) with s¢; =
ATOL(4) 4+ max(|xo;|, |x1;|)RTOL(Z), see [82]. The safety factor fac is proposed to
depend on NEWT, the number of Newton iterations of the current step and on the
maximal allowed number of Newton iterations NIT. We use fac = SAFE(2NIT +
1)/(2NIT 4 NEWT), where SAFE is a safety factor with default value SAFE= 0.9, see
[82]. Secondly, if IOPT(8)=1, then the step size selection is based on a predictive
step size controller, developed by Gustafsson in [78]. There, it has been proposed
to determine the new step size by

) v, 1/4
hnew—fachk( ) E ('””“'“) , (5.12)

llerrisil]se hi—1 \||erri41]sc

see [82]. Obviously, this predictive step size control (5.12) is not possible in the
first step. Therefore, the classical step size controller (5.11) will be used in the
first integration step. The predictive controller (5.12) needs slightly more work and
storage than the classical controller but is more flexible in the adaptation of the
step size. By use of the controller (5.12) a faster reduction of the step size without
step rejections is possible than by use of the classical controller (5.11). This leads to
a possible reduction of the overall amount of computation. It is our experience that
the predictive step size controller (5.12) seems to produce safer results for simple
problems, on the other hand, the choice of the classical controller (5.11) produces
often slightly faster runs, see also [82].

In GEOMS the predictive step size controller (5.12) will be used by default if the user
does not specify anything else.

5.1.6 Selector control

In general, it is not necessary to newly compute selectors in every integration step.
Rather, it is possible to keep the selectors constant for a certain number of integra-
tion steps.

In case of the QR decomposition for the differential part, the whole selector in ma-
trix form has to be stored. Then in every integration step the differential part has
to be premultiplied with the stored selectors and after that the decomposition has
to be performed. At least, this procedure is inefficient for systems with a small
number of constraints. If the LU decomposition is used, there is the possibility
derived from the pivoting to store the selectors in a pivoting vector only. Let us
illustrate this strategy for the decomposition of the differential part of the linear
system (3.154), i.e., we have to solve the linear system (5.9) with E1 € R™p:n—7c,
mp > n —rc. We have the LU decomposition with pivoting in the form

Lgi PE1 [ Py P3}={I%R ‘{)R:|7

where P = [ P, P, P ] € R™"™ is nonsingular and P, € R™"¢ is known from
(3.156), Lgy € R™2™D is a lower triangular matrix with ones on the diagonal,
Rpr € R"P"P is a upper triangular matrix, and

:| c RmD7mD
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with Py € R™2"™> and P € R™p~"0™b jg the pivoting matrix which performs the
selection of the differential part according to the regularization. Here, the matrix
Lgy Py takes the place of @p in (3.161). In particular, we have

where El € R™>:"=7¢ has full rank, i.e., rank(El) = rp. Assuming that all input
functions are continuous in ¢ then E1 as a function of ¢ is continuous, too, as long
as the pivoting matrix P is constant, see Sections 3.5.4.3 and 5.1.4. Therefore, we
have that PLE1(t + At) has full rank for all At € (—e,¢) with sufficiently small ¢,
see Lemma 2.1.3, such that it is possible to replace the linear system (5.9) by the
selected linear system

% -~ * * s 1
Pi[0 VpPy | (=P ((vLp + hLp)Qcbc + bp), (5.13)

as long as P E1(t + At) has full rank and the pivoting matrix P; of the constraints
remains unchanged. In particular, this means that a selector recomputation in
GEOMS will only be done if the column pivoting P; with respect to the algebraic
constraints does change from one integration step to the next or if convergence
problems are observed inside the Newton iteration process. This fact is demon-
strated in Example 5.3.1 below in Tables 5.8 and 5.9.

If the LU decomposition is used for the decomposition of the differential part, with
the option INFO(13)=SELCOMP, then it is possible to decide whether the determina-
tion of the selectors is done in each integration step (INFO(13)=1) or by following
the strategy described above (INFO(13)=1), where the latter case is default if the
user does not specify anything else.

5.1.7 Consideration for redundant constraints

The code GEOMS offers the possibility to integrate the equations of motion of mod-
eling level 4 (4.43) with possibly redundant constraints. As discussed in Section 4.2
the solution is not unique in the case of redundant constraints, but under certain
conditions the nonuniqueness is only restricted to the Lagrange multipliers A, pu,
and w, see Theorem 4.2.32.

Very important for the integration of equations of motion with redundant con-
straints is the detection of the degree of redundancy, i.e., the determination of
the rank of the Jacobians of the constraints. Therefore, the code GEOMS offers the
possibility to decompose the constraints via the LU decomposition, the QR de-
composition or the SV decomposition using the option I0OPT(11)=DECOMPC. The
reliable numerical determination of the rank of a matrix is a delicate task and the
SV decomposition is a commonly used tool to do this. Therefore, the numerical
integration of equations of motion with redundant constraints is only allowed via
the SV decomposition for the constraints.

The rank of the constraints will be determined in every integration step. If it is
detected in the first step that the constraints are redundant, a reliable numerical
integration requires the use of the SV decomposition at least for the decomposition
of the constraints. If the LU decomposition or QR decomposition have been chosen
for the decomposition of the constraints, the integration will be stopped with the
indication that the SV decomposition should be used and the integration should be
restarted.

Furthermore, if a change of the rank from one step to another is detected, then the
integration has reached a singular point and the integration will be stopped with an
error message. See for example the numerical results of the slider crank, Example
5.3.4, in particular, Figures 5.24 and 5.25.
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5.1.8 Consideration for invariants

In Section 4.1.4 we have discussed the existence of solution invariants and the preser-
vation of these invariants in the numerical solution. Furthermore, in Section 4.5 we
have emphasized the necessity of the explicit occurrence of such solution invariants
in the model equations, i.e., the solution invariants should be explicitly contained
as equations in the equations of motion.

For this reason, GEOMS provides the possibility to introduce such equations (4.28)
which define the solution invariants in the right-hand side (5.1) of the equations of
motion.

5.2 GMKSSOL

In this section we will present the code GMKSSOL in detail. For the usage and
implementation of GMKSSOL see the manual in Appendix B.2.

The code GMKSSOL has been developed as part of an industrial project and therefore,
it is designed for a special type of equations of motion, namely

D v, (5.14a)
v = falp,v,m,\ 1), (5.14b)
= b(p,u,m\t), (5.14c)
0 = g(pt) (5.14d)

with fa(p,v,7, A\, t) = M~ (p,t)(f(p,v,7, X\, t)=G"T (p, t)A) and G(p,t) = dg(p,t)/p.
The software package GMKSSOL has been proposed in [50] and is based on residual
evaluations. The residual of the right-hand side of the equations of motion is pro-
vided from a multibody system formalism such that the mass matrix M and the
constraint matrix G are not provided separately. GMKSSOL integrates the equations
of motion (5.14) with nonredundant or uniformly redundant constraints (5.14d) such
that it is not necessary that the constraint matrix has full rank, but the constraint
matrix must have constant rank for the whole integration interval I = [to, ¢].

The discretization method implemented in GMKSSOL is based on the projected-
strangeness-free form (4.114) adapted to (5.14) and uses a modified version of the
subroutine RADAU5 for the numerical integration of the regularized equations of
motion.

5.2.1 Features of GMKSSOL

As mentioned above, the code GMKSSOL has been created in an industrial project.
Therefore, it is a very specific solver which has been adapted to the precise require-
ments of the industrial partner. In particular, the degree of flexibility is reduced
in favor of the efficiency. The features and options of the code GMKSSOL are listed
in Table 5.4. Furthermore, the subroutines which are part of the code are listed in
Table 5.5. It should be mentioned that the subroutines DEC, DECC, SOL, and SOLC
are part of the code RADAUS [79, 82].

As mentioned above, the algorithm GMKSSOL is based on residual computations. The
information of the equations of motion has to be provided in the following form.
The vector of the unknown variables has to be provided in the form

XT=[pT T T AT ]

and the right-hand side has to be specified in the user-supplied subroutine EQUOFMOT
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Option Feature Section
respecting hidden constraints 5.2.3
respecting redundant constraints 5.2.3
check of the consistency of the initial values 5.2.2
correction of the initial Lagrange multipliers with re- | 5.2.2

spect to its consistency

special treatment of forced mechanical systems 5.2.4

I0PT( 2) | optional output for integration information

IOPT( 3) | maximal number of integration steps

I0PT( 9) | choice of selector 5.2.3

IOPT(14) | selector control 5.2.3

Table 5.4: Options and features of GMKSSOL

Subroutines contained in the code GMKSSOL

GMKSCOIN determination of consistent initial values, see Section 5.2.2

GMKSSOL main routine

GMRHSIRK providing the right-hand side of the projected-strangeness-free
form of the equations of motion, see Section 5.2.3

GMSELECT determination of the selectors, see Section 5.2.3

GMSOLIRK core routine

GODESOLIM | numerical integration of stiff ODEs, see Section 5.2.4

DEC decomposition of the leading matrix respecting the decoupled
linear subsystem (3.123)

DECC decomposition of the leading matrix respecting the decoupled
linear subsystem (3.124)

SOL backward substitution respecting the decoupled linear subsystem
(3.123)

SOLC backward substitution respecting the decoupled linear subsystem
(3.124)

user-supplied subroutines

EQUOFMOT provides the reduced derivative array RDA (5.15)

SOLOUT output of the numerical solution and additional information dur-
ing integration

Table 5.5: Subroutines of GMKSSOL

in the following order.

v
fd(p, v, T, )‘a t)
b(p,v,m, A\, t)
g(p,t)
g’ (p,v,t)
gl(p7 ’07 ,r7 )\7 t)

RDA = (5.15)

Depending on the internal option IOPT(31), it is either necessary to provide the
whole right-hand side of the equations of motion or it is sufficient to provide only
the holonomic constraints, see Section 5.2.3.

For the output of the numerical solution the user has to define the points where an
output is expected in the array TOUT in an increasing sequence. If the code GMKSSOL
passes an output point, say TOUT (¢), then the code will interpolate the numerical
solution at TOUT(4) and will store the numerical solution in the i-th column of
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the array XOUT. Furthermore, after passing such output points the user-supplied
subroutine SOLOUT which has to be provided from the user will be called.

Furthermore, the code will give some information about the success or the failure
of the numerical integration. The user has to decide if this information shall be
written to an output or not. By setting the option IOPT(2) to zero, the output of
this information will be dropped. Otherwise, this information will be written to the
output device defined by IOPT(2), for more detail see the manual in Appendix B.2.

5.2.2 Determination of consistent initial values

In Section 4.2 we have discussed the regularity of the equations of motion of multi-
body systems. For the existence of a solution the consistency of the initial values,
see Definition 3.1.3, is necessary. But in complex multibody systems, in particular,
with a large number of kinematical closed loops, the consistency of the initial values
is not natural. In particular, the position variables p and the velocity variables v
are restricted to the solution manifold M, see (4.65), but some components in the
position and velocity variables are freely choosable. Furthermore, the variables r
describing dynamical force elements are completely freely choosable and at least in
the case of nonredundant constraints the Lagrange multipliers A are fixed by the
constraints on acceleration level which are not explicitly given in the equations of
motion.

Before the integration will be started, the code GMKSSOL checks the consistency of
the initial values. It is necessary that the user provides consistent initial values
at least for the position variables p(tg) and for the velocity variables v(tg). If the
initial positions or the initial velocities are not consistent the code will stop with
the error message TERR=-1006. The initial values for the dynamical force elements
r(to) are not restricted in their choice and the user has to provide them. Further-
more, the code GMKSSOL offers the possibility to determine consistent initial values
for the Lagrange multipliers A(tp). If inconsistencies in the initial Lagrange multi-
pliers are detected, the subroutine GMKSCOIN determines consistent initial Lagrange
multipliers.

5.2.3 Regularization of the equations of motion and selector
control

According to Theorem 4.6.9 and Lemma 4.6.11 the projected-strangeness-free form
of the equations of motion (5.14) with selected constraints is given by

Sp(p:t)p = Sp(p,t)v, (5.16a)
Sp(p, )0 = Sp(p,t) falp, v, A1), (5.16b)
Po= bp,v,m A t), (5.16¢)
0 = Sxpt)g(p 1), (5.16d)
0 = Sapt)g' (p,v,1), (5.16¢)
0 = Sapt)g"(p,v,m A1), (5.16f)

with S, of dimension n, — r¢ x n, such that the matrix

{ i }

has full (column) rank n, for all (p,t) € M. Note that the selector S, equals the
selector S, in accordance to the Lemma 4.6.11. According to Algorithm 4.6.12 the
subroutine GMSELECT determines the selector S,(p,t) at the current state (p,t) by



5.2. GMKSSOL 207

use of the SV decomposition [72]. The SV decomposition of the constraint matrix
function G(p,t) yields

{g;;]a[vl 1@}—{% 8}. (5.17)

The columns of the matrix V, span ker(G) and satisfy the criterion for K, in
Algorithm 4.6.12 Therefore, we have K, = V5. Furthermore, the identity I =
V' Va (= V£ K,,) holds and the selector S, can be chosen as

S, =V, (5.18)
Moreover, from the singular value decomposition (5.17) we get the selector

Sy =U{ (5.19)
such that

‘/1T

S\G=U[G=[3% 0]{VT
2

] =XV e Re"e

has full rank. If the subroutine GMSELECT detects a change in the rank of the
constraint matrix G the integration will be stopped with the error code IERR=-
1303.

Certain motions of mechanical systems do not require a state or time depending
selector, see Example 4.6.14. Therefore, by setting the option IOPT( 9)=1 the user
has the possibility to tell the code that the selectors have to be determined at the
initial point only and to keep them constant for the rest of the integration procedure.
If this is possible, the amount of computation of the integration is reduced.
However, the code GMKSSOL is not able to decide how long the selectors can be kept
constant or when a recomputation is necessary. Therefore, the user has to tell the
code after how many successful steps the selectors have to be recomputed. This
number has to be set in the option IOPT(14). If IOPT(14)=0 the selectors are
recomputed after every successful integration step. Several numerical experiments
suggest that I0OPT(14)=10 is a good choice, see [50].

Obviously, the determination of the selectors needs additional effort. For keeping
this additional cost low, the internal option IOPT(31) tells the user-supplied routine
if the whole reduced derivative array has to be provided (IOPT(31)=0) or if only
the computation of the residual of the constraints is necessary (IOPT(31)=1) which
is sufficient for the determination of the selectors.

During the integration process, the subroutine GMRHSIRK provides the right-hand
side of the regularized equations of motion (5.16) obtained by scaling of the right-
hand side of (5.14a) and (5.14b) with the selector S, and by scaling of the holonomic
constraints (5.14d) and its derivatives g/ and GT with the selector Sy. The right-
hand side of (5.14) is provided from the user-supplied subroutine EQUOFMOT as part
of the array RDA (5.15).

5.2.4 Discretization and numerical integration

Depending on the number and redundancies of the constraints, the numerical in-
tegration will be done in three different ways which also depend on the degrees of
freedom of the mechanical system, see Definition 4.1.7 and Lemma 4.2.16. If the
mechanical system is unconstrained, i.e., if we have for the degrees of freedom that
ny =mny, = ny, = n,, then the equations of motion correspond to an ODE such that
the integration will be done by use of the subroutine GODESOLIM which is suited for
stiff ODEs and is an adaption of the code RADAUS [79, 82]. For more details on the
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code GODESOLIM see [50]. If the mechanical system is a forced mechanical system,
i.e., we have for the degrees of freedom ny =ny, = ny, = 0, then the equations of
motion correspond to a system of algebraic equations such that at every time the
state is completely determined by the holonomic constraints on position level, on
velocity level, and on acceleration level. Therefore, only a nonlinear system consist-
ing of these constraints has to be solved at every output point TOUT (¢). This will be
done by the subroutine GMKSCOIN. In the other case, i.e., if we have for the degrees
of freedom 0 < ny =ny, = ny, < ny, the numerical integration of the equations of
motion is based on the discretization of the projected-strangeness-free form of the
equations of motion and will be done in the subroutine GMSOLIRK. The subroutine
GMSOLIRK is an adaption of the code RADAUS [79, 82].

The discretization and the solution of the arising nonlinear and linear algebraic sys-
tems in every integration step bases on the investigations of Section 3.5.4 respecting
that the leading matrix of the considered DAE is constant for the integration step
and has the form

S, 0 0 0
0 S, 00
E=|10 0 00
0 0 0 0
0 0 0 0

The right-hand side of the projected-strangeness-free form of the equations of mo-
tion is determined from the subroutine GMRHSIRK and provided for the numerical
integration process in GMSOLIRK.

If the maximal number of successful integration steps for which the selectors are kept
constant (defined by IOPT(14)) is reached then the subroutine GMSOLIRK interrupts
the integration process and returns to the subroutine GMKSSOL for the recomputa-
tion of the selectors by use of GMSELECT. After the recomputation, the integration
will be continued with the call of GMSOLIRK.

5.3 Numerical experiments

In the following we will demonstrate the applicability and the performance of the
new solvers GEOMS and GMKSSOL in comparison to other well known and widely used
solvers. The integration with GMKSSOL will be based on the projected-strangeness-
free formulation (4.114) of the equations of motion. The corresponding numerical
results are abbreviated by GMKSSOL(psfEoM). Furthermore, the integration with
GEOMS will be performed on three different formulations. First, the numerical re-
sults obtained with GEOMS using the projected-strangeness-free form (4.114) of the
equations of motion will be abbreviated by GEOMS(psfEoM). Secondly, the numer-
ical results obtained with GEOMS using the projected-s-index-1 form (4.123) of the
equations of motion will be abbreviated by GEOMS(pEoM1). Furthermore, if the
solution of the considered example satisfies some solution invariants, e.g., the con-
servation of the total energy, we will use in addition to the two formulations above
the projected-strangeness-free form of the equations of motion with explicite forc-
ing of the solution invariants as described in Section 5.1.8. The obtained numerical
results are denoted by GEOMS(psfEoM+l).

