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List of Abbreviations and Symbols

Abbreviations

CP

DAE Differential-algebraic equation
DI Differential inclusion
LIMDI Linear implicite measure differential inclusion
MDI Measure differential inclusion
NCI Normal cone inclusion
ODE Ordinary differential equation
Symbols
" (1...1)T e R"
AC(I,F) Space of all absolutely continuous functions mapping from I to £
Aj. j-th row of a matrix A
A, j-th column of a martix A
B(z, ) Ball with centre z and radius r
BV (I, E) Space of all functions of bounded variation mapping from [ to E
C(I,FE) Space of all continuous functions mapping from I to £
XA Characteristic function of set A
Os Dirac measure to point s
dx Differential measure of function x
A n-dimensional unity matrix of R™*"
ey k-th unity vector of dimension n
LY, E) Lebesgue integrable functions mapping from [ to £
Ne(z) Normal cone to set C' in x
o°f Clarke differential of function f
P(X) Power set of set X
Wa Indicator function of set A
Ry Set {x € R | x > 0} of non-negative real numbers
SBV(I,E)  Space of all special functions of bounded variation mapping from I to E
SBV*(I,E) Right-continuous functions of SBV (I, E)
T*(g,1) Set of all points of I where ¢ is discontinuous
z AT Transposed vector of x € R™, transposed matrix of A € R™*"
xz(t) Right-side limit of function x in ¢
= (t) Left-side limit of function x in ¢
Taib The a-th to b-th components of z € R
x(t) Time derivative of x in ¢
o (0...0)T € R"

Complementarity problem






1. Introduction

In classical mechanics [§, 54], the motion of a system of rigid bodies is described by a

function
qg: I CR—R" neN,

representing the generalised coordinates of the system at time ¢ € [ := [0,7],T > 0. If
q is twice continuously differentiable with respect to ¢ - which is a common assumption -
then the first derivative v := ¢ : I — R"™ characterises the velocity and a := v : I — R”
the acceleration of the mechanical system. Already in the early stages of mechanical en-
gineering, it was recognised that mechanical systems including contact and impact forces
as well as friction forces could not be depicted by continuously differentiable trajectories.
The benchmark problem of the bouncing ball will easily underline this claim.

1.1. Motivating Benchmark Problem

Example 1.1 (Bouncing ball [2] 39, 59, R0, 88]) From an initial point ¢(0) := qo € R4,
a ball with mass m € R, and initial velocity v(0) := vy € R is dropped to a ground
obstacle (see Figure . Using variational principles [54], the motion in free flight can
be described without consideration of air friction as a differential equation with respect
to the position ¢ and the velocity v

i) =o(t), mi(t) = —mg+At), tel. (1.1)
1 : : : : 2 : : : :
0.8
1
0.6 —
q+ £ 04 X \\\\\\\\\\\\»_
9 0.2 N
-1
0
T/\ -0.2 2
0 2 4 6 8 0 2 4 6 8
t [s] t Is]

Figure 1.1.: Bouncing

ball Figure 1.2.: Bouncing ball: Exemplary trajectories.
all.

Here g is the gravitational acceleration and A\(¢) > 0 is the contact force acting in case of
hiding the obstacle. Over the whole time interval I, the ball can not penetrate the ground
such that the inequality ¢(t) > 0 has to be satisfied additional to (L.1]). If this constraint
is active, i.e. q(t) = 0, the force A\(¢) > 0 in avoids penetration. If the constraint is
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not active this contact force is zero. The summarised problem has the form
0<q(t) L At) >0, (1.2)
where the mathematical formulation 0 < a L b > 0 is equivalent to
a,beR", a' -b=0, a;,b; >0,i=1,...,n.

and is called complementarity problem (CP). Such problems, their properties und numer-
ical treatment are analysed in Appendix B.

An active constraint symbolises a contact of ball and ground which are of special interests
when discussing the dynamics of mechanical systems. In the moment the constraint
becomes active at time 7 € I, the left-side limit of the velocity satisfies

v(7) = 4 (7) =l (s) <0,
because the ball falls down to the ground. In order to sustain the principle of non-
penetrability of the ball and the ground, the right-side limit of the velocity must simul-
taneously fulfil the condition

vH(7) = ¢ (7) :==lim¢(s) > 0.
sy

Hence, the velocity function jumps maybe from a non-positive value v~ (7) to a non-
negative value v (7) in 7. This is caused by the impact force which works in the moment
where the ball and the ground get in contact. For the sake of uniqueness, the system
consisting of equations and has to be completed by an impact law to describe
the relationship between v~ and v™ in such impact points. In this thesis the simple impact
law of Newton

() =0 = ovi(r)=—-ew (1), €€]0,1], (1.3)

is used. The resolution number e describes the elasticity of the impact. Alternatives are
the impact law of Poisson or energy based models [88].

In Figure the solution trajectories of (1.1])-(1.3) with parameters

m m
go=1m, vp=0—, m=1kg €=08 ¢g=2—
S S
are plotted. It can be observed that the position ¢ is not longer differentiable in the
impact points and so does not define a classical derivative v. In the same time points v
is not continuous anymore.

1.2. Literature Survey and Outline

The motion of mechanical systems with impacts is a complex physical topic which will be
analysed from a mathematical point of view in this thesis. Developments in mathemati-
cal and physical research are often closely related. Physical problems can be formulated
and investigated in mathematical language. Theoretical results of mathematics in turn
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influence physical experiments, views and findings. Non-smooth analysis and mechanics
with inequality constraints are one exemplary pair for this constant exchange of physics
and mathematics.

In the 18th century, physicists tried to describe the motion of systems consisting of sev-
eral rigid bodies mathematically and found a suitable way in Hamilton’s principle, for
example [54]. As a result, differential equations were obtained that describe the dynamics
of mechanical systems through one single function. One advantage of this principle was
that constraining forces can be easily included in the approach. Due to its simplicity and
versatility, scientists in various application areas tried to use this modelling method. The
problem was that frictional, contact and impact forces can only be described with the
help of inequalities. At this time, it was not known if the combined formulation of dif-
ferential systems with inequalities has solutions and of which nature the solutions could
be. Therefore, it was not possible to assess whether the modelling approach correctly
captured the behaviour of mechanical systems with contact and impact forces.

In the year 1798, Fourier published a paper in which he investigated contact problems
that are very close to the understanding of non-smooth mechanics of today [73]. He com-
bined Hamilton’s principle with inequalities representing contact condition and dealt with
the solvability of the analytical problems for the first time. However, since other areas
of research were the focus of interest in the field of mechanics at that time, this was not
yet the major breakthrough for multibody systems with contact forces. For a long time,
there were no more theoretical investigations in this field. Mainly the much acclaimed
mathematical publications by Moreau from the 1970s and 1980s [64], 65] awakened not
only the interest in non-smooth analytical problems, but also again in unilaterally con-
strained mechanical systems. He established modelling with variational inequalities and
introduced for the first time the comprehensive formulation of the equations of motion
of mechanical systems as measure differential inclusions (MDI). Together with Jean and
Panagiotopuolos, Moreau [50}, 5], 66, 68] formulated important theoretical results using
convex and non-smooth analysis. These mathematical research areas developed rapidly
at that time, which was largely driven by optimisation. Additionally, the three pioneers
developed first powerful numerical methods for MDIs. The simulation results matched
very good to the experimental achievements for mechanical systems. Further theoreti-
cal treatises like solvability, boundedness or uniqueness on the complex field of MDI can
nevertheless only be found sporadically, e.g. by Monteiro-Marques and Stewart [63], 87].
Much literature on non-smooth mechanics still refers to these basic explanations. This
thesis contains a lot of new or advanced theoretical results.

In the field of engineering and numerical mathematics, greater interest in non-smooth me-
chanical systems and faster developments of theoretical investigations could be observed.
The most common application areas for mechanical systems with inequalities are vehi-
cle construction, biotechnology, electrical engineering, robotics or mechanical engineering
[411,[84), [88] and all these areas of application were in the strong focus of science at the time
of Moreau’s, Jean’s and Panagiotopuolos’ publications and after that. Glocker and Pfeiffer
[41], [73] reformulated the equations of motion as a MDI on velocity and acceleration levels
with the help of linear complementarity problems. This facilitated the access to simulation
and development of numerical methods immensely. A multitude of application problems
were mathematically captured by these formulations [35] 39, [73]. Until today, new meth-
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ods for MDIs are constantly being developed and analysed [1, 2} 24) (53], [70, [71], 80, 87, O1].

To get an overview on mechanical systems with inequality constraints, the modelling
process of the motion of mechanical systems with impacts and contacts is described in
Chapter 2. Two aspects of modelling and applications are particularly focused on:

A1 Modelling without a minimum number of coordinates or minimum necessary con-
straints. This aspects results from simplifications of the modelling process to save
time and computational effort. Redundant constraints or dependent variables are

the consequences. This efficiency approach is increasingly observed in practice
[14, 17, [47, 49], 92].

A2 The occurrence of infinitely many impacts in a finite time interval. The resulting
accumulation point of velocity jumps - as already observed in Example - poses a
complex analytical challenge and is known in the literature as the Zeno phenomenon

59, [70, [82).

For both aspects, academic examples are given at the end of the second chapter with the
two-masses oscillator [I7] and the slider-crank mechanism [82]. They will be examined in
all further chapters of the thesis.

As Example motivates, the equations of motion of such mechanical systems with im-
pacts are differential systems complemented by complementarity problems [41l 88]. The
example trajectories provide a hint that the solution space of such mathematical problems
does not correspond to the set of arbitrarily often continuously differentiable functions,
also called smooth functions. An introduction to the basics of non-smooth analysis is
the beginning of the the second chapter. The absolutely continuous functions and the
functions of bounded variation are introduced. These sets of functions form physically
plausible spaces from which the position and velocity functions can originate. It is possi-
ble to define generalised derivative concepts both for absolutely continuous functions and
for functions with bounded variation. These are needed to be able to relate position and
velocity function and to obtain a general concept of acceleration.

The two mentioned function spaces are the solution spaces of certain non-smooth analytic
problems such as MDIs. These are also introduced in more detail in Chapter 2, since the
equations of motion of the non-smooth mechanical systems used in this thesis can be
classified in this class of problems [65]. In addition, Chapter 2 presents known analytical
and numerical results on MDIs which are developed further in the latter chapters

One open problem in previous investigations is that there is no generally valid existence
result for applications that satisfy both A1 and A2. In order to guarantee the correct-
ness of the modelling approaches, the existence proof of solutions and the proof of their
boundedness are carried out under weak assumptions in Chapter 3. It is worth men-
tioning, that there are already existence results in the literature on which the mentioned
results base. When considering applications that satisfy A1 but not A2, one can decom-
pose the relevant time interval along the finitely many impact times. In the open intervals
in between, one obtains differential-algebraic equations (DAE) or differential complemen-
tarity problems with redundant conditions or dependent variables. Both for the first [6]
and for the second problem class [17] existence results have already been proved. Among
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others in [63], [87], the equations of motion of applications satisfying A2 but not A1 were
considered in reverse. Solvability results could be derived there as well. In Chapter 3, two
new analytical results on the existence of solutions and their boundedness are presented,
which are also applicable to problems satisfying both A1 and A2. So far, no similar
result could be found in the literature. The examples from Chapter 2 are taken up again
and it is proven that they fulfil the assumptions of the theoretical investigations.

Chapter 4 then focusses on further analytical properties of non-smooth mechanical sys-
tems. In particular, the focus is on the mathematical pendulum with an obstacle [I§].
First, two new theorems regarding the existence of periodic solutions are presented. In
the second part, stability properties for equilibria and periodic solutions are discussed.
This is done by generalising the theory of invariant limit cycles for ordinary differential
equations (ODEs) to MDIs and using known stability results of [59] for non-smooth sys-
tems.

Periodic solutions are also important for the final Chapter 5. Often it is not possible to
obtain the exact solution of the equations of motion due to the complexity of the model.
For this purpose, in Chapter 5 we present numerical algorithms for non-smooth problems
that compute approximate solutions [2, OI]. Since our focus is on problems with the
Zeno phenomenon, so-called time-stepping methods [T}, 80] must be used for the numer-
ical solution, as it will be explained. One problem of this class of methods is that the
classical comparison tool, the convergence order, does not work for non-smooth problems
[80]. In order to nevertheless be able to assess the approximation quality of time-stepping
methods for non-smooth mechanical problems, we explain another comparison tool with
the orbital convergence in Chapter 5. However, this is only applicable to problems with
invariant limit cycles. This criterion is applied numerically to all applications of the chap-
ters before. Finally, we prove that the orbital convergence is a suitable tool for certain
time-stepping methods.

At the end of this thesis, the analytical and numerical results will be summarised once
again and classified in terms of their relevance for practice. In the appendix, the basics of
measure theory and convex analysis are summarised, which are relevant for our investiga-
tions but are not found in all mathematical studies. In addition, two further application
examples that fulfil aspects A1 and A2 are described in the appendix. However, they are
not examined further in the thesis.






2. Preliminaries

In this chapter, the theoretical and practical setting of the present thesis will be intro-
duced. The exemplary trajectories of the bouncing ball in Example motivate a study
of non-smooth dynamical systems. Such problems are often of set-valued structure and
their solution spaces include non-differentiable or even discontinuous functions. In Section
2.1., possible solution spaces and suitable generalised derivative concepts are introduced.
Subsequently, a little survey to non-smooth dynamical systems is given. In Section 2.2.,
the equations of motion for mechanical systems with contact and impact forces are de-
rived. A special issue of this thesis will be theoretical investigations on applications with
singular mass matrices and redundant constraints. Because of that some examples of such
kind complete this chapter.

2.1. Non-Smooth Analysis

In all following considerations, I C R ist a real time interval [0, 7] with 7" > 0.

Definition 2.1 (Smooth function) A function
f:I—R" t— f(t)

is called smooth on I if it is continuously differentiable up to any order for all ¢ in the
interior of I. If f is at least for one ¢ in the interior of I not continuously differentiable
we call f non-smooth.

Smooth functions play an important role in many analytical studies, e.g., in the theory
of ordinary differential equations (ODEs)

f(t.q,4) =0

They describe the devolopment of a function ¢ : I — R™ and its first derivative v := ¢
using a smooth function f. Classical and simple mechanical problems like an oscillator or
a pendulum can be captured as an ODE since their motion is only influenced by smooth
forces like gravitational, weight and spring forces. Contact and impact forces can not be
described by continuously differentiable functions as mentioned before. Such forces are
non-smooth.

Nevertheless, the motion of a mechanical system, which is influencend by non-smooth
forces, can also be described by a position function ¢q. But this function is in general not
differentiable, such that the velocity and the acceleration can not be a classical first and
second derivative. In this section suitable function spaces for the generalised coordinate
and velocity function of non-smooth mechanical systems are introduced with the abso-
lutely continuous functions and the functions of bounded variation. They form the base
to understand the behaviour of solutions of the mechanical models and to investigate in
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further analytical studies like existence, boundedness or stability questions. For a more
detailed introduction to the topic of non-smooth analysis, we refer to [9] 26] 56, 63, [65].

2.1.1. Generalised Continuity and Derivative Concepts

The following definition is a generalistion of continuity and permits Lebesgue integrability.
It is a suitable function space for the position function ¢ and preserves the possibility of
relating velocity and ¢ via the fundamental theorem of calculus.

Definition 2.2 (Absolutely continuous function) A function ¢ : I — R™ is called abso-
lutely continuous if for all € > 0 a § > 0 exists such that

Z lq(ts) — a(si)|| < e

for all disjoint partitions (s;,¢;) C I,i = 1,...,m, with >" (t; — s;) < 0. Notation:
qe AC(I,R").

Example 2.3 (Lipschitz continuous function) A subclass of AC(I,R™) are the Lipschitz
continuous functions [59] which play also an important role in the theory of ODEs. A
function ¢ : I — R"™ is Lipschitz continuous with the Lipschitz constant L > 0 if

lg(s) —q®)|| < L|s —t|, Vs, tel

A function ¢ € AC(I,R") is continuous, but not mandatory differentiable. But the
set of all time points in which the first derivative does not exist is a Lebesgue null-set
(see Appendix A, Definition A.4. and Example A.8). A Lebesgue null-set has Lebesgue
measure zero. For example, a countable set is a Lebesgue null-set. This property of ¢ is
the prerequisite for the plausibility of the following theorem.

Lemma 2.4 (Fundamental theorem of calculus) Let ¢ € AC(I,R™). Referring to [30,
Theorem 4.14, Corollary 4.6], the function ¢ is almost everywhere differentiable. Hence,
w € L1(I,R") exists pointwise with

q(t):q(s)—i—/ w(r) dr, Vs,tel,s<t.
[s:]

The function w is said to be the weak derivative of ¢ and can be denoted by .

Proposition 2.5 (Banach space AC(I,R™)) The space AC(I,R"™) is a Banach space
with the weak norm

g/l o0 == max (flgllo > [[d]loo)

where ||¢|| := sup,c; ||¢(?)|| is the supremum norm and ||.|| an arbitrary norm on R™ [3§].

Example 2.6 (Absolute value function [t|) The function h : I — R,t — [t], is an
absolutely continuous function. It is in all £ € I continuously differentiable except the
origin and for all a € R the function

_ -1, t<0,
ha(t) == a, t=0,
1, t>0
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defines a weak derivative in the sense of Lemma[2.4] The left- and right-side limit of these
functions in t = 0

I - N _

h, (0) := 151% ha(s) = —1, h}(0) : 1;&)1 ha(s) =1

exist and do not match for all a. A classical and application related approach of generalised

derivative concepts is to define the line segment [—1, 1] between both limits as the set of
possible values for h(0). The set-valued function

-1, t<0,
Oh(t) =< [-1,1], t=0, (2.1)
1, t>0

is a generalised derivative of h and is noted by Sign(¢). All pointwise elements w(t) €
Sign(t),t € R, are weak derivatives of |¢| in the sense of Lemma [2.4]

Definition 2.7 (Clarke differential, [22]) Let co(C') be the convex hull of a set C' and
f I — R™ an absolutely continuous function. The set

OCf(t) = @{Eintﬂti) | (t)iew C1: (t; > ) AV i€ N: f(L) exists)} (2.2)

is called the Clarke differential. If f is continuous and convex, the Clarke differential (2.2))
is equal to the subdifferential [30].

Example 2.8 (Indicator function) For a set D C R™ the function

o) ={ 2 15D

oo, ¢ D
is called the indicator function. It holds 9%¢p = Np(z) [59] where

Np(z):={yeD:y'(z* —x) <0,V 2" € D}

is the normal cone of D.

To study the generalised derivative concept (2.2]) of Clarke, some properties of one-valued
functions should be generalised to set-valued functions. In the following, ' maps from
R™ to the power set P(R™). Henceforth, the image contains sets, not vectors.

Definition 2.9 (Monotone set-valued function) The function F': R" — P(RR") is said to
be monotone if for all x1, 2, € R™ and y; € F(x1),y2 € F(x2) the following relationship
is satisfied

(y1 — y2) T (z1 — 29) > 0.

Example 2.10 (The Sign- and Upr-function) The Clarke differential Sign(¢) of || and
the unilateral primitive function

0, t<0,
Upt(t) =4 (—00,0], t=0, (2.3)
0, t>0
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are monotone set-valued functions. Both functions are used to formulate physical laws
like frictional or impulsive ones as we will see in the following section.

|t] Sign(t) Upr(?)

Figure 2.1.: Absolutely continuous and monotone functions.

The following definition is a generalisation of piecewise continuity for one-valued functions
to set-valued ones.

Definition 2.11 (Upper semi-continuous set-valued function) Let ) # D C X and X a
Banach space. A function F' : D — P(X) is upper semi-continuous in z € D if for all
€ > 0 there exists a § > 0 with

ye DNB(x,0) = F(y) C F(z)+ B(0,¢).
The set
B(z,r):={yeD:|y—z| <r}
is the open ball with the centre z and radius r. If F'is upper semi-continuous in all x € D,

it is upper semi-continuous on D.

Theorem 2.12 Let ) # D C X and X be a Banach space. Referring to [26, Proposition
1.2], it is satisfied:

i) If F: D — P(X) is upper semi-continuous, then the set
graph(F) :={(z,y) € D x X |y € F(x)}
is closed.

ii) If graph(F) C D x X is compact, then F': D — P(X) is upper semi-continuous.

The function q representing the generalised coordinates of a mechanical system with in-
equality constraints can be interpreted as an absolutely continuous function. The velocity
should be a weak derivative of ¢ which is often introduced by set-valued force laws using
monotone upper semi-continuous functions. In the following, a suitable function space for
the generalised velocity, the weak derivative of ¢, is presented.

Definition 2.13 (Variation of a function) Let v : I — R™. The non-negative number

var(v, ) := Supz |v(t:) — v(tiz1)||

i=1
is said to be the wvariation of v on I, where the supremum is taken over all increasing
monotone sequences (t;);—o,., C I, and p € IN.
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Example 2.14 With h,,a € R, defined in Example [2.6] it is

var(Jt),[-2,2) =4 var(ha(t),[~2,2]) = | =1 —a| + |1 — al.

The variation is the sum of all jump heights and the differences of functional values from
one extreme value to another.

Definition 2.15 (Function of bounded variation) The function v : I — R™ is of bounded
variation on I (Notation v € BV (I,R")), if

var(v, I) < oo.

Example 2.16 The functions g; : I — R, I = [—1,1],i € {1,2}, with
0, t=0 1, teqQ

t) = t) ==
gl() {sin(%), t#O 92() {O, t¢Q

are not of bounded variation on I since they have infinitely many montonicity changes
from —1 to 1 or infinitely many jumps of constant height.

Proposition 2.17 (Properties of v € BV (I, R"™))

(i) The function v defines a right- and left-side limit in every point ¢ € I [65, Proposition
4.2]
4 — T —(4) — T
v (t) = liglv(s), v (t) = ligw(s).

(ii) The function v has countable discontinuity points in a closed time interval [a,b] C I
[65, Corollary 4.4]. More precisely, it has a finite number of discontinuities or
accumulation points #7,...,t;,p € IN, of discontinuities with

lim (v () —v™(t)) =0, d=1,...,p.

t—t}

This later case is called Zeno phenomenon and is of special interest in this thesis.
(iii) Following [65], p. 16] it is satisfied V Ay, Ay € R, vy, 03 € BV (I, R")
var(Av1 + Agvg) < |Aq|var(vy) 4 |Ag|var(ve).

(iv) All elements of AC(I,R™) are also elements of BV (I, R") [30, Conclusion 4.12].

(v) Referring to [38], BV (I, R") is a Banach space with |[v|| 5, := ||v(0)|| 4 var(v, I) for
every closed real time interval [.

Definition 2.18 (Critical set) Let v € BV (I,R"). The set
T (v, 1) :={tel|v(t)#v ()}

of all discontinuity points of v is called critical set of v on I.
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Lemma 2.19 Let v € BV(I,R"™). Then the function ¢ : I — R"™ defined by
o) =a©+ [ w(rydr tel
[0,¢]

with ¢(0) € R™ is an absolutely continuous function [30, Theorem 4.14].

Remark 2.20 (The differential measure, [65]) Like absolutely continuous functions,
functions of bounded variation have a generalised derivative, the so called differential
measure. In the following, classical elements and notations of measure and integra-
tion theory (see Appendix A) are utilised to define this tool which was established by
Moreau [65]. Let v € BV(I,R"), ¢ € C(I,R) be a continuous function on I, the values
0=ty <ty <...<t, =T asequence of time points in [ and 6; € [t;_1,t;], i =1,...,p,
intermediate values. Referring to Moreau [65, Proposition 6.1], the sum

converges for p — oo to a limit being independent of (¢;) and (6;). This limit

p—o0

/¢ dv := lim H((t;)i=o,...ps (0i)i=1,...p, D, V) (2.4)
I

corresponds to the Lebesgue-Stieltjes integral of ¢ with respect to dv. The function
dv: ¢ — [ ¢ dv is said to be the differential measure of v and describes the change of v
on I weighted by a function ¢.

Definition 2.21 (Step function) A function vg : I — R" is called a step function if there
a monotone sequence 0 =t; <t; <...<t,<Ton [ and cy,...,¢cp, cpp1 € R™ with

(i) I= (Uf:l [ti—h tZ]) U [tmT]’
(i) t1,...,t, € T*(vg, 1)
(it) vs = (1 Xt b)) + Cpe1 X[t 7)-
The function y 4 is the characteristic function of a set A C I

1, €A,
Xa(@) = { 0, z¢I\A.

and could also be defined using the Dirac measure of x

1, z€A,

%(4) := { 0, =z ¢A.
through xa(z) = d§,(A).

Proposition 2.22 (Differential measure of a step function) Let vg € BV (I,R") be a
step function. Following [65, Proposition 6.5] and using Definition one has

/I 6 dvs = 3" 0(t) (v () — 05 (1)
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where t1,...t, € T*(vg, I). The differential measure dvg is equivalent to

(v§ —vg) Y do,

teT*(vg,I)

in the sense of

/Advs:/A(u;—US) doode= > /A(v;r—vs)dét, ACT.

teT*(vg,I) teT*(vg,I)

Following Example for a Dirac measure d5 depending on ¢ € R it holds

fra {5254

Theorem 2.23 (Lebesgue decomposition, see Theorem For v € BV(I,R") there
exists a decomposition v = Vaps + Vs + Using With the Lebesgue decomposition of the
differential measure

dv = dvaps + dvg + dvging.

The function v,,s is absolutely continuous with a weak derivative v, such that dv,,s =
Uabs At meaning

/ AVabs = Vaps(d) — vaps(€), e, d] C 1.
[c,d]

The step function vg is discountiuous in the same time points like v and is almost every-
where constant. Following Proposition [2.22] this differential measure fulfils

/[d}dvgz S ot - (1),

teT™* (v,[e,d])

The function vgne is singular and its differential measure dvgye is so singular to the
Lebesgue measure (see Appendix A Definition A.33). This means, that vy, is not zero
only on a Lebesgue null set. Since we consider differential systems which are formulated
with Lebesgue integrals, the parts belonging to g, vanish.