In Section 4.7 it is pointed out that the numerical algorithms suited for the inte-
gration of the equations of motion should be partitioned into two classes, the class
of those algorithms based on residual evaluations and the class of algorithms based
on structural evaluations. Therefore, the numerical results of GEOMS and GMKSSOL
(which are based on residual evaluations) will be compared to the numerical solu-
tions of both classes separately. First we compare the numerical results of GMKSSOL
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numerical used formulation abbreviation of the

algorithm numerical results
algorithms based on residual evaluations

DASSL s-index-0 form (4.82) DASSL(EoMO0)

GEOMS projected-strangeness-free form (4.114) GEOMS(psfEoM)

GEOMS projected-strangeness-free form (4.114) with | GEOMS(psfEoM+I)
solution invariants

GEOMS projected-s-index-1 form (4.123) GEOMS(pEoM1)

GMKSSOL | projected-strangeness-free form (4.114) GMKSSOL (psfEoM)

RADAU5 original equations of motion (4.43) RADAU5(EoM)

RADAUS s-index-1 form (4.81) RADAU5(EoM1)

RADAUS s-index-0 form (4.82) RADAU5(EoMO)

RADAUS Gear-Gupta-Leimkuhler form (4.103) RADAU5(GGL)

ODASSL overdetermined form (4.105) ODASSL(oEoM)

algorithms based on structural evaluations

MEXAX s-index-1 form (4.81) MEXAX

HEDOP5 s-index-1 form (4.81) HEDOP5

MHERK3 s-index-1 form (4.81) MHERK3

MHERK5 s-index-1 form (4.81) MHERKS

Table 5.6: Used numerical algorithms and used formulations of the equations of
motion

and GEOMS with the numerical results obtained from numerical algorithms based
on residual evaluations, i.e., RADAU5 (version from April 14, 2000) [79, 82], ODASSL
(version from January 03, 1990) [59, 60], and by use of DASSL (version from June 24,
1991) [25, 135]. As representatives for the algorithms based on structural evalua-
tions we will compare the numerical results obtained with GEOMS and GMKSSOL with
the results obtained by use of MEXAX (version from July 18, 1996) [118], HEDOP5
(version from April 09, 1996) [6], MHERK3 (version from February 01, 1994), and
MHERKS5 (version from February 01, 1994). In Table 5.6 it is listed which numerical
algorithm in combination with which formulation of the equations of motion are
used and who they numerical results are abbreviated in the following. The numer-
ical integrations are done on an AMD Athlon XP 1800+, 1533 MHz.

Let us note that we will abstain from the use of physical units like meters or seconds.

Example 5.3.1 The mathematical pendulum: In Example 4.1.12 we intro-
duced the equations of motion of the mathematical pendulum and in Example
4.6.14 we have regularized the equations of motion which are used for the numerical
integration via GEOMS and GMKSSOL.

mass m=1.0
length L=1.0
gravitational acceleration | g = 13.75

Table 5.7: Mathematical pendulum: Parameters

For the numerical simulations of the movement we used the parameter listed in Table
5.7. Let us note that we did modify the gravitational acceleration to approximately
g = 13.75 such that the exact solution has a period of 2 which allows the comparison
of the accuracy every period.

Let us first consider the conservation of the total energy. In Section 4.1.4 invari-
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x107° Total energy

3 T T T
—— GEOMS(psfEoM)
— — — GEOMS(pEoM1)
251 — — GEOMS(psfEoM+l) | ]
RADAUS5 (EoM)
RADAU5(EoM1)
RADAU5(EoMO)
RADAU5(GGL)
ODASSL(0EoM)
DASSL(EoMO)
GMKSSOL(psfEoM)

15F

0.5 B

total energy

prescribed tolerance 1e-07

1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
simulation time

Figure 5.1: Mathematical Pendulum: Conservation of the total energy by the nu-
merical solutions for prescribed RTOL=ATOL=10"" on the time domain I = [0, 1000]

ants of the motion of mechanical systems are considered. In particular, in Example
4.1.18 it is demonstrated that the conservation of the total energy is in general
not satisfied by the numerical solution of the equations of motion, see Figure 4.9.
Let us repeat the computations with the codes GEOMS and GMKSSOL. Figure 5.1
depicts again the total energy of the numerical solutions of the equations of mo-
tion computed with the algorithms based on residual evaluations. Obviously, only
the numerical solution GEOMS(psfEoM+1) obtained with GEOMS conserves the total
energy exactly. This is expected because the energy conservation is contained as
an equation in the used formulation and is therefore explicitely forced during the
numerical integration. Apart from the numerical results GEOMS(psfEoM+1) only
the numerical results GEOMS(pEoM1), GEOMS(psfEoM), and GMKSSOL(psfEoM)
satisfy the conservation of total energy very accurately.

In the Figures 5.2 and 5.3 the efficiency, i.e., the relation between the obtained ac-
curacy and the consumed computation time of the different algorithms is depicted.
Obviously, the integration with use of GEOMS based on the projected-strangeness-free
formulation of the equations of motion plus solution invariants GEOMS(psfEoM+1)
offers the best performance for this example. This fact substantiates the demand of
the Paradigms 4.5.1 and 4.5.3. Furthermore, the numerical results RADAU5(EoM1),
GEOMS(psfEoM), GMKSSOL(psfEoM), and RADAU5(GGL) are obtained in an effi-
cient way. The accuracy of the numerical results obtained via ODASSL and DASSL
is restricted to RTOL = ATOL = 1072 and 10!, respectively. While the integration
with ODASSL fails up to a prescribed tolerance of RTOL = ATOL = 10~'° an integra-
tion with DASSL over the time domain I = [0, 1000] was possible but the obtained
accuracy is not acceptable. Note that the approximation of the Lagrange multipli-
ers by GEOMS(psfEOM+1) is much better than of the other results.

A comparison of the numerical results obtained with GEOMS and GMKSSOL and the
results obtained with algorithms based on structural evaluations is depicted in the



5.3. NUMERICAL EXPERIMENTS 211
) Efficiency
10 T T | A T |
—&— GEOMS(psfEoM)
~ B — GEOMS(pEoM1)
10" F —0—  GEOMS(psfEoM+l) | 4
—8— GMKSSOL(psfEoM)
RADAUS(E0MO)
10° b RADAU5(EoM1) |
RADAU5(EoM)
c RADAU5(GGL)
£ 10t DASSL(EoMO)
2 —B8— ODASSL(0EoM)
3
s 107k 4
£
3
f=
()
S 10° 4
o
>
Q
g
3 107 4
Q
©
10°F o J
- ..
10°F ~5 ]
; # corresponds to prescribed tolerance 1e-07
10_ PR | n n I S S S R | n n I S S R S |
10° 10 10°
computation time
Figure 5.2: Mathematical Pendulum: Efficiency of the solvers based on residual

evaluations. Simulations are done on the time domain I = [0, 1000].
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Figure 5.4: Mathematical Pendulum: Efficiency of the solvers based on structural
evaluations. Simulations are done on the time domain I = [0, 1000].
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Figure 5.5: Mathematical Pendulum: Efficiency of the solvers based on structural
evaluations. Simulations are done on the time domain I = [0, 1000].
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Figures 5.4 and 5.5. Obviously the performance of the algorithms MEXAX and HEDOP5
is great and explained by the high level of exploitation of the structure of the equa-
tions of motion. Unfortunately, an integration with HEDOP5 was only possible for a
prescribed tolerance RTOL=ATOL< 10~%. A successful integration by use of MHERK3
was not possible at all and the integration with MHERKS was only possible for a
prescribed tolerance RTOL=ATOL< 109,

X 107° Residual of position constraints X 107 Residual of velocity constraints
23 23
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Figure 5.6: Mathematical Pendulum: Residual of the constraints depending on
t € [0,1000] for prescribed RTOL=ATOL=10""

A very important fact for the numerical integration and the stability of the numerical
algorithms regarding the integration of DAEs is the satisfaction of the constraints,
including the hidden constraints. In Figure 5.6 the residual of the constraints of
position level, of velocity level, and of acceleration level depending on the simula-
tion time is depicted. Obviously, the residual of the constraints on position as well
as on velocity level grows very rapidly when using the s-index-0 formulation of the
equations of motion, see the numerical results DASSL(EoM0) and RADAU5(EoMO0)
in Figure 5.6. The results RADAU5(EoM0) show a quadratic growth of the residual
of the position constraints while the residual of the velocity constraints grows only
linearly. Furthermore, the numerical results obtained by use of the s-index-1 formu-
lation, i.e., the numerical results RADAU5(EoM1), show a linear growing behavior
in the residuals of the constraints on position level. This illustrates the results of
Section 4.4, see Table 4.2. In Figure 5.7 the maximal obtained residual of the con-
straints depending on the prescribed tolerances by use of the numerical algorithms
based on residual evaluations is illustrated. As one can see, the satisfaction of ev-
ery kind of constraint is only insured by use of GEOMS. Furthermore, in comparison
the residuals of the constraints obtained by the integration by use of the numerical
algorithms based on structural evaluations are depicted in Figure 5.8. While the
constraints on velocity level are satisfied very accurately for the numerical solutions
MEXAX and HEDOPS5, the residual of the constraints on position level are accept-
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Residual of constraints versus given tolerance (residual evaluations)
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Figure 5.7: Mathematical Pendulum: Residual of the constraints depending on the
prescribed tolerance. Simulations are done on the time domain I = [0,1000] with
solvers based on residual evaluations.
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Figure 5.8: Mathematical Pendulum: Residual of the constraints depending on the
prescribed tolerance. Simulations are done on the time domain I = [0, 1000] with
solvers based on structural evaluations.

able but the satisfaction of the constraints on acceleration level is not given caused
from the slight instabilities because of the used s-index-1 formulation which are not
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strangeness-free. In comparison, every kind of constraints is satisfied according to
the prescribed tolerances by use of GEOMS, since all constraints appear explicitly in
the used formulation.

Example 01_SimpPend
Integration with GEOMS(psfEoM)
TSTART = 0.00 TEND = 5.00 HO = 0.100E-01
TOLMIN = 1.0D- 7 TOLMAX = 1.0D- 9
Initial velocity 2.80 rad
[SimpPend] GEOMS(psfEoM) starts with IDID= 0 H= 0.100E-01 TOL = 0.100E-06
[SimpPend] GEOMS(psfEoM) finished with IDID= 0 H= 0.254E-01 at T= 0.500E+01
NACCPT = 187 | NEOM= 2167 | NPDEC = 187
NERJCT = 16 | NJAC= 187 | NEDEC = 204
NCRJCT = 1 | NMAS= 1 | NBSUB = 660
CPUTIME= 0.060s | | NSEL = 2
[SimpPend] GEOMS(psfEoM) starts with IDID= 0 H= 0.100E-01 TOL = 0.100E-07
[SimpPend] GEOMS(psfEoM) finished with IDID= 0 H= 0.176E-01 at T= 0.500E+01
NACCPT = 270 | NEOM= 2961 | NPDEC = 270
NERJCT = 13 | NJAC= 270 | NEDEC = 284
NCRJCT = 1 | NMAS= 1 | NBSUB = 897
CPUTIME= 0.060s | | NSEL = 2
[SimpPend] GEOMS(psfEoM) starts with IDID= 0 H= 0.100E-01 TOL = 0.100E-08
[SimpPend] GEOMS(psfEoM) finished with IDID= 0 H= 0.118E-01 at T= 0.500E+01
NACCPT = 391 | NEOM= 4141 | NPDEC = 391
NERJCT = 9 | NJAC= 391 | NEDEC = 401
NCRJCT = 1 | NMAS= 1 | NBSUB = 1250
CPUTIME= 0.080s | | NSEL = 2

Table 5.8: Mathematical Pendulum: Statistical results for the numerical simulation
with GEOMS using the psfEoM with initial velocity v1p = 2.8

In Section 5.1.6 the strategy for the determination of appropriate selectors has been
discussed. Furthermore, the projected-strangeness-free formulation of the equations
of motion of the pendulum have been developed in Example 4.6.14 and the choice
of the selectors S, and S, has been considered. There, it is mentioned that in
principle the selectors may be kept constant as long as the deviation of the pendulum
does not reach 90 degrees with respect to the initial state. But with respect to
the conditioning of the linear systems which have to be solved inside the Newton
iteration process, the selectors should be recomputed early enough and not just
before reaching a deviation of 90 degrees. This fact is treated in GEOMS by the
recomputation of the selector if the column pivoting with respect to the algebraic
constraints changes or convergence problems of the Newton iteration process occur.
This is demonstrated in two simulation scenarios which are depicted in Tables 5.8
and 5.9.

Both scenarios simulate the motion of the pendulum starting with the downward
hanging initial position pg = [ 0 —1 ]T and an initial velocity vy = [ vig 0 }T

over the time domain I = [0,5]. In Table 5.8 the simulation starts with an initial
velocity of v1g = 2.8. This initial velocity leads to the highest deviation of p =
[ +0.699 —0.715 ] which does not reach the deviation of 45 degrees. Because
of the constraint matrix G = [ 2p1 2p2 ] we have [2p1| < [2pg| for all ¢ € 1
and a change of the pivoting is not necessary such that a (re-)computation of the
selector is only necessary at the beginning of the integration process and after every
detected convergence failure. Therefore, the number NSEL of (re-)computations of
the selector equals the number NCRJCT of rejections because of convergence failures
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Example 01_SimpPend
Integration with GEOMS(psfEoM)
TSTART = 0.00 TEND = 5.00 HO = 0.100E-01
TOLMIN = 1.0D- 7 TOLMAX = 1.0D- 9
Initial velocity 2.90 rad
[SimpPend] GEOMS(psfEoM) starts with IDID= 0 H= 0.100E-01 TOL = 0.100E-06
[SimpPend] GEOMS(psfEoM) finished with IDID= 0 H= 0.236E-01 at T= 0.500E+01
NACCPT = 207 | NEOM= 2730 | NPDEC = 207
NERJCT = 7 | NJAC= 207 | NEDEC = 227
NCRJCT = 13 | NMAS= 1 | NBSUB = 841
CPUTIME= 0.060s | | NSEL = 26
[SimpPend] GEOMS(psfEoM) starts with IDID= 0 H= 0.100E-01 TOL = 0.100E-07
[SimpPend] GEOMS(psfEoM) finished with IDID= 0 H= 0.121E-02 at T= 0.500E+01
NACCPT = 303 | NEOM= 3729 | NPDEC = 303
NERJCT = 12 | NJAC= 303 | NEDEC = 321
NCRJCT = 6 | NMAS= 1 | NBSUB = 1142
CPUTIME= 0.080s | | NSEL = 19
[SimpPend] GEOMS(psfEoM) starts with IDID= 0 H= 0.100E-01 TOL = 0.100E-08
[SimpPend] GEOMS(psfEoM) finished with IDID= 0 H= 0.109E-01 at T= 0.500E+01
NACCPT = 441 | NEOM= 5208 | NPDEC = 441
NERJCT = 12 | NJAC= 441 | NEDEC = 459
NCRJCT = 6 | NMAS= 1 | NBSUB = 1589
CPUTIME= 0.090s | | NSEL = 19

Table 5.9: Mathematical Pendulum: Statistical results for the numerical simulation
with GEOMS using the psfEoM with initial velocity v1o = 2.9

Altitude of the end of the pendulum
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/Altitude by a deviation of 45 degrees
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Figure 5.9: Mathematical Pendulum: Solution for p, for initial velocity vig = 2.8
and v1p = 2.9 on the time domain I = [0, 5].
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plus one initial computation. The situation changes completely if the pendulum
passes the deviation of 45 degrees with respect to the initial state. This happens
if the initial velocity is increased to v1p = 2.9. The numerical results are depicted
in Table 5.9. Obviously, the (re-)computations of the selector NSEL happened 13
times more often than convergence problems NCRJICT are detected. In Figure 5.9 the
motion of the pendulum is depicted. One can see that the altitude of the pendulum
passes 12 times the altitude of a deviation of 45 degrees. Therefore, the number
NSEL of (re-)computations of the selectors is 13, i.e., 12 times plus one initial time,
more often than the number NCRJICT of convergence problems.

Efficiency
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Figure 5.10: Mathematical Pendulum: Efficiency of the solver GEOMS by use of
different decompositions. Simulations are done on the time domain I = [0, 200].

In Section 5.1.4 we have discussed the numerical solution of the linear systems
(3.154) and (3.155) in every Newton iteration step. Several decompositions have
been presented. By use of the option I0PT(11)=DECOMPC the user has to choose if the
algebraic part shall be decomposed by the LU decomposition (DECOMPC=1) with full
pivoting, by the QR decomposition (DECOMPC=2) with column pivoting, or by the
SV decomposition (DECOMPC=3), and by use of the option IOPT(12)=DECOMPD the
user has to choose if the differential part shall be decomposed by the LU decomposi-
tion (DECOMPD=0) with partial pivoting or by the QR decomposition (DECOMPD=1).
It is clear that the amount of computation depends strongly on the choice of the
decomposition and also the obtained accuracy depends on the decomposition. The
efficiency of the several choices of decompositions is illustrated in Figure 5.10. Fur-
thermore, the precision and the amount of computation depend on the number
of (re-)computations of the selector which can be influenced by setting the option
I0PT(13)=SELCOMP. Obviously, the use of the LU decomposition for the algebraic as
well as for the differential part and adapted selector control strategy the integration
is most efficient for this example. O

Example 5.3.2 The lolly: In Example 4.1.13 we introduced the equations of
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motion of the horizontal pendulum on a surface.

mass m=1.0
gravitational acceleration | g = 9.81
surface parameter B =variable

Table 5.10: Lolly: Parameters

For the numerical integrations we use the parameters as shown in Table 5.10.

Efficiency with respect to parameter B
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Figure 5.11: Lolly: Efficiency of the solvers based on residual evaluations. Simula-
tions are done with varying 3 € [0, 140] and prescribed tolerance RTOL=ATOL=10"%
on the time domain I = [0, 100].

Note the influence of the parameter 3 in the second constraint equation (4.22c)
which forces the end of the pendulum to remain on the surface. We made several
numerical simulations with different parameters g = 1,...,140. Increasing the pa-
rameter § leads to stability problems for several formulations of the equations of
motion. The s-index-0 formulation (4.82) which does not contain the explicit infor-
mation about the surface is unsuitable for the numerical integration if the parameter
[ increases. This is demonstrated in Figures 5.11 and 5.12. There, we simulated
the motion of the lolly for a time domain of I = [0, 10] for several parameters (3.
In Figure 5.11 the obtained accuracy of the numerical solution is depicted over the
consumed computation time. Obviously, the efficiency of the numerical integra-
tion DASSL(EoMO0) and RADAU5(EoMO) depends very strongly on the parameter
(3. While the integration for RADAU5(EoMO) are successful for all prescribed 5 but
becomes inefficient with increasing 3, the numerical integration DASSL(EoMO) fails
already for small 5. This indicates that the use of the s-index-0 formulation (4.82)
of the equations of motion is not suitable as basis for the numerical integration.
Furthermore, the numerical integration RADAU5(EoM) was not successful for any
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Figure 5.12: Lolly: Efficiency of the solvers based on residual evaluations. Simula-
tions are done with varying 3 € [0, 140] and prescribed tolerance RTOL=ATOL=10"%
on the time domain I = [0, 100].

choice of the parameter 3. Therefore, the corresponding results do not occur in
Figures 5.11 and 5.12.

In Figures 5.13-5.15 the efficiency of the solvers based on residual evaluations for
the numerical simulation with the parameter § = 4,6, and 10 on the time do-
main I = [0,10] is depicted. The numerical integrations are done with a prescribed
tolerance RTOL=ATOL=10%, i = —4,...,—12. Obviously, for a parameter § = 4
the efficiency for obtaining the results DASSL(EoMO0), GEOMS(psfEoM+l), GE-
OMS(psfEoM), and RADAU5(EoM1) is great, but the efficiency obtaining the results
ODASSL(oEoM), RADAU5(GGL), GMKSSOL(psfEoM), and GEOMS(pEoM1) is not
inferior, see Figure 5.13. The numerical results RADAU5(EoM0) and RADAU5(EoM)
in principle are not acceptable since the best obtained accuracy is 10~ and 1072,
respectively.