As we will see in the next section, the velocity v of a mechanical system can be interpreted
as a function of bounded variation. The absolutely continuous part wv,,s describes the
behaviour in time intervals without impacts und vg the dynamics in impact points. The
singular part has no practical relevance in our abstract model. Therefore, in this thesis
only functions of bounded variation without a singular part are considered as it is often
done in literature considering non-smooth mechanical systems [41], [59] 80].

Definition 2.24 (Special functions of bounded variation) The set
SBV(I,R") :={ve BV(I,R") | vsing =0}

of all functions of bounded variation without a singular part is the space of all special
functions of bounded variation. The set

SBV*(I,R") :={ve SBV(,R") |v=1v"}
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is the space of all right-continuous functions in SBV (I, R").

Theorem 2.25 Following [3, Corollary 4.3], SBV(I,R") and SBV*(I,R") are closed
subspaces of BV (I, R"™).

Theorem 2.26 (Variation and Differential measure, [63]) Let v € SBV*(I,R™). Then

var(v, T) /|dv| /|vabsdt+vs 3 d5|_/|]vabSHdt+ S Jlet(s) v ()]

s€T*(v,I) s€T*(v,I)

where |dv| ist the variation of the Lebesgue-Stieltjes measure of v (see Appendix A,
Definition A.31).

2.1.2. Set-Valued Differential Systems

The function classes of the previous section are the solution spaces of certain analytical
systems that are special dynamical systems. These problems are used to describe real

world processes whose state evolves with time. Usually, this development is described by
an ODE

#(t) = f(t.x(t), tel. (2.5)

If the right-hand side f is continuous, a solution of system (2.5 exists and it is unique
if f is Lipschitz continuous. However for systems (2.5) with only piecewise continuous
functions f, a generalised solution concept should be introduced.

Example 2.27 (ODE with discontinuous right-hand side) A classical example for dif-
ferential systems with non-smooth nature are differential equations with a discontinuous
right-hand side f, for example

i = ={ 19 Sy tel,

with a piecewise constant right-hand side (compare Example 2.15 in [2]). Every solution
ends up in zero and can not leave this value. There is no solution in the classical sense.

Remark 2.28 (Solution concept of Filippov) In [34] a generalised solution concept for
differential systems is developed by replacing (2.5 by

#(1) € =) ) st + BO.N)

0N, (N

where )\, is the Lebesgue measure of dimension n. This set-valued problem with respect
to a weak derivative of x is a differential inclusion. In Example one obtains the

problem
x(t) € —Sign(z(t))

that has an absolutely continuous solution. If 2(0) # 0, the function x has a kink in the
time point in which it gets zero. General set-valued differential problems with absolutely
continuous solutions are called differential inclusions.
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Definition 2.29 (Differential inclusion) Let F': R" — P(R") be a set-valued function.
The problem to find an absolutely continuous function x : I — R"™ with

#(t) € F(z(t)), tel,  x(0)=xy€R", (2.6)

is called a differential inclusion where @ : I — R" is a weak derivative of x.

Theorem 2.30 (Smirnov [86]) The differential inclusion (2.6)) has an absolutely contin-
uous solution z(t), if the set-valued function F'is Lipschitz continuous, i.e.

AL >0:F(x) C F(xg) + L ||lxy — z2]] B(0,1), x1, 9 € R,

and if the set F'(x) is closed and convex for all x € R™. The set - B,B C R",a € R, is
equivalent to {a- b | b € B}.

Theorem 2.31 (Deimling [26]) The differential inclusion (2.6) has an absolutely con-
tinuous solution z(t), if the set-valued function F' is upper semi-continuous and linearly

bounded, i.e.
Je>0:|F(x)| <e(l+|z]), xr € R",

and if the set F'(z) is closed and convex for all z € R™.

Remark 2.32 (Survey to non-smooth analytical problems) Other methods to model
non-smooth dynamical systems are, inter alia, Moreau’s sweeping process [63], [64], evolu-
tion inequalities [60] or differential variational inequalities [69]. The solution of all these
problems is an absolutely continuous function. As it was described by Example [1.1] so-
lutions of non-smooth mechanical systems are not only non-differentiable, they are even
discontinuous. Therefore, Moreau [65] introduced the measure differential inclusions.

Definition 2.33 (Measure differential inclusion) Let F be a set- and measure-valued
function on I C R. That means

F:BV(I,R") — P(Sp), S;:={v:P(I) - R"| vis asigned measure on [/}

A signed measure (see Appendix A Definition A.26) is a function that has all properties
of a measure but could also be negative. The problem to find a function z : I — R" of
bounded variation such that

dz € F(z),  2(0) = o, (2.7)
is said to be a measure differential inclusion (MDI). That means there is a signed measure

v: P(I) = R" with v € F(z) and v([0,t]) = [, , dz for all t € I.

Example 2.34 (Reformulation: The bouncing ball) The equations of motion of the
bouncing ball in Example [1.1| can be rewritten as

mi(t) € —mg — Nr, (q(t)), (t € Ist. q(t)#0), 2.8)
vi(t) = —ev (1), (telst. q(t)=0). (2.9)

In Appendix B, it is proven that 0 < X L ¢ > 0 is equivalent to —A € N, (¢). Referring
to Example [1.1] a separated analytical study of the differential inclusion and the discrete
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problem in the impact points is not possible since an accumulation point of discontinuities
can be observed. The equivalent formulation as a measure differential inclusion is

m dv € —mg — Ng, (¢(t)) dt — Ng, (v*(t) + ev™(¢)) dn, n= Z 0y

teT*(v,I)

where dt is the one dimensional Lebesgue measure. The transformation of the impact law
is explained in the following section.

Remark 2.35 (Decomposition of MDIs) In non-smooth mechanics, there are two sets
of time points in I. As it is described in the next section, the first set contains all
time points where the motion could be described by a differential inclusion (DI). The
second one is a sequence of time points in which the velocity jumps. Remembering
Example [I.1], the ball is either in free flight or an impact happens. Often numerical and
analytical studies [I7], 1], [69] based on the separated analytical consideration of DIs and
the discrete problems in the impact points. For example, for both systems existence
arguments are studied and are coupled by the implicit function theorem. However, if
there is an accumulation point of discontinuities this procedure would fail. In contrast
the summarised formulation as an MDI is covering such complex behaviour.

2.2. Non-Smooth Mechanics

In the following, a system of a finite number of bodies connected by joints or other me-
chanical elements like springs or dampers is considered. Special interest is aimed to the
simulation of its dynamics in a certain time interval I. The degree of freedom of the
motion is reduced by the connecting elements and interaction forces like contacts and
impacts affecting the multibody system. The equations of motion must be formulated as
a differential system with inequality constraints. Those problems are investigated in the
field of non-smooth analysis. Detailed introductions to the topic of mechanical systems
can be found in [43] 84], 8F].

The generalised coordinates, which describe uniquely the position of the mechanical sys-
tem, at time ¢t € [ including angles or centres of masses are presented by the function
q : I — R™ and the generalised velocity by a weak derivative v(t) = ¢(t), v: I — R". In
the following, it will be described that the dynamics of a mechanical system with contacts
and impacts can be characterised through a measure differential inclusion.

2.2.1. Equations of Motion

There are two important aspects to set up the equations of motion for non-smooth mechan-
ical systems. At first, the so called Lagrange equations for the unconstrained dynamics
of the system must be derived, e.g., with Hamilton’s principle. They form a differential
system with respect to ¢ and v. Furthermore, different types of constraints can influence
the dynamics of the system. The physical laws of contact and impact forces can be formu-
lated as normal cone inclusions [41]. They form in connection with the differential system
a measure differential inclusion. Analytical results for non-smooth mechanical systems
can be deduced from the results for measure differential inclusions which are derived for
example in Chapter 3. For a more detailed introduction we refer to [41].
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Hamilton’s Principle

Remark 2.36 (Variational calculus) Let S : u — S(u) be a functional that maps a
function u to a real number S(u) € R. A typical task in calculus of variations is to
determine a function u for which S(u) is minimal or maximal. Those variational problems
could be equivalently rewritten as partial differential equations. This problem class plays
an important role in theoretical physics. It can even be said, especially elegant methods
to formulate physical laws base on the application of variational principles. In [IT], [76],
further explanations of variational calculus and theoretical physics are discussed.

Definition 2.37 (Lagrangian) The Lagrange formalism assumes that the dynamics of a
system can be described by using only one function called the Lagrangian. Let T'(¢,v), T :
R"™ x R™ — R be the kinetic energy of the system and U(q), U : R™ — R the potential
energy. The Lagrangian of the system is

Z(q,v) =T(q,v) = U(q). (2.10)

Definition 2.38 (Action) The action of a mechanical system is defined as

At) = Z(q(s),v(s)) ds. (2.11)

[0,¢]

Theorem 2.39 (Hamilton’s principle of least action) The principle of least action of
Hamilton states that a multibody system moves with minimal action. In a minimum of
A, the first variation, a generalised directional derivative, vanishes. This means

JA(t) = /[Ot] 0L (q(s),v(s)) ds = / 0T (q(s),v(s)) —oU(q(s)) ds = 0.

(0,¢]

Conclusion 2.40 (Euler-Lagrange equations) From the variational principle in Theorem
the so called Lagrange equations of the first kind or Euler-Lagrange equations

d (ag(q, v)) 0%(q,v)

dt ov dq

follows [84]. Using the energy formula

=0 (2.12)

T(q,v) := %UTM(C])’U

with the symmetric positive semi-definite mass matrix M : R® — R"*", the equations

(2.12)) can be transformed to

qg = v,
M(q)v = f(q,v) (2.13)

with

= (52 o= (-

.
The term f"“(q,v) = f(q,v) + <a%—t(;1) — %‘ﬁ) will play a special role in Chapter 4



2. PRELIMINARIES 21

where periodic solutions are considered. It includes all non-conservative and gyroscopic
forces.

Remark 2.41 (Alternative variational principles) The Euler-Lagrange equations (2.13)
can also be derived with other variational principles like the ones of d’Alembert or Jour-
dain [11, [19] 41].

Inequality Constraints

Definition 2.42 (Inequality constraints) Similar to Example the motion of multi-
body systems is often influenced by physical phenomena that can be mathematically
described by inequalities. Such constraints are said to be unilateral. We consider con-
straints on the dynamics of the systems that can be represented by m € IN additional
inequalities

g(q(t)) >0,t e, (2.14)

with a two times differentiable constraint function g : R™ — R™ and its Jacobian

_ 99(q)

G(q) 8—q

6 Ran

The matrix G is called the constraint matrix. The relation g > 0,¢g € R™, is equivalent
tog; >0,i=1,2,...m.

Remark 2.43 (Differential-algebraic equation) If we would combine with an equal-
ity system g(g(t)) = 0 instead of (2.14), the total formulation of the equations of motion
is a differential-algebraic equation (DAE). Such a problem combines a differential equal-
ity system with an algebraic one. The analytical investigation and numerical solution of
DAE:s is a well-studied mathematical field of research. Overviews about this topic can be
found in [6], 43].

Conclusion 2.44 (Optimisation problem with inequality constraints) If the motion of
a multibody system is restricted by additional inequality constraints, the equations of
motion are equivalent to a non-linear optimization problem with inequality constraints

min A(q) s.t. g(q) >0 (2.15)
qgeR™

where A is the action in ([2.11]).

Theorem 2.45 (Optimality conditions - Karush-Kuhn-Tucker conditions) We consider
a generalised non-linear optimization problem (NOP)

i A >
min h(x) s.t g(x) >0
with continuously differentiable functions h : R? — R" g : R? — R™. Referring to [15],
for a solution z* € RP of (NOP), there must exist so called Lagrange multipliers A € R™
with
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oh, . ag , . B
A>0, g(z*)>0, Ag(z*) =0. (2.17)

Remark 2.46 (Complementarity problem) The problem (2.17)) is a non-linear comple-
mentarity problem. Following Appendix B, it can be equivalently written as a normal
cone inclusion

—X € Ngy(g(z"))

where R := {x € R™ | > 0}. We prefer the latter formulation to underline that this
is a set-valued problem.

Conclusion 2.47 (Equations of motion with inequality constraints) If one applies The-
orem to (2.15) the formulation of the equations of motion including unilateral con-
straints

q = v,
M(q)o = fl(g,v)+G(g)"A (2.18)
-A € Ngn(g(q))

results. The Lagrange multipliers A(t) € R™ represent the normal force G(g) " \(t) which
prevent the violation of the constraints.

Remark 2.48 (Index formulations for DAEs, [6, 43]) For mechanical systems with equal-
ity constraints the motion can be described by a DAE of the form

M(q)io = f(g,v) +G(g) "X, glq) =0. (2.19)

The so called index of a DAE plays important role for numerical and analytical investiga-
tions. The index is the number of times, the system (2.19) has to be differentiated with
respect to ¢ for a unique specification of A. For equation 1) this should be done three
times. First the equality constraint is differentiated two times to get

d%g . D%
0= ﬁ(Q) - G(Q)” + /y(q’ U)a /V(Qa U) T a_qg(vv U)

and combined with (2.19)) to
M(q) G(Q)T) (v) < f(g,v) )
= ) 2.20
(G(q) 0 A —(q,v) (2:20)
Following [0, Lemma 1], this coefficient matrix is regular if the conditions

(H1) M is symmetric and positive semi-definite,

(H2) M is positive definite at the null space of G

are satisfied. Then, formulation (2.20) has a unique solution for ¥ and A. By differentiating
one more time we get an explicit description of A. If the initial value ¢(0) := qo satisfies
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the condition g(gy) = 0 the DAE ([2.19) is equivalent to the index two formulation with
constraints on velocity level

M(q)o = f(g,v) +G(@)"' A, Glgv=0. (2.21)
If the initial values gy and v(0) = v, fulfil in addition the hidden constraint G(qy)vy = 0

it is equivalent to the index one formulation with constraints on acceleration level

M(q)o = f(g,v) +G(9)" A, G(q)0+~(q.v) = 0. (2.22)

Definition 2.49 (Active sets) In order to characterise the index term for inequality
constraints, two important sets must be defined. The active set on position level is

Jq)={ie{l,...,m} | gq) = 0}. (2.23)

The set (2.23) contains all indices of constraint components that are active. An inequality
g:(q) > 0 is said to be active if g;(¢) = 0. The active set on velocity level is

J*(q,v) == {i € J'(q) | hi(g,v) =0}. (2.24)
where h(q,v) := G(q)v.
Definition 2.50 (Row reduction) Let G € R™*™ be a matrix and J be a subset of

{1,2,...,m}. The matrix G is the matrix containing only the rows of G which number
is an element of J.

Example 2.51 (Row reduction) Let G be the 5 x 5 unity matrix and J = {1,4,5}. Then
we get

1 0
G;=10 0
0 1

o O O
o O O
o = O

Conclusion 2.52 (Index formulations for DIs, [88]) Inspired by the index term for DAEs,
it is defined that the differential complementarity problem

M(q)o = f(g,v) + G(q)" A,
0<ALglg) >0,
Al — R™,

has index three. The analytically equivalent formulation on velocity level
M(q)io = f(q,v) + Grgla) "X

0< AL Gnglgv=>0,
Al —R™, my= \Jl(q)]7

has index two and the equivalent formulation on acceleration level

M(Q)U = f(Q7 U) + G.]Q(q,v) (Q)TA,
0< AL GJz(q,v)(Q)i) + 7J2(q,v)(Q7v) > 07
AT —R™, my=|J%q,v)]
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index one.

Example 2.53 (Contact forces) Typical inequality constraints are given by dis-
tance conditions, i.e. the requirement that rigid bodies can not penetrate each other.
They are based on purely geometric considerations. In Example the distance of ball
and ground obstacle must be non-negative over the whole time interval. Introduced in
Conclusion the Lagrange multiplier represents the normal contact force G(g)"A
which guarantees the non-penetration.

Impact law

Definition 2.54 (Impact point) A time point 7 is said to be an impact point if a non-
active constraint gets active, i.e.

35>0, i€ Jq(r))Vte[r—47)CI:ig J(q(t)).

Remark 2.55 (Velocity jump in impact points) Let 7 € I be an impact point. That
means there is an index j € {1,...,m} such that the relations

>0, te[r—20,1),
gj(t) =< =0, t=r,
>0, te(r,7+]

are satisfied with sufficiently small ;1,95 > 0. The left-side limit of the derivative with
respect to time calculated to

02 lim " g(1)) = lim Gy a()(t) = Gi(alr))o™ (7)

and the right-side limit to

0 < lim 22 (q(t)) = lim G; (a(0))v(t) = G {a(r))v*(7)
tlT dt tiT
where we use that g; is twice times continuously differentiable. Therefore, it is possible
that the pre-impact velocity v~ and the post-impact velocity v™ have not the same value
and a velocity jump can be observed. The change in the active set symbolises e.g., two
bodies which get in contact. Physically, an impact happens.

A simple result is that impact points can be elements of the critical set T*(v, I) defined
in Definition [2.18] Henceforth, impact points, which are also discontinuouty points of v,
are a countable sequence 7y, 7y, ... in [I.

Remark 2.56 (Impact law, [40]) In order to describe impacts, a physical law needs to be
introduced. It relates v~ to v™ in impact points 7 € T*(v, I). In this thesis, the impact
law of Newton

Gg)(a(m)v™ (1) = —eG g (a(r)v(7) (2.25)

is utilised to relate the pre-impact velocity v~ (7) and the post-impact velocity v™(7) in
an impact point 7 € T*(v, I). The so called resolution number € € [0, 1] is here constant.
It characterises the elasticity of the impact. The condition ¢ = 0 means that the impact
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is totally inelastic and € = 1 means that the impact is totally elastic. A normal impact
force A > 0 accompanies the impact. Following [40, Section 2 (c)], there are reasons
such that the contact does not participate in the impact. A very common situation is
that multi-contact collisions happens. In this case, G 14 (¢(7))v"(7) has to be greater or
equal than —eG(q)v~(7) and the non-negative force A is orthogonal to the sum of both
terms. These two cases can be combined to

0<ALGnpl@t+e)>0

or equivalently
_A (- NRT(GJl(q)<Q)('U+ + 6’(}7))-

Remark 2.57 (Consistent initial values) We assume that the velocity function v is right-
continuous, i.e. v(t) = v*(t),t € I. Especially, in ¢ = 0 it follows v(0) = v*(0) = wvo.
A solution of the equations of motion exists at ¢ = 0 only, if g;(qo) > 0 or g¢;(qo) =
0,G;.(qo)vo > 0 for all ¢ € {1,...,m}. Therefore, we must assume that the initial point
7 = 0 is not an impact point. If g;(qo) = 0, G;.(qo)vo < 0 is given for any i = 1,...,m,
we recalculated the initial velocity to vg := v (0) by using the impact law of Newton.

Conclusion 2.58 (Equations of motion in form of an MDI) Summarising all steps, the
equations of motion can be formulated as a measure differential inclusion

q = v,
M(q)dv = f(t,q,v)dt + G(q)TdP. (2.26)
The differential measures dv and dP are decomposed by the impact and the smooth parts
dv=i(t)dt+ > (*—v7)ds,
T €T*(v,I)

and
dP =Xty dt+ Y  Add,.

TET* (’U,I)

The smooth part A of the normal force P is determined by the normal cone inclusion

—A € Nrn(g(q))

and the impact part A in impact points by

TeT (v, I): —A(1)€ N]RT1 (G (g (@(T) (vF () + ev™ (7))

with € € [0,1]. We can ignore impact points which are not elements of 7*(v, I'). For impact
points 7 ¢ T*(v,I) it holds G j1(4))(¢)v = 0 and the constraints with index in J'(g(7))
can be treated as continuous constraints described in (2.14). The total formulation of the
equations of motion for non-smooth mechanical systems is an MDI
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q = v,
M(q)dv = f(t,q,v) dt+G(q)"dP, (2.27)
—dP € N]RT (g(q)) dt + N]Ri” (GJl(q) (q) (U+ + Evi)) d?’]7 .

no= ZTET*(U,I)(ST'

with consistent initial values.

Remark 2.59 (Function spaces) According to the description in the previous section, the
generalised velocity can be interpreted as a function of bounded variation in SBV ™ (I, R").
The equations of motion must be rewritten in terms of the right-side limit v™(¢) := ¢*(¢).
Referring to Lemma the function

a(t) = q(0) + /[ vl

is absolutely continuous. The acceleration as the time derivative of v € SBV™(I,R")
is not defined and must be replaced by the generalised derivative concept of differential
measures dv. That contains the differentiable part in the smooth phases and the discon-
tinuous nature when impacts happen. There are also physical forces of fractial type like
air turbulences. They are described by singular functions. We do not involve such forces
in our modell and consider only contact and impact forces.

2.2.2. Applications

In literature about mechanical systems, it is very common to assume that

(i) the constraint equations are independent and therefore the Jacobian matrix G(q)
has full rank,

(ii) the mass matrix M(q) is symmetric positive definite and the modelling process uses
a minimal number of coordinates to describe the full system uniquely.

For example [61], [63], [69] R0, 7] deal with the mentioned requirements. However, in many
situations the equations of motion are set up with rank-deficient mass or constraint matri-
ces. Singular mass matrices occur in applications that utilise Euler parameters or natural
coordinates to define the position of a rigid body [2 [16] 17, 47, [48]. Sometimes inertia is
captured by zero if it is very small or if zero-mass points are used [12]. In such situations
or by model reduction [92] singular mass matrices appear, too. Redundant constraints
are derived from over-parametrized systems [55], simplifications of modelling and imple-
mentation processes [36] or singular positions.

Of course, the mentioned problems can also be analysed with a set of independent gen-
eralised coordinates by elimination of the redundant ones. In practice, the identification
and elimination process is often expensive or even impossible, such that the formulation
with the redundant coordinates or constraints is utilised. Therefore, generalised ana-
lytical studies including rank-deficient mass and constraint matrices are needed. In the
literature, they are only occasionally available [6] [7, 17, 49] 92].

Example 2.60 (Two-masses-spring system with periodic forcing) The modelling of a
two-masses-spring system is taken from [92] and is expanded by a unilateral constraint in
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Figure 2.2.: Two-masses-spring system: Construction.

[17]. It consists of two masses m; > 0 and my > 0 connected by springs with non-stretched
lengths [y and [, and stiffnesses k; > 0, ks > 0. According to Figure the position is
presented by ¢ = (qo, q1, @2) " with qo = 1 — I3, @2 = q2 — lo. Referring to [92] the system
is understood as two subsystems which are interconnected through an equality f(g) =0
and as in [I7] the motion of m; is further limited by a rigid obstacle at position L. In
addition to the mentioned forces the first spring is influenced by an w-periodic forcing
p(t). The resulting equations of motion have the form

ma 0 0 k?l 0 O -1 -1 0 /\1 p(q)
0 mo me |o=—[ 0 0 0 g+ 1 0 0 |+ 0o |,
0 Mo My 0 0 ]{2 0 0 1 /\3 0

fl)=aq1 —qo— 11 —d=0,
0 < As(t) L ha(q) =7, 20,

The mass matrix is obviously singular. These equations of motion are solved with the
explicit Moreau-Jean scheme (see Chapter 5). With the parameter configuration

Lh=l=1m, d=1m, L=2m, m;=my=2kg,

kg
= -, €=0.9, p(q) = cos(mq/8),

k1 =10
in Figure [2.3] the periodic limit cycle of mass m; is plotted. It deals with accumulation
points of velocity jumps

Example 2.61 (Slider-crank mechanism) A planar impacting slider-crank mechanism
135,182, [83] is considered. Its motion is described by the angles ¢ = (6y,6,,05) ", 0; € [0,27)
and the angular velocity v = (w;,ws, ws3)" (see Figure . Parameters belonging to the
crank are indexed with 1: mass my, gravity J; and length [;. Analogous characteristics of
the connecting rod are ms, Jo and l5. The slider has mass mg, gravity Js, length 2a and
height 2b. It is located between a ground and ceiling barrier which have a distance of d.
The clearance of the slider between the obstacles is 2¢ = d — 2b. The gap functions
representing the geometrical constraints must be defined as
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Figure 2.3.: Two-masses-spring system: Position ¢y and velocity vy of the first mass m;.

Figure 2.4.: Slider-crank mechanism: Construction.

g1(q) :== 3 — [y sinf; — Iy sinfy + asin 63 — b cos b5,
gg(q) = 5 —ll sin@l —l2 SiIlQQ —CLSiIlt93 —bCOS83,
d
93(q) = §+l1 sinf; + Iy sin 0y — asin 3 — bcos O3,
d
94(q) = §—|—l1 sin @, + s sin 6y + a sin 03 — b cos 0,
such that the constraint matrix satisfies

—lycosy —lycosbly acosfs+ bsinbs

—lycosby —lycosbly —acosbls+ bsinls
lycosfy lycosy —acosls+ bsinbs
{1 cos 6, lycos6y  acosfs + bsinbs

G(q) =

This matrix has not full rank which identify redundant constraints. The position of the
rectangular slider is uniquely determined by the position of three corners and therefore
the additional fourth gap function does not give new information. Assuming gravitation
in negative y-direction the equations of motion fit exactly the form with
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Jl —i—l%(m1/4+m2 —|—m3) l1l2 COS(91 —92)(m2/2+m3) 0

M(q) = lllg COS(@l — 92)(7712/2 + mg) JQ + l%(m2/4 + mg) 0 R
0 0 J3
—lilysin(6y — 63)(ma/2 + m3)ws — yly cos b (my /2 + mg + m3)
flg,v) = lilysin(f; — 63)(ma/2 + m3)w? — vy cos O3 (ma /2 + m3)
0
x10 ‘ ‘ ‘ ‘ ‘ %10
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Figure 2.5.: Slider-crank mechanism: Gap functions.

The equations of motion are again solved with the explicit Moreau-Jean scheme of Chapter
5 and the configuration of parameters

Geometrys: Iy =0.153 m, I, =0.306 m, a =0.05m,
b =0.05m, c = 0.0002 m,
Inertia properties: my = 0.038 kg, mo = 0.038 kg, mg = 0.076 kg,

Ji =7410° kg-m?, J, =59 107* kg - m?,
Js =2.7107% kg - m?,

Force elements: v =9.81m/s? e =0.7,
Initial conditions: gy = (0,0,0)T m, v, = (150,-75,0)7 2

S

as in [35]. As in Example [L.1] an accumulation point of impact points can be observed
in numerical experiments, see Figure [2.5] Because the initial velocity is zero in the third
component, the slider does not rotate. The rank of the constraint matrix even reduces to
two and the gap functions ¢; and ¢g» and the functions g3 and g, are identical.

Further examples with rank-deficient mass or constraint matrices are listed in the Ap-
pendix C.






3. Solvability of Linear Implicit
Measure Differential Inclusions

If real world processes are captured in mathematical models, the first question should be,
whether the model has a solution and is so well-defined. In this chapter, the MDI
representing the equations of motion of mechanical systems including impacts is studied.
There are already some detailed studies of the solvability of this problem. But they have
to be generalised to match to our applications of interest.

Theorem 3.1 (Monteiro-Marques [63]) Let
(i) m=1,
(ii) g and f be Lipschitz continuous,
(i) M(q) = M € R™™ be regular.
Then, the MDI has at least one solution ¢ € AC(I,R"), v € BV (I,R").

This theorem covers problems with a constant regular mass matrix and only a scalar
inequality constraint.

Theorem 3.2 (Stewart [87]) MDI (2.27)) has at least one solution ¢ € AC(I,R"), v €
BV(I[,R")if g: R" - R™, f: I x R"x R" — R™ are Lipschitz continuous and

(i) M(q),q € R™, is smooth, Lipschitz continuous, bounded and positive definite,

(ii) G(q),q € R", is smooth, Lipschitz continuous, bounded and has full rank.

Theorem [3.2 generalises Theorem [3.1]to time varying mass matrices and multi-dimensional
constraints since m > 1. In the previous chapter, the description of mechanical systems
with singular mass matrices and redundant constraints is considered. The existence re-
sults above do not cover the mathematical formulation of those problems. The possible
singularity of the mass matrix concludes that instead of explicit problems linear
implicit measure differential inclusions are studied in this thesis. Due to the modeling
approach, we are only interested in solutions v € SBV (I, R").

3.1. Abstract Setting

Problem 3.3 Let A: R™ — R™ " be continuous and F': BV (I,R") — P(S;) a set- and
measure-valued function with

F(z) = Fi(z(t))dt + Fa(x™ )dn(x)

n(@) = Y 4

s€T* (z,I)
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forx € BV(I,R") and F; : R" — P(R™),i = 1,2. Here, dt is the n-dimensional Lebesgue
measure and 7 a sum of Dirac measures. We search for a solution z € SBV*(I,R") of
the linear implicit measure differential inclusion (LIMDI)

A(z)dz € F(x), z(0) = o, (3.1)

The inclusion (3.1)) can be understood in the sense of Lebesgue-Stieltjes integrals

/[oq A(z)dz = o fi(z(s))ds + fo(z)dn(z)

(0,¢]

= | AG@)ds+ > flz(s), Viel
[0.¢] seT*(x,[0,1])
The inclusions fi(x(t)) € Fi(z(t)),t € I\NT*(z, 1), fo(z(s)) € Fa(x(s)),s € T*(z,I), are
defined pointwise.

To show the solvability of the dynamical problem (3.1)), it is important to know that the
discrete problem in a fixed time point has a solution. We call this property consistency.

Definition 3.4 (Consistency) Problem (3.1]) is called consistent, if there exists a constant
K > 0 such that for all € R™ with F;(Z) # 0,i = 1 or 2, the following requirements are
true

(C2> 3h0>0Vh€(0,h0]F1<i'+hmz)7é®
(C3) [mill < K- (1412

We summarise all m fulfilling (C1) in the admissable sets Z;(z),i = 1,2. These sets have
to be convex (see Theorem 2.31.).

Properties (C1)-(C2) are equivalent to the solvability of the discrete problem in an open
neighbourhood. Referring to Theorem the linear boundedness (C3) is already a
sufficient criterion for solvability of differential inclusions.

We will now prove the solvability of LIMDI with a set-valued fixed point theorem.
This strategy is also used in the solvability proof for MDIs in [69]. After that we define A
and F in for Problem (2.27)) which represent the equations of motion of non-smooth
mechanical systems.

Theorem 3.5 (Fixed point theorem for set-valued functions, Himmelberg [46]) Let D # ()
be a convex subset of a separated locally convex space X and ' : D — P(D)\( be an
upper semi-continuous function with closed and convex values. If I'(D) is contained in
some compact subset C' C D then I' has a fixed point, i.e. 3 2* € D with 2* € I'(z").

A second important abstract argument of [63] is often used in the proof of solvability. It
is a compactness result for functions of bounded variation.

Theorem 3.6 Let (xy)rew be a sequence of functions in BV (I, R™) with

lee@ <L, tel,
var(zy, [) < M
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for all k£ € IN and some constants L, M > 0. Then, there exists a subsequence (xy,) of
(x)) which converges pointwise to a function x € BV (I, R"™) with

|z(t)]] < L, tel
var(z, I) < M.

If all xy, are right-continuous, the differential measures dxy, converge weakly™* to dz, i.e.
for all continuous functions ¢ : I — R and all [c,d| C I the relationship

lim H/ gzﬁdxkl—/ ¢ dx
=00 || J1c,d] [c,d]

Remark 3.7 (Convergence in SBV (I, R")) A function sequence (zy)reny with z; €
SBVT(I,R™),V k € N, converges pointwise to a limit x : [ — R" if

1s true.

lim z(t) — x(t) = 0, Vtel.

k—00

It converges to x € SBV*(I,R") if

0= lim [lzy — 2z = lim {lz;(0) —2(0)[| + var(zy -z, I).
This means limy_, (2(0) — 2(0)) = 0 is true and following Theorem the equations

lim var(zy — z,I) = lim /|dmk—x|— hm/ka — a(t)]| dt+
k—ro0 k—o0

+ Y @ s — et +a )]

s€T*(xy,)UT* (x,1)
hold. On one hand, ||@x(t) — ()| should converge for almost all ¢ € I uniform to zero.
On the other hand, it holds

lim ||z (s) — 2}, (s) — 2™ (s) + 2~ (s)|| =0, Vs € T"(xg, [) UT*(x,I).

k—o0

This could be only true if there is an N € IN such that
VIi>N:T(x,I) C T (xy, 1)

Otherwise there exists an s € T*(x, I) and a subsequence (zy,) of (x)) with s € T*(z, I)
ans s ¢ T*(vg,, ),V | € N. The conclusion

Jim |2 (5) — @5 (s) — a7 (s) + 27 (s) = Jim |zt (s) —a(s)]| #0
contradicts limy_, var(zy — x, 1) = 0. Equality T*(z, 1) = T*(x;, 1),V | > N, has not to
be fulfilled. If there is an s ¢ T*(z, I) with s € T*(x;, I), the Zeno phenomenon

lliglo |27 (s) =z (s)]| = 0

could be observed in s for x; and continuous behaviour of x in s. Convergence implies as al-
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ways pointwise convergence and the limit of a convergent sequence is also in SBV (I, R")
since this space is closed (see Theorem [2.25)).

Now the first new result of this thesis follows.

Theorem 3.8 (Solvability of LIMDI (3.1])) Let A: R"™ — R™*" be a continuous function
with A(z) = A(zas) for all x € BV(I,R") and F; : R" — P(R™)\0,i = 1,2, are
upper semi-continuous with closed values. Here x,.s is the absolutely continuous part of
the Lebesgue decomposition of a function x € BV(I,R"). Then all consistent LIMDI

(3.1) with an initial value x(0) = zo satisfying Fi(z9) # 0 have a local solution = €
SBV*T(I,R™) on I.

Proof: We define
C(t) = (1 +[lzol)e™ =1,  tel,

Co := (1 + [|lmol)(e™" = 1),
where K is the positiv constant from Definition [3.4 The origin of the constant Cjy and

C'(t) arises in the course of the proof. Since Theorem shall be used to prove this
statement, it is defined

X := BV(I,R"),
D = {w € SBVHLRY | [0, < C(0)t € 1, vare, ) < Co,a(0) = o}
I'(z):={ye D|Ax)dy € F(z)}.

According to [38], the function space X is a Banach space with norm ||-|| 5, and therefore
even a separated locally convex space.

With z1,29 € D,a € [0,1], the linear combination z3 := az; + (1 — @)z is defined.
Referring to Theorem [2.25] it can be concluded x5 € SBV* (I, R™). Following Proposition
5,17 (i),
var(zs, I) < avar(xy, I) + (1 — a)var(za, ) < Cy,
lz3(®)lly < aflza(®)ly + (1 =) [lz2(8)]] < C@),
23(0) = az1(0) + (1 — a)za(0) = axe + (1 — a)xy = 29

are satisfied and so x3 € D. The set D is convex and trivially non-empty (D > z(t) = x).
It remains to prove all properties of the multi-function I'.

(i) I'(x) is convex for all x € D: Let y;,y» € I'(x). Since D is convex, the linear com-
bination y3 := ay; + (1 — a)ys € SBVT(I,R"),a € [0,1], defines also an element
of D. Furthermore, for all t € I\T*(x, ) it is

Az(1))gs(t) € Fi(z(t))

since Z;(z(t)) is convex and for s € T*(x, )

Az () (3 (5) = ys (5)) € Fa(a™(s))

since Zy(z~(s)) is convex. Here Z;, Z, are the admissable sets of the discrete inclu-
sions which are defined in Definition [3.4] It follows A(z)dy; € F(z). Therefore, T

has convex values.
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(ii) I'(z) is closed for all x € D: Let x € D be arbitrary and (y;) C I'(x) with

li — = 0.
Jim {ly, = yllpy
We have also pointwise convergence in the sense of limy_, yx(t) = y(t),t € I, with
y(0) = lim y;,(0) = .
k—ro00
Due to Theorem a sequence of functions y; which is uniformly bounded in
norm ||yx(t)|| < C(t) < C(T') and variation var(yx, ) < Cp converges to a limit

y € BV(I,R"™) with the same properties ||y(¢)|| < C(T'), var(yx,I) < Cp. Since
llye(t)]] < C(t),t € I, the same inequality holds for the limit

ly(t)) = |

Jim w0 < )

Using Theorem [2.25| the space SBV (I, R") is a closed subset of BV (I,R") and
so it can be concluded from y, € SBV*(I,R") the inclusion y € SBV (I, R™) and
finally y € D.

Furthermore, Theorem states that dy, — dy in the sense of

lim pdyr= | ¢ dy
]

k=20 Jo,t [0,¢]

for all continuous ¢. The function A(z) is continuous since A is continuous and
depend only on the continuous part of x by assumption. Due to consistency, there
exist sequences (fF)rew and (f¥)pen with

fi(a(t) € Fu(a(t),  teI\T* (1),
f2(a(t) € Fy(a™(t),  teT(x,1)

for all £ € N fulfilling
/ A(z)dy = lim A(z)dy, = lim fE(x(s))ds + Z Ea(s))
[0,4] o0 [0 oo Jlog) seTr(@0.4)

Since A(zaps) is continuous on [0, t], its norm is bounded by a constant 54 > 0 and
it holds

[ @D = 1A @abs()5() ] < Ballin(s)] < Ba-K (1+]|x(s)]]) < Ba-K(1+C(T))

Using that the set Fy(z(s)) is closed, there exists a subsequence (fi'(z(s)) C
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(i)

(iv)

fF(x(s)) which converges pointwise to fi(z(s)) € Fy(x(s)).

/[Oﬂ A(x)dy = lim fi(z(s))ds + Z 2 (xz(s))

[—o0
[0.¢] s€T*(2,[0,])

If a function sequence flk ! converges pointwise to a function f; and there exists an
upper bound w € L£'([0,¢],R") for ‘ fl(x(s))‘
order of limit and Lebesgue integral [30]. Here, the conditions are fulfilled with
w(s) = fa- K(1+C(T)). The integral can be transformed to

< Jlw(z(s))||, we can change the

/[O ﬂA(x(s))dy: o fila(s))ds + Jim Y7 fy!(a(s))

s€T*(x,[0,t])

with fi(z(s)) € Fi(z(s)). Since fi(z(s)) is analoguesly bounded and a sequence of
the closed set Fy(z~(s)), we get with the same argument a limit f(x(s)) € Fy(z(s))
in every s € I of a subsequence with

/[0 AwOMy= [ s+ S ()

s€T*(x,[0,t])

This is the integral sense of A(x)dy € F(z). So y € I'(z) holds and it can be
concluded that ['(z) is closed.

3C C D with I'(z) C C,V x € D, and C compact: Let

C={y €SBV (LR") : [lyll gy < llwolly + Co. y(0) = a0} .

In metric spaces a set is compact if it is sequentially compact. Let (yx) C C be a
sequence satisfying

var(yg, [) < Co,  [lye(®)lly < llzolly + var(ye, I) < [|lzoll; + Co.

As in proof step (ii), from Theorem it follows that there is a subsequence y,
with [[yx, — ¥l gy = 0,1 = 00, and y € C. Therefore, the set C' is compact.

" is upper semi-continuous: Following Theorem it must be proven that graph(I)
is compact. A sequence ((xx, yr))rew in graph(I') is considered. That means

(xr,ye) € Dx D and  A(xy)dyy € F(xy).

Referring to Theorem [3.6] there is a subsequence ((x,,yx,))iew that converges to
(z,y) € D x D. Following Remark [3.7] there is again a subsequence ((zy,,, Yi,,))mew
of ((zk,, yx,)) with T*(z,I) C T* (2, I). So for all s € T*(x, 1), we have

lim A(zy, () (U, (5) = U, (5)) = Al())(y ™ (s) =y~ ().

m—r0o0

It is assumed that A(zg, ) (3 (s) =y, (s)) € Fa(z,, (s)) and that F} is upper semi-
continuous. Theorem states that graph(Fy) must then be closed. So one can
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conclude that the limit (z(s), A(z(s))(y"(s) =y~ (s))) of (zx,, (s), Ak, () (Y (s)—
Yr.. (5))) is also an element of graph(F), i.e.

A(z(s))(y"(s) =y (s) € oz (5)),  VseT(x,1).

For almost all ¢ € I, the inclusion A(xy,, (t))yk,,(t) € Fi(zy,, (t)) and the relation
lim,, 00 Az, (1))y(t) = A(z(t))y(t) is true. Since Fy is also upper semi-continuous,
it can be concluded analogously A(z(t))y(t) € Fi(z(t)) for almost all t € I. In
summary, there is always a subsequence ((xg, , ¥k, ))men Of an arbitrary sequence
(g, yx)) of graph(T) that converges to a limit (z,y) € graph(T") since

(x,y) € Dx D and A(z)dy = A(x)ydt + A(x)(yt —y7)dn(z) € F(x).

So graph(T') is compact and I" is upper semi-continuous.

['(x) is non-empty, V = € D:

Let h = T'/n with n € IN. We define a vector sequence in R

Yn,0 = Zo,
Ynyit1 = Yn,i + Ay, A(x(z'h))mm» S F@(lh))

and a sequence of functions
yn(t) = Ynji te [Zha (Z + 1)h] )

with ¢ € {0,...,n — 1}. The vector sequence fulfills pointwise

[Yn.illy < llzolly + 3R K (1 + C(ih)). (3.2)

Equation (3.2) will be proven by induction. The inequality ||ynoll, < ||@ol|y is
trivially true for ¢ = 0. If (3.2) is satisfied for an arbitrary ¢ = k € IN it can be
concluded

Ynget1ll < NYnkllo + Pk,
< |\zoll, + khK (1 + C(kh)) + hK (1 + ||z(kh)]||)
<||zo|lo + (k + 1)RK (1 + C(kh))

since x € D. Furthermore, we have fori =1,...,n—1

[Yni = Yni-ally = B lmall < RE(1+ [lz(ih)],) < hEK(1+ C(ih)). (3.3)

Using equations ([3.2)-(3.3)), the function sequence (y,) C SBV (I, R"™) satisfies

[yn (D, < llzolly + ToK (1 + C(T0)),
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and in addition

var yn, Z ||ynz Yni— 1||2

—1)hK(1+4C(T))

< (n
< ToK(1+ C(T)).

Following [63, p. 11] and [3l Theorem 4.8], there must be a subsequence y,, con-
verging in the sense of

3y € SBVT(Io,R") : ||yn, — 9l = 0

with
15O < llzolly + TK(1 + C(T)),V t € I.

We will prove that y(t) := gt (t) € SBV(I,R") is an element of I'(x).

Because of the consistency of the LIMDI, for 0 < h < hy it holds

Yn,i = YUnji—1 + hmm- < Z1 (ZL‘(’Lh))

with y,0 = xo € Zi(xo). Since convergence implies pointwise convergence and
Z1(x(ih)) is closed, we have

y(t) = lim y, rniy € Zy((t)).

n—oo

In the following, we use that T%(x,I) is a set of Lebesgue measure zero. For all
t € I, it is satisfied

t n—1

[ Attendn = i [ A = Jim 37 A @0s = i)

n—oo 0
n—1
= lim ZA(ar(ih))hmn,i,l

= lim > f( (ih)h + > f(x(ib)h
i=1,...,n—1he\T*(z i=1,...,n—1theT™*(x)

= lim / ))ds+
n—oo . Z 1

i=1,....n—1 zhEI\T*

+ Z /_ ds

i=1,....,n—1,3heT*(x)

/f1 (Nds+ 3 fla(s)) € F(a)

seT™(x)
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Since A(x)dy € F(x) follows, it holds

vl D) = [ < [ K (o) s
S/o K(1+C(S))ds:/0 K (14 [|mol],)e"*ds
— (1+ a0l (7 = 1) = o,

In the same way we get
t
K
ly@)ly < llzoll, +/ |dy| < [lzoll, + (1 + [lzolly) (™" = 1) = C(t)
0

ie.,yel(x). O

After the solvability, we also give a new boundedness theorem for LIMDI.

Theorem 3.9 (Boundedness of Solutions) On the interval [0,7] = I, the solution x €
SBVT(I,R™) of the LIMDI ({3.1)) fulfills the inequalities

(@)1l

var(x, I)

(Izolly + 1) =1, tel,
(lolly + 1)(e"" = 1).

IAINA

Proof: Using the consistency, we get

le@lly < llwolly + fy ldal
< lwolly + Jo KU+ [l2(5)])ds,

where |z| is the modulus function to x (see Corollary [A.21]). Let w,z € R™ be. Following
the Cauchy-Schwarz inequality (w, z), < ||w||, ||2]|, for the standard scalar product and
Euclidean norm, it is satisfied

2 2 2
(llwlly = 11=12) lwlly = 21lwlly [l2ll, + [|=[l;
[wl]ly = 2 (w, 2), + [|2[];

lw — 2|5

A

and so |||lw|ly, — ||zlly] < |lw—z]l,. If z is a function of bounded variation on J than
|z, : t — [|z(t)]|, is also a function of bounded variation since

var(||zl, , J) sup(ycs 2 Iz (@)l = llz(ti-1)lloll,
SUP(,ycg 2 () — o(tiza)]l

var(z, J) < oo.

Al

In |75 Theorem 3.1.] a Theorem of Gronwall type for functions of bounded variation was
proven: If y(¢) is a non-negative function of bounded variation on J, C' > 0 and K(t) a
non-negative Lebesgue-integrable function on J with

y(t) < C+ /tK(s)y(s)ds, ted,
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" y(t) < O(1+ /0 tK(s)eXp ( / tK(n)dn) ds), teJ

With y(t) = 1+ ||z(t)||, € BV(I,R"),C = ||xo|| + 1, K(t) = K, the inequality for ||z (?)||
holds since

= (lzoll + 1)e**

For the variation of the solution x on I, it is satisfied

L lle®lly < (lwoll + 1)(1+ J Kexp (f7 Kds) ds)

var(z,I) = f0;|dx]
< IKO+ 19,0
< [y Keb(|la|l, + 1)ds

(llolly + 1) (" = 1).

O
The question of uniqueness of solutions of LIMDI is not discussed here. The existing
literature [10, [78] [79] about such problems points towards a verdict of non-uniqueness in
general. In [78, Example 3b] a one-dimensional example is constructed with a non-analytic
force f(t,q,v). The resulting MDI has on one hand the constant solution z(¢) = zy and
on the other hand a second solution with an infinite number of discontinuity points in
the neighbourhood of xy. So non-uniqueness is already given in case of explicit measure
differential inclusion. In [79] for the analytic case the following uniqueness result in the
one-dimensional case was proven with rather technical methods.

Theorem 3.10 (Schatzman [79]) The problem
q="v, dv € f(ta q, U) + N]R+ (q)dt + N]R+ <U+ + GU_)dna

with ¢(0) = qo,v(0) = vo has at most one solution on I C R if f : I x R® x R™ is an
analytic function and the initial values fulfill go > 0 and g = 0 = vy > 0.

The bouncing ball in Example defines a gravitational force f(¢,q,v) = —mg. Since a
constant function is analytic, there is for all consistent initial values a unique solution.

3.2. Setting in Non-Smooth Mechanics

The aim of this section is to prove the existence of solutions ¢ and v for the equations
of motion in case of singular mass matrices and redundant constraints. This is
equivalent to show that the modelling strategies of Chapter 2 are appropriate. In [17,49],
it is similarly proven that there exist solutions for mechanical systems with equality
constraints or inequality constraints without impacts and singular mass matrices and
redundant constraints. For a more general and detailed overview of overdetermined and
underdetermined DAEs and differential variational inequalities we refer to [7, [14), [36] 37,
5.

Theorem 3.11 (Garcia de Jalén, Gutierrez-Lopez [49]) The equations of motion of me-
chanical systems with equality constraints are a DAE given in (2.20). Let M(q) € R™*"
be a symmetric positive semi-definite matrix for all ¢ € R™ and let the block matrix
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[M(q) G(a)']
have full rank n. Then, problem ([2.20]) has a unique solution.

Theorem 3.12 (Brogliato, Goeleven [17]) Let M (q) € R™™ be symmetric positive semi-
definite and the assumption

Im(Gg(9) N{z € R™: 2+ vq(q,4) € R} #0 (3.4)
is true. If one of the following statements is satisfied
(a) {z € R": Gg(q)x >0} N ker(M(q)) = {0},

(b) {z € R" : Gi)(¢)z > 0} N ker(M(q)) # {0} and f(g,v)"2 <0,V z € {zx € R":
G @)z > 0} 11 ker(M(q))\{0}.

then the mixed complementarity problem

M(q)z = f(q,v) + Gpgla) A
0< AL Gnglg)z+vng(gv) >0

has at least one solution x and A. The vector x is unique if
(i) z € ker(M(q)) = z € ker(Gg(q)),

(i) 2 € ker(M(g)\{0} = f(q.v)"= #0.

The underlying works [I7, 49] of Theorems [3.11] and [3.12] conclude from these discrete
arguments the solvability of the dynamical system with the implicit function theorem and
certain smoothness assumptions.

Remark 3.13 (Physical interpretation) Let M(q) € R™™ be the symmetric positive
semi-definite mass matrix describing the kinetic energy 0.50"M(q)v and Gyiy)(q) €
R™>*™ the Jacobian matrix of the constraint function g : R® — R™. The kernel of
G j1(q) spans the tangent space of the constraint manifold {2 | g(z) = 0} at point ¢g. The
condition

rank ([M(q) GJl(q)(q)T]) =n

is important to get the existence of solutions in the DAE case. It can be interpreted
as the fact that any possible movement must be associated with non-zero kinetic en-
ergy [49]. If Gp(gv = 0 it can immediately be concluded v ¢ ker(M(q)) and so
T(q,v) =v"M(q)v # 0.

The equivalent conditions for the existence of solutions for contact systems are (a)-(b)
in Theorem [3.12] The velocity is admissible if G'ji(q)(g)v > 0. Either condition (a) is
satisfied, than T'(q,v) # 0 follows, or (b) is satisfied. Assume v # 0 with M(q)v =
0,G 1) (q)v > 0 is admissible and the MLCP in Theorem has a solution (z, \) that
satisfy the condition A" G ji(4(¢)v = 0. The contradiction

0=v' M(q)x =v"flq,v) + UTGL(Q)@))\ =v'f(q,v) >0
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follows. Just as in the case of equality constraints, an admissible velocity must cause
kinetic energy.

Like Theorems and show, equations of motion with singular mass matrices and
redundant constraints can be well-defined in case of equality constraints and inequality
constraints without impacts. A generalisation to impact systems seems to be logically.
We call mechanical systems with the impact law also systems with impulsive forces.

Remark 3.14 (Problem parameters) The problem (2.27)) is a LIMDI for z = (¢",v")"
with parameters

100 = (5 aity)

F(q,v) = Fi(q,v)dt + F5(q,v™)dn(v)

v 0

:(ﬂ%w+GW@Mw@@»>“+<Gmmemam@@++qudmw~

Remark 3.15 (Discrete system) For ¢,v € R" the problem A(q,v)z € F(q,v) is equiva-
lent to the problem to find

(i)

vectors © € R, A € R™2, x = (0, \) with
M(q)v = f(q,v) + GJQ(q,v)(Q)T/\
0< AL GJQ(q,v)i] + 7]2(q,v)(Q7U) >0

if for all ¢ = 1,...,m,¢:(¢) > 0 or gi(¢) = 0,G;(¢)v > 0 or g;(¢) = 0,G,(q)v =
0, 9:(q — hv) =0, for all h € (0, 0) and ho small enough.