For an increased parameter § = 6, see Figure 5.14, the situation of the effi-
ciency by use of DASSL completely changes such that only GEOMS(psfEoM+l),
GEOMS(psfEoM), and RADAU5(EoM1) offer an excellent performance in its com-
putation, see Figure 5.14. The performance of the solvers obtaining the numerical
results in principle is unchanged except that of DASSL(EoMO). Even if the integra-
tion is successful for all prescribed tolerances the obtained efficiency is unfavorable.
Again increasing the parameter  to § = 10 yields a disastrous efficiency behavior
of DASSL(EoM0), see Figure 5.15. Furthermore, while the efficiency for obtaining
the other results is approximately unchanged the performance of the obtaining of
RADAU5(EoM1) is slightly impaired.

In Figure 5.16 the efficiency of the solvers based on residual evaluations and based
on structural evaluations for the numerical simulation with the parameter § =
6 on the time domain I = [0,10] is depicted. Obviously, again the efficiency
of HEDOP5 is excellent closely followed from the efficiency obtaining the results
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Figure 5.13: Lolly: Efficiency of the solvers based on residual evaluations. Simula-
tions are done with 5 =4 on the time domain I = [0, 10].
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Figure 5.14: Lolly: Efficiency of the solvers based on residual evaluations. Simula-
tions are done with = 6 on the time domain I = [0, 10].
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tions are done with 8 = 10 on the time domain I = [0, 10].
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Figure 5.16: Lolly: Efficiency of the solvers based on structural evaluations. Simu-
lations are done with § = 6 on the time domain I = [0, 10].
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MEXAX, GEOMS(psfEoM), and GEOMS(psfEoM+1). The efficiency of MHERKS5,
GMKSSOL(psfEoM), and GEOMS(pEoM1) is also very good. Only the performance
of the solver MHERK3 trailed. Furthermore, a significant influence of the parameter
(6 on the efficiency is not recognized such that the efficiency remains approximately
unchanged with respect to a further increased (.

Concluding this example, it should be noted that the success of the numerical inte-
grations extremely depend on the consistency of the initial values. This results in the
fact that by slightly inconsistent initial values, in particular, for the Lagrange multi-
pliers, the integrations are only mastered for prescribed tolerances RTOL=ATOL=10",
i = —3,...,—10. Only GEOMS using the projected-strangeness-free formulation with
or without additional information on solution invariants mastered the numerical
simulations for all prescribed tolerances RTOL=ATOL=10%, i = —3, ..., —15. g

Example 5.3.3 The truck model: In Example 4.1.14 we introduced the model
of the two dimensional truck example. For a detailed description of the modeling
and the equations of motion we refer to [167].
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Figure 5.17: Truck: Numerical solutions. Simulation is done with RTOL=ATOL=10""
on the time domain I = [0, 20].

In Figure 5.17 the numerical solutions of the position variables obtained with a
prescribed tolerance RTOL = ATOL=10"" are illustrated.

The accuracy of the numerical solutions is compared with the numerical solution
RADAU5(GGL) obtained with a prescribed tolerance RTOL=ATOL=10"15. The pre-
cision of all results obtained by a prescribed tolerance are of similar accuracy but
the consumed computation time differs, as seen in the Figure 5.18. Obviously,
the numerical results DASSL(EoMO0) and ODASSL(oEoM) have been obtained in
an very efficient way, but a successful integration of the equations of motion was
only possibly for prescribed tolerances RTOL=ATOL> 10~ !! by use of DASSL and
RTOL=ATOL> 10~Y by use of ODASSL such that by respecting the accuracy of all
solution components, i.e., including the Lagrange multipliers, the best obtained
absolute accuracy was about 10™*. On the other hand, by the use of the codes
RADAUS, GEOMS, and GMKSSOL not any problem in the numerical integrations for any
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Figure 5.18: Truck: Efficiency of the solvers based on residual evaluations. Simula-
tions are done on the time domain I = [0, 20].

prescribed tolerances RTOL=ATOL> 10~1% occurred. OJ

Example 5.3.4 Slider crank: In Example 4.1.15 we have introduced the model
of a slider crank. The topology of the model is depicted in Figure 4.6 and the
equations of motion are given by (4.23).

masses mi1 =10 mo=1.8
lengths l1=1.0 o =3.0
gravitational acceleration | g = 9.81

Table 5.11: Slider Crank: Parameters (Set 1)

The integration is done on the time domain ¢ € [0,100]. The initial state is the
horizontal strunged-out position to the right such that the initial values are given
by

p1(0) =0, pa(0) =0, v1(0) =0, v2(0) =0, A(0) = —17.658.

The joint between both arms is falling down initiated by the gravitational acceler-
ation.

The obtained accuracy of the numerical results is again compared with respect to
the accuracy of the numerical solution RADAU5(GGL) obtained with a prescribed
tolerance RTOL=ATOL=10"1'. Figures 5.19 and 5.20 illustrates the efficiency of the
numerical solvers based on residual evaluations for the integration of the equations
of motion on the time domain I = [0, 100].

Aside from the excellent efficiency of RADAU5 based on the s-index-0 formulation
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Figure 5.19: Slider Crank: Efficiency of the solvers based on residual evaluations.
Simulations are done on the time domain I = [0, 100].
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Figure 5.20: Slider Crank: Efficiency of the solvers based on residual evaluations.
Simulations are done on the time domain I = [0, 100].
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(4.82) obtaining the results RADAU5(EoMO) for this example (note that the stran-
geness-index-0 formulation is in general not suitable for the numerical integra-
tion because of the occurring drift) the efficiency in obtaining the numerical re-
sults RADAU5(EoM1), GEOMS(psfEoM), GMKSSOL(psfEoM), and DASSL(EoMO)
show a good performance, while the obtained accuracy of the numerical results
RADAU5(GGL), ODASSL(oEoM) is slightly reduced, i.e., the absolute error is slightly
increased, which has impact on the efficiency. The efficiency in the obtaining of
the numerical results RADAU5(EoM) and GEOMS(EoM1) are not very good, even
though GEOMS(EoM1) show the best accuracy for the position variables and the
velocity variables.

Residual of constraints versus given tolerance (codes bgsed on residual evaluations)
10 10

position constraints
velocity constraints
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— 8 — GEOMS(pEoM1)
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® corresponds to prescribed tolerance 1e-07
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Figure 5.21: Slider Crank: Residual of constraints versus given tolerance (codes
based on residual evaluations). Simulations are done on the time domain I =
[0,100].

As mentioned previously, the consistency of the numerical solution is a very sensitive
property. In Figure 5.21 it is shown how accurately the constraints are satisfied in
dependence on the prescribed tolerance. Obviously, this accuracy depends on the
fact whether the constraints explicitly occur as equations in the used formulation
or not. Therefore, the numerical results RADAU5(EoM0) and DASSL(EoMO0) do
not satisfy the position constraints and show a relatively large residuum. This is
explained by the used s-index-0 formulation (4.82) of the equations of motion and
the drift-off phenomenon, see Section 4.4. Obviously, the constraints on velocity
level are more accurately satisfied but still not in a sufficient way, i.e., the residuals
of the constraints on velocity level are smaller than the residuals of the constraints
on position level but not small enough, and the constraints on acceleration level
are very accurately satisfied. An opposite observation can be made by the use
of the original form of the equations of motion (4.43). Here, the constraints on
position level are accurately satisfied in contrast to the constraints on acceleration
level. The analogous observations can be made for the other numerical solutions, in
particular, the solutions GEOMS(pEoM1) satisfy the constraints on position and on
velocity level very accurately while all constraints are satisfied from the solutions
GEOMS(psfEoM).
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Figure 5.22: Slider Crank: Efficiency of the numerical simulation of the slider crank
over the time domain I = [0, 10000] for codes based on residual evaluations.
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Figure 5.23: Slider Crank: Efficiency of the numerical simulation of the slider crank
over the time domain I = [0, 10000] for codes based on structural evaluations.
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It should be noted that the numerical integration on the domain I = [0,10000]
has only been mastered with RADAU5 by use of the s-index-1 formulation and by
use of the Gear-Gupta-Leimkuhler formulation (4.103), with GEOMS by use of the
projected-strangeness-free formulation (4.114), and with GMKSSOL for all tolerances
RTOL = ATOL = 10° with ¢ = —3,...,—15. The integration with GEOMS by use of
the projected-s-index-1 formulation (4.123) was successful for tolerances RTOL =
ATOL = 10% with ¢ = —5,..., —10, the integration with ODASSL was successful for
tolerances RTOL = ATOL = 10° with i = —3, ..., —6, and the integration with DASSL
by use of the s-index-0 formulation (4.82) was only successful for the tolerance
RTOL = ATOL = 1075. The results for the simulation over the domain I = [0, 10000]
with respect to the efficiency are depicted in Figures 5.22 and 5.23.
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Figure 5.24: Slider crank: Numerical solutions for p; of the numerical simulation
of the slider crank passing a singular state at ¢ = 1.01. Simulation is done with
RTOL=ATOL=10"% on the time domain I = [0, 2].

masses m; =10 my=1.8
lengths l1=1.0 lo=1.0
gravitational acceleration | g = 9.81

Table 5.12: Slider Crank: Parameters (Set 2)

In the following, let us consider the case that both arms of the slider crank have
the same length, say I; = Iy = 1, see Table 5.12. In this case the motion of the
slider crank passes the state p; = po = —7/2, where both arms of the slider crank
are hanging down over each other and the end of the second rod is placed in the
origin. In this situation the rank of the constraint matrix G jumps from 1 to 0
such that we have reached a singularity. Then the constraints are redundant and
there is a singular point in the solution path such that the solution is not uniquely
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Figure 5.25: Slider crank: Numerical solutions for v; of the numerical simulation
of the slider crank passing a singular state at ¢ = 1.01. Simulation is done with
RTOL=ATOL=10"% on the time domain I = [0, 2].

determined. It is obvious that two motions are possible. First, the end of the slider
crank remains in the point of origin and both rods are rotating around it, or sec-
ondly, the end of the slider crank moves to the left or to the right and the angle
between the arms increases.

The obtained numerical solutions for the position p; and for the velocity v, for a
prescribed tolerance RTOL=ATOL=10"° over the time domain I = [0, 2] with several
codes are given in Figures 5.24 and 5.25, respectively. From Figure 5.24 and Fig-
ure 5.25 it is obvious that the numerical solutions RADAU5(EoM0), RADAU5(EoM),
as well as RADAU5(GGL) pass the singular state. Furthermore although the step
size control of DASSL reduces the step size rapidly in the neighborhood of the
singularity, the numerical solutions DASSL(EoMO0) passes this point of the sin-
gularity with a following increasing step size and without any warning or error
message. The same holds for the numerical solutions ODASSL(oEoM). Only in
case of using the s-index-1 formulation (4.81) for RADAU5, i.e., RADAU5(EoM1),
and by use of GEOMS and GMKSSOL, i.e., GEOMS(psfEoM), GEOMS(pEoM1), GE-
OMS(psfEoM+1), and GMKSSOL(psfEoM), the singular state is detected and the
integration is stopped.

As mentioned in the Example 4.1.15 using automatic tools for the generation of the
equations of motion it may happen that the constraints are modeled in a redundant
way. Therefore, let us consider the equations of motion in form (4.24), i.e., with
redundant constraints. The numerical integration is again done on the domain
I = [0,100] with the initial values

pl(O) = 0, pQ(O) = 0, (%1 (O) = 0, ’UQ(O) = O,
A1(0) = —17.658, A2(0) = 0, A3(0) = 0.

The accuracy of the obtained solutions are compared with the numerical solution
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Figure 5.26: Slider Crank: Efficiency of the solvers based on residual evaluations.
Simulations are done on the time domain I = [0, 100].

RADAU5(GGL) with a prescribed tolerance RTOL=ATOL=10"'> by use of nonredun-
dant constraints as discussed before. Because of the redundancies in the constraints,
the Lagrange multipliers are not unique such that the obtained accuracy is only mea-
sured for the position variables p and the velocity variables v.

The efficiency of the integration is illustrated in Figure 5.26. Note that a numer-
ical integration by use of RADAU5, DASSL, or ODASSL is not possible because of the
redundancies in the constraints. As seen in Figure 5.26 the numerical solutions via
GEOMS needs more computation time as via GMKSSOL for the same obtained accu-
racy. For stability reasons it is only allowed in GEOMS to solve equations of motion
with redundant constraints by use of the SV decomposition for the constraints, see
Section 5.1.7. Therefore, the results GEOMS(psfEoM) are obtained by use of the SV
decomposition for the algebraic part and by use of the LU decomposition for the
remaining differential part, see Section 3.5.4.3. On the other hand, since the inte-
gration method in GMKSSOL is an adaption of the code RADAU5, the linear integration
system is solved by use of the LU decomposition for both parts. Therefore, the time
consumption by use of GMKSSOL is smaller than via GEOMS, but the determination
of the redundancies in the constraints is safer via GEOMS. O

Example 5.3.5 The skateboard: In Example 4.1.17 we introduced the model
of a skateboarder. The equations of motion are given in (4.27). Obviously, because
of the nonholonomic constraints, the equations of motion are of modeling level 3
(4.43).

Since the codes GMKSSOL and the codes based on structural evaluations are not de-
signed for the numerical integration of equations of motion including nonholonomic
constraints, the numerical integration is only done by the codes RADAU5, DASSL,
ODASSL, and GEQOMS.

First, let us simulate the motion of the skater with the parameter as depicted in
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masses mi =1 mo =1 mg = 80
inertias J1 =0.001 J; =0.001

lengths L1 =0.5 Ls=1.5

stiffness c=0

dampings dy=dy =d3 =d, = dg =0.01
gravitational acceleration | g = 9.81

banking coefficient a=11.0

Table 5.13: Skateboarder: Parameters (Set 1)

Table 5.13 and the initial values

ry = 0.25, i‘l = 0.5, )\1 = 0,
Yy = O7 le = O, )\2 = 0.44e — 047
ro = —0.25, o = 0.5, A3 = —0.9634¢ — 03,
ya = 0, vy = 0, Ay = 0.6667e — 06,
p = 0, p = 0, As = T784.8,
z3 = 0, 3 = 0.5, pr = 0.01109,
ys = 0, ys = —0.0015, s = —0.01109,
zZ3 = 1.5, 2'13 = 0,
0 = 0, 0 0.001.
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Figure 5.27: Skateboard: Numerical solutions of the solvers based on residual eval-

uations.
domain I = [0, 100].

Simulations are done with the tolerance RTOL=ATOL=10"7 on the time

The numerical solutions are shown in Figure 5.27. It seems that all solutions are
of similar quality except the solutions based on the s-index-0 formulation, i.e.,
DASSL(EoM0) and RADAU5(EoM0), in the component pg. But in Figure 5.28 the
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Figure 5.28: Skateboard: Numerical error of the solvers based on residual eval-
uations. Simulations are done with the tolerance RTOL=ATOL=10"7 on the time
domain I = [0, 100].
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Figure 5.29: Skateboard: Efficiency of the solvers based on residual evaluations.
Simulations are done on the time domain I = [0, 100].
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Figure 5.30: Skateboard: Efficiency of the solvers based on residual evaluations.
Simulations are done on the time domain I = [0, 100].

obtained accuracy by a prescribed tolerance of RTOL=ATOL=10"" is illustrated and it
is obvious that numerical solutions DASSL(EoM0) and RADAU5(EoMO0) are not very
accurate. The accuracy of the numerical solutions is compared with the numerical
solution RADAU5(GGL) obtained with a prescribed tolerance RTOL=ATOL=10"15.
In Figures 5.29 and 5.30 the efficiency of the solvers is illustrated. Obviously, the
numerical solutions GEOMS(pEoM1) and RADAU5(EoM1) are obtained in a very
efficient way for all prescribed tolerances RTOL=ATOL=10° with i = —3, ..., —12. For
large prescribed tolerances, i.e., RTOL = ATOL = 10* with ¢ = —3,..., =7 the nu-
merical results GEOMS(psfEoM) are not obtained very efficiently, but for smaller
tolerances, the efficiency of GEOMS is growing and, in particular, it is more efficient
than RADAUS with use of the Gear-Gupta-Leimkuhler formulation. The efficiency
of DASSL as well as of ODASSL is slightly reduced and the best obtained accuracy,
approximately 1076 and 107, respectively, is not as good as the one of the other
numerical solutions, except RADAU5(EoMO0). The efficiency obtaining the results
RADAU5(EoMO) is out of interest.

masses mp =1 mo =1 mg = 80
inertias J1 =0.001 J; =0.001

lengths L1 =0.5 L3 =1.5

stiffness c=1

dampings dy =dy = d3 = d, = dg = 0.005
gravitational acceleration | g = 9.81

banking coefficient a=11.0

Table 5.14: Skateboarder: Parameters (Set 2)
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In the following we will change the parameter of the model of the skateboard as
shown in Table 5.14 by use of initial values

ry = 0.257 jfl = 5, )\1 = 0,

n = 0, n o= 0, Ao = 0.044,
T2 = —0.25, .’kg = 5, )\3 = —0048].7,
y2 = 0, g2 = 0, Ay = 0.0003333,
¢ = 0, ¢ = 0, As = T783.6,
r3 = 0, 1‘3 = 5, n1 = 11.09,
Yys = 0, yg = —0.15, Mo = —11.09,
zZ3 = 15, 2:’3 = O,

0 = 0 0 = 0.1

In particular, mainly we did introduce a stiffness ¢ and reduced the damping d,
da, ds, dy, dg of the system. To compensate these changes, we increased the initial
velocity of the skateboard.
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Figure 5.31: Skateboard: Numerical solutions of the solvers based on residual eval-
uations. Simulations are done with the tolerance RTOL=ATOL=10"" on the time
domain I = [0, 10].

In Figure 5.31 we have illustrated the solution of the numerical integration by use
of several numerical algorithms with a prescribed tolerance RTOL=ATOL=10"". In
comparison to the first scenario the oscillating motion is increased, i.e., the frequence
as well as the amplitude, as we can see, in particular, in the solution component
ps and pg. Analogously to the first test scenario, the numerical solutions seem to
be of comparable accuracy, except the numerical solutions RADAU5(EoMO0) with a
visible deviation. The absolute error of the position components is illustrated in
Figure 5.32. Apart from the numerical results RADAU5(EoMO0) and DASSL(EoMO0),
all numerical results satisfy the prescribed tolerance.

In Figures 5.33 and 5.34, the efficiency of the several used numerical integra-
tions is shown. Again the efficiency behavior for obtaining the numerical results
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Figure 5.32: Skateboard: Numerical error of the solvers based on residual eval-
uations. Simulations are done with the tolerance RTOL=ATOL=10"7 on the time
domain I = [0, 10].
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Figure 5.33: Skateboard: Efficiency of the solvers based on residual evaluations.
Simulations are done on the time domain I = [0, 10].
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Figure 5.34: Skateboard: Efficiency of the solvers based on residual evaluations.
Simulations are done on the time domain I = [0, 10].