These conditions can be associated with inactive constraints, constraints which get
inactive or active constraints which stay active.

vectors v € R", A € R™ x = (vt A) with
M(q)(v* —=v7) =Gl A
0 S AL GJl(q)('U+ + 61)7) 2 0

if there is an index ¢ = 1,...,m, with g;(¢) = 0,G;(¢)v- < 0or g;(q) = 0,G;(q)v™ =
0,9:(¢ — hv™) > 0, for all h € (0, hy) and hy small enough.

These conditions can be associated with constraints which get active and therefore
an impact happens.

We consider the discrete problem to find z € R™, A € R™ with

M(q)x = f(q,v) + Griggn (@) A

- (3.5)
0< AL Gjiggnz+7(q,v) >0
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and

11

= B f(g,v), in case (i),
fla,v) = { M(q)v~, in case (

; _ [ Jgv), in case (i),
S (g, v) = { J'(q), in case (ii)
(
(

~ _ J vrew(a,v),  incase (i),
1g,0) { €G v, in case (ii)

Referring to Theorem [B.14] the problem in Equation (3.5) has a solution if M(q) is
positive semi-definite and the problem is feasible. Feasibility is equivalent to the aspect

that there exist z € R™, A € R™ with

A>0, M(q)r+ G = f(g,v), Grigw(@)r+5(g,v) > 0. (3.6)

Theorem 3.16 (Feasibility) Let M(q) be positive semi-definite for all ¢ € R™. The
inequality system (3.7 has for all ¢,v € R"™ a solution if

y € ker(M(q)) .
z € ker(Grigu)(q)') _ S .
| = —f(g,v) y+5(gv) >0 (37
GJi(q,v)(Q)y = u (q,v) y+7(q,v) =z (3.7)
u,z > 0

Proof: Following the Lemma of Farkas [33], a system Az + b > 0 has a solution if
y>0,ATy=0=9y"b>0

is true. System (3.6]) is equivalent to Az + b > 0 with

0 I 0

| M -G N
A=y | °7 f
G 0 5

The arguments and indices are omitted for better readability. The Farkas condition for
feasibility of system (3.6 is

v > 0,i=1,2,3,4, )
n—Glya—ys) = 0 = [T (ys —y2) +7 ys > 0.
M(ys—y3) +GTyy = 0

First we define y := y, — y3 € R" and transform

Y; 07Z = 1747 ~
Gy n = —fly+3"y >0.
My+G'yy = 0

IV

If the second equation is multiplied with y " from the left and the first equation is put in,
we get y' My +y ' GTys = y" My +y/ys = 0. Since y1,y4 > 0, this equation can only
be satisfied if y/ys = 0 and y" My = 0. Since M is positive semi-definite, the relation
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y € ker(M) results. From My + GTys = 0, the property y; € ker(G") and the claim
follow. ]

Remark 3.17 (Comparison to [17]) In [I7] only case (i) without impacts is considered.
Assumption (3.4)) is equivalent to

Jz € R": Grgw (@) + V2000 (0, v) > 0.
Following the lemma of Farkas that can be transformed to
Yy >0,G 200 (@)Y = 0=y 72w v) > 0. (3.8)
Cases (a) and (b) in Theorem are subcases of
G (g (@) >0, M(g)x = 0= f(q,v) 'z <0. (3.9)

The requirements of Theorem are trivially true if (3.8))-(3.9)) are satisfied. So Theorem
3.16]is a generalisation of the results in [I7]. If we consider the impact case the feasibility
condition is equivalent to

y € ker(M(q)) .
z € ker(Gpglq)') . -
—(M G > 0.
Grglay = u = —(M(g)v™) y + (GnglgvT) z =
u,z > 0

Since y € ker(M(q)), z € ker(G n(y(¢q)"), the inequality reduces to 0 > 0 which is true.

Problem 3.18 (Mechanical LIMDI) We consider an MDI of the form (2.27) with the
following properties

(P1) f,9,G, M, are Lipschitz continuous on I with Lipschitz constants Ly, Ly, Lg, Las, L.
This implies that there are for example pg, p, with || f(x)]| < pr(1+ [|z]]), [[v(2)] <

py (1 + [|[]).

(P2) M(q) is symmetric and positive semi-definite for all ¢ € R".

(P3) M,G are uniformly bounded by by, be > 0. That means V g € R" : || M(q),, <
bar, |G(9) |y, < be with a matrix norm ||| ,,.

(P4) g is two times continuously differentiable.

(P5) Condition |) is satisfied and [M(q) G}(q W)(q)] has for all ¢,v,a € R" full rank
with
T, v,0) = {i € J*(q,v) | [G (@ + V(@ v)], =0}
Example 3.19 Condition (P5) is important to guarantee the existence of solutions. Con-

sider the simple problem
1 2\ (o) (1 1
(o 8 G) = (1) ()

¢+ 2q2 = 0.
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Regardless of the initial value, the differential system has no solution.

Theorem 3.20 (Existence result) The problem (2.27) with (P1)-(P5) and a consistent
initial value xy has at least one solution.

Proof: Following Theorem [3.8, we must show that the parameters in Remark fulfill
the properties

(i) A is continuous with A(x) = A(zas) for all z fulfilling Equation (3.1)

Following (P1) A is continuous. If z(t) = (¢(t)",v(t)"),t € I, fulfills Equation (3.1)
it is a function of bounded variation. More precisely, ¢,v : [ — R™ are functions of
bounded variation. The first n rows of A(z)dx € F(x) are equivalent to dg = vdt

/[O’t] dg = /[O’t]v(t)dt & q(t) — q(0) = /[o,t]U(t)dt'

Lemma [2.19] states that ¢ is absolutely continuous and therefore also continuous.
We get the claim A(z) = A(zaps)-

(ii) (2.27) is consistent.

To repeat Definition [3.4) an MDI is consistent if the discrete problem in an admis-
sible state z € R*" with Fy(z) # 0 or Fy(x) # ()

(C1) has a solution
(C2) stays admissible
(C3) has linear bounded growth

and the solution spaces Z(z), Zo(x) are convex. Let x = (¢',v")" € R®" be an
admissible vector with

a) Fi(z) #0if for alli =1,...,m either g;(¢) > 0 or g;(¢) = 0,G;(q)v >0 or
b) Fy(x) # 0 if there is an 7 € {1,...m} with g;(¢) = 0 and G;(¢)v < 0

Referring to Theorems [B.14| and 3.16, the MLCP A(z)m € Fj(x),i = 1,2, has a
solution m and (C1) is satisfied.

Following Definition (3.4} the solution m = (;Zl with my, my € R" stays admissible
2

if there is an hg > 0 such that Fy(x + hm) # 0,V h € (0, ho). Function F; is defined

through

Fi(q,v) = f(q,v) + Nrn(9(q))-

The inclusion 0 € Npm(g(q)) is true if g(g) > 0. It follows f(q,v) € Fi(g,v) and
Fi,q,v is not empty. Now the inequality g(¢ + hmy) > 0 is proven for one h > 0 to
follow (C2).

a) In case (i) of Remark [3.15) m as a solution of A(x)m € Fi(z) fulfills m; = v.
From the Taylor expansion of g follows

9i(q + hmy) = g:(q) + Gi(q)v - h + O(h?) (3.10)

If either ¢;(q) > 0 or g:(¢) = 0,Gi(q)v > 0 you can choose h; > 0 small enough
such that for all h € (0, h;] from equation (3.10)) also g(q+ hm4) > 0 follows. If
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9:(q) = 0,Gi(q¢)v =0 and g(¢ — hv) = 0, for all h € (0, hy) with a small enough
hg, it holds
Jh; >0V h e (0,h;): g(g+ hv) =0.

Otherwise the left-side limit limy4 giqg’(q + hv) = 0 and the right-side limit
limyp, o %(q + hv) # 0. That contradicts the requirement that g is two times
continuously differentiable.

b) In case (ii) of Remark [3.15] m is a solution of A(z)m € Fy(x) and m; = 0.
The simple relation g(qg+ hm) = g(¢q) = 0 follows. This represents the case of
an impact. The position does not change but a postimpact velocity vt = my
with

G(q+ hmy)me = G(q)mg > —eG(q)v > 0

is calculated. The constraints stays active or get inactive and we get a solution
as in case (i).

Let hg := max(hy,...,hy,) be. For all h € (0, hg), the inequality g(q + hmy) > 0
stays true and so we get an admissible solution.

It remains to show the linearly bounded growth of the solution set. All solutions
m € R?" can be split in (m{,mq )7, mq,my € R™, with ||m4]|, = [Jv]l, < 1(1+]|v],).
The second part my € R™ fulfills

M(q)m2 = f(CZ’ U) + G:]r3(q,v,m2)(q))\7
GJ3(g,v,m2)(q)m2 + 5/]3(q,v,m2)(q7 U) = 0.

If Gus(goms)(q) € RI7°*" has rank r < |.J3|, there is an orthogonal matrix Q €

RI/s1%1sl guch that
Gl G?
T _ J3 J3
Q" Glg) = ( ; G?,s)

where G}]g € R"*" has full rank. We define

1 -1
S = ((GJ(;’) ) eRT b= QA

and R € R""™" as a matrix which columns are a basis of the null space of G ;s and
so it is satisfied
GpR=0.

Referring to [49] and using (P5), we can transform the constraints G s (g.4.m.)(q)m2+
N 73 (qme) (@, V) = 0 to

my = S(q)b(q,v) + R(g,v)(R" (g, )M (q)R(g,v)) " (R" (¢,v) f(q,v)
—R"(q,v)M(q)S(g,v)b(q,v).

Since G, f and vy are Lipschitz continuous, the same is true for S, R, b. For a Lipschitz
continuous function k : (q,v) — k(g,v) with Lipschitz constant Cy, it can be proven
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(i)

that there is a constant ((Cy) > 0 with [|k(q,v)|| < Be(1 + ||(g,v)]]). Following
this, there must be a constant 3,, depending on Ly, Lg, Ly, L, Ly with

[mall < Bm(1 + (g, 0)]])-

So we get that m is linear bounded and (C3) fulfilled. The set Z;(z) = {m |
A(x)m € Fy(z)},i = 1,2, is for a fixed x € R" the solution space of a mixed
linear complementarity problem. Following [31, Theorem 2.5.17], this solution set
is convex, if

(o — )T M(g) (& — 2?) = 0

for all solutions z! and x? of (3.5). If 2!, 2% are solutions of this mixed complemen-
tarity problem, there exists A!, A2 such that

(' — )" M(q)(z" — 2%) = (' = 2*)"(GT (@A + f(g,v) = GT ()N = f(q,v))
=) TG (g)(A = N?)

G(q)z" +7(q,v) — Glg)z® —v(q,v)) T (A" =A%)

= —(G(g)z! +7(q,v)) "\ = (G(q)® + 7(g, v)) '\

= (
=
=

Since A" > 0,G(q)z" + v(q,v) > 0, the last term is non-positive and so (z! —
%) "M (q)(x! — 2?) < 0 is satisfied. Using that M positive semi-definite, we get
(2t — %) "M (q)(2' — 2?) should be zero and so Z;(x) convex. The LIMDI fulfills
Definition 3.4 and is so consistent.

F, F5 are upper semi-continuous with non-empty and closed values
Since 0 € Ngr(¢(x)) for all functions ¢

f(g,v) = f(x) € Fi(z),  0€ Fy(x),VaeR™
and so F, Fy have non-empty values.

Following (P1), both F}, F, are continuous transformations of a normal cone inclu-
sion. Therefore, it is enough to show that

Ne(z)={2*€C:(y—2)'a*<0,VyeC}

is closed for all closed cones C' as R, m € N, and vectors « € C. Let (uz) C Ne(x)

be a sequence with limy_, ur — u. As (ug) C C and C closed, u is also an element

of C'. Furthermore, the inequality

)Tu = lim (y — ) u, <0
k—o00

(y—=

holds where y € C'is arbitrary. The inclusion u € Ng(x) results and as well No(x)
as Fi(x), Fy(z) have closed values.
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In [25, Corollar 7.2.3], it is proven that for every closed cone like R, m € N, the
function « — N¢(g(z)) is upper semi-continuous. Since F;(z) = ¢;0 Ng,(x),i = 1,2,
are function compositions of a continuous function ¢; and an upper semi-continuous
(usc) function, from [26] we can conclude that Fy, Fy are usc.

]

Example 3.21 (Two-masses-spring system) In Example , a two-masses-spring sys-
tem is considered. There is one equality constraint and one inequality constraint. Since
equality constraints are always active, the combined matrix [M (@) G (g (q)T] has always
full rank since it has the form

m; O 0 1 m; O 0 1 -1
0 myg moy —1 or 0 mg mg —1 1
0 mo My 0 0 mo My 0 —1

The assumptions v(¢,v) = 0 and y € ker(M(q)),Gi(q)y > 0 imply y = 0 and so the
condition is fullfilled. Therefore, (P5) is satisfied. The other smoothness conditions
(P1)-(P4) are trivially fulfilled, since all functions are linear or constant ones. For all
consistent initial values, the problem has at least one solution.

Example 3.22 (Slider-crank mechanism) The determinant of the mass matrix M (q) of
the slider-crank mechanism in Example fulfils

det(M(q)) >Js (<J1 + 12 <% +my + m3>> Jo + 13 (Jl + lf%) (% + m3>

2
+l%l% <% + m3> (1 — COSz(Ql — 02))) .

Since all parameters J;, m;, [; are positive, the mass matrix has rank three. The combined
matrix [M(q) Gjs(¢q)"] has also rank three. The smoothness requirements (P1)-(P4) are
also fulfilled. Therefore, the equations of motion have for all consistent initial values at
least one solution.

Remark 3.23 (Non-uniqueness of Lagrange-multipliers) However, ¢ and v as the solution
of (2.27)) exist and are provided as unique, the same holds for the contact and impact forces

Gr(g(q)"dP = M(q)dv — f(q,v)dt.

But if G, (g(¢)" has not full rank because of redundant constraints, the term dP is not
necessarily unique. Following dP = Adt 4+ Adn, there is maybe a whole set of Lagrange
multipliers which fulfil together with ¢ and v the equations of motion. Let dP = Adt+Adn
be one solution. If

L(t) = ker G, (q)(q(t))T MR # {0}

holds, then every force dP* := A*dt+A*dn with \*(¢) = A(¢)+1(¢), () € L(t),t ¢ T*(v, ),
and A*(t) = A(t) + 1(¢t),l(t) € L(t),t € T*(v,I), is another solution.

Remark 3.24 (Numerical treatment) In Chapter 5 the discretisation of the equations of
motion (2.27)) is explained. The values (v, ) representing the acceleration and Lagrange
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multipliers must be evaluated in every timestep using a discrete (MLCP)
Mi+G'A=b, 0<ALGi+c>0.
Referring to the appendix, this problem is equivalent to a least squares problem
||Az — b|| — min.

The matrix A has the same rank deficit as G. In case of redundant constraints, an
underestimated problem must be solved. One method to solve the problem is the Q)R-
decomposition A = QRPT. So the least square problem is equivalent to

H(R;)l R;Z) PTQZ'—QTb

with a permutation matrix P € R**?" R, € R"™?""  a regular upper triangular matrix
R, € R™" and an orthogonal matrix Q € R?"*?" where r is the rank of A. If all matrices
and vectors are split after » components the residuum is equivalent to

‘—>min

| Ry (P 2)1 + Ro(P )y — (QT0)1]| + [|(QT)2|| — min.

As Ry is regular, (PTz); calculates to R;'((QTb); — Ro(PTx),) where the components
(PTx)y are arbitrarily chosen. So you get the minimum of the function. In numerical
experiments as in Example it can be observed as we expect that the components be-
longing to (PTx); represent the acceleration and some Lagrange multipliers and (PTx),
the remaining Lagrange multipliers. If we would solve the least square problem in MAT-
LAB with the backslash operator, it would use (P x), = 0. We call this the basic solution.
In addition there are other common methods to choose (P'x),

(i) the minimum norm solution (P'x); = arg min,, || Ry ((QTb)1 — Ray)||-
(i) the unit solution where all components of (P'x), are one.

(iii) or a random solution where all compionents are a normally distributed pseudoran-
dom number with expectation between zero and one.

Example 3.25 (Slider-crank mechanism) The slider-crank mechanism of Example is
solved with the half-explicit timestepping scheme on velocity level of [82]. The upcoming
least squares problems are solved with the )R-decomposition using the four different
strategies which are described in Remark [3.24] In Figure the Lagrange multiplier
A1 is plotted for all strategies. We see a completely different behaviour for almost all
strategies especially if you take a look at the magnitudes. Only the basic solution and
the minimum norm solution strategy match.

In Figure 3.2} we also see the corresponding position functions for the crank ¢y, rod ¢, and
the slider ¢g3. They match in amount of machine accuracy. This numerical test underlines
the uniqueness of the position and velocity function in contrast to the non-uniqueness of
the Lagrange multipliers.
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Figure 3.2.: Slider-crank mechanism: Difference between numerical solutions of ¢ for dif-

ferent strategies






4. Qualitative Behaviour of
Solutions of Measure Differential
Inclusions

Besides the solvability, the qualitative theory of dynamical systems is of particular interest
in this thesis. This includes the existence of equilibrium point or periodic solutions. In
[20], the occurence of those special phenomena is analysed for a non-smooth mechanical
system with high applicational relevance. In this mentioned paper, a single block on a
free rocking base is considered. The block is set into a swaying motion by a non-smooth
impulse of the platform. The focus of the numerical and experimental investigations is
whether the motion changes into a periodic oscillation, into the resting state of the initial
situation or an overturn. This example is a simple model for a building during an earth-
quake. The simulation results provide statements about which strengths and frequencies
of earthquakes lead to possible collapses and which are relatively harmless for cities.

Our investigation on the qualitive behaviour of non-smooth dynamical problems starts
with a much simpler model. In this chapter, the solutions of an one-dimensional example,
the example of the impact oscillator, are considered. It is shown whether they have peri-
odic behaviour or equilibria. What are its asymptotes for long running times or ¢t — oo
? How does the qualitative behaviour of the solutions change when parameters or initial
values are modified? For multi-dimensional applications, the investigation of such ques-
tions is much more complex. In general, one cannot assume the existence of equilibria or
periodic solutions, however Examples [2.60] and are higher-dimensional applications
and numerical tests suggest that they have periodic solutions.

For all investigations in this chapter, it is important to assume that a LIMDI (3.1]) with
a fixed consistent initial value zy € Z; has always a solution x(t, zy).

Example 4.1 (Forced impact oscillator) The motion of a mass with position ¢ and
velocity v attached to a linear spring is observed. It is influenced by a force p and an
obstacle at position ¢ (see Figure . A typical question is whether there are periodic
solutions of the equations of motion or whether all solutions to different initial values have
no special behaviour.

§
ANNNNNNNNN

Q

Figure 4.1.: Impact oscillator with forcing p: modell
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The equations of motion can be formulated in the form

o(t) +q(t) = p(t,qt)), (q(t) <o),

vt(t) = —e v (t), (qt) =0 (4.1)

0 : : : 1

—-0.5] 1 )
~
= S
At S \
L L L -1 L L I
0 5 10 15 20 0 5 10 15 20

t[s] t[s]
Figure 4.2.: Periodic solution of the impact oscillator with o = 0, € = 0.8, p(q) = — cos(q)

In Figures [4.2 and [4.3] numerically determined periodic solutions of (4.1)) with different
problem parameters are depicted. In a closed time period, ¢ fulfills the requirements of
an absolutely continuous function and v that of a function of bounded variation.

TVY b

0 10 20 30 40
t[s]

Figure 4.3.: Periodic solution of the impact oscillator with o = 0, € = 0.6, p(t) = sin(7t/8)

Example 4.2 (Higher dimensional dynamical systems) For planar autonomous smooth
systems we know from the Poincaré-Bendixson theorem that limit cycles without equi-
libria are always an orbit of a periodic solution. The qualitive behaviour of solutions for
dynamical systems with a dimension greater than two is not generally understood even in
the smooth case. One observes not only equilibria and periodic solutions, but also other
interesting attractors, which represent the final states of dynamical processes. So-called
strange attractors record the chaotic behaviour of dynamical systems which nevertheless
obey regularities. There is no general concept to prove the existence of periodic solutions
or strange attractors. It often has to be examined individually for each example or is not
possible analytically at all. Using numerical simulations of the non-smooth mechanical
systems of higher dimension from Chapter 2, one can assume that periodic behaviour or
attractors also exist for our problems of interest which have higher dimension.

In Figure you can see an solution of the two-masses-spring system of Example [2.60
with time-independent force p(q) = (cos(4qs),0,0)" which seems to be periodic. In Fig-
ure [1.5] (a) the angular velocity of the slider-crank mechanism from Example [2.61] with
v3(0) = 0 cm/s is shown in the phase space. This characterises that the slider moves up
and down by the crank mechanism, but does not rotate. A periodic solution is observed.
If the slider rotates with v3(0) = 0.1 cm/s, the impacts are clearly visible. In Figure
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(b) and (c), the orbits of the angular velocity after 0.5 seconds and 10 seconds are shown.
They seem to move chaotically on a two-dimensional surface. This could be understood
as chaotic behaviour in a certain bounded set, as in the case of a strange attractor.

Y Y

0 10 20 30

— =
g ~ 1
S 0F , § J
s = 0
S
‘I,

WA

0 10 20 30 0
t[s] s

30

Figure 4.4.: Solution of the two-masses-spring system with € = 0.5, p(¢q) = (cos(4¢),0,0)"
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(a) v3(0) = 0,T = 10s (b) v3(0) = 0.1,T = 0.5s (¢) v3(0) = 0.1,T = 10s

Figure 4.5.: Velocity orbits of the slider-crank mechanism

4.1. Equilibria and Periodic Solutions

In this section, we consider the qualitative behaviour of solutions x := (¢, v) of the measure
differential inclusion

de € F(t,x) := Az + Fi(t, x)dt + Fy(x)dn, A= <—01 é) 7
0

(p(t’ml) — Ng, (0 - 551)) B <N1R+(x2+0+ 6:62)) -

which is a reformulation of (4.1)) as an MDI. The admissible set for the position and the
velocity is partitioned in

Fi(t,x) =

Z=7UZy:= {(l’l,l’g)T cR? |z, <O’}U{(J}1,ZL’2)T € R?| 2, = 0,1, go}.
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Figure 4.6.: Impact oscillator: admissible set

Definition 4.3 a) A point 2* € R" is an equilibrium of (4.2) if F(t,2*) = 0. All
equilibria are summarised in the set .

b) A function z : Ry — R" is w-periodic if z(t +w) = z(t) for all t > 0 and there is no
value 0 < 6 < w with the same property x(t + 6) = x(t). A trivial periodic function
is a constant one. Therefore, trivial periodic solutions of (4.2)) are equilibria.

¢) For a function = : Ry — R", the set y(z,I) := {x(t) | t € I} is the orbit of x on
I C Ry. It is abbreviated v(z) := v(x, R,).

d) Theset ®(z) :={y € R" | 3 (tx)reny with (VE € N : tp € Ry)A(tp — 00)A(z(tg) —
y)} is the (positive) limit set of .

Obviously v(z) = vy(z) U ®(x) holds and ®(x) is closed. For periodic solutions, it follows

1(x) C O(z) = y(2) = O(2).

In the smooth case, even y(z) = ®(x) is true. But the discontinuous character of the
solutions prevent this. If ¢t € T*(z, Ry ), there is a sequence (ty)ken with ¢, — ¢, (k — o0),
with 2t (t;) — = (t) and 2~ (t) ¢ ~(z) since z is rightcontinuous.

Using the Theorem of Bolzano-Weierstraf}, we get that ®(z) is non-empty if lim, , _|z(t)| <
oo. For periodic solution, both sets vy(z) and ®(x) are bounded.

Definition 4.4 (Positively invariant) A set P C Z is positively invariant with respect to
LIMDI (3.1)) if any solutions z(, o) starting with xy € P remains in this set

x(t,zo) € P, Yt >0.

Example 4.5 Let z(t,z0) be a w-periodic solution of an autonomuos LIMDI (3.1]) to an
initial value xy € Z. The sets y(x) and ®(x) N Z are positively invariant.

Conclusion 4.6 The point (¢*,0) € R? with ¢* < o is an equilibrium of (4.1)) if and only
if one of the conditions

(i) p(t,¢*) —¢* =0foralltel
(ii) ¢ =0 and p(t,0) —o >0 forallt € I

are satisfied. The second case characterises that the oscillator is continuously pressed
against the obstacle.
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Before the equations of motion of the impact oscillator are analysed, the existence of
periodic solutions for oscillators without obstacles is summarised.

Remark 4.7 (Periodic solutions of ordinary differential equations and differential inclu-
sions, [56, [74]) The generalised solution of the ordinary differential equation

y . (27 _
Gg+q=csin| —t+¢|,c,p €R, is
w
csin(3t + @)
1= (%)
This describes the motion of an oscillator with an w-periodic force p(t) = sin(25t). With

a = b =0, you get an w-periodic solution. Fourier proves that every w-periodic continuous
function p(t) has a Fourier series

p(t) = i <an sin (n%”t) 4 by cos (nzw—”t)) |

So the generalised solution of ¢ + ¢ = p(t) has the form ¢(t) = asin(t) + bcos(t) +
oo o(an sin(n®2t) + b, cos(n®2t)) /(1 — (2n7/w)?). If w € Z and

q(t) = asin(t) + beos(t) + a,beR.

dANeNVn>N:a,=0,

a periodic solution with @ = 0 = b can be defined. For all these results it is important
that p is a non-resonant force, i.e., that w # 27k, k € Z.

If w =27k, k € N, the solutions of the ordinary differential equation generally explode.
For example, the system ¢ + ¢ = cos(t) has the generalised solution

q(t) = asin(t) + beos(t) + sin(t)t/2
which explode for ¢t — oo.