RADAU5(EoMO) is not acceptable and even the numerical results RADAU5(EoM),
too. Furthermore, the comparison of the efficiency of the several numerical integra-
tion methods has to be partitioned into two accuracy ranges. First, for an obtained
accuracy in [102,107%] the results RADAU5(EoM1) and GEOMS(pEoM1) are ob-
tained in a very efficient way closely followed by RADAU5(GGL), DASSL(EoMO),
and ODASSL(oEoM). Secondly, for an obtained accuracy in [1074,1078] the results
ODASSL(oEoM) are obtained in a very efficient way followed by GEOMS(pEoM1),
GEOMS(psfEoM), and RADAU5(GGL) while only the results GEOMS(psfEoM) does
reach a accuracy in the range of approximately [1076,1078].

O

Example 5.3.6 An academical example: Let us conclude this section with an
academical example. The equations of motion are defined by
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D2
| D3
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—5251/p3 —S1
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This example is designed in such a way that the exact solution is known analytically
and such that it includes most of the features of the equations of motion used in
industrial applications. The exact solution of our interest is given by

p1(t) = cos(t)(1+1), p2(t) = sin(¢), p3(t) = cos(t),
vi(t) = —sin(t)(t+1)+cos(t), wv2(t) = cos(t), v3(t) = —sin(t),
ri(t) = —2cos(t), ro(t) = —4t —t2,

wy(t) = —2cos(t),

s1(t) = 144, sa(t) = cos(t)t,

Ai(t) = cos(t), Ao(t) = —t.

The constraint matrix is defined in Lemma 4.1.19 and, therefore, it is given by

G- —t+s2/ps+s1 0 —s281/p3— 51
0 2p2 2p3 '

With respect to the solution it follows that

a_ | 1+t 0 —t2—2t—1
- 0  2sin(¢) 2 cos(t)

Consequently, the constraint matrix has full rank for all ¢t # —1.

Let us integrate these equations of motion on the domain I = [0,1.5]. Note that,
in particular, because of the additional variables w, the solver GMKSSOL and the
solvers based on structural evaluations are not able to integrate these equations of
motion. In Figure 5.35 the numerical solutions obtained by use of several solvers are
depicted. Obviously, the integration by use of ODASSL breaks down when reaching
t = 0.623. By use of smaller tolerances, i.e., RTOL=ATOL=10° with i < —7 this break
down happens earlier in the simulation. The other numerical solutions stay in the
neighborhood of the exact solution for the whole domain I as shown in Figure 5.36.
The efficiency of the numerical integration is illustrated in Figures 5.37 and 5.38.
Obviously, a successful integration of this problem by use of 0DASSL is impossible for
any prescribed tolerances. Furthermore, the numerical integration by use of DASSL
based on the s-index-0 formulation (4.82) is only successful for prescribed tolerances
RTOL=ATOL=10%, i = —1, ..., —8, while the numerical integration by use of RADAU5
and GEOMS is successful for almost any prescribed tolerances, i.e., RTOL=ATOL=107,
i=-1,...,—15.

While the numerical results GEOMS(pEoM1), RADAU5(EoM1), and RADAU5(GGL)
are of similar quality, the accuracy of the numerical solutions GEOMS(psfEoM)
is much better. Figure 5.38 gives detailed information of the obtained efficiency
regarding different types of unknowns. Here, it becomes obvious that the numerical
approximation of the Lagrange multipliers of the results GEOMS(psfEoM) is much
better than by use of any other solver while the numerical approximation of the
position and the velocity variables are similar compared to the other numerical
results.

The situation changes if we extend the domain to I = [0, 2]. The numerical solutions
are given in Figure 5.39. In Figure 5.40 the obtained accuracy is illustrated by a pre-
scribed tolerance of RTOL=ATOL=10"". Obviously, in addition to the numerical solu-
tions ODASSL(oEoM) also the numerical solutions DASSL(EoM0), RADAU5(EoM1),
and GEOMS(pEoM1) do not reach the end of I. They end by reaching t = 7/2.
At this moment, the position variable p3 as well as the contact variable s and the
Lagrange multiplier A; are zero.

In Figures 5.41 and 5.42 again the efficiency of the obtained numerical solutions
is illustrated. Obviously, the numerical integration by use of DASSL, ODASSL, or
RADAU5S based on the s-index-1 formulation (4.81) does not lead to success for any
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Figure 5.35: Academical example: Numerical solutions of the solvers based on
residual evaluations. Simulations are done with the tolerance RTOL=ATOL=10"" on
the time domain I = [0, 1.5].

prescribed tolerances i.e., RTOL=ATOL=10%, i = —1, ..., —15. The numerical integra-
tion by use of GEOMS based on the projected-s-index-1 formulation leads to success at
least for RTOL=ATOL=10"%. While the numerical integration by use of RADAU5 based
on the Gear-Gupta-Leimkuhler formulation (4.103) is successful for the prescribed

tolerances RTOL=ATOL=10%, i = —1,..., -9, —11, —12, —14, —15, the numerical in-
tegration by use of GEOMS based on the projected-strangeness-free formulation was
successful for RTOL=ATOL=10%, s = —1, ..., —12 and the most efficient. O

In summary, the examples show that the numerical algorithm RADAU5 in combina-
tion with the Gear-Gupta-Leimkuhler formulation (4.103) and in combination with
the s-index-1 formulation (4.81) is well suited for the numerical integration of the
equations of motion. Very seldomly an integration of the examples was not suc-
cessful. Furthermore, the performance is mostly very good. The numerical results
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Figure 5.36: Academical example: Accuracy of the solvers based on residual eval-
uations. Simulations are done with the tolerance RTOL=ATOL=10"" on the time
domain I = [0, 1.5].

obtained by use of the s-index-0 formulation (4.82) as well as the original form of
the equations of motion (4.43) substantiates the fact that these formulations are in
general not suitable for numerical integrations.

Furthermore, the numerical results suggest that the numerical algorithm ODASSL is
an adequate method for large tolerances, i.e., say RTOL=ATOLE [1073,10~7]. The
success of the numerical integration by use of ODASSL depends highly sensitively
on the consistency of the initial values. In particular, an inconsistent choice of the
Lagrange multipliers very often prevents the success of the numerical integration.
A similar observation holds for the use of DASSL while the code ODASSL behaves a
bit more robust and a bit more accurate.

The efficiency of the numerical algorithms HEDOP5 and MEXAX which base on struc-
tural evaluations is undisputed at the expense of the flexibility in its applicability.
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Figure 5.37: Academical example: Efficiency of the solvers with unstructured in-
terface. Simulations are done on the time domain I = [0, 1.5].
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Figure 5.38: Academical example: Efficiency of the solvers with unstructured in-
terface without respecting the Lagrange multipliers. Simulations are done on the
time domain I = [0, 1.5].
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Figure 5.39: Academical example: Numerical solutions of the solvers based on
residual evaluations. Simulations are done with the tolerance RTOL=ATOL=10"" on
the time domain I = [0, 2].

Note that the numerical algorithms based on structural evaluations used for the nu-
merical experiments above are not applicable for nonholonomic systems. Further-
more, if the numerical integration by use of MHERK5 was successful, the efficiency of
the numerical algorithm MHERKS5 is comparable to the efficiency obtained with the
numerical algorithms based on residual evaluations. However, the efficiency and the
robustness of the numerical algorithm MHERK3 was underwhelming.

According to the efficiency and the maximal reachable precision the new multibody
system solvers GEOMS and GMKSSOL work very good in cases of long time integra-
tion (see Example 5.3.1 of the mathematical pendulum and the Example 5.3.4 of
the slider crank) and stiff mechanical systems (see Example 5.3.2 of the lolly for
large parameter § and the Example 5.3.4 of the slider crank with I; =~ l5). Fur-
thermore, the new multibody system solvers GEOMS and GMKSSOL are suitable for
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Figure 5.40: Academical example: Accuracy of the solvers based on residual eval-
uations. Simulations are done with the tolerance RTOL=ATOL=10"" on the time
domain I = [0, 2].

overdetermined systems, i.e., with redundant constraints (see Example 5.3.4 of the
slider crank). GEOMS by use of the projected-strangeness-free formulation is a good
choice for robust solution. Note that the integration of all numerical examples was
successful for almost all prescribed tolerances RTOL=ATOL=10%, i = —3, ..., —16.
Furthermore, the numerical approximation of the Lagrange multipliers is very ac-
curate and, in particular, more accurate than by use of any of the other solvers that
are based on residual evaluations.
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Figure 5.41: Academical example: Efficiency of the solvers with unstructured in-
terface. Simulations are done on the time domain I = [0, 2].
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Figure 5.42: Academical example: Efficiency of the solvers with unstructured in-
terface without respecting the Lagrange multipliers. Simulations are done on the
time domain I = [0, 2].



Chapter 6

Summary

In this thesis we have focused on three topics. First, we have investigated quasi-
linear differential-algebraic equations of arbitrary high index in view of their reg-
ularization and their numerical integration. Second, we have investigated the reg-
ularization and numerical integration of general nonlinear equations of motion as
they arise in industrial applications. As a third topic we have developed and im-
plemented two new numerical algorithms which perform the numerical integration
of these equations of motion in an efficient and stable way.

In preparation of the treatment of quasi-linear differential-algebraic equations and
of the equations of motion and, in particular, as a basis for the development of
the new numerical algorithms, we have investigated smooth factorizations of ma-
trix functions in Section 2.1. This is a very sensitive and important topic in the
regularization of general nonlinear differential-algebraic equations. Therefore, in
Theorem 2.1.6 we have presented the generalization of smooth decompositions of
matrix functions which depend on several variables.

Furthermore, we have investigated systems of nonlinear equations in Section 2.3.
We have taken into account redundant systems of nonlinear equations with re-
spect to the numerical treatment of nonlinear differential-algebraic equations and,
in particular, with respect to the numerical treatment of the equations of motion
of mechanical systems.

We did not restrict our considerations of quasi-linear differential-algebraic equa-
tions to regular systems of differential-algebraic equations. Rather, we have inves-
tigated general over- and underdetermined quasi-linear differential-algebraic equa-
tions which are allowed to contain redundancies. In particular, we have presented in
Procedure 3.5.11 a general tool for the analysis of quasi-linear differential-algebraic
equations of arbitrarily high index. This procedure offers the possibility to deter-
mine all hidden constraints, the solution manifold, the (complete) minimal reduced
derivative array, and the underlying differential equations in an efficient way. Based
on the procedure we have defined a very important quantity of general quasi-linear
differential-algebraic equations, the so-called maximal constraint level. This corre-
sponds to the highest level of existing hidden constraints of the DAE and is identical
with the minimal number of differentiations of the DAE which are restricting the
solution.

In contrast to the strangeness-concept the developed procedure is restricted to quasi-
linear differential-algebraic equations, but its application is less technical than the
one of the strangeness-concept for quasi-linear DAEs because of its iterative na-
ture and, in particular, because the procedure does only involve the derivatives
of the necessary parts of the DAE, while the strangeness-concept is based on the

243
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whole derivative array. Furthermore, the procedure also involves the treatment
of quasi-linear differential-algebraic equations which do not satisfy constant-rank
assumptions on the system matrices and the (hidden) constraints. In the case of
constant rank of the system matrices the procedure is still less technical than in the
case of nonconstant ranks in the system matrices.

The relation of the strangeness-concept and the procedure developed in Section 3.5
is investigated and it is shown if both concepts are applicable to the investigated
DAE that the s-index is an upper bound of the maximal constraint level by different
technical effort. Furthermore, based on the procedure we have presented a regu-
larization technique in Section 3.5.3 for general quasi-linear differential-algebraic
equations. This yields an equivalent semi-implicit DAE of minimum size with the
same solution set, the so-called projected-strangeness-free formulation, see Theorem
3.5.52.

In Section 3.5.4 we have investigated the numerical treatment of quasi-linear diffe-
rential-algebraic equations. We have developed a discretization technique based on
a Runge-Kutta scheme in combination with the regularization technique developed
in Section 3.5.3. We have shown that the sequence of regularization and discretiza-
tion can be permuted under certain conditions which are defined in Theorem 3.5.75.
The investigation of differential-algebraic equations is concluded with an overview
over available and commonly used numerical algorithms designed for differential-
algebraic equations.

The investigation of multibody systems ranges from modeling aspects in view of
nonholonomic mechanical systems with possibly redundant constraints and regu-
larity discussions up to the development of a simple regularization strategy based
on the procedure developed in Section 3.5.2.

In this thesis we have investigated the modeling of mechanical systems in view of
industrial applications on a very general level. In particular, we have extended the
classification of the equations of motion given in [164] by two additional modeling
levels including nonholonomic constraints and including possible redundancies in
the constraints. We have investigated the equations of motion in their most gen-
eral form including all relevant features appearing in industrial applications like
hydraulic components, contact point condition, holonomic as well as nonholonomic
constraints, redundancies in the constraints, and solution invariants.

We have stated assumptions on the equations of motion which insure that they
are regular in some sense. Furthermore, we have investigated the existence and the
uniqueness of solutions in view of these assumptions, in Theorems 4.2.32 and 4.2.33.
In particular, the satisfaction of all (hidden) constraints is a very important topic in
view of the numerical treatment of the equations of motion under investigation. In
particular, we have compared several commonly used formulations of the equations
of motion in view of the drift-off phenomenon. It is shown that, in principle, the
explicit appearance of the hidden constraints is responsible for the fact that they
are satisfied by the numerical solution.

Based on the results obtained so far we have stated in Section 4.5 two paradigms.
The first one is the modeling paradigm concerning the modeling of mechanical sys-
tems which postulates that the modeling of dynamical systems has to be done in
such a way that the model equations have to contain all important and necessary in-
formation as equations such that the numerical algorithms are able to handle them.
The second paradigm, the algorithm paradigm, postulates that the numerical algo-
rithms should be able to deal with all possible information which is important for
the modeling of dynamical systems. Both paradigms together facilitate a robust
and efficient numerical treatment of dynamical systems.

We have discussed commonly used regularization techniques for the equations of
motion and we have discussed their extensions to the general form of the equations
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of motion considered in this thesis. Furthermore, based on the investigations for
quasi-linear differential-algebraic equations we have presented a simple regulariza-
tion technique for general nonlinear equations of motion in Theorem 4.6.9. This
leads to an equivalent formulation of DAEs which is strangeness-free and contains
the same solution set as the original equations of motion. In particular, we carved
out all hidden constraints and selected those differential equations from the differ-
ential part of the equations of motion which describe the dynamics in the solution
manifold given by the hidden constraints. Furthermore, we have discussed in The-
orem 4.6.15 an incomplete regularization of the equations of motion.

Based on the results obtained from the investigation of quasi-linear differential-
algebraic equations and of the equations of motion, we have developed two numeri-
cal algorithms GEOMS and GMKSSOL for the numerical integration of general equations
of motion. Based on the observation that the sequence of discretization and reg-
ularization can be permuted under certain conditions, the algorithms follow two
different strategies. While GEOMS is based on the regularization of the discretized
equations of motion, the algorithm GMKSSOL is based on the discretization of the
regularized equations of motion.

In particular, the algorithm GEOMS is developed to perform the numerical integra-
tion of the most general form of the equations of motion, including nonholonomic
constraints and possible redundancies in the constraints, as they may appear in
industrial applications. Besides the numerical integration it offers some additional
features like respecting invariant solutions, respecting hidden constraints, use of dif-
ferent decomposition strategies, use of an incomplete regularization, and also check
and correction of the initial values with respect to their consistency. It should be
mentioned that the algorithm GEOMS follows the demands stated in the algorithm
paradigm such that GEOMS is able to respect all possible information like hidden
constraints and solution invariants.

On the other hand, although the algorithm GMKSSOL is specialized to a certain type
of equations of motion it still provides a certain measure of generality. This algo-
rithm offers the possibility to check and to correct the initial values of the Lagrange
multipliers with respect to its consistency. Furthermore, GMKSSOL respects hidden
constraints and is able to deal with redundancies in the constraints.

Subsequently, we have demonstrated the performance and the applicability in com-
parison to commonly used numerical algorithms suitable for the numerical simu-
lation of multibody systems at several mechanical examples of different degrees of
complexity. The experience with the numerical examples in Section 5.3 and several
other numerical tests suggest that the codes RADAU5S by use of the s-index-1 formu-
lation (4.81) and the code GEOMS by use the projected-strangeness-free formulation
(4.114) are very efficient methods for the numerical integration of the equations of
motion. This is justified by the fact that both codes have successfully finished almost
all test scenarios with all prescribed tolerances TOL=10%, i = —3, ..., —15. Further-
more, the numerical results suggest that the numerical algorithm GEOMS represents
a general tool for the efficient and robust simulation of general multibody-systems
as they appear in industrial applications.

In view of the treatment of differential-algebraic equations, an open problem is
the precise specification of the relation of the maximal constraint level and the
strangeness index. We conjecture that both quantities have the relations that in
view of the Procedure 3.5.11

L v for range((E¥*)T) Nrange((k57,)") = {0},
* ve+1 for range((E*<)T) N range((kz”fz)T) # {0}
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and that in view of the Hypothesis 3.2.7

| v for Z3, #0,
em L vs—1 for Z3, =0,

where ZJ, of size a x m is the last block column of the matrix function
Zy =[ 2% z§ - Zi, ].

Furthermore, the developed procedure offers the extension of considerations to
DAEs with singularities as they appear in DAEs for which the procedure termi-
nates successfully but with rank(EY) # const or rank(k) # const for i = 0,...,v.
Subsequently, the obtained results in this thesis can be used as basis for further
investigations in view of the control of dynamical systems, in particular, of mechan-
ical systems. For example this includes path control or optimal control of dynamical
systems. Moreover, the code GEOMS can in principle be used for path control prob-
lems and can be generalized for the numerical treatment of general quasi-linear
DAEs.



Appendix A

Basics

In this Chapter, we will review and discuss fundamentals associated with nonlinear
functional analysis in Section A.1 and fundamentals associated with linear algebra
in Section A.2. Subsequently, the manual for the use of the numerical algorithms
GEOMS and GMKSSOL is stated in Sections B.1 and B.2, respectively.

A.1 Basic nonlinear functional analysis

The following notation is adapted from [47, 143, 183].

Definition A.1.1 (Function) A set Rxy of ordered pairs (z,y) with x € X C R™
and y € Y C R™ is called function if for every x € X there exists one and only
one y such that the pair (z,y) € Rxy. Let us write f : X =Y and y = f(z) if
(z,y) € Rxy.

Definition A.1.2 (Surjective, injective, and bijective function) A function
f: X=>Y, XCR" Y CR™ is called surjective or a surjection if f(X) =Y, i.e.,
if for every y € Y there is (at least) one x € X with y = f(x). The function f is
called injective or injection if the relation f(x1) = f(x2) implies ©1 = xo for every
x1,x9 € X. Furthermore, the function f is called bijective or bijection if it is both
injective and surjective.