If the force p depends only on ¢ and is differentiable, the equation of motion G+ ¢ = p(q)
is an autonomous differential equation. It can be transformed into a planar autonomous
system

q="v,

b= —q+p(q).

Limit sets of two-dimensional autonomous systems are very well analysed. Poincaré-
Bendixson’s theorem states that the limit set of the system is already an orbit of a
periodic solution if it does not contain any equilibria. That means, if one knows that the
solution remains in a bounded set of R? that does not contain equilibria, then there is a
periodic solution.

We will also consider this three cases of resonant, non-resonant and autonomous force p
for the impact oscillator. In [56], Kunze considered a pendulum in a straight tube with
continuous w-periodic force p depending on time ¢ and with dry friction. Its equations of
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motion can represented by the differential inclusion

¢+ q € p(t) + Sign(q).

In [56, Theorem 3.2.1], it is proven that for w # 27k, k € IN, an w-periodic solution of
this differential inclusion exists. This can also be an equilibrium. If w = 27k there exists
an w-periodic solution of this differential inclusion if one of the condtions

(i) .
/0 p(t)etdt

< 4,

where i is the imaginary unit,

(i)

2m T
/ p(t)eitdt‘ =4, / p(t + 71 —7/2)cos(t)dt = 0,
0 0

where 7 is the argument of fo% p(t)etdt

is true. As far as we know, the equations of motion of an oscillator with dry friction and
an autonomous force p(q) has not yet been considered in the literature.

In the following the existence of periodic solutions of (4.1) with different periodic forces
p is examined. A distinction is made between

(P1) The w-periodic function p depends only on time t and w # 27k, k € Z (non-resonant
force).

(P2) The w-periodic function p depends only on time ¢ and w = 27k, k € Z (resonant
force).

(P3) The w-periodic function p depends only on position ¢g. That means an autonomous
dynamical system is considered.

Theorem 4.8 (Periodic solutions in case (P1)) Let T'> w > 0 and p(t) € C([0,7],R)
be w-periodic. The measure differential inclusion (4.2) has an w-periodic solution in
SBV*([0,T],R), if w # 2wk, k € IN.

Proof: In [56], the existence of periodic solutions of a similar problem is analysed.
They form the equations of motion of an oscillator with Coloumb friction, but without
impulsive forces. The concept of proof can be set up in an analogous way, but has to take
account special requirements for functions of bounded variation. For this function class,
the classical Fréchet derivative and the Riemann integral are in general not defined and
must be replaced by the differential measure and the Riemann-Stieltjes integral. Since
the solution of the smooth homogeneous problem is known, the proof is based on the idea
of a non-smooth version of the method of variation of parameters. We define

0(t,8) = U = U) 09 s € 0,71, with (0 = Gnfp) 000 )
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as the fundamental matrix of the ordinary differential equation y = Ay. The function g
is well-defined since w # 27k. With the constant C' := v/2/sin?(w/2) > 0, the function g
fulfills

lg(tr,s) = g(tz, s)|| < C'ltr — to| und |lg(ts, s)|| < Ct1,t2 € [0,T7.

That are the Lipschitz and boundedness criteria for g. Furthermore, we need the matrix
function

L(t.s) '_{g(t+w,s), 0<t<s<w '

and the function set

D= {y € SBV*([0,w],R*) : [yl < W} (4.3)

where W := wP(CP 4+ wCP + 1) > 0, C is the upper bound of ||g(t, s)|, and P is the
upper bound of ||p()]|, on I. On the subspace D of the Banach space SBV*([0,w],R?)
we consider the set-valued function G : D — 2P with

G(y) = {z €eD:z(t) = /Ow (¢, s)df with df = fi(s)ds + fodn(y),

fi(t) € Fi(t,y(t)), f2(t) € Fa(y (¢)),V t € [0,w] }

Similar to the existence proof, we can use the Fixed Point Theorem to show that the
set-valued function G has a fixed point on D. The function y = 0 is an element of D
and therefore, D is non-empty. As to the proof of Theorem [3.8] in Chapter 3, D is con-
vex and a subset of the Banach space SBV*([0,w],R?). Only the properties of G from
Theorem must be proven. The function G has to be upper semi-continuous with non-
empty closed and convex values and its image must be contained in a compact subset of D.

Let 21,20 € G(y),y € D. That means there are f}, fZ, f3, f2 with

fi(s), f1(s) € Fi(s,y(s)), f2(s), f3(5) € Fa(y™(5)),¥ s € [0,u]

pointwise. With the differential measures df! := f{(s)ds + fadn and df? := fZ(s)ds +
2dn, the elements 21, 2o are pointwise defined as

zl(t):/owl“(t,s)dfl, zz(t):/owl“(t,s)de.

Since the convexity of a normal cone [25, Theorem 3.58] implies the convexity of F (s, y(s))
and F5(y~(s)) the linear combination

z3(t) = azi(t) + (1 — a)2(t), tel0,w],ae0,1],

is also an element of G(y) with

2(t) = / LA, df = fs)ds + 2 dy(y)
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using f? = aff + (1 —a)fE f3 = afs + (1 —a)f2. We can summarise that for all y € D
the function value G(y) is a convex set.

Since {0} x{p(s)} € Fi(s,y(s)),0 € Fy(y~(s)) for all s € I the function 2 € AC(|0,w],R?) C
SBV*([0,w], R?) defined by

is an element of G(y) if ||z|| 5, < W. Using

d
S(ts) = Agltis).  glt.t) —g(t+w,t) =P € R Vi se0u],

this can be concluded from

12l v = 1I2(0)[l; + var(z, [0,

| o / 12(s)] ds

§w0P+/ A/ L(s,m)p(r)dr + p(s)
0 0
< wCP+wCP+wP=W.

ds

The definition of the set-valued function G implies G(D) C D which is compact according
to Theorem . Using the same strategy as in Theorem we know that G(y) is closed
for every function y € D.

It still remains to show that G is usc. Let ((yk, 2x))kew be a sequence of graph(G). That
means

Yk, 2k € D, 2 (t) = / I(t,s)df*
0,0]
dff = fi(s)ds + fydn(ye),  fi(s) € Fi(ye(s)), f3(5) € Fa(yi (5)).
Since ||kl gy = l|lyx(0)|| + var(yg, ) < W, it follows

var(y, [) < W

lye(®)] = \ e(0) + /[ ) dyH
< )1 + | I

= lyk (O[] + var(ys, I) < W

The same holds for z; € D. Using Theorem [3.6] a subsequence ((yx,, zk,))ien exists with
Y, =Y € D, 2z, — 2z € D,l — oo, in the BV-norm. Furthermore, it can be split

() =T f (1), Y t € [0, ]\T*(yk“[oa wl),
2 (5) = 2, () = (9(t,1) — gt +w, ) fy"(5) = f'(5),¥ 5 € T* (g, [0,]).

Since 2y, (t), 2, (t) and I'(t,t) are bounded on [0,w], the same is true for f(t) and f5'(t).
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Again a subsequence ( flk " (s), f; " (s))pen exists with components which converge point-
wise to limits fi(s) and fa(s) for s € [0,w]. The set-valued functions F; and F, are
continuous transformations of a normal cone inclusion. Following [25, Corollary 7.2.3],
the solution operator of normal cone inclusions is upper semi-continuous. Because Theo-

rem states that graph(F}), graph(F;,) are closed, the inclusions

fils) € Fa(y(s)),  fals) € Fa(y (s)),V s € [0,0]

result. Summarising, we have

_ I ki,
2(t) = lim 2, (t) = lim o I'(t,s)df
=lim [ DA™ () ds+ Y f7(s)

p—0o0 [O,w} seT™* (ypv[orw})

We can change limit and Lebesgue integral and sum sign (see [30]) because fi, fo converge
pointwise and are bounded.

ki,

. ki .

= T(s) lim f(s) ds + 1

SUEY RRCER S ACEIES D D AT
seT (yklpu[()’w])

- /[ RODVICREED DD

s€T*(y,[0,w])

with fi(s) € Fi(y(s)), fa(s) € Fa(y~(s)), s € [0,w]. We get the inclusion (y, z) € graph(G)
for the limit and G is so usc.

The existing fixed point y € G(y) is an w-periodic solution since

00 = [ 1090 = [ gt = [T =)

by definition of I'. For further considerations, we split

y(t):/wa(t,s)df:/Otg(t,s)df—l—/twg(t—i-w,s)df.

Therefore, y satisfies

y () — (1) :/{t}g“ ) fals)dn — /{t}g (t +w,8) fols)d

:{w =gt +w ) fa(b), ¢ e T (y,[0,0])
0, t ¢ T*(y, [0,u)).
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y(t) =

/ g(t, s)df—i—/tw (t—l—w,s)df)

g(t, s df—i—/tw%g(t—i—w s)df + (g(t,t) — g(t +w, ) f1(t)

Q_.lg_‘/\

d
d
:/ AL(t, s)df + fi(t)
0

= Ay(t) + ()
With these preliminary considerations and fi(s) € Fi(y(s)), fa(s) € Fa(y~(s)), y fulfills
the measure differential inclusion dy € Ay + Fi(y)ds + Fy(y~)dn in the sense

/ dy = / $)ds + (5+(s) — 5 ()

seT*(y, [O t])

:/tAy(s)Jrfl(s)der Z fz()

0 SET*(y

:/OtAy(s)+f1(s)ds+/0 fa(s)dn

= dy € Ay + Fi(y)ds + Fy(y~)dn.
Il

The w-periodic solution in case (P1) can of course be trivial in the sense that it is an

I
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ts]

equilibrium.
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Figure 4.7.: Solutions of the impact oscillator with resonant force p(t) = cos(t)
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Remark 4.9 (Periodic solutions in case (P2)) As already mentioned, the solutions of the
smooth oscillator generally grows unboundelly if p has the period 27. Since in the non-
smooth case, the mass meets the obstacle at some point, the solutions for p(t) = cos(t)
have a completely different structure. As shown in Figure [.7] they can still explode, but
also converge towards an equilibrium or a periodic limit cycle. This is strongly related to
the choice of o and €. A precise analysis should not be carried out here, since autonomous
differential systems are of particular interest for the numerical investigations in the next
chapter and so we concentrate on case (P3).

Next, a criterion for the existence of periodic solutions of is given if the force p
depends only on the position ¢. In this case (P3), the system is autonomous. The
fundamental idea is based on the transfer of the transversal theory and the Poincaré-
Bendixson theorem from smooth systems to a non-smooth example. It is supposed that
the system has a unique solution for all initial values (qo,v9) € Z and that p is
continuous.

Definition 4.10 (Transversal) A set S ={ru+ (1 —71)w |7 € [0,1]} with u,w € Z is a
transversal to (4.1)) if
v

o= () i u

are linearly independent for all (¢,v) € S. Since Z is convex, the line S is a subset of Z.

Remark 4.11 If z = (¢,v) € Z is not an equilibrium of (4.1)) then there exists a transver-
sal with x € S.

(i) Let z = (q,v) € Zy, i.e. ¢ < o. Then, a ball B(z,d) exists where ¢ < o for all
(q,v) € B(z,9). This case is similar to smooth systems and a transversal exists
because of [74, Bem. 9.1.2.].

(ii) If z = (q,v) € Zy with ¢ = 0,v < 0 we can define u = (0,v/2)",w = (0,3v/2).
That means, S is a segment of Zs. In all points (g,v) € S, it is h(q,v) = (5-v,p(o) —
o)", B €[0.5,1.5]. It is linearly independent of the direction vector u—w = (0, —v) "
of S.

(iii) Let x = (¢,v) = (0,0) € Z,. Since x is no equilibrium, Conclusion states that
p(c) — o < 0. There has to be an § > 0 such that p(c — s) — (60 —s) < 0 for
all s € [0, €] because p is continuous. The set S with u = (0,0),w = (0 — 4,0) is
a transversal through = as h(q,v) = (0,p(c — s) — s),s € [0,0] is always linearly
independent of the direction vector u —w = (4,0) of S.

Theorem 4.12 Let z = (¢,v) € Z be not an equilibrium and S a transversal of (4.1))
with z € S. Then, there is for all € > 0 a ball B(z,0) such that for all solutions x(t, x;)
with initial value z; € B(z,0) N Z a time point t € [—e, €] exists with z(¢,z1) € S.

Proof:

(i) Let x € Z;. This is similar to the smooth case. The existence can be concluded
with [74, Prop. 9.1.3].

(i) Let x € Zy,v < 0. Assume the statement is false. Then, there exists an €y > 0 and
a sequence Z 3 x = (qx, vx) — = = (0,v) of initial values such that

x(t,xy) ¢ S, ¥Vt € [—eo, €,
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Figure 4.8.: Impact oscillator: Tranversals for € Z in situations (i)-(iii) from Remark

(iii)

4.11

for an transversal S = {o} x [3v/2,v/2]. If vz — v < 0,¢qx — o the inequalities
3v/2 < v <v/2 and g > o + vey/4 are true for k > N with one N € IN. As long
as q(s) # o, the functions v and ¢ are continuous and so satisfy this equation in a
sufficiently short time interval [—tg, to]. So for max(—ey, —to) <t < 0 it holds

0
v-t VE VE VE
Q(@qk):%—/ v(s)ds > g+ —— >0+ —C— >0 >0
. 2 4 2 2

There is a timepoint max(—¢p, —ty) < 7 < 0 where ¢(7) = ¢ and the corresponding
velocity v(7) is in [3v/2,v/2]. So z(1,z%) € S.

Let © = (0,0) € Z5. Since z is not an equilibrium, it follows from Conclusion
that p(0) — o = 0 < 0. Assume the statement is false. Then, there exists a ¢y > 0
and a sequence Z 3 x = (qx, vx) — = = (0,0) of initial values such that

’U(t, Uk) 7é O, Vite [—60, 60] .
That means in particular vy # 0 for all £ € IN.
a) We consider the subsequence (qg,, vk, ) with vy, > 0 for all n € IN. For all
t € [—e€o,€0] the value v(t,vy,) stays positive. It could change the sign if

v(t, vg, ) gets zero - which we assume that it does not happend - or if an impact
could be observed. For all t < 0 it holds

0
Uy,
q(t, qr,) = qr — / v(s, vk, )ds < qp, + <o.
t

Therefore, no impact happens for t < 0 and v and ¢ are continuous. Since p is
assumed to be continuous there is an index N € IN and a constant § > 0 with

0 — 06 <p(gr,(tqr)) — @, (i qr,) <O+ <0, Vn>N.

It follows
0 0

ot vn,) = v+ / P(a(5, @) —a (5., )ds < v+ / (046)ds = vy, —(0-+6)1.
t t

Since —eg < t < 0 and v, — 0 this term is getting negativ. In particular,
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there is a timepoint when the velocity becomes zero. This is a contradiction.

b) If we consider the subsequence with vy, < 0, the argumentation in a) is true
for ¢t > 0.

]

Remark 4.13 The basic idea of the following theorem is based on Jordan’s curve theorem
[44]. This states that every double point free closed curve I' C R? divides the space into
an interior I'; and an exterior I'., which are open subsets of R? with TUTI; UT', = R2. The
three sets are pairwise disjoint. A solution curve of can switch between the interior
and the exterior only if it crosses I' or jumps at a time t € T*(x, R, ) from 2~ (¢) € T'; into
the other set 27 (t) € T UT,. Of course, the jump also works the other way around.

Theorem 4.14 Let x be a bounded and non periodic solution of and S a transversal.
Furthermore, there are three values x(t;) € S,7 = 1,2, 3, with ¢; < t5 < t3. That means,
there are 7,7 = 1,2, 3, with z(¢;) = n;u + (1 — 7;)w. Furthermore, it is y(z, [t1,t3]) NS =
{t1,t2,t3}. Then 7 < 1 < 73 Or T4 > T > T3.

)

1 =0
Figure 4.9.: Impact oscillator: sequence of transversal crossings in case (i)

Proof: Because it was assumed that the solutions of (4.1]) are unique and non-periodic,
all 7,7 =1,2,3, must be different.

Suppose that 71 < 7 holds for ¢; < t. The intersection y(z, [t1,t2]) N T*(x,Ry) can

be at most one-element. We justify this statement for the three transversal types from
Theorem 4,121

(i) Let s1,89 € (t1,t2) N T*(xz,Ry) with s1 < s9 be the first two discontinuouty time-
points. Then, v(z, [t1, 1)) and y(z, (s2, 52 + 6]),6 > 0, are connected curves which
are disjoint with the closed curve Q := v(z, [s1, s2)) U L where

L= {ra"(sy) + (1 = 71)a*(s1) | 7 € [0,1]},

because x is not periodic. There are two possible situations

a) The curve y(x, [t1,s1)) is in the interior ;. Then 0 < z7(s1) < 7 (s2). With
the impact law and 0 < € < 1 we get 7 (s2) < 27(s1) < 0. So the curve stays
in Q. for t > sy since x(tz) € Qe. So the curve y(z, (s2,t3)) U S must cross €.
This is a contradiction. There is no intersection with S in (t1,t9) and there
can not be an intersection with w(z, (t1,%2)) since x is non-periodic.
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b) The curve v(z, [t1, $1)) is in the exterior Q.. Then 27 (s1) > 2~ (s2) > 0. With
the impact law and 0 < e < 1 we get 27 (s9) > 27 (s1) < 0. So the curve stays
in ; for t > sq since z(t2) € €. So the curve y(z, (s2,t2)) U S must cross 2.
This is a contradiction. There is no intersection with S in (¢1,%2) and there
can not be an intersection with w(z, (t1,t2)) since x is non-periodic.

(ii) In this case t1,ty € T*(z,R;) and there is no s € T*(x,(t1,t2)). The curve
v(z, [t1,t2)) U L with

L={rz (ty) + (1 —7)z"(t;) | 7 € [0,1]}

is again closed and has no doublepoint. Since the non-periodic solution z*(t3) € €.
Then, = can not cross € in Z; and if it reaches Z5 in a timepoint s, it is = (s) >
x~ (t2). With the impact law we get 7 (s) < x*(t2). So the solution curve stays
alwas in the exterior. If a1 (t3) € QU Q; we get that the curve stays in the interior
because of the impact law.

(iii) Is similar to (i).

With the argumentation from (ii), in this case it follows immediately from x*(t1) < x 7 (¢3)
also x1(t2) < x™(t3) and thus the assumption. Analogously, of course, from z*(t;) >
xT(ty) also xt(t2) > 27 (t3) and thus the assumption. In the other two cases we define
with

Q= 5(z, [t1, ) USU{Tz~(s) + (1 — 1)z (s) | 7 € [0,1]}

a closed doublepoint-free curve in R?. Here s is the only element in T*(z, [t1,ts]). If it
does not exists the third set is empty and €2 is nevertheless closed and doublepoint-free.
With [74, Prop. 9.1.4] it follows 73 > 75 since S is a transversal. The argumentation in
[74] is, that € is a closed double-point free curve and the vectorfield h(q, v) points to €2,
for all (¢,v) € S, since 71 < 7. Since z(t3) € S is true with z(t3 — J) € Q3,0 > 0, the
condition 73 > 75 follows. O

Next a conclusion of Theorems [4.12] and [4.14] is formulated which can be shown as in the
smooth case [74, Prop. 9.1.5,9.1.6.].

Conclusion 4.15 Let 2 be a bounded solution of (4.1]), S a transversal and y € SN®(x).
Then, there is a sequence t; — oo with z(t;) € S and z(fx) — y. Furthermore, there is
at most one element in SN ®(z). .

The following Theorem is again a conclusion of Theorem and Conclusion like
for smooth systems. Hence, it is referred to [74, Lem. 9.2.1.]

Conclusion 4.16 Let x = (¢,v) be a bounded solution of (4.1)) with v(x) N ®(z) # 0.
Then z is periodic.

Theorem 4.17 (Periodic solutions in case (P3)) Let p be continuous, linearly bounded
and (¢,v) € AC(R4,R) x SBV*(R,,R) be a bounded solution of (4.1)) with ®(¢,v)NZ
containing no equilibrium. There exists a periodic solution of (4.1)).

Proof: If z = (q,v) is periodic, the statement is of course true. Let us assume in the
following that (¢,v) is not periodic. Since (¢,v) are bounded functions, as mentioned
®(q,v) N Z is also bounded and non-empty. We want to prove that ®(q,v) N Z is positive
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invariant. Let y € ®(z) N Z. There is a sequence (t;)gen with z(ty) — y,t — o0o. The
functions yx(s) := z(tx + s),s > 0, are also solutions of with initial value z(t;) € Z.
With the same argument as in (ii) of the proof of Theorem it follows that there is a
subsequence (yg, )ienw Which converges to a bounded solution z of with initial value
2(0) = y. Since t,, + s — oo with z(t,, + s) — z(s), we get z(s) € ®(z) N Z and so
®(x) N Z is positive invariant.

Since y(z) C ®(x)NZ, the function z is also bounded. So it exists y € ®(2)NZ C ¢(x)NZ.
According to the prerequisite, this is not an equilibrium. Using Theorem [4.12] there is
thus a transversal S through y.

Following Conclusion [4.15] the set ®(2)N S is equivalent to {y} since there is not a second
element in the intersection. In addition the sequence created in Conclusion [4.15 shows
that v(z) NS # 0. Since y(z) C y(x), it follows y(z) NS = {y} and y € ~(z) N P(2).
From Theorem we get that z is periodic. O
Theorem 4.18 (Number of velocity jumps during one period in case (P3)) Let x be an
w-periodic solution of with an autononous w-periodic force p € R — R. Then, =
has at most one discontinuity point during the period [0, w].

Proof: We assume there are two points of discontinuity. That means there are two
different time points t1,ts € [0,w],t; < to, with

3 (1) # 5 (1), 3 (t2) # x5 (t2)

and in the non-empty interval (¢1,¢s) the solution z is continuous. There are two possible
cases

(i) The relationship x5 (t1) > x5 (t2) > 0 is satisfied. From Newtons impact law, it
follows 0 > x3 (t2) > x5 (t1).

T2 ® l‘7<t1)

Since z is continuous in (t1,t3), the orbit of 2 on this interval forms a closed set and
L= (7, (t,t2)) U ({0} X [23 (1), 25 (t2)])

a closed, double-point free, continuous curve. According to Jordan’s curve theorem
[74], T decomposes the plane R? into two disjoint open sets T';, T, with

oT; =T = ar.,
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the exterior of I' and the interior. By assumption, z7(t1) € I'e U (2, R) and
iL‘+ (tz) € Fz

Let t3 > to be the next time point with x7(t3) # x*(¢3). Then the partial orbit
Y(z, (t2,t3)) C{z€R|2<0o} xR

is again a connected curve, since it belongs to a continuous function. This either
remains in the interior I'; or is part of the edge OI'; = I' at a time t < t3. If
x(t) € y(z, (t1,t2)),  remains on the edge and x~(t2) = 2~ (t3). The second case is

v () =27 (t3) € ({o} x [w5(tr), 75 (t2)]) -

Since ™ (t3) < z~(t2), according to Newton’s impact law the inequality z*(t5) >
x*(ty) follows and thus z+(t3) € T';. This reasoning can be continued over (5, +00)
and we get v(z, (ta, +00)) C T;. Thus there is no t > t, with 27 (t) = 27 (t;), since
x~(t;) € .. But this is a contradiction to the periodicity with w > 0.

The relationship x5 (t2) > x5 (t1) > 0 is satisfied. From Newtons impact law, it
follows 0 > a3 (t1) > 23 (ta).

)

e _C—A
55
NN
= )
S~— ~—
=

In this case one can argue analogously that
Y, (t1,t2)) U ({0} x [ (t1), 25 (t2)])

forms a closed curve with x~(¢1) on the inside and 7 (¢5) on the outside. However,
the solution can never reach the inside again and thus a contradiction arises again.

]

In this section we have given criteria for the existence of equilibria and periodic solutions
in case (P1) and (P3). In the next chapter we analyse the stability of this solutions. This
is important if we try to study periodic solutions numerically and do not know how to
choose the initial value to get periodic solutions.

4.2. Stability Issues of Equilibria

There are different types of stability of solutions. The interesting aspect for us is whether
solutions remain close to equilibrium points or periodic solutions when you change the
initial value. This can be investigated with the well-known method of Lyapunov, which is
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based on the functions of the same name. In addition, we will also investigate the stronger
property of attractivity. This states that all solutions converge towards the equilibrium
or the periodic solution if the initial value is close to the original one.

A detailed introduction to Lyapunov stability theory of MDIs is given in [59]. In this
thesis, some issues are generalised to the implicit formulation of MDIs.

Definition 4.19 (Lyapunov stability of equilibria) Let 2* € Z be an equilibrium of a
LIMDI . It is called Lyapunov stable if for all u > 0 there is a 6 > 0 such that for
all initial values xy € Z; with ||zg — 2*|| < 0 each solution z(t,xy) of LIMDI with
z(0) = zq satisfies

||I(t,l‘0)—l'*|| S:uv Vtel.

Definition 4.20 (Attractivity of equilibria) Let 2* € Z be an equilibrium of a LIMDI
(3.1). It is called Lyapunov attractive if there is a § > 0 such that for all initial values
xo € Z with ||zg — x*|| < § each solution z(t, zo) of LIMDI (3.1 with x(0) = x, satisfies

Jim [lo(t, o) — | = 0.

For the next three theorems, we assume that * = 0 is an equilibrium of LIMDI with
initial value xp = 0 and non-empty closed convex admissible set Z. This holds if 0 € Z
and 0 € F1(0). It shell be emphasized that the next two theorems are strictly related to
the results of [59]. The slightly changed formulation is important for the third theorem
which generalises the results of [59] to implicite problems.

In this section, the expression dV < 0 is used. This symbolises the condidtions
o V(g(t),v(t) <0,V t & T*(V, ),
o VF(q(t),v(t)) = V- (qt),v(t)) <0,V t € T*(V,I).