Definition A.1.3 (Inverse function) Let f : X - Y with X C R™ and Y C R™
be a bijective function then a function g : Y — X with g(f(x)) = z is called the
inverse function of f and is denoted by g = f~ 1.

An inverse function of f is not defined if the function f is not bijective. If f is
bijective the equation y = f(x) is equivalent to f~!(y) = x. Furthermore, f~! is
bijective and we have (f~1)~1 = f.

Definition A.1.4 (Continuous function) A function f : X — R™, X C R”
is called continuous at a point xg € X if, for every neighborhood Vy of f(xg) in
R™, there is a neighborhood Vi of xo in X such that f(V1) C Va. The function f
is called continuous (in X) if it is continuous at every point of X. Functions which
are continuous are denoted by f € C(X,R™) or f € CY(X,R™).

Definition A.1.5 (Norm) A function ||-|| : X —> R, X € R" is called a norm if
the conditions

1) x#0 = |lz|| >0,
2)  lez|[ = o [|=]],
3) Az +yll < =l + [yl
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are satisfied for all x,y € X and a € R.

In the following we will base our investigations on the norm of matrices and vectors.
We will restrict us to the so called Hélder' norms which are defined for 0 < p < co
by

n 1
P
lally = (3 fa:l”)
=1

for the vector © = [z;]i=1,....,» € R™. Of these the 1, 2, and oo norms are the most
important, where ||z||cc = maxi<i<p |2;|. Furthermore, with respect to matrices
we will use the associated norms defined for 0 < p < oo by

|| Az|[p

[zl

Al|l, = ma .
4], = max
for the matrix A € R™"™ and X C R"™. In our following investigations it is not

necessary to distinguish between different p. Therefore, we will omit the suffix such
that we will use || - || instead of || - |,

Definition A.1.6 (Sphere, neighborhood) Let x € X C R"” be given, then the
set S(z,e) = {y € X : ||z —y|| < €} is called open sphere or open neighborhood
of x with € > 0. Furthermore, the set S(x,e) = {y € X : ||z —y|| < €} is called
closed sphere or closed neighborhood of x with € > 0.

Lemma A.1.7 If f : X —> R, X CR" is continuous in zg € X and f(xo) > a (<
a). Then there exists an € > 0 such that f(x) > a (< a) for all z € {x € X
[lz — o] < €}.

Proof: See [87]. O

Definition A.1.8 (Lipschitz continuous) A function f : X — R™, X C R"
which satisfies the condition

f (@) = F()l] < Ll|z =yl (1.1)

for all x € X and y € X, where L is a constant independent of x and vy, is called
Lipschitz continuous or Lipschitz function. The condition (1.1) is called Lipschitz
condition and the constant L is called the Lipschitz constant.

Definition A.1.9 (Differentiable function) A function f : X — R™ with X C
R™ s called differentiable at the point zg € X if there exists a linear function
u : h— A(zg)h with A(xg) € R™"™ such that

o Lo + ) = fwo) = u(B)]|
= Tl

=0.

If f is differentiable at every point xo € X the function f is called differentiable
on X or differentiable in short. Furthermore, A(xq) is called the derivative of f at
the point z¢ and if f is differentiable at X the function A : X — R™" is called
derivative of f. The derivative of the function f (with respect to x) is denoted by

fa-

1Otto Ludwig Holder (1859 in Stuttgart, Germany - 1937 in Leipzig, Germany)
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Definition A.1.10 (Continuously differentiable) A differentiable function f :
X — R™, X C R" is called a continuously differentiable function if the derivative f ,
of  (see Definition A.1.9) is continuous in X. The set of continuously differentiable
functions from X into R™ is denoted by C*(X,R™).

A function f : X — R™, X C R" is called [-times continuously differentiable or also
C'-function if the derivative f, of f is an (I — 1)-times continuously differentiable
function from X into R™. The set of [-times continuously differentiable functions is
denoted by C'(X,R™). Furthermore, the set C>(X,R™) = N2, CHX,R™) is called
the set of infinitely continuously differentiable functions.

In view of the asymptotic behavior of functions, we will use the so called Landau?
symbolic as defined as follows.

Definition A.1.11 (Landau symbol) Let f : X — R and g : X — R. Then the
relation

r—a

o £ <
hmsup’g(x)‘ <

is denoted by the Landau symbol O in the form

Definition A.1.12 (Homeomorphism) A function f : X — R™ with X C R"
is called a homeomorphism if f is a bijection and both f and its inverse function
f~1 are continuous.

Definition A.1.13 (Diffeomorphism, diffeomorphic) Let 0 <1 < oo. A func-
tion f : X — R™ with X C R" is called a C'-diffeomorphism if f is bijective and
both f and its inverse function f~' are C'-functions. Two subsets X and Y are
said to be Cl-diffeomorphic if there exists a C'-diffeomorphism f : X — Y between
them.

Lemma A.1.14 (Heine3-Borel*-Lebesgue®Covering Theorem) Let X be a com-
pact subset of R™ and let B be a collection of open subsets of R™ such that every
point of X belongs to at least one of the subsets of B. Then X is covered by a finite
number of open sets of B.

Proof: See [182]. O

A.2 Basic linear algebra

In this section we will briefly introduce some frequently used aspects and notation
from linear algebra, numerical linear algebra, and tensor algebra. For more details
the reader is referred to [72, 92, 95, 158, 171, 176].

We start with the introduction of important properties concerning (sub)spaces and
matrices.

Definition A.2.1 (Orthogonal complement of subspaces) The orthogonal
complement of a subspace S € R™ is defined by S* = {y € R" : yTx =0 for all z €
S}.

2Edmund Landau (1877 Berlin, Germany - 1938 Berlin, Germany)

3Heinrich Eduard Heine (1821 in Berlin, Germany - 1881 in Halle, Germany)

4Félix Edouard Justin Emile Borel (1871 in Saint Affrique, France - 1956 in Paris, France)
5Henri Léon Lebesgue (1875 in Beauvais, France - 1941 in Paris, France)
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Definition A.2.2 (Minor and adjugate) Let A=[A;;] € R™"™. Let I=[ix, ..., %]
and J = [j1, ..., jr], min(m,n) > r € Ny be index vectors with iy, # i; and ji # j; for
k#£1 4ye{l,..,m} and j, € {1,....,n} forl = 1,...,r, then the r-th order minor
[Al1; € R defined by I and J is

[A}IJ = det(AU)

with Ay introduced in Notation 2.0.3. If m = n then adj(A);; = (—1)"[A];s with
I=[1,.,i—1i+1,...,n]and J=1[1,....5 — 1,5+ 1,...,n] is called adjugate.

Note that any minor [A];; as well as any adjugate adj(A);; depend smoothly on
the entries a;; of A.

Definition A.2.3 (Kernel, cokernel, range and corange) Let A € R™"™. The
kernel, cokernel, range, and corange of A are defined by

kernel of A: ker(A) = {z € R" : Az =0},
cokernel of A : coker(A) = (ker(A))",

range of A : range(A) = {y € R™ : there exists an x € R" such that y = Ax},

corange of A : corange(A) = (range(A))*.

Lemma A.2.4 Let A € R™", then
coker(A) = range(AT) and corange(A) = ker(AT).

Proof: See [72] O

Definition A.2.5 (Rank and corank) Let A € R™". The rank of matriz A is
the integer

rank(A) = dim(range(A)),

where dim(S) denotes the dimension of a subspace S. The corank is the dimension
of the corange of A, i.e.,

corank(A) = m — rank(A).

Definition A.2.6 (Orthogonal matrix) A matriv A € R™" satisfying ATA =
I, is called an orthogonal matrix.

Definition A.2.7 (Nonsingular matrix and inverse matrix) Let the matrix
A € R™™. If a uniquely determined matriz X € R™" exists with AX = XA = I,
where the matrixz I, € R™™ denotes the identity matrix, then the matriz A is called
nonsingular or invertible and the matriz X is called inverse matrix of A or the
inverse of A in short. The inverse of A is denoted by A~1 = X.

Lemma A.2.8 Let the matric A € R™"™ be nonsingular, then

adj(A)ll adj(A)21 e adJ(A)nl

—1 1 a‘d.] (A)12 ad,] (A)QQ st adJ (A)YLQ
~ det(A) : ; :

adj(A)1, adj(A)an -+ adj(A)nn

Proof: See [92]. O
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Definition A.2.9 (Orthogonal projection) Let S C R™ be a subspace. A ma-
triv Ps € R™™ is called orthogonal projection onto S if range(Ps) = S, P2 = P,
and PST = Fs.

Remark A.2.10 From Definition A.2.9 it follows that I — Ps is the orthogonal
projection onto S*. Furthermore, the orthogonal projection onto a subspace S is
unique. See [72]. O

Lemma A.2.11 Let S C R™ be a subspace and let the columns of the matrix
A € R™™ with full (column) rank span this subspace, i.e., range(A) = S. Then the
orthogonal projection Ps € R™™ onto S is given by

Ps = A(ATA)71AT, (1.2)
Proof: See [95]. O

Important tools for the investigation of matrices are matrix decompositions, in
particular, the LU decomposition and the QR decomposition. For more details we
refer to [72, 92, 171]. Furthermore, a very important tool for investigations of rank
decisions, redundancies of systems of nonlinear equations and others is the singular
value decomposition (SV decomposition).

Lemma A.2.12 (Singular value decomposition) Let A € R™". Then there
exist orthogonal matrices U € R™™ and V € R™"™ such that

b3 0}

T AV — 3 —
UAV_E_{O 0

where 31 = diag(oy,...,0.) € R™ and o1 > ... > 7, > 0.
Proof: See [72]. O

Note that, in general, the orthogonal matrices U and V in the SV decomposition
are not uniquely determined.

Another useful decomposition that follows immediately from the SV decomposition
is the polar decomposition.

Lemma A.2.13 (Polar decomposition) Let A € R™" be given.

a)lf m < n, then A = PY, where P € R™™ is symmetric positive semi-definite,
P2 = AAT, and Y € R™" has orthonormal rows.

b)If m > n, then A = XQ, where @ € R™™ is symmetric positive semi-definite
Q? = AT A, and X € R™" has orthonormal columns.

c)If m = n, then A = PU = UQ, where P,QQ € R™"™ are symmetric positive
semi-definite P2 = AAT, Q?> = AT A, and U € R™" is orthogonal.

Proof: See [92]. O

In all cases, the symmetric positive semidefinite factors P and @) are uniquely de-
termined by A.

The SV decomposition provides a tool which allows the computation of the orthog-
onal projections onto the range, corange, kernel, and cokernel of a matrix A.

Lemma A.2.14 Let A € R™" withrank(A) = r. Suppose that A = ULV’ € R™"
is a SV decomposition of A. If we have the partitioning U = [ Uy, U, } e Rm™™
with Uy € R™", Uy € R™™ " and V. = [ Vi Vo | € R™™ with V; € R™",
Vo € R™™™T then

Prangc(A) = UlUir7 Pcorangc(A) = U2Uér7

1.3
Pkcr(A) = ‘/2‘/2T> Pcokcr(A) = ‘/IVIT' ( )
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Proof: See [72]. O

Note that the orthogonal projections are uniquely determined by U and V although
the matrices U and V are in general not unique.

A generalization of the inverse of a matrix is given by the MooreS-Penrose pseudo-
inverse, see [72].

Definition A.2.15 (Moore-Penrose pseudo-inverse) Let A € R™™. The
Moore-Penrose pseudo-inverse of A is defined to be the unique matriz AT € R»™
that satisfies the four Moore-Penrose conditions

(i) AATA = A (i) (AADHT = AAT,

(i) ATAAT = At (iv) (ATAT = AtA
If rank(A) = n, then At = (ATA)~' AT while if rank(A) = n = m, then AT =
AL
Lemma A.2.16 Let A € R™™. Then

Prangc(A) = AA+7+ Pcorangc(A) = I : AA+7 (14)
Pkcr(A) = I-A"A, Pcokcr(A) = ATA.
Proof: See [72, 176]. O

Lemma A.2.17 Let E € R™", A € R m >n, a < n. Let A have full (row)
rank, i.e., rank(A) = a. Furthermore, let the matriz [ i ] have full (column)

rank. Then, there exists a matrix T € R™%, with d = n — a such that AT =
0 and rank(ET) = d. Furthermore, there exists a matriv S € R™9 such that
rank(STET) = d.

Proof: Because of the full (row) rank of A from the SV decomposition of A we
get

AlVi Vo ]=[%a 0],
with ¥4 € R®% nonsingular, V; € R™%, and V, € R™%. Because of the full (column)
kof | ¥
rank of |
i.e., rank(EV3) = d, and from the SV decomposition of EV, we get

Ui [ ZE
o e[

with ¥ € R%? nonsingular, U; € R™9, and, U, € R™™~¢. Choosing T = V, and
S = U, yields the assertion. O

and because of AVa = 0 we get the full (column) rank of EV, € R™4,

Lemma A.2.18 Let the matrices A € R™™ B € R™2" be given such that the

matric [ AT BT ]T is nonsingular and BAT = 0. Then for every positive or
negative definite matriz M € R™"™ the matrix

a

6Eliakim Hastings Moore (1862 in Marietta, USA - 1932 in Chicago, USA)

is nonsingular.
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Proof: We have
AM
B

(1.5)

T T

AMAT  AMBT
BAT BBT

0 BBT

From the definiteness of M we get that AM AT is also definite, i.e., in particular,
AMAT is nonsingular. Furthermore, BB” is positive definite and therefore also
nonsingular such that the matrix (1.5) is nonsingular. Then from the nonsingularity
of [ AT BT } we get the assertion. d

Concluding this section, we will introduce the so called Kronecker product which
will be turned out as a very practical notation, in particular, in the investigation of
the numerical treatment of DAEs.

Definition A.2.19 (Kronecker product) Let A = [a;;] € R™" and B = [by] €
RP-9, The Kronecker product of A and B is defined by

(lllB s alnB
A®B= ERmp,HQ_

amiB - amnB
Lemma A.2.20 Let A€ R™", BeR"Y C € R™, and D € RP*. Then
(A® B)(C® D) = (AC ® BD).
If, in addition, m = n and A is nonsingular, then
(At =UA"1wI).

Proof: The proof follows immediately from Definition A.2.19. (]
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Appendix B

Manuals

B.1 Manual of GEOMS

a0

SUBROUTINE GEOMS (
NP,NV,NR,NW,NS,NL,NM,NI,M,N,NIVCOND,
X,T,TEND,H,RTOL,ATOL, ITOL,I0PT,ROPT,
IVCOND,EOM,MAS, JAC,IJAC,

SOLOUT, I0UT,

LIWORK, IWORK,LRWORK,RWORK,
RPAR,IPAR, IERR,

IDID)

H oH oH H O H

NAME : (G)eneral (E)quations (0)f (M)otion (S)olver

PURPOSE : This subroutine performs the numerical simulation
of a multibody system whose state is described by

p - position variables of dimension NP,
v - velocity variables of dimension NV,
r - dynamical force element variables of dimension NR,
w - auxiliary variables of dimension NW,
s - contact point variables of dimension NS,
1 - holonomic Lagrange multipliers of dimension NL,
m - nonholonomic Lagrange multipliers of dimension NM

by numerical integration of the equations of motion
of the form

p’= Z(p)*v, (1) (f_kin)
M(p,t)*v’= f(p,v,r,w,s,1,m,t)-ZT(p)*GT(p,s,t)*1
-ZT(p)*HT(p,s,t)*m, (2) (f_dyn)

r’= b(p,v,r,w,s,1l,m,t), (3)
0 = d(p,v,r,w,s,1l,m,t), (4)
0 = c(p,s,t), (5)
0 = H(p,s,t)Z(p)v+h(p,s,t) (6)
0 = g(p,s,t), 7
0 = e(p,v,s,t) (8)

on the domain [t_O,t_f]=[T,TEND].

The prime denotes the time derivative, e.g., p’=dp/dt, and the
’T’ following a matrix or vector denotes the transpose of this
matrix or vector, e.g.,GT is the transpose of G and ZT is the
transpose of Z. Furthermore, the equations correspond to

(1) Kinematical equations of motion of dimension NP,
(2) Dynamical equations of motion of dimension NV,
(3) Dynamical force element equations of dimension NR,

255
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(4) Additional equations for variables w of dimension NW,

(5) Contact equations of dimension NS,
(6) Nonholonomic constraints of dimension NM,
Notation: h™(p,v,s,t)=H(p,s,t)Z(p)v+h(p,s,t)

(7) Holonomic constraints of dimension NL,
(8) Solution invariants of dimension NI.

The System (1)-(8) has to satisfy the following.
a) G = dg/dp - dg/ds*(dc/ds) ~{-1}*dc/dp.
b) [ GZM~{-1}G1  GZM"{-1}Hm]
rank ([ 1) =rank(G)+rank (H)=constant
[ HZM"{-1}G1  HZM"{-1}Hm]
with Gl=ZT*GT-df/dl+df/dw*(dd/dw) ~{-1}*dd/d1l
and Hm=ZT*HT-df/dm+df/dw*(dd/dw) ~{-1}*dd/dm
for all t in [T,TEND].

Alternatively,
[M Gl Gm ]

rank([ GZ 0 0 1)=NV+rank(G)+rank(H)
[HZ O 0 1]

has to be satisfied for all t in [T,TEND].
c) dc/ds has to be nonsingular for all times t in [T,TEND].
d) dd/dw has to be nonsingular for all times t in [T,TEND].
e) de/dv has to have full rank for all times t in [T,TEND].

The integration method used is the implicit Runge-Kutta method
(Radau IIa) of order 5 with step size control, continuous
output, and consistent initialization.

The equations of motion are integrated by the implicit
Runge-Kutta method of type RADAU IIa of order 5 and using the
projected-strangeness-free formulation or the
projected-strangeness-index-1 formulation of the equations of
motion.

July 31, 2005

: Address: A. Steinbrecher

Institut fuer Mathematik
Technische Universitaet Berlin
Strasse des 17. Juni
10623 Berlin, Germany

e-mail: steinbrecher@math.tu-berlin.de

This code is part of the PhD thesis:

A.Steinbrecher. Numerical Solution of Quasi-Linear Differential-
Algebraic Equations and Industrial Simulation of Multibody
Systems. PhD thesis, TU Berlin, Institut fuer Mathematik, 2005

: numerical simulation of mechanical systems, equations of motion,

differential-algebraic equations, projected-strangeness-free
formulation, projected-strangeness-index-1 formulation

: The (basic) linear algebra routines are provided by the

libraries BLAS and LAPACK

CALL

SUBROUTINE GEOMS(

#
#
#
#

NP,NV,NR,NW,NS,NL,NM,NI,M,N,NIVCOND,
X,T,TEND,H,RTOL,ATOL, ITOL, IOPT,ROPT,
IVCOND,EOM,MAS, JAC,IJAC,

SOLOUT, I0UT,
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#  LIWORK,IWORK,LRWORK,RWORK,
#  RPAR,IPAR,IERR,

# IDID)

IMPLICIT NONE

INTEGER NP,NV,NR,NW,NS,NL,NM,NI,M,N,NIVCOND,
# ITOL,IJAC,IO0UT,LIWORK,LRWORK,IERR, IDID,
# I0PT(40) , IWORK (LIWORK) , IPAR(*)

DOUBLE PRECISION T,TEND,H,
# X(N) ,RTOL (%) ,ATOL (%) ,ROPT (40) ,RWORK (LRWORK) ,
RPAR (%)
EXTERNAL IVCOND,EOM,MAS, JAC, SOLOUT

INPUT- AND OUTPUT-ARGUMENTS

NP Input : integer
Number of position variables p.

NV Input : integer
Number of velocity variables v.

NR Input : integer
Number of dynamical force element variables r.

NW Input : integer
Number of auxiliary variables w.

NS Input : integer
Number of contact point variables s.

NL Input : integer
Number of Lagrange multipliers l=lambda for holonomic
constraints.

NM Input : integer
Number of Lagrange multipliers m=mu for nonholonomic
constraints.

NI Input : integer
Number of invariants, e.g., energy conservation.

M Input : integer
Total number of provided equations (M.GE.N), i.e., dimension of
RDA, see subroutine EOM. In the case of the use of the
* projected-strangeness-free formulation we have
M=NP+NV+NR+NW+NS+3*NL+2*NM+NI,
* projected-strangeness-index-1 formulation we have
M=NP+NV+NR+NW+NS+2*NL+NM+NI.

N Input : integer
Number of unknowns (M.GE.N), i.e., dimension of X. We have
N=NP+NV+NR+NW+NS+NL+NM.

NIVCOND Input : integer
Number of initial value conditions, which have to be satisfied
in addition to the constraints obtained from the provided equa-
tions of motion. See subroutine IVCOND.

X Input : double precision array X(N)
Initial values for X. The array X contains the (initial) state
of the mechanical system in the following order

X(1:NW) —
X (NW+1 : NW+NL) =1 (=lambda)
X (NW+NL+1 : NW+NL+NM) =m (=mu)

eNoNoNosNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNo oMo No o N

X (NL+NM+NW+1 : NL+NM+NW+NR) =r
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X (NL+NM+NW+NR+1 : NL+NM+NW+NR+NV) =v

X (NL+NM+NW+NR+NV+1 : NL+NM+NW+NR+NV+NS) =s
X (NL+NM+NW+NR+NV+NS+1 : NL+NM+NW+NR+NV+NS+NP) =p

Output :
Numerical approximation of the solution at the last successfully
reached time T.

T Input : double precision
Initial time.
Output :

Last successfully reached time. If the whole integration was
successful then T=TEND.

TEND Input : double precision
Final time.

H Input : double precision
Initial step size.
Output :

Last used step size.

RTOL Input : double precision RTOL (or array RTOL(N))
ATOL Input : double precision ATOL (or array ATOL(N))
Relative and absolute error tolerances. They can be both
scalars or else both vectors of length N.
In the case of a scalar the prescribed relative and absolute
tolerances are valid for every component of the vector of
unknowns X. The code keeps, roughly, the local error of X(I)
below RTOL*ABS(X(I))+ATOL.
In the case of a vector of dimension N the prescribed relative
tolerances RTOL(I) and absolute tolerances ATOL(I) are valid
for the I-th component X(I) of the vector of unknowns X.
The code keeps, roughly, the local error of X(I) below
RTOL (1) *ABS (Y (I))+ATOL(I).

ITOL Input : integer
Switch for RTOL and ATOL:
ITOL=0 Both RTOL and ATOL are scalars.
ITOL=1 Both RTOL and ATOL are vectors.

I0PT Input : integer array IOPT(40)
Serve as parameters for the code. For standard use of the code
I0PT(2),..,I0PT(17) must be set to zero before calling.
See below for a more sophisticated use.

IOPT( 2)=LUN output device
0 - no output (default)
6 - output to the screen
>10 - other output devices (to define)
In the case that the output of several messages is de-
sired, the user has to define an output device and to
associate this device with IOPT(2), e.g.,
I0PT(2)=13
OPEN (UNIT=13,FILE=’geoms.log’)
Finally, the output device has to be closed, e.g.,
CLOSE(13)
In the case of an unsuccessful run of GEOMS it is re-
commended to set IOPT(2) > O such that GEOMS is able
to provide more detailed informations to the user.
Furthermore, it is recommended to set
I0PT(2)=0, 6, or >10.

IOPT( 3)=NIT maximum number of Newton iterations for the solu-
tion of the implicit system in each step.

eNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNo oMo No o N
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The default value (for IOPT(3)=0) is 10.

IOPT( 4)=STARTN defines the choice of starting values for the

Newton method solving the nonlinear stage equations

0 - The extrapolated collocation solution is taken as
starting value for Newton method. (default)

1 - Zero starting values are used as starting value
forNewton method.

IOPT(4)=1 is recommended if the Newton method has con-

verging difficulties (this is the case when IWORK(11)

is very large in comparison to IWORK(1), see output

parameters).

IOPT( 5)=FORM Used formulation as basis of the numerical
integration

0 - projected-strangeness-free formulation, i.e., the
user has to provide the equations (1)-(7) toge-
ther with the first and second time derivative
of the holonomic constraints, i.e.,
gI(p,v,t) = d/dt g(p,t),
gll(p,v,r,w,s,l,m,t)= d"2/dt"2 g(p,t),
and the first time derivative of the nonholonomic
constraints, i.e.,
hI(p,v,r,w,s,1l,m,t)= d/dt(H(p,s,t)Z(p)v+h(p,s,t)).
If there exist some solution invariants (8) the
user should also provide them and set NI equal
to the number of the solution invariants. All
provided equations have to be defined in the sub-
routine EOM and the subroutine MAS in the correct
order, see the subroutines EOM and MAS for more
details.

1 - projected-strangeness-index-1 formulation , i.e.,
the user has to provide the equations (1)-(7)
together with the first time derivative of the
holonomic constraints, i.e.,
gl(p,v,t) = d/dt g(p,t).

If there exist some solution invariants (8) the
user should also provide them and set NI equal

to the number of the solution invariants. All
provided equations have to be defined in the sub-
routine EOM and the subroutine MAS in the correct
order, see the subroutines EOM and MAS for more
detail.

IOPT( 6)=NMAX Maximal number of allowed steps.
The default value (for IOPT(6)=0) is 100000.
If the code stops with the error message IDID=-1117,
IOPT(6) has to be increase or
the integration can be continued by use of the obtained
X and T as initial values for the continued integration.

IOPT( 8)=PRED Step size strategy
1 - predictive controller (Gustafsson)
2 - classical step size control
The default value (for IOPT(8)=0) is 1.
The choice IOPT(8)=1 seems to produce safer results;
for simple problems, the choice IOPT(8)=2 produces
often slightly faster runms.

IOPT( 9)=NWTMAT Approximation of the Newton iteration matrix

0 - approximation at the initial point x_i of the
current integration interval [t_{il},t_{i+1}]
i.e., at (t_{i},x_{i}) (default)

1 - approximation at the first extrapolated stage of
the current integration interval [t_{i},t_{i+1}]
i.e., at (t_{i}+c_{1}*h,X_{i1})

2 - approximation at the second extrapolated stage of

eNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNo oMo No o N
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the current integration interval [t_{il},t_{i+1}]
i.e., at (t_{i}+c_{2}*h,X_{i2})
3 - approximation at the third extrapolated stage of
the current integration interval [t_{i},t_{i+1}]
i.e., at (t_{i}+c_{3}*h,X_{i3})
Several numerical experiments turned out that the
choice IOPT(9)=2 is the fastest while the
choice IOPT(9)=0 is theoretically the safest.
IOPT(9).NE.O is only possible if IOPT(4)=STARTN=0,
i.e., the extrapolated collocation solution is taken
as starting value for Newton method.

IOPT(10)=NWTUPD Update of the Newton iteration matrix

0 - for the whole Newton iteration process in one
integration step the same Newton iteration matrix
is used, i.e., no update is allowed. (default)

>0 - during the Newton iteration process in the current
integration step IOPT(10) updates of the Newton
iteration matrix are allowed.

If convergence problems during the Newton iteration

process occur, often the Newton matrix is not suitable.

Therefore, in the case of IOPT(10)=0 the

current integration step is rejected, the counter NCRJICT

will be increased by one and the current integration

step will be repeated with reduced step size.

The option IOPT(10)>0 allows the update of the Newton

iteration matrix IOPT(10) times. The Newton iteration

matrix will be updated by use of the current iterates

and the Newton iteration will be continued.

Several numerical experiments have shown that IOPT(10)

should not exceed 1.

I0OPT(11)=DECOMPC Decomposition of the algebraic part

1 - LU decomposition with full pivoting

2 - QR decomposition with pivoting

3 - SV decomposition
The default value (for IOPT(11)=0) is 3.
By use of IOPT(11)=1 the integration becomes fastest
but the stability of the decomposition can not be
guaranteed. In situations with isolated singularities
it may happen that the integrator does not detect
the singularity if the tolerances RTOL or ATOL are
too large.
By use of IOPT(11)=2 or 3 the stability of the
decomposition is guaranteed but the integration
becomes slower.

In case of redundant constraints only IOPT(11)=3 is
possible.

IOPT(12)=DECOMPD Decomposition of differential part
0 - LU decomposition with partial pivoting (default)
1 - QR decomposition
By use of IOPT(12)=0 the integration becomes fastest.

IOPT(13)=SELCOMP Recomputation strategy for the selectors

0 - situation adapted
the recomputation of the selector will be done
only if the row pivoting of the comnstraints is
changing or convergence problems occur during
the Newton iteration process (default)

1 - in every integration step

In case of IOPT(13)=0 the amount of computations

is reduced and the integration becomes faster.

This speed-up is only possible if DECOMPD=0.

IOPT(14)=AUTONOM Autonomy of the equations of motion
0 - the equations of motion are not autonomous
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(default)
1 - the equations of motion are autonomous
If the equations of motion are autonomous the amount
of computations can be reduced and the integration
becomes faster.

I0OPT(15)=MASSTRKT Structure of the mass matrix
1 - full and time or/and state dependent
2 - diagonal and time or/and state dependent
3 - full and constant
4 - diagonal and constant
The default value (for IOPT(15)=0) is 1.

IOPT(17)=IVCNSST are the initial values consistent

0 - No, the initial values are assumed to be not
consistent. A check of consistency will be
done and if necessary a correction will be
computed. (default)

1 - Yes, the initial values are assumed to be
consistent. No check of consistency will be
done.

ROPT Input : double precision array ROPT(40)
Serve as parameters for the code. For standard use of the code
ROPT(1),..,ROPT(40) must be set to zero before calling.
See below for a more sophisticated use.

ROPT( 1)=UROUND The rounding unit
The default value (for ROPT(1)=0.0) is 1.D-16.

ROPT( 2)=SAFE Safety factor in step size prediction
The default value (for ROPT(2)=0.0) is 0.9.

ROPT( 3)=THET Recomputation of the Jacobian
Decides whether the Jacobian should be recomputed.
Increase ROPT(3), to 0.1 say, when Jacobian evaluations
are costly. for small systems ROPT(3) should be smaller
(say 0.001D0). Negative ROPT(3) forces the code to
compute the Jacobian after every accepted step.
The default value (for ROPT(3)=0.0) is 0.001DO.

ROPT( 4)=FNEWT Stopping criterion for Newton’s method
Smaller values of ROPT(4) make the code slower, but
safer.

The default value (for ROPT(4)=0.0) is
MIN(O.03D0,RTOL (1) *%0.5D0)

ROPT( 5)=QUOT1 Change of the step size
See ROPT(6).
The default value (for ROPT(5)=0.0) is 1.0DO

ROPT( 6)=QUOT2 Change of the step size
If QUOT1 < HNEW/HOLD < QUOT2, then the step size is not
changed. This saves, together with a large ROPT(3),
decompositions and the amount of computations for
large systems. For small systems one may have
ROPT(5)=1.00D0, ROPT(6)=1.2D0, for large full systems
ROPT(5)=0.99D0, ROPT(6)=2.0D0 might be good choices.
The default value (for ROPT(6)=0.0) is 1.2D0

ROPT( 7)=HMAX Maximal step size
The default value (for ROPT(7)=0.0) is TEND-T

ROPT( 8)=FACL PARAMETER FOR STEP SIZE SELECTION
See ROPT(9).
The default value (for ROPT(9)=0.0) is 8.0DO
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ROPT( 9)=FACR Step size selection
The new step size is chosen subject to the restriction
FACR <= HNEW/HOLD <= FACL
The default value (for ROPT(8)=0.0) is 0.2D0

IVCOND User supplied subroutine which provides initial conditions in
addition to the constraints contained in the equations
of motion (including hidden constraints)

SUBROUTINE IVCOND(N,T,X,NCOND,COND,IPAR,RPAR,IERR)
IMPLICIT NONE

INTEGER N,NCOND, IPAR (*) , IERR

DOUBLE PRECISION T,X(N),COND(NCOND) ,RPAR (%)

N Input : integer
Number of unknowns, i.e., dimension of X
X has to remain unchanged.

T Input : double precision
Initial time t_O.
T has to remain unchanged.

X Input : double precision array X(N)
Unknown variables, see above.
X has to remain unchanged.

NCOND Input : integer
Number of additional initial conditions provided in the
subroutine IVCOND.
NCOND has to remain unchanged.

COND Output : double precision array COND(NCOND)
Residual of initial conditions, e.g. the condition
COND(1)=X(4)-.5 forces the initial state of X(4) to
be 0.5, i.e. X(4)=0.5D0.
Note the fact, that the conditions given in IVCOND
override the given initial values, i.e., if the given
initial values are consistent but do not satisfy the
(possibly wrong) conditions given in IVCOND the
initial values will be corrected such that both,
the constraints and the initial conditions are
satisfied.
In case of initial values which are consistent to
the constraints the option IOPT(17) could be set to 1
to avoid such a correction.

IPAR Input/Output: integer array IPAR(*)
Integer parameters which are only used by the user.
They are unused and unchanged by GEOMS.

RPAR Input/Output: double precision array RPAR(x)
Double precision parameters which are only used by the
user. RPAR is unused and unchanged by GEOMS.

IERR Output : integer
Indicator of success. IERR is only used by
user supplied subroutines. After every call of a user
supplied subroutine the status of IERR is checked. If
IERR is negative the run of GEOMS will be interrupted
and GEOMS returns to the calling program. IERR is
unchanged by GEOMS.

EOM Name (EXTERNAL) of the user supplied subroutine which provides
the right-hand side (RHS) of EoM (1)-(8) together with the first
and second time derivative of the holonomic constraints, i.e.,
gl(p,v,t) = d/dt g(p,t),
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C gll(p,v,r,w,s,l,m,t) = d°2/dt"2 g(p,t),

C and the first time derivative of the nonholonomic constraints,
C i.e.,

¢ hIi(p,v,r,w,s,1l,m,t) = d/dt (H(p,s,t)Z(p)v+h(p,s,t)).

C The order and the number of the provided right-hand sides

C depends on the used formulation, see IOPT(5) and above for more
C detail.

C

C SUBROUTINE EOM(M,N,T,X,RDA,IOPT,ROPT,IPAR,RPAR,IERR)

C IMPLICIT NONE

C INTEGER M,N,IOPT(*),IPAR(*),IERR

C DOUBLE PRECISION T,X(N),RDA(M),ROPT(*),RPAR(*)

C

C M Input : integer

¢ Total umber of provided equations (M.GE.N),

C i.e., dimension of RDA, see below.

¢ In the case of use of

C * projected-strangeness-free formulation we have

C M=NP+NV+NR+NW+NS+3*NL+2*NM+NI,

¢ * projected-strangeness-index-1 formulation we have

C M=NP+NV+NR+NW+NS+2*NL+NM+NI.

C M has to remain unchanged.

C

C N Input : integer

C Number of unknowns (M.GE.N), i.e., dimension of X.

C We have N=NP+NV+NR+NW+NS+NL+NM.

¢ N has to remain unchanged.

C

¢ T Input : double precision

C Evaluation of the right-hand side of the provided

¢ equations at time T.

¢ T has to remain unchanged.

C

C X Input : double precision array X(N)

C Vector of unknowns, see above.

C X has to remain unchanged.

C

¢ RDA  Output : double precision array RDA(M)

C Right-hand side of the provided reduced derivative

C array. The order and the number of the provided

¢ right-hand sides depends on the used formulation, see
C I0OPT(5).

C If IOPT( 5)=0 the numerical integration is based on the
C projected-strangeness-free formulation, i.e., the

¢ user has to provide the equations (1)-(7) together
C with the first and second time derivative of the

C holonomic constraints, i.e.,

C gI(p,v,t) =d/dt g(p,t),

[ gll(p,v,r,w,s,l,m,t)=d"2/dt"2 g(p,t),

C and the first time derivative of the nonholonomic

C constraints, i.e.,

(o] hI(p,v,r,w,s,l,m,t) =d/dt(H(p,s,t)Z(p)v+h(p,s,t)).
¢ If there exist some solution invariants (8) the user
¢ should also provide them and set NI equal to the

¢ number of the solution invariants. The order is given
C by

C

C RDA (1:NW) =d

C RDA (NW+1:NW+NL) =gII
¢ RDA (NW+NL+1 : NW+NL+NM) =hI

C

¢ RDA (NW+NL+NM+1 : NW+NL+NM+NL) =gl

C RDA (NW+NL+NM+NL+1 : NW+NL+NM+NL+NM) =

C RDA (NW+NL+NM+NL+NM+1 : NW+NL+NM+NL+NM+NI) =e

C

C RDA (NW+NL+NM+NL+NM+NI+1:NW+NL+NM+NL+NM+NI+NS) =c

C RDA (NW+NL+NM+NL+NM+NI+NS+1: ...
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NW+NL+NM+NL+NM+NI+NS+NL) =g

RDA (NW+NL+NM+NL+NM+NI+NS+NL+1: . ..
NW+NL+NM+NL+NM+NI+NS+NL+NR) =b

RDA (NW+NL+NM+NL+NM+NI+NS+NL+NR+1: . ..
NW+NL+NM+NL+NM+NI+NS+NL+NR+NV) =f_dyn

RDA (NW+NL+NM+NL+NM+NI+NS+NL+NR+NV+1:. ..
NW+NL+NM+NL+NM+NI+NS+NL+NR+NV+NP) =f_kin

If IOPT( 5)=1 the numerical integration is based on the
projected-strangeness-index-1 formulation , i.e., the
user has to provide the equations (1)-(7) together
with the first time derivative of the holonomic
constraints, i.e.,

gl(p,v,t) = d/dt g(p,t).
If there exist some solution invariants (8) the user
should also provide them and set NI equal to the
number of the solution invariants. The order is given

by

RDA(1:NW) =d
RDA (NW+1:NW+NL) =gI
RDA (NW+NL+1 : NW+NL+NM) =h
RDA (NW+NL+NM+1 : NW+NL+NM+NI) =e
RDA (NW+NL+NM+NI+1:NW+NL+NM+NI+NS) =c
RDA (NW+NL+NM+NI+NS+1 : NW+NL+NM+NI+NS+NL) =g

RDA (NW+NL+NM+NI+NS+NL+1:NW+NL+NM+NI+NS+NL+NR) =b

RDA (NW+NL+NM+NI+NS+NL+NR+1: ...
NW+NL+NM+NI+NS+NL+NR+NV) =f_dyn

RDA (NW+NL+NM+NI+NS+NL+NR+NV+1:. ..
NW+NL+NM+NI+NS+NL+NR+NV+NP) =f_kin

Input : integer array IOPT(40)
Serve as parameters for the code.
IOPT has to remain unchanged.