It can be summarised in the condition that V' is monotonously decreasing along each
solution trajectory.

Theorem 4.21 (Stability of equilibria) The equilibrium z* = 0 is stable in the sense of
Lyapunov if there exists an upper semi-continuous Lyapunov function V : R" — RU{co}
that is Lipschitz continuous on Z and a neighbourhood U := B(x*,h) N Z for an h > 0
with

(i) V(z) >0,VzelUV(z*)=0
(ii) d(Voz) <0,Yx e SBVT(I,U)
(ili) {x € Z: V(z) =0} = {a*}.
Proof: For all ¢ > 0 we can define a non-empty closed set Q. := {z € R" : V(z) < c}.
Conditions (i)-(iii) state that 2* = 0 is the global minimum of V" on the closed and convex

set Z. From this fact it follows similar to [59, Prop. 6.2.] that there exists a ¢* > 0 such
that the intersection 2. N Z is closed and simply connected for all ¢ < ¢*. Let now

Vi = sup Vi(x), Vi 1= sup V(z)
z€B(0,u/2)NZ z€B(0,h/2)NZ
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with p from the definition of stability be the suprema the upper semi-continuous func-
tion takes on compact sets. Since V is Lipschitz on Z the function V o z is of bounded
variation [59, Prop 6.3.]. Every function of bounded variation attains a finite supremum
on compact sets.

Set ¢ := min(V,, 9, Vi/2, ¢*). It follows that Q. N Z is a subset of B(0,11/2) and B(0,h/2)
and it holds
0.NZ C ZUB(0, 1) U B0, h).

According to [59, Prop 6.5.] you get from condition (ii) that Q. C Z is positive invariant
for consistent LIMDI, i.e. for all g € Q.N Z it follows z(¢, zg) € Q. N Z for each solution
x(t, o). Let now be B(0,0) the largest ball which lies in 2. U Z¢. The notation Z¢{ means
the complement of the set Z;. Its existence follows immeditally from the fact that the
closed set €2.NZ is not empty. It holds sup,cp (o 5nz V() < ¢ and so all solutions starting
in B(0,d) remain in B(0, p). O

Theorem 4.22 (Attractivity of a equilibria) The equilibrium z* = 0 is attractive in the
sense of Lyapunov if there exists an upper semi-continuous Lyapunov function V : R* —
R U {oco} that is Lipschitz continuous on Z and a neighbourhood U := B(z*, h) N Z for
an h > 0 with

(i) V(z) >0,V e U V(z*)=0
(i) d(Vox)<0,V2zeSBVT(I,U)
(iii) {x € Z:d(Vox) =0} = {z*}.

Proof: According to (i)-(iii) there can not be a y € Z\{z*} with V(y) = 0 and so z* is
stable. Set again ¢ = min(Vj/s,c*) and B(0,0) C B(0,h) as the largest ball in Q. N Z.
Because d(V o) < 0 for all x € B(0,h) N Z\{z*} it holds

lzol| < 6,20 € Z = lim V(a(t, z0)) =t a < 0.
—00

Since d(V o x) is negative there exists a continuous strictly increasing function o : Ry —
R with a(0) = 0 and dV (z) < —a(]|z||). Using the same contradiction argument as in
[59, Theorem 6.23] we can show that a = 0. Otherwise there should be a d > 0 such that
B(0,d) C Q,N Z and V(x(t,z0)) is outside 2, N Z. From (ii) we get

V(x(t, z0)) < V(xo)+/

o d(Voz) < V(xp) —/ a(||z(t, zo)|)dt < V(xg) —ald)(t—0).

[0,2]

For ¢t — oo the value V(z(t, o)) is getting negative. From this contradiction to (i) you
can follow lim;_,o, V(x(t,29)) = 0 which implies attractivity. O

Remark 4.23 (Lyapunov function candidate) Referring to [16] [59], the sum of the total
machanical energy and the indicator function of the admissible set Z

1 *

V(g,v) :=T(g,0) + Ulg) = U(0) + ¥z(q) = 50" M(g)v + U(g) = U(q") + ¥z(q)  (44)
is a suitable Lyapunov function with ¢* = 0. The mass matrix M (q) is again symmetric
positive semi-definite and Lipschitz continuous. The potential energy U : R® — R, fulfills
U(q) >0,V g € Z\{0} and mingegrn U(q) = U(q*). In addition, the gradient of U(q) does
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not vanish for all ¢ € Z\{q*}. For example, a potential energy function ¢q' Kq with a
positive definite K € R™*" fulfills all requirements. Systems with fewer assumptions on
the kinetic energy 7" and the potential energy U often have no equilibrium points

Theorem 4.24 (Stability result for equilibria of non-smooth mechanical systems) Let
M (q) € R™" be symmetric positiv semi-definite for all ¢ € R"™ and like g, G, f Lipschitz
continuous. If in addition the property (P5) in Problem and the conditions

(S1) v - fm(q,v) <0, forall ¢ € Z,v € {& € R" | G(p(q)z > 0}, with v f**(q,v) =
0=v=0

(S2) v f(g,v) <0, for all ¢ € Z,v € {x € R" | Gpp(g)z > 0} Nker(M(q)) except
(q’v> = (O’ 0)7
(S3) (¢*,v*) = (0,0) is an equilibrium of LIMDI (3.1

are satisfied, than (¢*,v*) is stable. If furthermore ¢ < 1 holds, the equilibrium is attrac-
tive.

Proof: The indicator function is upper semi-continuous for closed sets like Z such that
V' is also upper semi-continuous and Lipschitz continuous on Z. Since M is positive semi-
definite, U positive with minimum ¢* and 1 also, the Lyapunov candidate V' in is
non negative with V(¢*,v*) = 0. The differential measure can be transformed to

dV = %(v+ +07) M(q)dv+v" (%(T(q, v) + U(q))) dt

=o' M(q)o+v' (%(T(q, v) + U(q))) dt + %(UJr +07) " M(q) (vt —v7)dp

T :0) + GO+ o7 (T 0,0+ U@) )+ 50+ 07) 6T Ay

1 _
UT(fnc<q, U) + G:]rl(q) (Q)A)dt + §(U+ +wv )TG:]rl(q) <Q)Ad7’]

Using (S1) and —\ € Ner(GJl(q)(q)U) = UTGL(q)(q))\ = 0 the weak derivative of the

absolute continuous part is negative. That means V(q, v) < 0. Furthermore, the discrete
part in the impact points s € T*(q, I) can be rewritten in form

(v+@)+4fTSDTG;wn@ﬁ\=:1i_(U+*-ﬂf?TG;u@QDA

- (1 -2: e 1) (v (s) = v7(5)) Gy (@A

2 o—( 2 —1) (v () — v ()T M(g) (" —v)

T 116 1+ ¢

Since € € [0, 1] and M is positive semi-definite, we get that the term is not positive. That
means V' (q,v) — V~(q,v) < 0. Summarising, dVV < 0 can be concluded.

It remains to show (iii) in Theorem [4.21 We assume that there is an admissible (g, v)
with V(g,v) = 0 and (¢q,v) # (¢*,v*). It follows ¢ = ¢* = 0 and v € ker(M(q)). The
equation

0=v M(qv=n10"f(qv)+ UTG;(Q)(Q))\ =o' f(q,v)
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contradicts (S2). So (iii) is also fullfilled and the equilibrium (¢*,v*) = (0, 0) is stable.

Let now dV' = 0. According to (S1) it follows v(t) = 0,t € I\T*(v, ), i.e., t is no impact
point. In impact points s € T*(v, I) it has to be V*(q,v) — V~(q,v) = 0 which conclude

2
<1 gt 1> vh(s) — v (s) € kerM(q).
Since € < 1 this is equivalent to v*(s) — v~ (s) € kerM(q). Together with (S2) it can be
concluded v*(s) — v~ (s) = 0. So we have v*(s) = v~ (s) =v(s) =0 for all s € I and the
differential measure reduces to

0

dV = —U(q) = 0.

iy ()
The partial derivative of the potential energy is only zero if ¢* is zero. Hence, the equi-
librium is attractive. O

In the case € = 1, no generally valid result can be formulated.

Remark 4.25 (Stability and attractivity for other equilibria) The stability or attractivity
of other equilibria (¢*,v*) # (0,0) can be proven with the Lyapunov function V((q,v) —
(¢*,v*)). The fact that only the equilibrium (0, 0) was considered in the previous theorems
can only be justified by the more compact notation.

Example 4.26 (Bouncing ball) In Example [L.1] the motion of a bouncing ball with
M(q) =m >0, f(qg,v) = —mg,g(q) = q, V ¢ € R" is described. It follows U(q) = mgq
which is positive definite. Trivially M is symmetric and positive semi-definite and all
functions are Lipschitz continuous. Since M has full rank, also (P5) is fulfilled. If the
mass matrix is constant, we get f(q,v) = —B%U(q) and so f"(q,v) = 0. Therefore, (S1)
is satisfied. The set ker(M(q)) N {z € R™ | G j1(y(q)v = v > 0} contains only v = 0 since
M(q) = m > 0. Hence, (S2) also follows. The trivial solution (¢(t),v(t)) = (0,0) is at
all a solution of this benchmark problem with 7*(v, I) = (), \(t) = mg > 0. This stable
equilibrium is only attractive if € < 1. The following figure will underline this analytical
result.

Figure 4.10.: Bouncing ball: Stability

Example 4.27 (Impact oscillator) For the impact oscillator we get from Equation (4.1)
the functions M(q) = 1, g(q) = 0 — q, f(q,v) = —B%U(q) = p(t,q) — q. Analogous to
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Example all requirements of Theorem are fulfilled. One only has to presuppose
that (0,0) is an equilibrium of the underlying MDI. Referring to Conclusion , it should
be p(t,0) = 0, for all t > 0 or o = 0,p(t,0) > 0 for all ¢ > 0. Figure underlines the
expected attractivity for the equilibrium (0,0) when € < 1. For € = 1, the solution curve
seems to be periodic.

Figure 4.11.: Oszillator: Stability with p(¢) = 3 cos(q)

Example 4.28 (Two-masses-spring system) We refer to Example to describe the
motion of a two-masses-spring system. Following Example [3.21] all smoothness assump-
tions in Theorem [4.24] are satisfied. Here the forces are given by

ke 00 5
Ulg@)=q [0 0 0]q f(g.v)=(p(g),0,0)", f(q,v)z—a—qU(Q)Jrf”c(q,v)-
0 0 k

The state (0,0,0)" is an equilibrium of this dynamical system if p(0) > 0. Referring to
For p(0) = 0 we get an equilibrium in a resting position and for p(0) > 0 the first mass is
pressed against the obstacle. The condition (S1) is also equivalent to these properties. If
v € ker(M(q)) it follows v; = 0. Therefore,

0" flq,v) = —kavzgs <0

with the positive stiffness parameter ky > 0 and the non-negative position g3 > 0 of the
seconde mass and the non-negative velocity vs > 0. Hence, (S2) is also fulfilled. If (0,0, 0)
is an equilibrium of the two-masses-spring system, it is stable. As Figure points out
the numerical solutions converges to the equilibrium if € < 1. If € = 1 a periodic behaviour
can be observed.

4.3. Stability Issues of Periodic Solutions

Now we want to investigate the stability of periodic solutions of autonomous systems.
This means that F' in LIMDI cannot depend directly on the time variable ¢. Such
systems also play a major role in the next chapter. As already stated in [74] for smooth
systems, the previous notions of stability do not make sense for autonomous systems. It
could be that a solution x(¢,z}) to an initial value 2} € Z differs only by a phase shift
7 > 0 from a second solution z(t, z3) to an initial value z2 € Z
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Figure 4.12.: Two-masses-spring system: Stability with p(q) = sin(qo)

w(t+71,25) = x(t,xl),t > 0.

The same qualitative behaviour is described by both solutions, but the definition of at-
tractivity in Definition [4.20] is not fulfilled if it is not an equilibrium. We extend our
understanding of stability by the following definitions.

Definition 4.29 (Orbital stability) Let * : Ry — Z be a w-periodic solution of a LIMDI
(3.1). It is called orbital stable if ¥V pp > 0 3 § > 0 such that for all initial values xy € Z
with dist(zg, v(z*)) < § each solution z(t, zq) of LIMDI (3.1)) with z(0) = z, satisfies

dist(x(t),y(z*)) < u, Yt>0.

Definition 4.30 (Orbital attractivity) Let 2* : R, — Z be a w-periodic solution of a
LIMDI (3.1)). It is called orbital attractive if there exists a § > 0 such that for all initial
values zg € Z with dist(xg, y(z*)) < § each solution x(t, ) of LIMDI with 2(0) = zq
satisfies

tlg})lo dist(z(t),v(z*)) = 0.

If no periodic solutions are considered, the limit set ® must be used instead of v. The
condition lim;_,, dist(z(t), A) = 0 for a set A € R™ is equivalent to

Ja:1— A: tlim |z(t) — a(t)]| = 0.
—o0

Theorem 4.31 (Orbital stability for periodic solutions) The w-periodic solution z*(¢, z¢) €
Z is orbital stable if there exists a Lyapunov function V' : R" — R U {0}, V(z) :=
v(x) + ¢z(x) with v is continuous and positiv and a set U(h) := ¢, (B(y, h) N Z) for
an h > 0 with

(i) V(a*(t) =0,¥ t >0,
(ii

(i

) thereisnoy ¢ v(x) : V(y) =0

) dV(z) <0,V x e SBVT(R,,U(h)).

Proof: As in the proof of Theorem [4.21] we can construct a compact and positive
invariant set C' containing v(x*). Let u > 0 be arbitrary and

Vo= sup V(z), Vi = sup V(x)
€U (1/2) z€U(h/2)
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be suprema that upper semi-continuous functions takes on compact sets. Again there
exists an ¢* > 0 such that all sets Q. N Z with Q. := {z € R" | V(x) < ¢} # 0 are closed
and simply connected. Set d := min(V} 2, Vi,/2,¢*). According to condition (iii) the set
C :=QyN Z is closed and positive invariant.

Let now be U(9) be the largest neighbourhood which lies in 2, U Z¢. Its existence follows
from the fact that the closed set . N Z is not empty. It holds sup,¢; s V() < ¢ and so
all solutions starting in U(d) remains in U(u). The periodic solution is orbital stable. [
The following theorem is stated in [59, Theorem 6.31].

Theorem 4.32 (LaSalle’s Invariance principle) Let C' C Z be compact and positive
invariant with respect to LIMDI and V(z) := v(x) + ¢¥z(z) a Lyapunov function
candidate where v is continuous and bounded from below. Suppose furthermore dV (z) <
0 for all solution curves of starting in C' and

B :={x|x(t,zg) € C,Vt >0, A(z)dz € F(x)}.

We define D as the largest positively invariant set in B. Then for every solution curve
x(t, o) of LIMDI (3.1)) with zq € C' the condition

lim dist(z(t, zo), D) =0

t—o00

is fulfilled.

Theorem 4.33 (Orbital attractivity for periodic solutions) The w-periodic solution func-
tion x*(t,z9) € Z is orbital stable if there exists a Lyapunov function V' : R" —
R U {o0},V(z) := z(x) + ¥z(x) with z being continuous and positive and a set U(h) :=
Uyeqyer)(By, h) N Z) for an h > 0 with

(i) V(z*(t)) =0,¥ t >0,
(i) dV(z) <0,V 2 € SBVT(R,,U(h)),
(iii) dV(y) =0 =y € v(z%).
Proof: According to (i)-(iii) there can not be a y € Z\y(z*) with V(y) = 0 and so z*
is stable. The set C' constructed in the proof of Theorem [4.31| suits to Theorem [4.32] So

condition
lim dist(z(¢, zo), D) =0

t—o00

is fulfilled for the largest positive invariant set D belonging to B. Following (iii), B
contains only elements of v(x*) and D = ~(z*). The periodic solution is attractive. [

Remark 4.34 (Lyapunov function candidate) Let
(¢%,v") € AC(Ry, R") x SBV (R4, R")

be a periodic solution of the equations of motion (2.27). Similar to Remark a Lya-

punov function candidate is

Vig,v) = T((q,v) = ¢(g,v)) + U((g,v) = ¢(q,v)) = U(0) + ¢z(q, v)
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where ¢(q,v) = arg(minge, (g« ||(¢,v) — z||) is continuous. If all requirements of Theo-
rem [4.24] are satisfied, this function fulfills the assumptions of Theorems and [4.33]
The periodic solution is orbital stable or even orbital attractive.

It should be mentioned that this proof strategy does not work for arbitrary solutions,
since it is not certain whether v(z) and ®(z) are bounded sets at all.

0 0.5 1
q [em]

Figure 4.13.: Bouncing ball orbit: Stability with e =1
Example 4.35 (Bouncing ball) The Bouncing ball has only periodic solutions if € = 1.

The reverse is also true. If e = 1 holds, then the solution is periodic. These solutions are
orbital stable, but never attractive.

o =
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Figure 4.14.: Impact oscillator: Orbits for different inital values after 5 and 10 seconds
and € = 0.7

Example 4.36 (Impact oscillator and two-masses-spring system) An periodic solution
(g*(t),v*(t)) of the impact oscillator (4.1)) is orbitable stable if p(q) > 0,V ¢ < o, how it
is justify in Example [4.11] For e < 1 it is orbital attractive.

The condition p(q;) > 0,V q € Z, states the results for the two-masses-spring system.






5. Orbital convergence

In this chapter, numerical methods for solving the equations of motion of non-smooth me-
chanics are discussed. We assume that the well-posedness assumptions of Chapter 3 hold
to guarantee that an exact solution of the underlying measure differential inclusion exists
and is unique in position, velocity and forces. The main aim of this chapter is to compare
the approximation quality of the classical integration method of Moreau, Jean [51] with
the approximation quality of the novel timestepping schemes constructed by Schindler,
Acary [80]. The last methods base on the idea of discontinuous Galerkin methods and
are developed to get higher order in phases without impacts. The classical convergence
analysis of time-stepping methods for differential equation problems is based on strong
smoothness assumptions. These are not satisfied for non-smooth mechanical problems.
When measure differential inclusions are numerically solved with timestepping schemes,
one difficulty, the peaking phenomen, arises. Nevertheless, it turns out in numerical tests
that all mentioned methods converge and they can be compared with each other by their
error bounds. We prove this analytically and transfer it to orbital convergence. This con-
cept is well suited for autonomous problems with periodic solutions. A detailed overview
on integration methods for non-smooth mechanics is given in [2].

5.1. Integration Methods for Non-Smooth Mechanics

There are two main groups of numerical methods to solve the equations of motion of non-
smooth mechanics. The first one are the event-driven ones [2, 58 (62, [73]. They identify
the next impact point exact and use up to this point a classical DAE-solver which can be
of arbitrary order. In the impact point, the discrete impact problem is solved once. Then,
the procedure is repeated over the entire time interval again and again. Those methods
are very accurate when dealing with few critical points. If, however, the number increases
or even the Zeno phenomenon arises, they get inconsistent [80]. For this situation, the
second group of integration methods has been developed. The timestepping schemes
define a sequence of time points

O=to<ti<...<ty1<ty=T

in [0,7] and approximate the function values ¢(t;),v(t;) € R",i = 0,1,..., N, through

numerical approximations ¢;,v; € R",2 = 0,1,..., N. The partition of the time interval
is never changed during the whole integration process and so it is independent of the
location of impacts. The stepsize h; == t; — t;_1,7 = 1,..., N, describes the distance

between two consecutive time points. In this thesis, the stepsize is never adapted, such
that h; = h. Timestepping schemes are robust and can have only order of convergence
one which is explained in the second part of this section. For details about timestepping
schemes we refer to [2, [01]. In the following, two very simple implementations of a mixed
event-driven and a similar timestepping scheme applied to Example will underline the
advantages and the disadvantages of both approaches.
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Algorithm 1 Naive mixed event-driven scheme for the bouncing ball

Require: time interval [0, 7], initial values ¢y = ¢(0),vo = ©(0), minimal number of
intervals N, stepsize h = T'/N, positive tolerances 4y, ds

1: procedure EVENTDRIVENBALL(T, N, g, vg, 01, 02)

2 1=20

3 to - O

4: h;, =h

5: while ¢;,; < T do

6 Vit1 =v; —h; g > Trapezoidal rule
7 Giv1 = Qi + i (v +vi41)/2

8 if ¢;v1 —r < =94, and v;4; < 0 then

9 if h; < o, then > Impact identification with accuracy d,
10: Vip1 = —€V;

11: Qi1 = ¢ + hi (v +vi41)/2

12: hz‘+1 =h

13: tiv1 =t + h;

14: 1=14+1

15: else h; =h;/2

16: end if

17: else ti—l—l = tz + hz, hi+1 = h,l =i+1

18: end if

19: end while
20: return q,v

21: end procedure

Algorithm 2 Naive timestepping scheme for the bouncing ball

Require: time interval [0, 7], initial values gy = ¢(0),v9 = v(0), stepsize h = T/N,
positive tolerance d;

1: procedure TIMESTEPPINGBALL(T, N, g, vo, 1)

2 1=0

3 to - O

4 while ¢;,; < T do

5: Viz1=v;—h g > Trapezoidal rule
6 Giv1 = Gi + M(v; + vig1)/2

7 if ¢ —r < =94, and v;1; < 0 then > Impact identification
8 Vit1 = —€V;

9: end if
10: tivi =1t + h
11: 1=1+1
12: end while
13: return q,v

14: end procedure
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Example 5.1 (Bouncing ball) The generalised velocity v(t) = ¢(t) of a bouncing ball
with centre of mass ¢(t) € R, € [0,T], can be described through

0(t) = —g, if (t) —r>0,
vH(t) = —ev™ (1), if g(t) —r=0,

where g > 0 is the gravitational acceleration, » > 0 the radius of the ball and € € [0, 1] the
impact number. If € < 1, the Zeno phenomenon arises and an event-driven scheme would
fail. Therefore, only a mixed event-driven scheme in Algorithm [1| and a similar timestep-
ping scheme in Algorithm 2| are used to solve these equations of motion. In smooth phases
(q(t) —r > 0), both methods apply the classical trapezoidal rule [90] to the differential
system to get numerical approximations of order two for ¢ and v in the time points (¢;).
In t; — t;41, an impact is recognised if ¢;;1 will be smaller than r in a certain tolerance
and v;11 < 0 to exclude that the ball rests on the ground. Then, the timestepping scheme
calculates v;;1 = —ewv; directly and continues the numerical simulation with the next pre-
viously fixed integration step t;11 — t;12 = t;4+1 + h. In contrast the event-driven scheme
locates the impact point t* € [t;, ;1] by reducing the stepsize to ;. If d5 is equivalent to
the machine accuracy, Algorithm [I] would be a purely event-driven scheme. The order of
convergence two of the trapezoidal rule can be transferred to the non-smooth phases, if

5 € O(h?).

-3
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(a) Event-driven scheme in Algorithm (b) Timestepping scheme in Algorithm

Figure 5.1.: Numerical solution of the bouncing ball with values gy = 0.005 cm, vy = 0
em/s, e = 0.6, h =0.007 s, 7 =0 cm, d; = 0,05 = 1075 (V1).

Figure [5.1] underlines very well the benefits of the event-driven method with respect to
the accuracy. If the numerical solution penetrated the constraint, the stepsize is reduced
so that the impact time point is identified in the desired accuracy. The approximation
of the exact solution is very accurate for this strategy. But especially for accumulation
points of impacts, this requires the computation in a lot of additional time points.

In addition, Figure [5.2] emphasizes the differences between the two algorithms. The
mixed method provides more accurate calculations with an error in accuracy O(h?). The
numerical solutions ¢" = (qo,...,qn),v" = (vg,...,vn) have been compared with the
exact solutions ¢ = (q(to), ..., q(ty)),v = (v(ty),...,v(ty)) in L'-norm. The timestepping
method loses accuracy due to the inexact location of the impact, but instead of O(N?)
it only needs O(N) operations for the integration process. It is always recommendable
to compare timestepping methods with smaller stepsizes with mixed ones with larger
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Figure 5.2.: Comparison of numerical parameters using Algorithm |1 and [2{ with (V1).

stepsizes.

Including elements of event-driven schemes like in Algorithm [I| is only one strategy to
increase the accuracy or order of timestepping schemes. More possibilities are described
in the next section.

5.1.1. Timestepping Schemes

There are two maingroups of timestepping schemes: based on the ideas of Moreau, Jean
[50, 511 66] and based on the ideas of Paoli, Schatzman [70, [71]. The drawback of latter
ones is that they formulate impact laws at position level and fulfil Newton’s impact law
only after several time steps. As we focus on applications that are significantly influenced
by their behaviour during collisions, the focus is on the first group of methods.

Remark 5.2 (Timestepping schemes of Moreau-Jean type) The first timestepping sche-
mes to solve the equations of motion of non-smooth mechanics are developed by Moreau
and Jean [51]. To get numerical approximations ¢; =~ ¢(t;),v; = v(t;), they use 6-schemes
in smooth phases. It is not distinguished between contact and impact forces; both are
always calculated with the impact law of Newton. If in ¢; — ¢;,1 a contact or impact is
recognised, v; is taken as an approximation of the pre-impact velocity in the impact point.
In this thesis only the explicit version in Algorithm [3] is considered. It uses the explicit
Euler method in smooth phases to solve the underlying ODE. Since this method itself
already has only order of convergence one for smooth systems, the timestepping method
of Moreau-Jean type also has at most this order of convergence. This is proved among
others in [29, [63].