Input : double precision array ROPT(40)
Serve as parameters for the code.
ROPT has to remain unchanged.

Input/Output: integer array IPAR(*)
Integer parameters which are only used by the user.
They are unused and unchanged by GEOMS.

Input/Output: double precision array RPAR(*)
Double precision parameters which are only used by the
user. They are unused and unchanged by GEOMS.

Output : integer

Indicator of success. IERR is only used by

user supplied subroutines. After every call of a user
supplied subroutine the status of IERR is checked. If
IERR is negative the run of GEOMS will be interrupted
and GEOMS returns to the calling program. IERR is
unchanged by GEOMS.

MAS Name (EXTERNAL) of the user supplied subroutine which provides
the mass matrix M(p,t) in equation (2) of the EoM
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SUBROUTINE MAS(T,NX,X,M,N,MA,IOPT,ROPT,IPAR,RPAR,IERR)
IMPLICIT NONE

INTEGER NX,M,N,IOPT(*),IPAR(*),IERR

DOUBLE PRECISION T,X(NX),MA(M,N),ROPT(*),RPAR(*)

T Input : double precision
Evaluation of the mass matrix MA at time T.
T has to remain unchanged.

NX Input : integer
Number of unknowns, i.e., dimension of X. We have
NX=NP+NV+NR+NW+NS+NL+NM.
NX has to remain unchanged.

M Input : integer
Number of rows of the mass matrix MA. We have M=NV.
M has to remain unchanged.

N Input : integer
Number of rows of the mass matrix MA. We have N=NV.
N has to remain unchanged.

X Input : double precision array X(NX)
Vector of unknowns, see above.
X has to remain unchanged.

MA Output : double precision array MA(M,N)
Mass matrix of the equations of motion. The mass matrix
has to be provided as a full M x N array,
also in the case of diagonal structure. Because of the
used regularization technique a sparse storage is not
possible and does not save time or memory.

IOPT Input : integer array IOPT(40)
Serve as parameters for the code.
IOPT has to remain unchanged.

ROPT Input : double precision array ROPT(40)
Serve as parameters for the code.
IOPT has to remain unchanged.

IPAR Input/Output: integer array IPAR(*)
Integer parameters which are only used by the user.
They are unused and unchanged by GEOMS.

RPAR Input/Output: double precision array RPAR(*)
Double precision parameters which are only used by the
user. They are unused and unchanged by GEOMS.

IERR Output : integer
Indicator of success. IERR is only used by
user supplied subroutines. After every call of a user
supplied subroutine the status of IERR is checked. If
IERR is negative the run of GEOMS will be interrupted
and GEOMS returns to the calling program. IERR is
unchanged by GEOMS.

JAC Name (EXTERNAL) of the user supplied subroutine which computes
the NEGATIVE partial derivatives of the right-hand side of the
equations of motion. (This routine is only called if IJAC=1.
Supply a dummy subroutine in the case IJAC=0).

SUBROUTINE JAC(M1,M2,M3,M4,M5,M6,N1,N2,N3,N4,M,N,
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# IOPT(*),IPAR(*),IERR
DOUBLE PRECISION T,X(N),FX1,FX2,FX3,FX4,FX5,FX6,ROPT(*) ,RPAR(*)

M1 Input : integer
Number of constraints depending on all unknown
variables and restricting the Lagrange multipliers 1
and m and the auxiliary variables w, i.e., 0=d,
0=gII, 0=hI. IF IOPT(5)=0 we have M1=NW+NL+NM and if
IOPT(5)=1 we have M1=NW (note that M1=0 is possible).
Compare with the block row structure of RDA in the
subroutine EOM.
M1 has to remain unchanged.

M2 Input : integer
Number of constraints only depending on the unknown
variables p, v, and s and restricting the velocity
variables v, i.e., 0=gI, O=h, O=e. We have M2=NL+NM+NI.
Compare with the block row structure of RDA in the
subroutine EOM.
M2 has to remain unchanged.

M3 Input : integer
Number of constraints only depending on the unknown
variables p and s and restricting the position p and
the contact variables s, i.e., 0=c, O=g. We have
M3=NS+NL.
Compare with the block row structure of RDA in the
subroutine EOM.
M3 has to remain unchanged.

M4 Input : integer
Number of dynamical force element equations (3), i.e.,
we have M4=NR.
Compare with the block row structure of RDA in the
subroutine EOM.
M4 has to remain unchanged.

M5 Input : integer
Number of dynamical equations of motion (2), i.e.,
we have Mb=NV.
Compare with the block row structure of RDA in the
subroutine EOM.
M5 has to remain unchanged.

M6 Input : integer
Number of kinematical equations of motion (1), i.e.,
we have M6=NP.
Compare with the block row structure of RDA in the
subroutine EOM.
M6 has to remain unchanged.

N1 Input : integer
Number of auxiliary variables plus the number of
Lagrange multipliers, i.e., we have N1=NW+NL+NM.
Compare with the block row structure of X above.
N1 has to remain unchanged.

N2 Input : integer
Number of dynamical force element variables, i.e.,
we have N2=NR.
Compare with the block row structure of X above.
N2 has to remain unchanged.

N3 Input : integer
Number of velocity variables, i.e., we have N3=NV.
Compare with the block row structure of X above.
N3 has to remain unchanged.
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N4 Input : integer
Number of contact point variables plus the number of
position variables, i.e., we have N1=NS+NP.
Compare with the block row structure of X above.
N4 has to remain unchanged.

M Input : integer
Total number of provided equations,
i.e., dimension of RDA, see subroutine EOM and the
number of rows of the partial derivatives. We have
M=M1+M2+M3+M4+M5+M6 .
M has to remain unchanged.

N Input : integer
Number of unknowns, i.e., dimension of X.
We have N=NP+NV+NR+NW+NS+NL+NM=N1+N2+N3+N4.
N has to remain unchanged.

T Input : double precision
Evaluation of the partial derivatives at time T.
T has to remain unchanged.

X Input : double precision array X(NX)
Vector of unknowns, see above.
X has to remain unchanged.

FX1  Output : double precision array FX1(M1i,N)
NEGATIVE partial derivatives of d, gII, hI with
respect to [wlm | r | v | s pl. We have
[dd /dlwlm | r|v|spl]
FX1=[ d gII/dlw1lm | r | v | s p ] ] in R"(M1,N)
[dhI /dlwlm ||l vIspl]l
Compare with the block row structure of RDA in the
subroutine EOM and with the block row structure of X
above.

FX2 Output : double precision array FX2(M2,N3+N4)
NEGATIVE partial derivatives of gI, h™, e with
respect to [v s pl. We have

[ dgl/dlv s pl ]
FX2=[ d h™/d[v s p] ] in R~ (M2,N3+N4)
[de /dlv s p]l ]
Compare with the block row structure of RDA in the
subroutine EOM and with the block row structure of X
above.

FX3  Output : double precision array FX3(M3,N4)
NEGATIVE partial derivatives of c and g with
respect to [s p]. We have
[ dc/dls p] ]
FX3=[ 1 in R"(M3,N4)
[ d g/dls p] 1
Compare with the block row structure of RDA in the
subroutine EOM and with the block row structure of X
above.

FX4 Output : double precision array FX4(M4,N)
NEGATIVE partial derivatives of the right-hand side of
the dynamical force element equations, i.e., of b with
respect to [wlm | r | v | s pl. We have

FX4=d b/d[w 1m | r | v | s p ] in R"(M4,N)

Compare with the block row structure of RDA in the
subroutine EOM and with the block row structure of X
above.
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NEGATIVE partial derivatives of the right-hand side of
the dynamical equations of motion, i.e., of f_dyn with
respect to [wlm | r | v | s pl. We have

FX65=d f_dyn/d[w1m | r | v | s p ] in R~ (M5,N)
Compare with the block row structure of RDA in the
subroutine EOM and with the block row structure of X
above.C

FX6  Output : double precision array FX6(M6,N3+N4)
NEGATIVE partial derivatives of the right-hand side of
the kinematical equations of motion, i.e., of f_kin
with respect to [v | s p ]. We have

FX6=d f_kin/d[ v | s p 1 in R~ (M6,N3+N4)
Compare with the block row structure of RDA in the
subroutine EOM and with the block row structure of X
above.

IOPT 1Input : integer array IOPT(40)
Serve as parameters for the code.
IOPT has to remain unchanged.

ROPT Input : double precision array ROPT(40)
Serve as parameters for the code.
IOPT has to remain unchanged.

IPAR Input/Output: integer array IPAR(*)
Integer parameters which are only used by the user.
They are unused and unchanged by GEOMS.

RPAR Input/Output: double precision array RPAR(*)
Double precision parameters which are only used by the
user. They are unused and unchanged by GEOMS.

IERR Output : integer
Indicator of success. IERR is only used by
user supplied subroutines. After every call of a user
supplied subroutine the status of IERR is checked. If
IERR is negative the run of GEOMS will be interrupted
and GEOMS returns to the calling program. IERR is
unchanged by GEOMS.

IJAC Input : integer
Switch for the computation of the partial derivatives of the
right-hand side of the equations of motion
IJAC=0 Partial derivatives are computed internally by finite
differences, subroutine JAC is never called.
IJAC=1 Partial derivatives are supplied by subroutine JAC.

SOLOUT Name (EXTERNAL) of subroutine providing the numerical solution
during integration.
If I0UT=1, it is called after every successful step. Supply a
dummy subroutine if IOUT=0.
SOLOUT furnishes the solution X at the nr-th grid-point T
(Thereby the initial value is the first grid-point).

SUBROUTINE SOLOUT(NACCPT,TOLD,T,X,N,NN2,NN3,NN4,CONTX,H,C1M1,
# C2M1,RPAR,IPAR, IERR)

IMPLICIT NONE

INTEGER NACCPT,N,NN2,NN3,NN4, IPAR (*) ,IERR

DOUBLE PRECISION TOLD,T,H,X(N),CONTX(NN4),RPAR(*),C1iM1,C2M1
DOUBLE PRECISION GEDENSOUT

EXTERNAL GEDENSQUT

NACCPT Input : integer
Number of accepted steps so far.
NACCPT has to remain unchanged.
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TOLD Input : double precision
The preceeding grid-point.
TOLD has to remain unchanged.

T Input : double precision
Current simulation time T.
T has to remain unchanged.

X Input : double precision array X(NX)
Vector of unknowns, see above.
X has to remain unchanged.

N Input : integer
Number of unknowns, i.e., dimension of X.
We have N=NP+NV+NR+NW+NS+NL+NM=N1+N2+N3+N4.
N has to remain unchanged.

NN2,NN3,NN4,CONTX,H,C1M1,C2M1 Input: integer/double precision
Internal communication for the use by the subroutine
GEDENSOUT for dense output.
NN2,NN3,NN4,CONTX,H,C1M1,C2M1 have to remain unchanged.

IPAR Input/Output: integer array IPAR(*)
Integer parameters which are only used by the user.
They are unused and unchanged by GEOMS.

RPAR Input/Output: double precision array RPAR(x)
Double precision parameters which are only used by the
user. They are unused and unchanged by GEOMS.

IERR Output : integer
Indicator of success. IERR is only used by
user supplied subroutines. After every call of a user
supplied subroutine the status of IERR is checked. If
IERR is negative the run of GEOMS will be interrupted
and GEOMS returns to the calling program. IERR is
unchanged by GEOMS.

————— Continuous output -----
During calls to "SOLOUT", a continuous solution
for the interval [TOLD,T] is available through
the function
GEDENSOUT(I,TOUT,N,NN2,NN3,NN4,T,H,CONTX,C1M1,C2M1)
which provides an approximation to the I-th
component of the solution at the point TOUT, e.g.,

DO I=1,N

XOUT (I)=GEDENSOUT (I, TOUT,N,NN2,NN3,NN4,T,H,CONTX,
# C1M1,C2M1)

END DO

The value TOUT should lie in the interval [TOLD,T].

Do not change the entries of N, NN2, NN3, NN4, T, H,
CONTX, CiM1, C2M1.

The function GEDENSOUT is adopted from the code RADAU5,
see the book:

E. Hairer and G. Wanner, Solving Ordinary Differential
Equations II. Stiff and Differential-Algebraic Problems
Springer Series in Computational Mathematics 14,
Springer-Verlag 1991, Second edition 1996.

The former name was CONTRS.

I0UT Input : integer
Switch for the calling of subroutine SOLOUT.
I0UT=0 Subroutine is never called.
I0UT=1 Subroutine is available for output.

LIWORK Input : integer
Declares the length of the array IWORK. LIWORK has to be at least

eNoNoNosNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNoNo oMo No o N



270 APPENDIX B. MANUALS

20.

IWORK  Output: integer array IWORK(LIWORK)
Statistical information
IWORK( 1) NACCPT - Number of accepted integration steps

IWORK( 2) NEOM - Number of evaluations of the right-hand side
of the equations of motion

IWORK( 3) NMAS - Number of evaluations of the mass matrix

IWORK( 4) NJAC - Number of evaluations of the Jacobian of the
right-hand side of the equations of motion

IWORK( 5) NSEL - Number of determinations of suitable selectors

IWORK( 6) NPDEC - Number of predecompositions, i.e., of FX, M,
and IKIN

IWORK( 7) NEDEC - Number of E-decompositions, i.e., of E1 and E2

IWORK( 8) NBSUB - Number of backward substitutions

IWORK( 9) NSTEP - Number of steps

IWORK(10) NERJCT - Number of rejections caused by error test
failures

IWORK(11) NCRJICT - Number of rejections caused by convergence
problems of the Newton process

LRWORK Input : integer

Declares the length of the array RWORK.

A safe choice for all possible setting in IOPT is
LRWORK at least 5N

Depending on IOPT it is sufficient ...
If IOPT(17)=IVCNSST=0 then LRWORK has to be at least 5N
If IOPT(11)=DECOMPC=3 then LRWORK has to be at least

5*%MAX (M1,M2,M3,N1,N3,N4), see comments to subroutine JAC.

If IOPT(11)=DECOMPC=2 then LRWORK has to be at least N
If IOPT(12)=DECOMPD=1 then LRWORK has to be at least 2*N

For good performance, LRWORK should generally be larger.

RWORK  Intern : integer array IWORK(LIWORK)

IPAR Input/Output : integer array IPAR(*)
Integer parameters which are only used by the user. They are
unused and unchanged by GEOMS.

RPAR Input/Output: double precision array RPAR(*)
Double precision parameters which are only used by the user.
RPAR is unused and unchanged by GEOMS.

IERR Input/Output : integer
Indicator of success. IERR is only used by user
supplied subroutines. After every call of a user supplied
subroutine the status of IERR is checked. If IERR is negative
the run of GEOMS will be interrupted and GEOMS returns to the
calling program. IERR is unchanged by GEOMS.

IDID Output : integer
Reports success upon return. The first two digits
indicate the subroutine which causes trouble.

IDID=-10.. An error occurred in the subroutine GEOMS
-1001 Option array IOPT or ROPT or tolerances RTOL or ATOL
contains wrong data
Check the output in UNIT=IOPT(2) for more information
If the option IOPT(2) equals O turn on the output.
-1002 Initial IDID lower than O

IDID=-11.. An error occurred in the subroutine GECOR
-1101 Stop initialized by SOLOUT
-1102 Stop initialized by EOM
-1103 Stop initialized by MAS
-1104 Stop initialized by JAC
-1105 Initial conditions not consistent
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-1106 Final time TEND before initial time T

-1111 QR-Decomposition of FX1 not possible

-1112 QR-Decomposition of FX2 not possible

-1113 QR-Decomposition of FX3 not possible

-1114 QR-Decomposition of El or E2 not possible

-1115 Newton method repeatedly does not converge NSING.GE.5
-1116 Newton method repeatedly does not converge NSING.GE.5
-1117 More than NMAX steps are needed

-1118 Step size too small

-1128 An error occurred during use of DORMQR

-1129 An error occurred during use of DORMQR

IDID=-12.. An error occurred in the subroutine GEFXNUM
-1201 Stop initialized by EOM

IDID=-14.. An error occurred in the subroutine GEDECCQR

-1401 Constraints redundant or dd/dw singular
(FX1 rank deficient).
Try the integration again with IOPT(11)=3 (SVD).

-1402 Constraints or the invariant equations are redundant
(FX2 rank deficient). Try the integration again with
IOPT(11)=3 (SVD).

-1403 Constraints redundant or dc/ds singular
(FX3 rank deficient).
Try the integration again with IOPT(11)=3 (SVD).

IDID=-18.. An error occurred in the subroutine GETRFRHSC
-1801 Multiplication with Q1 not possible
-1802 Multiplication with Q2 not possible
-1803 Multiplication with Q3 not possible
-1804 Multiplication with Q4 not possible

IDID=-20.. An error occurred in the subroutine GEERREST
-2004 Multiplication with Q4 not possible

IDID=-21.. An error occurred in the subroutine GEINIVAL.

-2101 Stop initialized by EOM.

-2102 Stop initialized by IVCOND.

-2103 An error occurred during SVD.

-2104 Divergence during determination of consistent initial
values. The given conditions in IVCOND together with
all constraints of the EoM form an overdetermined system.
Perhaps it is contradictory.
=> Check consistency of all constraints of the EoM in

relation to the conditions given in IVCOND!
=> If you are sure that the initial values are consistent
(at least variables P and V) you can set IOPT(17)=1.

-2105 No Convergence in the given limit of iteratioms.

(See the source code of GEINIVAL and increase NIT or/and
NNWTUPD.

-2106 Given conditions in IVCOND together with constraints in
EoM are not sufficient to uniquely determine consistent
initial values. Perhaps there are not enough conditions
or they are redundant.
=> Provide more (nonredundant) conditions in IVCOND!
=> Check NIVCOND!
=> Check redundancy of all constraints of the EoM in

relation to the conditions given in IVCOND!
=> If you are sure that the initial values are consistent
(at least variables P and V) you can set IOPT(17)=1.

IDID=-24.. An error occurred in the subroutine GEDECCSV
-2401 Constraints are not uniformly redundant, i.e., rank of FX1
was changing
-2402 Constraints are not uniformly redundant, i.e., rank
deficiency of FX1 not identical to rank deficiency of FX2
-2403 Constraints are not uniformly redundant, i.e., rank
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deficiency of FX1 not identical to rank deficiency of FX3
-2404 An error occurred during SVD of FX1 or FX2 or FX3

IDID=-26.. An error occurred in the subroutine GEDECCLU

-2601 Constraints redundant or dd/dw singular
(FX1 rank deficient).
Try the integration again with IOPT(11)=3 (SVD).