Remark 5.3 (Higher-order timestepping schemes) Because the classical timestepping
scheme in Algorithm [3| has only order of convergence one, in literature a lot of numerical
possibilities are studied to increase the accuracy or the order of timestepping schemes
based on Algorithm 3] There are different strategies

(i) Augmented timestepping schemes: this group of timestepping schemes are ex-
tended versions of methods of Moreau-Jean type (see Algorithm . If there is no
contact or impact classical augmentation strategies like extrapolation or stepsize
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Algorithm 3 Explicit Moreau-Jean timestepping scheme [51]

Require: time interval [0, 7], initial values gy = ¢(0),vo = v(0), stepsize h = T/N

1: procedure MOREAUJEAN(T', N, qo, vg, 01)

2 1=0

3 to =20

4 while tiv1 < T do

5: Giv1 = q; + hvy;

6: M(g;)(vigr — vi) = h(f(q;,v;) + G(g;)"A) > Solve lines 6 and 7 simultaneously
7 A= proj]RT1 (A - GJl(Qi+1)<Qi)<Ui+1 + 61)1'))
8 t=t+h

9: 1=1+1
10: end while
11: return q,v

12: end procedure

adaptation are utilised to improve numerical approximations [43, OT]. Such strate-
gies often deal with instabilities.

(ii) Mixed timestepping (cf. Algorithm [I)): such timestepping schemes use stepsize
adaptation in the non-smooth phases similar to event-driven schemes. They suffer
often from lacking of appropriate strategies. Error estimations based on Richard-
son strategies as well as stepsize switching procedures huon-smooth = O(Psmootn) OF
retrospective bisections [Il, 91] are not satisfactory understood and analysed.

Based on this unsatisfactory analysis and uncertain understanding of higher-order meth-
ods, in [80] a whole set of methods for the consistent numerical treatment of measure
differential inclusions and their accuracy enhancement is developed.

Remark 5.4 (Timestepping schemes based on discontinuous Galerkin methods) To im-
prove the behaviour of timestepping schemes in the smooth phases and to give a consistent
treatment of contacts and impacts, Acary and Schindler [80] embedded these methods
in the setting of discontinuous Galerkin methods. Their consideration is motivated by
[57]. Discontinuous Galerkin methods are special mortar methods which use discontinu-
ous ansatz and test functions in any situation not just if the situation demands it. The
starting point is the weak formulation of the equations of motion

<q dt, 90q> = <U dt>90q> ) v Pq € D([OvT])7
(M(q)dv, 00) = (f + Glg) A dt + G(g)TA dn,0,), ¥ ¢, € D([0,T)).

The function space D([0,7]) can be the space of all functions of bounded variation
BV ([0,T],R™) and the product (-,-) is the primal-dual pairing. To get numerical ap-
proximations, (r + 1)-dimensional subspaces of D([0,7]) must be considered. The spaces
®,, @, C D([0,T]) are the spaces of test functions with bases (¢4, ),k = 0,1,...,r, and
(v, ). In addition U4, U, with bases (14, ), (¢, ) are suitable (r 4+ 1)-dimensional spaces
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of ansatz functions for ¢ and v. Then, the numerical solutions ¢", v" can be presented by

FO=a0+Y / o (5)ds gl
k=0 v %0
(1) = 3t (00
k=0

with weights (%), (vl'). Inserting the ansatz and test functions in the weak formulation
the discrete problem

T T

Z<wdk790m>ql}ﬁl:Z<ka7§0m>vl}:7 VZ:0717"'7T7

k=0 k=0

T

M(Qk) <d¢’uk7 §0U1> UIZL - <f + G(q>T)‘ dt + G(q)TA d777 SO'UZ> ) Vi= 07 17 T
k=0
(5.2)

must be solved. If the compact support of the test functions is chosen as [t;,t;+1], every
integration step t; — t;11 can be considered separately. Therefore, a one-step method is
constructed. In [80] all ansatz and test function spaces are chosen to be the space of all
piecewise polynomials of order r. An integration interval I; = [t;, t;41] is divided by the
Chebychev points (¢;,) such that ¢,,, ¢y, ¥4, ¢y, can be chosen to be the pruned Lagrange

polynomials
t;

t—t;
—J .
L (t) = { H#l b=ty 7 te L

0, elsewhere.

It holds L;,(t;,) = 1, L;,(t;,) = 0,k # [, and that all these functions are continuous inside
the interval (t;,¢;11). An important task is how to calculate the velocity jumps. In [80]
only ansatz and test functions are considered that jump only one time per integration
interval. The same holds then for ¢,v,v. It is distinguish between integration schemes
with functions which evaluate the impact law at the left-side border or the right-side
border of the integration interval. That means, if L; (t) is left- or right-side continuous.
We only consider the last group to get the explicit formulation of this methods. Then, the
numerical approximation is a right-side continuous function. In every integration step,
the following stage values must be calculated

Gio =i G = qh(til), e i qhitu), i1 = iy

Gio =", g1 =q"ty), .. dy =d"(t), di1 =" (),
Vip = UZth, vip =0Mty), o v =0, v =0,
@i,O = ’I‘J?Jr, 7.)1'71 = @h(til>, . 1'11'77« = ?‘Jh_ (tir), IOi+1 = 1.)h+ (tlr>

All products (.,.) are evaluated in [80] with the Clenshaw-Curtis quadrature. With the

parameters

By, (ti,) = %/t ! L;, (t)dt, Biy, = Bi.(ti,)
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we get for [ =0,1,...,r with relation (5.1]) the following condition

Because ¢ and ¢" are continuous, it holds ¢;;; = ¢;,. Since v", 9", ¢" are assumed to

be continuous in [t;,t;11), their values can be calculated in the same way. Referring to
[57, 80], the derivative v" of v" with v,, = L;, is equivalent to a polynomial of order r — 1
of the form

ﬁ
I

P =S Loty Lun = J] L)

0 e (B = )

Using also the Clenshaw-Curtis quadrature for (5.2)) over [t;,t;], it follows Md;_1; =
fi, + GiTl)\,-l. Following this condition, you get for the velocity

B
Il

t; t; r—1 -
M(U,‘J — vi,()) = M/ l Uh<t>dt = M/ l Z sz (t)vgkdt
ti ti k=0

tiy

r—1 1
=3 / Ly (t)dt MOy = h Y B, () (fi, + G Ai,)
k=0 Vi 0

k=
with { =0,1,...,r
t*
t;

If we now include the impact at the end of the interval, the variation in the right-side
border of the interval is described in [80] as

M(UZ‘+1 — Ui,r) + MUh = hﬁz,(fzr + GlAZr) + GI«A%

The last stage value can be calculated by

M(UiJrl - Ui,r) h/B’Lr (fzr + GT zr Z sz Z+1 fzk + GT )) + G;EAzT

Summarizing all calculations, you get Algorithm The contact and impact forces are
calculated with the contact or impact law based on the functional values in the Chebychev
points.

Definition 5.5 (Matrix notation) In every integration step t; — ;.1 numerical approx-
imations in the Chebychev points t; = t,, < t;, < ... < t;. = t;11 are calculated where
Gig =~ q(t;,),vig = vt (t;), \ig = A(t;,). With the vector-valued notation

4, = (qz'T,o qz'T,l qz'Tr)Ta Vi = (Uz’T,o UiT,l UiT,r)Ta A ()\ )‘ )\ZT)Ta

Algorithm [4 can be written in a compact matriz-version, see Algorithm [5 The following
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Algorithm 4 Forecasting timestepping scheme [80]

Require: time interval [0, 7], initial values gy = ¢(0),vo = v(0), stepsize h = T/N

1: procedure TIMESTEPPINGDISCONTINUOUSGALERKIN(T, N, qo, v, 1)

2 =0

3 to=10

4 while tiv1 < T do

5: > Solve simultaneously lines 6,7,8 for [ =0,1,...,r
6 Gy = G+ "D 4o Bi (ti)vik

7 M (i) (vig = vi) = B Y5 Big (b)) (F(Gi.ks vie) + G (gik) i)

8 Aiy = Projgm (A, — 9(dia))

9: Gi+1 = i,
10: > Solve simultaneously lines 11,12,13,14
11: M(giv1)(vit1 — vig) = h B;, ((f(qimvz',r) + G (qir)Ni,)
12: — > ko Ly (tir1) (f (@i, v3y)) + GT(Qi,k))‘ik>> + G (q:)As
13: Ai, = Projgm (Ai, — g(%’,r))
14: Al = pI‘OjRT1 (Az — GJl(qir)(qir)(vi-f-l + EUZ',T))
16: 1=1+1
17: end while
18: return q,v

19: end procedure

matrices are needed

By = (bix) == (Bip s (tir_1))i=1, 1 =1, o415 B':=B,®I",
B, —( k:) (5% i )=t k=1, 1 B:} =B, I",
M, = diag(M(gi0) M(qin) - M(in)), Lr == (Liy_, (ti41))bet,ors
G, —diag(G(qz,o) G(gin) - G@in), g = (9" (0) 9" (@1) - 9" (@),
f (fT(qz‘,o) fT<Qi,1) fT(C]i,r))T-

Example 5.6 (Forecasting trapezoidal rule) For r» = 0 no rule exists but a popular choice
is t;, = t; such that you get the classical scheme of Moreau and Jean in Algorithm [3| For
r = 1, Algorithm [ reduces to the trapezoidal rule in Algorithm [6] which was derived in
[80] and expanded and numerically studied in [82]. The coefficients By, By and L, are

B = (8 8:2), Bl=0 1), Li=(1). (5.3)

Example 5.7 (Timestepping scheme of order three and four) Using all considerations in
[80], we developed the schemes belonging to r = 2 and r = 3. They represent the methods
constructed by [80] of order 3 and 4 in smooth phases. The coefficients of the method of
order 3 are
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Algorithm 5 Forecasting timestepping scheme [80] in matrix notation

Require: time interval [0, 7], initial values gy = ¢(0), v = v(0), stepsize h = T/N

10:
11:
12:
13:
14:

1
2
3
4
5:
6
7
8
9

: procedure TIMESTEPPINGDISCONTINUOUSGALERKINMATRIX(T, N, qo, vo, 01)

i=0
to - O
while ¢;,,; < T do
q, = 1" ® q; + hB™v; > Solve simultaneously lines 5-10

M, (v, —1"®@uv;) = th(L_l + Q:—lﬁi,lzrq)

M(gip) (viss = vig) = hBi, (f(tip1, Gia) + G (i) Xi, — L(f,_, + Gl 1 Ni1,1))
+G T (gip) s

A= prOJRm*r<)\ - 9)

A = prOJle (A GJl (g5, T)(Qz r)(UZ—H + €ev; 7'))

Qi+1 = Qi Vit1 = Vig1;tip1 = 1 + h
1=1+1

end while
return q,v

15: end procedure

Algorithm 6 Forecasting trapezoidal rule [80]

Require: time interval [0, T, initial values gy = ¢(0),vo = v(0), stepsize h = T/N

10:
11:
12:
13:
14:
15:

1
2
3
4
o:
6
7
8
9

: procedure TRAPEZOIDALRULE(T, N, qq, vo, d1)
1=0

t(] =0

while ¢;,; < T do

M (qi)(via — ) h(f(gisvi) + GT(g:)N)

Ai = projgm (A — 9(4:))

di+1 = G; + h(vz + Uz 1)/2

M (Giv1)(Vig1—vi1) f(@,v:) + GT(q) ) + (f(gisr, vin) + GT(QiJrl))\il)) /2
+GT(qz)

Aiy = Projgm (Ai; — 9(gi+1))

A; = projgm (A G (g

tivr =ti+h

1=14+1

i) (Vi1 + €V 1))

end while
return q,v

16: end procedure
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_ [0 524 1) 0140 4
B = 8 _11//?;4 ??2 , BQ:(O 14 1), LQZ(Q). (5.4)

In the following, this scheme is called Simpson method. The coefficients of the method of
order 4 are

0 (8/2-5)/96 —(8v2+5)/96 —1/6
BT |0 (32— 17v/2)/96 (232 +32)/96  2/3
8o (32-23v2)/96 (17v2+32)/96 2/3 |’
0 (8v2—-11)/96 —(8v/2+11)/96 —1/6
0 (V2-1)/6 —(1+v2)/6 -1/3 1
Bl =0 (8—3v2)/48 (24+17v2)/48 (4+V2)/6|, Ly =[-V2
0 (24—17v/2)/48 (8+3v2)/48 (4—+/2)/6 V2

(5.5)

Remark 5.8 (Numerical treatment of non-linear terms) The numerical solution of con-
tact and impact laws in the discretised form is a research topic of current interest. Detailed
studies on the various aspects of the numerical treatment of non-smooth mechanics can be
found in [2, 88, OI]. On one hand, there are different, analytically equivalent formulations
that result in different solution methods. In detail, the equivalent problems are discussed
in the appendix. The force laws can be a complementarity problem, a non-smooth equa-
tion following the projected formulation or a non-linear optimisation problem. The oldest
method to solve a complementarity problem is the direct method of Lemke [25] 67, [89]. Tt
is similar to the simplex method for convex optimization problems. However, in compar-
ison to other methods, it is considerably less robust and requires more computing time.
For mechanical problems with redundant constraints or singular mass matrices, you can
not use this algorithm. Further methods based on these analytic assumptions and solv-
ing either an equivalent optimisation problem or a root finding problem resulting from
projection functions approaches are generalized Gauss-Jacobi or Gauss-Seidel projection
methods [4], augmented Lagrangian methods [01], Krylov subspace methods [45] and in-
ner point methods [53]. Due to the simple structure, the convergence properties described
in the appendix, and the handling of redundant constraints and singular mass matrices,
we selected non-smooth Newton methods to solve non-smooth equations.

On the other hand, the constraints can be formulated on position, velocity or acceleration
level. A physically consistent treatment of the impact law on position level is not possible
if the law of Newton is used. Considering only non-impulsive forces, it is possible to
formulate the constraints on position level to avoid the drift-off effect. This effect describes
the increasing violation of the constraints over time. It has already been described in [5]
that for differential systems with constraints, this disadvantage increases as one proceeds
in the formulation from position to velocity or from velocity to acceleration level. Another
advantage of the formulation on velocity level is that friction laws can be easily included.
Therefore, from our point of view, it is most appropriate to perceive the formulation of
constraints at velocity level. Similar decisions are made in [80, [82].

Remark 5.9 (Non-smooth Newton method) To get a solution in one integration step
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t; — t;y1 of Algorithm , a non-smooth Newton method is used. Here similar to [83] we
formulate the integration scheme for one non-smooth Newton step. We use the scheme
in matrix notation to be able to formulate it in an elegant way. In each integration step,
one must solve a system of non-linear equations of the form

O2(r 4 1)ntntm(r1)+m; = o(Tip1) =
q, — 1" ® ¢ — hBl'y
M, (v, = 1" @wv;) — th(Ln_l + Q;r—léi,lzrfl)
M;, (vigr — i) — hB;, (fi, + G;'l;)\i,r — IN/(L_I + (QTAZ-)Lr—l)) — G;Az’
A — projRTw (A — (G@i)ﬂ)
Ai — Projgm (N = G (i) (Vi + €vy, )

with respect to unknown variables

+
(T T T T AT
Tit1 = (gi Vi Vi A Ai)

Using the non-smooth Newton method

0“p()
Ox
one can derive a Newton sequence that converges to the root of ¢. We use the Clarke
differential since proj is continuous but not differentiable in every point. In every step
k — k + 1, a least square problem has to be solved. Since the Lagrange multipliers are

not unique, this problem also has no unique solution if there are redundant constraints.
As a starting point of the sequence we set

(35?4—:11 - 35211) - 90(37;11) — min

— .k
x—:ci+1

JZ?+1 = ((]'n ® Qi)—r’ (1n ® 'Ui)T7 071:1*7"7 O;l)T‘

We consider here only constant mass matrices M and right hand sides f, which depend
only on the position q. We define

air = (afT(q)/aq|q=qi0 8fT(q)/aq|q=qi1 s afT<q)/aq’q=qir) ;
aG—T/\r = (8G<Q)T)‘/8QIQ=(MO,>\=>\¢O s aG(q>T>‘/aq|Q=qz‘,«,>\=>\i,«) :

A Jacobian matrix Jo(x) € % calculates then to

Jr+n —hB" 0 0 0
ip M, 0 _WB'G, 0] 0
Te@ =1 jp [0...0 = M(q,)] M(g,) (L —1G" ~GT(g;)
Jp3 0 0 D4 0
JDs JPe Jp7 0 Jbs

with
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—hBr (0f +0GTN) | o}

D(GTA)

—I— —_— ————

jp2 = [ — B 1| (0f, +0G7A, ) + {o 50 limaeash,

(0 +m) T, proj]R+(Aj - ((G@i)ﬂ)j) >0 .
= =1,... 1
(7ps); { G, otherwise J oo (r+Dm
v J 0, projg, (), ((GUZ)J1).)>0 .
(pa)is = { 1, otherwise j=L...,(r+1)m

p =projg, (Ai = [Gri(g) (i) (Vig1 + €vi,)])

aGJl(qw)(lJ)(viH +ev; )

. y Pj >0
(]p5)j,rn+1:(7‘+1)n - 01 9=4qi,r ’
(On)T : otherwise
, e [Grg(ar)]. . pj>0
' A _ i, ’ 7,
(796)jrn1:(r-+1)m { (07, otherwise

(G air)],, . pi>0
(On)T ) otherwise
O, p; > 0

1, otherwise

(s = {
s = {

The terms jps and jps are diagonal matrices. In Theorem B.23 in the appendix, it is

captured that the non-smooth Newton method converge for all elements of the Clarke
C

differential 88#;(1). In this thesis, the following element is choosen

:{ E%f(x)v f( 1+1)>0

0, otherwise.

& prox, (1(x)

k
it+1

5.1.2. Classical Comparison Tool: Local and Global error

We want to solve numerically an autonomous MDI on I = [0, 7]

T, I) ={t € I|3ie{l,...,m}: (g:x(t) = 0)A
(Fo>0Vset—o,t):g(x(s)) >0)},
t¢g Tz, 1) a(t) = ¢r(),
teT (x,1): o (t) =2~ (t) = Gpa-wle (1) pa(x™ (1)),
G-y (e ()z" () = =G pE-w)(a (#)z (1),
z(0) =0,

(5.6)

and p; € C°(R?®) representing the continuous but not necessarily differentiable forces
and ¢ symbolising the discontinuous impact forces. We use this compact form of MDIs
for reasons of readability.

If T*(z,I) = 0, system (5.6) would be an ODE. The methods which are discussed
in Section 5.1.1 would solve an ODE with order p > 1 by construction (see Deufl-
hard,Bornemann [27]). It is not proven whether they solve differential inclusions with
the same order. We reduce in the first step MDIs to an ODE with an impact conditions
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as it is formulated in . One advantage is that the methods of 5.1.1 would identify
every impact point, if the step sizes are small enough, and would not identify an im-
pact falsely. This can happened, if we would combine with contact conditions like
g(z(1)) = 0, Zg(x(7)) = 0. In this situtation, two bodies touch each other and no impact
happens. A numerical scheme could falsely identify an impact.

The functions ¢y, 9 are Lipschitz continuous with Lipschitz constants Ly, L, and bounded
with upper bounds i, f2. We assume that the solution of (5.6]) is uniquely determined.
Furthermore, let 0,7 ¢ T*(z) hold, i.e.

g(wo) > 0, g(x(T)) > 0.

Thus there must exist a 6 > 0 with ¢t ¢ T*(x, I) for all t € (0,0)U (T —6,T). For proof of
convergence for time-stepping methods in Theorem 5.25, we first have a look on solutions
x of (5.6) with only finitely many points of discontinuity

O<m<m<...<1,<T

with 7; € T*(x, I). This means that in the first step of developing a comparison criterion
for numerical methods we will not consider the Zeno phenomenon. The bouncing ball
and the impact oscillator are problems of the form (5.6 and it is possible to find 7" > 0
such that |T*(z, )| = m € N as explained in Chapter 4.

If the solution z(t) of fulfills the inequality g(z(t)) > 0 for all ¢ € [0, T, the system
(5.6) would be equivalent to an ODE. Hence, it is plausible to use timestepping methods
which are originally devoleped for ODEs and then combined with the impact constraints.
The timestepping schemes presented in Section 5.1.1. proceed in time steps t; — t;41 =
t; + h of equidistant stepsize

T
h=—,NeN
Na € I

from an initial state 2o in t = 0 to T. A sequence (z;), with z; ~ x(t;) is computed.
An abstract version of the methods from Section 5.1.1., which we examine here, is

i‘i+1:$i+hq)(ti7$i;h,g01), n:O,l,...,N—l
if g(iz—o—l) S 0:

-h
Tiy1 = T; + h® (tz’, Ti; T—a 901)
r

+1
. r-h . h . .
Tiy1 = Tip1 + h® ( t; + RO Rt kR + G 1(a) (Tir1) 2 (Tig1)
G 1(a) (Tir1)Tiv1 = —€G ) (Tig)Tin

else
Tiy1 = Tit1
(5.7)
Here, ® is the increment function of the numerical method for the ODE part of of
order p > 1 for smooth enough right hand sides which is also Lipschitz continuous with
Lipschitz constant Lg and bounded by (3. The parameter » € IN is the polonymial de-
gree of the ansatz of test functions which are used to construct the timestepping methods.
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If there is no impact in [0, 7], the numerical solution (x;)¥, has a global error

€ 1= max |xi — x(t;)]| = O(RP).

We use here the supremum norm to underline that the error can be constant even if h — 0.
The classical convergence analysis of timestepping schemes supposes that the right-hand
side is at least p times continuously differentiable on [0, 7] to get order p, see [27]. Since
this assumption is violated for non-smooth problems, this error estimate can not be used.
In the following section, we work out the error bounds observed in practice for systems
(5.6) with the help of different examples (see also [80]). We prove this error bounds by
using not the classical convergence. We will be explain later why we switch to orbital
convergence.

As in [80], we take a look at the global error of numerical solutions of a ball in free fall,
a ball in rest mode and a jumping ball. The respective equations of motion increase in
complexity from an ordinary differential equation to a differential inclusion to a measure
differential inclusion.

Problem 5.10 (Bouncing ball: free flight) First, we consider the equations of motion
of a ball in free fall. An obstacle does not exist. The equations of motion result in the
following ODFE

q(0) =1, v(0) = 0, j=mu, v = —10t%

The analytical solution is given by

1
qit)=1— gtﬁ, v(t) = —2t°,

Algorithm [3[ shows numerically convergence order one. The timestepping schemes based
on parameters and have order two and three (cf. Figure[5.3). We does not use
the realistic formulation ©(t) = g where g is the acceleration of gravity because then no
difference between the algorithms could be observed.

0 Position 0 Velocity
10 ‘ 10 ‘
S 2
= =
— —
g 10° < 107}
[«D) D)
: :
8 8 —=—Moreau —O(h)
10'10 10'10 I - —=—Trapezoidal ---0O(h?)
/ —Order 3 = o)
107 107 1072 10 1073 1072
Step size h Step size h

Figure 5.3.: Experimental convergence analysis for the bouncing ball: free flight.

Problem 5.11 (Bouncing ball: Rest phase) Now the dynamics of a ball is considered
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which starts in a resting position on a ground obstacle. It is influenced by the gravitational
force. To guarantee the non-penetration of obstacle and ball, a contact force A is added.
The equations of motion form a differential inclusion of the following form

q0)=0, v(0)=0, ¢=v, v=-10"+At), —A{t) € Nr+(q(?)).
The analytical solution is given by

q(t) =0, v(t) =0, At) = 2t°.

For this problem, Algorithm [3] has convergence order one, the numerical schemes based
on parameters (5.3) order two, on parameters (5.4) order three (cf. Figure [5.4). The
timestepping schemes have also for differential inclusions the expected convergence rate.

10°

’<

§=

~

e}

5

5]

=

<

= -

o 10 _|——Moreau —O(h)

1077 """ |—==Trapezoidal - --O(h?) ||
e —=Order 3 --- O(h3)
107 107 107
Step size h

Figure 5.4.: Experimental convergence analysis for the bouncing ball: rest phase.

Problem 5.12 (Bouncing ball: Combined analysis [80]) Now the classical bouncing ball
example with an obstacle is considered. The equations of motion

qg=v, v=-—2,
q(t) = 0= v"(t) = v (t) + max(0, — (1 + €)v~ (1)),
q(0) = 1,v(0) =0,

are formulated state dependent. For ¢ = 0.5, the analytical solution is given by

tef0,1): q(t)=1-—1¢, v(t) = —2t,

1 1 , 3 1 1
3

For this problem, for all tested numerical schemes the global error in ¢ and v fulfills
gq = O(h), g, = O(1)

(cf. Figure [5.5). It does not matter how many computational effort is used to get better
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Global error ¢

Position

Velocity

Global error v
o
()]

-10 L.

10
10
Step size h

“|—=—Moreau

—=—Trapezoidal
—=—Order 3
—O(h)
---0(h?)

-10 L.
10
1074

102

Step size h
Figure 5.5.: Experimental convergence analysis for the bouncing ball: combined phase

89

approximations in smooth phases. For some schemes and stepsizes, the impact time points
are hit better than with other combinations. However, this is always a random task and
would require a prior knowledge of impact points. Therefore, there is at most only an
upper bound for the error. You can’t seem to get a better approximation with more effort.

Example 5.13 (Classical Order - Impact oscillator) As another application, the impact
oscillator of Example is considered. The reference solution is calculated with the

Algorithm {4f and parameters (5.5) with high accuracy. It can again be observed

g = O(h),

for all timestepping schemes (cf. Figure |5.6)).

Global error ¢

Position

g, = O(1)

Global error v

102
Step size h

Figure 5.6.: Experimental convergence analysis for the impact oscillator.