-2602 Constraints or the invariant equations are redundant
(FX2 rank deficient). Try the integration again with
I0PT(11)=3 (SVD).

-2603 Constraints redundant or dc/ds singular
(FX3 rank deficient).
Try the integration again with IOPT(11)=3 (SVD).

a0

B.2 Manual of GMKSSOL

SUBROUTINE GMKSSOL(T,NOUT,TOUT,

# NP,NR,NL,X,XP,X0UT,
# LIWORK, IWORK,LRWORK,RWORK,
# I0PT,ROPT,IPAR,RPAR,IERR)
NAME : (G)eneralisierter (M)ehr(K)oerper(S)ystem (SOL)ver

Multibody system solver

PURPOSE : This subroutine performs the numerical simulation
of a multibody system whose state is described by

p - position variables of dimension NP,
v - velocity variables of dimension NP,
r - dynamical force element variables of dimension NR,
1 - holonomic Lagrange multipliers of dimension NL,

by numerical integration of the equations of motion
in the form

p’=v (1) (f_kin)
v’=f(p,v,r,t)-G T*lambda =: fdyn(p,v,r,lambda,t) (2) (f_dyn)
r’=b(p,v,r,t) (3)
0 =g(p,t) (4)

on the domain [t_O,t_f].

The prime denotes the time derivative, e.g., p’=dp/dt, and
the ’T’ denotes the transpose of a matrix or vector, e.g.,
GT=transpose of G. Furthermore, the equations correspond to

(1) Kinematical equations of motion of dimension NP,
(2) Dynamical equations of motion of dimension NV,
(3) Dynamical force element equations of dimension NR,
(4) Holonomic constraints of dimension NL,

The System (1)-(4) has to satisfy the following.
a) G = dg/dp.
b) rank(GM~{-1}GT)=rank(G)=const for all t in [T,TEND].
Alternatively
[ M GT ]
rank ([ ]1)=NP+rank(G)=constant
[G o 1]
has to be satisfied for all t in [t_0,t_f]=[T,TEND].

The integration method used is an implicit Runge-Kutta method
(Radau IIa) of order 5 with step size control, continuous
output, and consistent initialization for lambda.
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METHOD : The equations of motion are integrated by the implicit
Runge-Kutta-Method of type RADAU IIa of order 5 and using the
projected-strangeness-free formulation of the equations of

motion.
VERSION : May 31, 2005
REVISIONS : -
AUTHORS : Address: F. Ebert

Institut fuer Mathematik
Technische Universitaet Berlin
Strasse des 17. Juni
10623 Berlin, Germany

e-mail: ebert@math.tu-berlin.de

Address: A. Steinbrecher
Institut fuer Mathematik
Technische Universitaet Berlin
Strasse des 17. Juni
10623 Berlin, Germany

e-mail: steinbrecher@math.tu-berlin.de

REFERENCES: This code is part of the PhD thesis:
A.Steinbrecher. Numerical Solution of Quasi-Linear Differential-
Algebraic Equations and Industrial Simulation of Multibody
Systems. PhD thesis, TU Berlin, Institut fuer Mathematik, 2005

F.Ebert,F.and A.Steinbrecher. Dokumentation verschiedener Loeser
zur numerischen Integration gewoehnlicher Differentialgleichun-
gen und differentiell-algebraischer Gleichungen in der Mehrkoer-
perdynamik. Technical report: Bosch Rexroth AG, BR / VES
(Simulationstechnik), Number IR-005-04-VE 12/2004. 2004.

KEYWORDS : numerical simulation of mechanical systems, equations of motion,
differential-algebraic equations, projected-strangeness-free
formulation

NOTE : The (basic) linear algebra routines are provided by the

libraries BLAS and LAPACK

CALL

SUBROUTINE GMKSSOL(T,NOUT,TOUT,

# NP,NR,NL,X,XP,X0UT,
# LIWORK, IWORK,LRWORK , RWORK,
# I0PT,ROPT, IPAR,RPAR, IERR)

IMPLICIT NONE

INTEGER NOUT,NP,NR,NL,LIWORK, LRWORK , IERR,
# IWORK (LIWORK) , IOPT (40) , IPAR (*)

DOUBLE PRECISION T,TOUT(NOUT),X(NP+NP+NR+NL) ,XP (NP+NP+NR+NL),
# XOUT (NP+NP+NR+NL ,NOUT) ,RWORK (LRWORK) ,ROPT (40) ,
# RPAR (*)

EXTERNAL EQUOFMOT, CONSMATR., SOLOUT

INPUT- AND OUTPUT-ARGUMENTS

INPUT- AND OUTPUT-ARGUMENTS

T Input : double precision
Initial time t
Output :
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Last successfully reached time. If whole integration was
successful T=TOUT(NOUT).

NOUT Input : integer
Number of time steps where the solution shall be stored in XOUT.

TOUT Input : double precision : array TOUT(NOUT)
Defines the times at which the solution should by stored in XOUT.
The times must be sorted chronologically such that
t_0 <= TOUT(I) < TOUT(J) if I<J

NP Input : integer
Number of position variables p.

NR Input : integer
Number of position variables r.

NL Input : integer
Number of position variables lambda.

X Input : double precision : array X(NP+NP+NR+NL)
Contains all variables of the MBS in the following order.
X( 1:NP y=p
X (NP+1:NP+NP )=v
X (NP+NP+1:NP+NP+NR )=r
X (NP+NP+NR+1 : NP+NP+NR+NL) =1lambda

XP Input : double precision : array XP(NP+NP+NR+NL)
Contains the time derivative of all variables of the MBS.
XP( 1:NP )=p’ (=v)
XP (NP+1:NP+NP )=v’
XP (NP+NP+1 : NP+NP+NR )=r’
XP (NP+NP+NR+1 : NP+NP+NR+NL) =1lambda’
It is not necessary to initialize XP.

XouT Output : double precision : array XOUT(NP+NP+NR+NL,NOUT)
Contains the numerical solution of all variables of the MBS at

intermediate times TOUT(I), I=1,...,NOUT
XOUT( 1:NP )=p(TOUT(I))
XOUT (NP+1 : NP+NP )=v(TOUT(I))
XOUT (NP+NP+1 : NP+NP+NR )=r(TOUT(I))

XOUT (NP+NP+NR+1 : NP+NP+NR+NL) =lambda (TOUT (I))

LIWORK Input : integer
Length of integer work array
LIWORK .GE. 21+3*N with N=NP+NP+NR+NL

IWORK Input : integer : array IWORK(LIWORK)
Integer work array.

LRWORK Input : integer
Length of double precision work array
LRWORK .GE. 40+12*N+5*N*N with N=NP+NP+NR+NL

RWORK  Input : integer : array RWORK(LRWORK)
Double precision work array.

I0PT Input : integer : array IOPT(40)
Serve as parameters for the code. For standard use of the code
I0PT(2),..,I0PT(14) must be set to zero before calling.
See below for a more sophisticated use.

IOPT( 2)=LUN output device
0 - no output (default)
6 - output to the screen
10- output to gmkslog.log
In the case that the output of detailed information
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is desired, the user has to define an output device
and to associate this device with IOPT(2), i.e.,
I0PT(2)=13
OPEN(UNIT=13,FILE=’gmkssol.log’)
Finally, the output device has to be closed, i.e.,
CLOSE(13)
In the case of an unsuccessful run of GMKSSOL it is
recommended to set IOPT(2) > O such that the GMKSSOL is
able to provide more detailed information to the user.
Furthermore, it is recommended to set
I0PT(2)=0, 6, or >10.

IOPT( 3)=MAXSTP maximal number of allowed steps
<0 no restriction (be careful)
=0 => 1000 (default)
>0 maximal number of steps is given by IOPT(3)

IOPT( 9) Selectors are constant
=0 -NO
=1 -YES - therefore, only to be computed at initial time

I0OPT(14) compute new selectors
=0 -every successful step
>0 -after IOPT(14) successful steps

ROPT Input : integer : array ROPT(40)
ROPT( 1)=RTOL Relative tolerance
The default value (for ROPT(1)=0.0) is 1.D-6.

ROPT( 2)=ATOL Absolute tolerance
The default value (for ROPT(2)=0.0) is 1.D-6.

ROPT( 3)=INIPREC Precision of the initial values and accuracy
for forced systems.
The default value (for ROPT(3)=0.0) is 1.D-8.

ROPT( 4)=UROUND The rounding unit
The default value (for ROPT(4)=0.0) is 1.D-16.

IPAR Input : integer : array IPAR(*)
Integer parameter which are only used by the user. They are
unused and unchanged in GMKSSOL.

RPAR Input : double precision : array RPAR(*)
Double precision parameter which are only used by the user. They
are unused and unchanged in GMKSSOL.

IERR Output : integer
Reports success upon return. The first two digits
indicate the subroutine which causes trouble.

IERR=-10.. An error occurred in the subroutine GMKSSOL
-1001 NP lower than or equal zero
-1002 NL lower than or equal zero
-1003 NR lower than zero
-1004 RG not valid
-1006 initial values are not consistent
-1007 more than NMAX =IOPT(3) steps are needed
-1008 insufficient storage for RWORK (adapt LRWORK)
-1009 insufficient storage for IWORK (adapt LIWORK)
-1010 Stop initiated by EQUOFMOT
-1011 Stop initiated by SOLOUT
-1012 Tolerances RTOL=ROPT(1) too small
-1013 Tolerances ATOL=ROPT(2) too small

IERR-13.. An error occurred in the subroutine GMSELECT
-1301 constraint matrix is not analytically computable
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-1302 SVD of constraint matrix failed

-1303 rank of G is changing

-1304 Z not the Identity not yet implemented

-1305 error while computing Equ. of Mot.

-1306 selector determination via QR not
implemented

IERR=-15.. An error occurred in the subroutine GMRHSIRK
-1505 error while computing Equ. of Mot.

IERR=-16.. An error occurred in the subroutine GMSOLIRK
-1601 exit caused by SOLOUT
-1602 more than NMAX steps are needed
-1603 step size H too small
-1604 matrix is repeatedly singular

IERR=-17.. An error occurred in the subroutine GMKSCOIN
-1710 dynamic and kinematic components cannot be set to O
-1720 Newton method did not converge
IERR<-1730 error in DGLSY -(IERR+1730)

PROBLEM DESCRIPTION

The user has to supply two subroutines which describe the problem to
solve.

EQUOFMOT User supplied subroutine which provides the
right-hand-side (RHS) of EoM (1)-(4)

SUBROUTINE EQUOFMOT(T,NP,P,V,A,NR,R,NL,L,NF,RDA,

# I0PT,ROPT, IPAR,RPAR, IERR)
INTEGER NP,NR,NL,NF, IERR,IOPT (*) ,IPAR(*)
DOUBLE PRECISION T,P(NP),V(NP),A(NP),L(NL),R(NR),

# RDA (NP+NP+NR+3*NL) ,ROPT (*) ,RPAR (*)
T Input : double precision

Evaluate the RHS at time t.
T has to remain unchanged.

NP Input : integer
Number of position variables p.
NP has to remain unchanged.

P Input : double precision : array P(NP)
Position variables p.
P has to remain unchanged.

\ Input : double precision : array V(NP)
Velocity variables v.
V has to remain unchanged.

A Input : double precision : array A(NP)
Acceleration variables a(=v’) (unused).
A has to remain unchanged.

NR  Input : integer
Number of position variables r.
If r does not exist then NR=1.
NR has to remain unchanged.

R Input : double precision : array R(NR)
Hydraulic variables r.
R has to remain unchanged.
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NL

NF

RDA

IOPT

ROPT

IPAR

RPAR

IERR

Input : integer
Number of position variables lambda.
NL has to remain unchanged.

Input : double precision : array L(NL)
Lagrange-Multipliers lambda.
L has to remain unchanged.

Input : integer
Degree of freedom.
NF has to remain unchanged.

Output : double precision : array RDA(NP+NP+NR+3*NL)
Right-hand-side of reduced derivative array

RDA( 1:NP )=v
RDA (NP+1 : NP+NP )=f_dyn
RDA (NP+NP+1 : NP+NP+NR )=b
RDA (NP+NP+NR+1 : NP+NP+NR+NL )=g
RDA (NP+NP+NR+NL+1 : NP+NP+NR+NL+NL )=d/dt g

RDA (NP+NP+NR+NL+NL+1 : NP+NP+NR+NL+NL+NL)=d"2/dt "2

Input : integer : array IOPT(40)
Integer options (see above)
IOPT(31)=1 then only evaluation of constraints g(p,t)
is needed
else evaluation of the whole RDA is expected
IOPT has to remain unchanged.

Input : double precision : array ROPT(40)
Double precision options (see above)
ROPT has to remain unchanged.

Input/Output: integer : array IPAR(x*)
Integer parameters which are only used by the user.
They are unused and unchanged in GMKSSOL.

Input/Output: double precision : array RPAR(*)
Double precision parameters which are only used by the
user. They are unused and unchanged in GMKSSOL.

Output : integer

Error message. The user can stop the integration by
setting IERR negative. (IERR will be changed after
returning from EQUOFMOT))

CONSMATR User supplied subroutine which provides the
constraint matrix G (see (5)).
Not yet implemented please use dummy routine

SUBROUTINE CONSMATR()

END
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tions of motion
regular point, 15
regularization
~ by differentiation, 164
~ of DAEs, 34
~ of differential-algebraic equations,
3
~ of quasi-linear DAEs, 58
incomplete ~, 65
projection methods, 163, 165
equivalent strangeness-free formu-
lation for DAESs, 35
Gear-Gupta-Leimkuhler formula-
tion, 165
linear equivalent strangeness-free
formulation for DAEs, 35
overdetermined formulation, 169
projected-s-index-1 formulation, 69,
178
projected-strangeness-free formu-
lation, 59-61, 68, 169, 175
stabilization methods, 163, 164
Baumgarte stabilization, 164
regularization by differentiation, 164
state space methods, 163
strangeness concept, 35
rolling ball, 113
Runge,C.D.T., 4
Runge-Kutta matrix, 74
Runge-Kutta methods, 65, 74, 106, 107,
183
~ for quasi-linear DAEs, 73
convergence of ~, 99
important classes of ~, 104
Newton iteration matrix for ~, 76
numerical software for general DAEs,
126, 182
stability of ~, 97
stage equation by use of ~, 76
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Runge-Kutta stages, 75
shifted ~, 75
transformed ~, 78

s-index, see strangeness index
s-index-0 formulation
~ of modeling level 0, 128
~ of modeling level 4, 150
s-index-1 formulation
~ of modeling level 0, 128
~ of modeling level 4, 150
Schur,I., 77
Schwarz,H.A., 14
selected linear system
~ of type 1, 82
~ of type 2, 83
selected semi-implicit DAEs, 74
selected system
~ of type 1, 82
~ of type 2, 83
selector
dynamic ~
~ for DAEs, 59
~ for EoM, 170, 171
kinematic ~
~ for DAEs, 59
~ for EoM, 141
semi-explicit DAE, see DAE
semi-implicit DAE, see DAE
SEULEX, 108
shifted Runge-Kutta stages, 75
SIMPACK, 184
simplified Newton method, 19
singular point, 16
singular value decomposition, 251
skateboard, 123
numerical results, 229
slider crank, 120
numerical results, 223
smooth matrix decomposition, 8, 10, 11
smooth projection
~ onto the kernel of matrix func-
tions, 11
~ onto the range of matrix func-
tions, 11
software
for DAEs, 106
DASPK, 106
DASSL, 106, 182
GELDA, 107
GENDA, 107
LIMEX, 108
LSODI, 107
RADAUS5, 107, 126, 182

INDEX

RADAUP, 107
Runge-Kutta methods, 126, 182
SEULEX, 108
for EoM, 182
EULAG, 183
GEOMS, 186
GMKSSOL, 204
HEDOPS5, 164, 183
HEMS5, 164, 183
MBSPACK, 182, 183
MBSSIM, 182
MDOPS5, 183
MEXAX, 164, 183, 184
MEXX, see MEXAX
MHERKS, 183
MHERKS5, 183
ODASSL, 183
PMDOP5, 183
for MBS
ADAMS, 184
DYMOLA, 184
MODELICA, 184
NEWEUL, 184
SIMPACK, 184
solution
~ of DAEs, 23
existence and uniqueness of ~ of EoM,
153, 154
solution invariants, 125
conservation of energy, see conser-
vation of energy
solution manifold, 39
~ of EoM, 139, 156
~ of quasi-linear DAEs, 55
sphere, 248
stability
A(a)-~, 98
A-~; 98
drift ~, 156
L-~, 99
strong A-~, 99
stabilization methods, see regularization
stage equation by use of Runge-Kutta
method, 76
stages
Runge-Kutta ~, 75
shifted Runge-Kutta ~, 75
transformed Runge-Kutta ~, 78
state space form, 112
state variables, 132
step size controller
classical ~, 202
predictive ~, 202
stirred tank, 71
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Stokes,G.G., 71
strangeness concept, see regularization,
27
~ for linear DAEs, 27
~ for nonlinear DAEs, 28
strangeness deletion
solution manifold preserving ~ algo-
rithm for equations of motion,
176
strangeness index (s-index), 28
strangeness-free, 28
equivalent ~ formulation for DAEs,
35
equivalent ~ formulation for linear
DAEs, 35
projected-~ formulation
~ for EoM, 175
~ for quasi-linear DAEs, 5961
strong A-stability, 99
structural index, 27
surjective function, 247
SV decomposition, 251
system
conservative multibody ~, 111
elastic multibody ~, 133
forced multibody ~, 133
holonomic multibody ~, 115
nonholonomic multibody ~, 115

t-index, see tractability index
Tait,P.G., 129
Tait-Bryan angles, 129
Taylor,B., 32
tractability index (t-index), 24
transformed Runge-Kutta stages, 78
truck, 119

numerical results, 222

UDE, see underlying differential equa-
tion
underlying
~ differential equation
~ for DAEs, 50, 51
~ for EoM, 151
~ ordinary differential equation
~ for DAEs, 50, 51
~ for EoM, 151
uniform index, 24
uniform redundancy, 17
uniformly redundant
~ function, 17
~ system of equations, 17
unselected linear system
~ of type 1, 84
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~ of type 2, 84
unselected system
~ of type 1, 84
~ of type 2, 84
uODE, see underlying ordinary differen-
tial equation

values
consistent ~ of DAESs, 23
variables
auxiliary ~, 130
contact ~, 130
control ~; 23, 129
dynamical force ~, 129
position ~, 110
state ~, 132
velocity ~, 128
variety, 16
vector
node ~, 74
weight ~, 74
velocity manifold, 139
velocity variables, 128
velocity, generalized ~, 110

Watt,J., 2

waveform relaxation, 108
weight vector, 74

weighted root square norm, 195
Wright,O., 2

Wright, W., 2

Zuse K., 2