Velocity

L2  |—==—Moreau
Trapezoidal
—=—Qrder 3

—O(h)
---0()

1072

10°

Step size h

Example 5.14 (Classical order - higher dimensional problem) In order to apply our
considerations to higher dimensional problems with an impact condition, we consider the
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A O ©00 O

[z ()]l

Time ¢

Figure 5.7.: 10 trajectories of Example 5.14 with n =5

following abstract differential problem

{x@) = —Ax(t),  |l=(®)]? > 0.25 .
N . 2 ; z(0) =1
Tt(t) = =227 (¢), |l=(t)| =0.25

withn € R, A € R™*". We select the entries of matrix A normally distributed between 0.5
and 1. A function z € C°([0,T], R") is the solution of this problem. The time derivative
2 is not continuous. We use Algorithm and parameters to solve the problem. Since
||x(t)|| obviously has points where it is not differentiable, the time derivative must again
have jumps.

As Figure |5.8| shows, the error € of x is O(h). The equation ; = O(1) follows.

_« |
>
=
—
2
8 10°+¢ .- —=—Moreau :
= ‘_,—"' Trapezoidal
s P ——Order 3
O re —O(h)
—--0(?)
10
10 10 102 10”! 10°
Step size h

Figure 5.8.: Experimental convergence analysis for Example 5.14 and a fixed A.

Remark 5.15 (Peaking phenomenon) It will not make a difference which application ex-
ample of non-smooth mechanics one considers, timestepping methods will always have the
classical global error in O(1) for such non-smooth systems. An increased computational
effort for a better approximation of the solution in the smooth phases is not reflected
in the concept at all. The reason, the so-called peaking phenomenon, will be explained
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in this section. If one does not identify the critical points like it would be typically for
event-driven schemes, it may happen that they are not noticed in the right time step. Fig-
ure [5.9| highlights visually the described phenomenon. If there is a jump in the solution
as here in t* and it is noticed regardless of the stepsize in the next time step, the error
remains almost constant. In the iteration point next to t*, the error is about as large
as the jump. It may even happen that a jump is registered at the correct interval with
stepsize h and with h/2 not. The convergence plots do not give such smooth curves as
if smooth examples are used. In Figure the absolute error in the velocity is plotted
for different stepsizes. For the numerical solution the trapezoidal rule was used. In the
neighbourhood of the critical time points, a peak is observed, which does not decrease
even for smaller stepsizes. The reason is that the impact is not recognised in the correct
time integration step.

°
°
° ° e ©® o
[ ) ° °
1 1l 1 1 1 1 1 111 1 1 1
T L T T T T T T T T
t* t*

T

Stepsize h Stepsize h/2

Figure 5.9.: Peaking phenomenon.
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0 1 4 0 h"’ 0

0 1 2 3 0 1 2 3 0 1 2 3
t[s] t[s] t[s]

Figure 5.10.: Experimental convergence analysis for the bouncing ball: Peaks.

5.2. Orbital Convergence

In order to be able to compare different numerical methods in a better way, we use
another tool to judge their approximation quality. In this section, the concept of orbital
convergence will be introduced. There are applications with a higher relevance of a good
numerical approximation of limit sets than of the approximation in certain time points.
Noteworthy are invariant orbits such as of an equilibrium points or of a periodic solutions.
In the following, we will consider the approximation quality of this whole solution set,
so-called orbits. It is important to mention, however, that the concept is only plausible for
applications with invariant limit cycles. Another important point, which will be discussed
later, is that the system is autonomous. For chaotic solutions, the orbital convergence
presented in the next section would not be a suitable comparising tool for numerical
methods.
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5.2.1. Concept

Definition 5.16 (Orbit, [74]) Let z(t) € SBV (I, R"™) be a solution of (3.1)) with initial
value x(tg) = 9. Then we call the set (o, I) = {x(t),t € I} orbit in x4 of I.

Definition 5.17 (Numerical orbit) Let zg,x1,..., 2y be numerical approximations of a
timestepping scheme in time points tg, t1,...,ty € I. Then the discrete set

M(I) = {x;,i=0,1,...,N}
is called numerical orbit of I.

Definition 5.18 (One-sided Hausdorff distance, [85]) Let ) # A C R™ and () # B C R"
two bounded sets. The directed or one-sided Hausdorff distance from A to B is the
non-negative number

A, B):= inf [ja —b
p(A, B) sup Inf la = bl|
where ||.|| is a norm on R™.

Definition 5.19 (Pseudo-quasimetric) A function d: X x X — R, on a set X is called
a pseudo-quasimetric if V x,y € X

(i) d(x,y) > 0 (positivity),
(i) = =y = d(z,y) = 0 (indistancy),
(iii) d(z,2) < d(x,y)+ d(y,z) (triangle inequality).

Theorem 5.20 The one-sided Hausdorff distance is a pseudo-quasimetric on the set of
all bounded sets of R™ called X.

Proof: Let A,B,C C R"™ and ||.|| be a norm on R”. For all bounded sets, both the

supremum and the infimum exist.

(i)
la—0b]| >0, Va€AbeB.
& inf [la — b >0, Vae A
beB

= i —bll >o0.
< p(A B) iggggy\a bl =0

(ii) Let A= B and a € A fixed. Since ||.|| is a norm and with |ja — b|| > 0, Vb € A, you
get infye 4 |la — 0| = |ja — a|| =0, Ya € A, and furthermore p(A, A) = sup,c4 0 = 0.
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(iii)

la—¢| < lla—>b]|+|b—c], Vaec Abe B,ceC,
= inf ||a — c|| < |la —b| + inf ||b — ||, VaecAbe B,
ceC ceC
= inf [la—c|| < |la—0b|]| +supinf ||b—¢||, VaeAbeB,
ceC peB ceC
= |la —=b|| + p(B, C), VaeAbeB,
= inf ||a — ¢|| < inf ||a — b|| + p(B, C), VaecA,
ceC beB
= ilelgcigg la—c|l < Sup Inf [la — bl| + p(B, C),
= p(A,C) < p(A, B) + p(B, C).
]
Definition 5.21 (Orbital convergence) Let z(t) € SBV (I, R™) be the solution of ({3.1))
to the initial value z(ty) = xo with orbit v(z, I) and xg, 21, .. .,z numerical approxima-
tions in time points tg, t1, ..., ty summarised to the numerical orbit v*(I). The numerical

scheme convergences orbitally if

5.2.2. Numerical Studies

In the following section, three examples from the previous chapters with impact condi-
tions are studied. The orbits are graphically illustrated for one dimensional problems.
The respective subfigures refer to the different timestepping methods that have already
been presented. Sometimes there is no visual difference between numerical and contin-
uous orbit. Then the graphical representation was omitted. In each figure, the exact
or numerical orbit of very high accuracy can be seen in black. In different colours four
discrete numerical orbits are added which should approximate the black one. Next, the
numerical orbits representing different stepsizes are compared with the continuous one
using the one-sided Hausdorff distance. For the calculation of the distance we use the
numerical orbit 7h4 instead of the continuous one.

Example 5.22 (Bouncing ball - Orbits) First, the benchmark problem of the bouncing
ball with the newly introduced concept will be examined. For this purpose, the equations
of motion are solved numerically with the scheme of Moreau and the trapezoidal rule, each
with four different stepsizes. In Figure [5.11] the corresponding four discrete numerical
orbits are displayed together with the continuous orbit of the exact solution in black in a
g-v-diagramm. The initial values are ¢ = 1,v = 0. The ball drops on a smooth curve to
g = 0,v = —2 and then jumps to ¢ = 0, v = 1. After that, the ball lifts off with a positive
post-impact velocity until it approaches the state ¢ = 0 again along a smooth curve.
It is observed that the trajectory winds closer and closer to the equilibrium point and
accumulation point of impact times (0,0). In Figure the Hausdorff distance between
the continuous orbit in black and the discrete numerical orbit for different stepsizes is
shown. We observe for all schemes that the Hausdorff distance is O(h). For some stepsizes,
the discontinuity points are hit so well, that the Algorithm 5| for methods with order two
or three solve the problem with machine accuracy. The present example is a differential
problem with constant right-hand side.
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Figure 5.11.: Bouncing ball orbits, Problem [5.12} ¢y = 1,19 = 0,¢ = 0.6.
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Figure 5.12.: Orbital convergence: Bouncing ball.

Example 5.23 (Impact oscillator - Orbits) Example describes a one-dimensional
impact oscillator. In Chapter 4, it has been proven that a periodic limit cycle exists for
each parameter set. Moreover, in numerical experiments it has been shown that it is an
asymptotically stable limit cycle. With the parameter set ¢ = 0.6,0 = 0 and p = sin(q),
the problem has been solved with the method of Moreau and the timestepping methods
in Algorithm [5| of order 2, 3 and 4 for four different stepsizes.

The orbits are plotted in Figure[5.13| For A — 0 one can observe a convergence against the
limit cycle for all methods. In Figure the Hausdorff distance between the exact orbit
and the discrete numerical ones is plotted and the expected accurracy can be observed.

Remark 5.24 (Higher dimensional problem) The concept of orbital convergence is also
applied to a higher dimensional problem. Of course, the orbits can not longer be visualised.
Therefore, we do not show the orbits graphically. We use the problem in Example 5.14
with n =5 and a fixed A.
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Figure 5.13.: Impact oscillator orbits.
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Figure 5.14.: Orbital convergence: Impact oscillator

5.2.3. Convergence Analysis

Since we consider first only problems with finitely many discontinuities (7;)jZ; in [0, 7]

andad>0e

xists with

((0,6) U (T — 6, T)) N T*(x) = 0

one can find a stepsize hpax such that for all stepsizes h < hpa.x there is at most one
discontinuity 7; in each time step t; — ti11 = t; + h.
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Figure 5.15.: Orbital convergence: Example 5.14

Theorem 5.25 Let ho > 0 and ([0, T]) be the numerical orbit of (5.7) with a stepsize
h € (0, hy) applied to (5.6). Then

p(v"(10, 7], 7(20, [0, T1))) = O(h).

Proof: Since g is twice continuously differentiable, there is an hy < hm%, so that in three
time steps
ticg =t = tip1 = tigo

we have at most one discontinuity 7;, detect no impact erroneously and capture all im-
pacts. This is a consequence of the assumptions made in Remark ?77.

To derive the global error of (5.7)), we first consider the local error in a time step ¢; —
tir1 = t; + h with an initial value x; = x(¢;). The following situations can occur:

(i) T*(x)N[ti, tiz1] = 0, g(&;41) > 0: Both the analytical and numerical solutions detect
no impact.

(ii) T*(z)N[ti, tia] = {7}, 9(Tiz1) < 0: An impact is detected at the correct time step.

(iil) T*(x) N ([tic1, 6] U [tig1, tive]) = {7}, 9(Zi+1) < 0: An impact is detected one time
step too early or too late.

(iv) T*(x) N [ti, tis1] = {7}, 9(Zi41) > 0: An impact is not detected.
We will find for each of the four situations a t € [t;_1, ;o] with
|21 — z(t)]| = O(h).

We start with situation (i). Then the problem (j5.6)) is an ODE in [t;, ;1] with continuous
right-hand side solved by (5.7) with an increment function ® of order p.

@1 — 2(tir) || = llwi + h®(ti, 235 h, 1) — (i) ||
= |lz(t;) + h®(t;, x(t:); h, 1) — (tira)]|
— O(hp+1>
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Let us look at situation (ii). Here the discontinuity 7; € [¢;,t;11] is detected at the right
time step. Nevertheless, the numerical procedure does not solve the problem (/5.6 in
[ti, tit1], which has discontinuity in 7;. It solves the MDI

47 = 1(T) dt + po(T7) 6y,  T(t) = z(t,), (5.8)

which jumps in ¢;1;. Note that Z coincides with « up to timepoint 7;. The jump amount
in t;,, is computed numerically to arbitrary precision using, for example, non-smooth
Newton methods for complementarity problems. If we start with the exact initial value
x, = Z(t;), the method solves the problem with accuracy O(h?), because

|Tig1 — Z(tis1)|| = |2n + h®(ts, 255 b, 01) + @2 (Tig1)—

(s + /[ ) e ) H

< [rottminien— [ o | + it - ete )]
tiytita

= O(W"*) + ||p2 (@™ (tiga) + O(RPT)) — a2 (tisn)) ||
< OWPt) + Ly - O(RPT) = O(hP )

We define another auxiliary system on [7;,%;11] by applying to the analytic solution x
for t € [1;,t;11] a translation by the vector p := —pa(x~(75)). Let &(¢) := z(t) —m in
t € [71;,ti+1] be the solution of the ODE

z(t) = @(t) = pi(2(1) = p1(2(t) + 0)
B(r;) =27 (m) + ¢ =27 (73) o
/[E\.T
t; 71]' tzjrl

Figure 5.16.: Different solutions.

For this shifted problem ([5.9) one can show with the Gronwall lemma

|7 (tes) — E(tipn) || = [[2(73) + 0+ / o1 (T(1)) dt — 0

(75,tit]

- <x<rj> L) dt) H

<C ol (eLl(ti+1_Tj) _ 1)
< C-lofl Lie™"|tivs — 7l = O(h)
So with problems (j5.8)) and (5.9) we get, if z; = z(¢;),
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| (tiv1) — wiHH < sz'+1 = Z(tip)|| + [ Z(tis1) — 2(tis) |
O(W?) + ||Z~ (tiz1) + 902(5_@#1)) — a(tip)|
h?) + Hx (ti1) — Z(ti) || + |27 (fisr) + ©2(T (tig1)) — 2(tira) ||
hP) + O(h) + [[x(tiy1) — g + ©2(T (ti1)) — 2(tiga) ||
hP) + O(h) + || (T~ (tit1)) — (T (7)) ||
)+ O(h)

o(
el
el
o

O(h
Let us now look at situation (iii). If 7; € T™(x) N [t;—1,t;] and the jump is detected too
late, ;11 —7; < 2h holds and the proof from situation (ii) is also applicable here. Now let

7; € T*(x) N [tit1, tite] and the discontinuity is noticed in the previous time step. Then,
if again x; = x(t;) + O(h) holds, it follows similarly

lzipr = 2(T)ll < llzin = ZE)l + 17(E2) — 2(7) ]

pa(r” (ti1)) — (/{t .} e1(x(t)) dt + 902(93_(%'))) H
< Lyef2(i=ts) 1 3. O (75 — tiy1) + O(h) = O(h)

Finally, we consider situation (iv). If a discontinuity point 7; € T%(h) N [t;, ti41] is not
identified, it will be recognised at the next time step ¢;;; — t;12. For the numerical
solution x;1, the following applies

= O(h) +

[zips — x(t)]| = [h® (i, 2(E:), h, 01)]| = O(h)

We have been able to infer in all four situations from the initial condition x; = z(t;)+O(h)
at the time step t; — t; 11 = t; + h the conclusion

dt S [tz, ti+2] . Tit1 = (L’(t) + O(h)

So the numerical solution remains in an h-tube around the analytic orbit. If we now
proceed inductively and sum over all time steps, we get the numerical observed result

p(v"([0,71), (20, [0, T1)) = O(h)
of orbital convergence. O]
Next we consider the Zeno phenomen for € € (0,1). If e = 0 this is not possible.

Theorem 5.26 (Orbital convergence of systems with accumulation points of impacts)
Let t* be an accumulation point of critical points with € € (0,1). Therefore, there is a
sequence (tf)ren with ¢ — t* and vt (t;) — v~ (¢t;) — 0 for & — oo. There exists an
Pmax > 0 with ¢ € IN such that t7_; <t* — hyax <t} and

Z o (¢ (t3)

for some constant C' > 0.

[t (@) = v @)+ Ofmas)
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Proof: Let 9; be the heigth of the i-th velocity jump, i.e.

& = ||t () — v (t)

1

The first three jumps can be estimated
do = |Jv™(t5) — v ()| < Ba(
o1 = |[o (1) — o™ (#7)||leaBa (1 +€) ||v™ (t5) + O(t] — 1)
8 = |[vT(t3) — v (t3)||leaBa (1 + €) ||ev™ (t5) + €O(t; — t§) + O(t] — t5)

with (¢ is an upper bound of |G| and in general

%

(L+e)) 7o -t )

J=1

6 < Ba(1+e)e™ 1Hv

If the sum over all velocity jumps is considered we get

i 5 < 1+€Z (1+¢€) ZZEJ ot —t_y)

= =0 j=1

= fBa(

1—¢t
(I+¢) Z(’) —tj4)" ﬂ

< BolL+ ) [0 ()] - — 5 + o >ZO<hmax>-ﬂ

1-0

= % v ()] + % - O(hmax)Z(l — )t
Ba (1 +e + Ba(l+¢€)
€ — H tO H + Czl _ 6) (hmaX)

O

Remark 5.27 In the numerical tests we have deliberately considered only examples with
invariant limit cycles, since for these the orbit plays a special role. As it has been proven,
the numerical solution converges against the analytical orbit. For applications without
invariant limit cycles, this is not a statement relevant for reality. Whether the error bound
is dominated by a O(h) term or, as can be seen in the experiments, even of better accuracy,
is a matter of chance. It depends on the location of the discontinuities relative to the
location of the grid points. Other problem properties that are favourable for convergence,
and possibly observed in the numerical experiments, are

e Attractiveness of the orbit

e Influence of the selection of initial values

These properties were not considered in more detail. No statement can be made how
much they influence the error bounds.






6. Conclusion

In this thesis, various analytical and numerical aspects of non-smooth mechanical systems
have been considered, re-derived and proved. The inclusion of contact and impact forces
makes the discussion of the equations of motion more complex as for force-free systems
or systems with smooth forces. New analytical problem classes and generalised solution
spaces have to be added. However, due to similar structures, it is often possible to pick
up and generalise many results and strategies for smooth systems to non-smooth ones.

In Chapter 3, two new theorems concerning the existence and boundedness are introduced
and proved. These are immensely important to guarantee the correctness of current mod-
elling strategies. With the quickly verifiable preconditions of the existence statements,
one can now save time and effort without hesitation in order to work with a minimum
number of coordinates or without redundant constraints. The criteria could be verified for
a few academic examples. Their true manageability would only become apparent when
they are applied to systems of very high dimension. These play a role in granular or
building simulation, for example.

As the example of a house during an earthquake [20] shows, other properties of the so-
lutions play an important role. For this purpose, the existence of equilibria and periodic
solutions of MDIs of small dimension was analysed in Chapter four. The focus is on the
impact oscillator. Again, two new theorems could be formulated and shown. They prove
the existence of periodic solutions for different drive forms. In the first theorem about
time-dependent systems, the idea of a fixed point theorem was used following [56]. In the
cited work, frictional rather than impulsive forces were considered. In the second step, the
drive depends only on the position. An autonomous system is considered. For this pur-
pose, the transversal theory and the Poincaré-Bendixson theorem for smooth autonomous
plane systems [74] were applied to the impact oscillator. Whether these strategies work
for all plane systems is still unknown. In the next section, it is shown for equilibrium and
periodic systems that they are stable under certain conditions. This means that initial
value perturbations nevertheless cause similar behaviour and the system does not behave
totally chaotically. The analytical results could again be supported with numerically gen-
erated experiments. In the future, it would be interesting to study the systems in terms
of their dependence on initial values and parameters. After all, reality is always changing.

In Chapter 5, the numerical solution of MDIs is discussed. Since the difficult Zeno phe-
nomenon is the focus of this thesis, time-stepping methods are concentrated on. These
are difficult to compare with the usual numerical instruments for non-smooth problems.
Therefore, a completely new instrument was developed using orbital convergence. The
numerical experiments and the analytical proof showed the well-definedness of the con-
cept. However, it can only be applied to autonomous problems with positively invariant
limit cycles. The usefulness for other problems must be questioned.






A. Measure and Integration Theory

An interesting question is, whether it is possible to define functions p called measures
which map to a large class of sets A C R" their volume or other important quantities. In
R it could match the length of intervals, in R? the classical surface of areas and in R? the
classical volume of bodies. With the rigorous theory of measure and integration theory
this difficult topic could be handled for a large class of subsets R". For more details we
refer to the classical literature [23], 30, [77].

o-algebras and measures

The most important role of g-algebras is taken as domains of measures. Precursors of o-
algebras are rings and algebras. For a set X C R" the set of all possible subsets including
the empty set and X is called power set and is denoted by P(X).

Definition A.1 (Ring, algebra, o-algebra) A system R C P(X) is called a ring over X
if and only if it has the following three properties

(i) 0 e R, (i) A,BE R=AUBE€ R, (iii) A,B€ R= A\B € R.
A system A C P(X) is an algebra over X if and only if

(i) XeA (i) A,BEA=AUBEA, (i) Ac A= A € A
A system A C P(X) is called o-algebra over X if and only if

(i) XeA De A (ii) Aj,Ase A= AjUA e AL, ATNAy e A A\Ay € A,

(iii) Ay, Ag,... € A= U2 A € A N2 A € A

Often, o-algebras are given by the specification of a generator. This procedure bases on
a simple assumption: Every average of arbitrary many o-algebras is again a o-algebra.
A deduction is that for every set B C P(X) a with respect to set inclusion smallest o-
algebra over B exists (Notation Apg). It is the average of all o-algebras over B. This set
is called the g-algebra generated by B and B is the so called generator.

Example A.2 (Cuboids, figures) A subset () C X is called a half-open cuboid of R" if
it has the form
Q= a1, b1) X ... X [an,by),a; <bj,i=1,...,n.

A set A C R™ is called figure if it is equivalent to the union of finite many pairwise disjoint
half-open cuboids

The set of all figures
R, :={ACR": Ais a figure}

is a ring on R"™, but no o-algebra.
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Example A.3 (Borel g-algebra of R") For the measure theory the most important o-
algebra is the g-algebra generated by sets of all open subsets of R™. It is called the Borel
o-algebra of R", noted by B(IR™) and can be generated by the closed or compact subsets
of R™, too.

Definition A.4 (Finitely additive measure, pre-measure, measure) Let R be a ring over
X and g : R — [0, 00]. The function p is called a finitely additive measure if

(i) (@) =0, (ii)) A, Be RRANB=0= u(AUB) = u(A) + u(B) (additivity).
Furthermore, pu is a pre-measure over an algebra A if
(1) 1(0) = 0, (i) (An)nen € A, N, Ay = 0 = (U2, A,) = Y52, (Ay) (o-additivity).

If o: A— [0,00] is a pre-measure over a o-algebra A it is a measure. Then, the triple
(X, A, ) is called a measure space and all elements of A are called measurable. If A € A
with u(A) = 0 then it is a p-null-set.

Example A.5 (Dirac measure, characteristic function) Let p € X. The Dirac measure
0, indicates if p belonges to a set A C X, i.e.

1, peA

= g Py

With the characteristic function

1, €A,

Xa(w) = { 0, ¢ X\A.
of a set A, the Dirac measure can be defined as 6,(A4) = xa(p).

Example A.6 (Lebesgue pre-measure) Let () C R, be a half-open cuboid. The geomet-
rical volume of () is

vn(Q) =1L, (b — a;).
The volume of a figure A € R, is defined as

11 (A) ._{ g?lvn( i), Ai%

The function p, is a o-finite pre-measure called the Lebesgue pre-measure. A function
pon R C P(X) is called o-finite if there are (X,,),>0 C X with X = U2 X, and
u(X,) < oo,V n>0.

Remark A.7 (Construction of measure spaces according to Caratheodory) The speci-
fication of pre-measures is in contrast to the specification of measures relatively simple.
Caratheodory construct a generalized method to continue pre-measures to measures.

A function p* : P(X) — [0, 00] is called an outer measure if

(i) p*(0) =0, (ii) A ¢ B = pu*(4) < p*(B) (monotonicity), (iil) p*(N5°

n:lAn) S
Yo w(Ay) (o-semi-additivity).
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A set A C X is called p*-measurable if
JECX :pu(E)=p(ENA)+ p(EnNA°).

The set of all y*-measurable sets is noted by A,,«. Caratheodory has proved that (X, A, p*[4,.)
is a measure space. For example, the function

p*(E) := inf (Z w(A,), E C U2 A, A, € R)
n=1

defines an outer measure when p is a pre-measure over R [30, pp. 55-58].

Example A.8 (Lebesgue measure over R™) Let R, be the ring of all figures of R"™ and
ft, the Lebesgue pre-measure of Example [A.6] The outer measure z, : P(R™) — [0, 00]
generated by p, is called the outer Lebesgue measure. Following Remark the space
L(R") := A, is the o-algebra of all Lebesgue measurable sets and A, := |z &n) is the
Lebesgue measure. Often the dimension n vanishes and the alternative notation dt := A,
is used for the Lebesgue measure.

Example A.9 (Lebesgue-Stieltjes measure on R") Let f : R™ — R be monotone

increasing and right-side continuous and A = U2,@Q; with half-open cuboids Q; =
[a],b]) X ... x [al,b’) an element of R,. The function

pp(A) == { %?—1 v(Qi), ﬁ i g’ with v(Q;) = I, (f(b;) — f(a:))

is a o-finite pre-measure on R,,. The outer measure p} generated by py is called outer
Lebesgue-Stieltjes measure of f and (R™, .Al,;;7 Vila,.) is a measure space where ;|4 . is
¥ f

the Lebesgue-Stieltjes measure of f.

Measurable Functions and the Lebesgue Integral

In the following, let (X, A, 1) and (Y, B, v) be measure spaces.

Definition A.10 (Measurable function) A function f : F C X — Y is called (A, B)-
measurable if f~!(B) € A,V B € B. The function f : X — Y is called (A-)measurable if
it is (A, B(Y'))-measurable, where B(Y) are the Borel o-algebra of Y. This is the o-algebra
generated by all open sets of Y.

Remark A.11 (Properties of measurable functions) Let f : X — Y,g: X = Y, f, :
X — Y, n € N measurable functions. The compositions f + g, fog, min(f, g), max(f,g),
inf(f,,), sup(f,), limsup(f,), liminf(f,) are measurable.

Example A.12 (Lebesgue measurable functions) If f is £(R")-measurable it is called
Lebesgue measurable. Every continuous function is Lebesgue measurable.

Theorem A.13 (Lusin) Let £ C R™ a Lebesgue measurable set. Then f: E C R* - R
is Lebesgue measurable if V € > 0 a closed F, C E exists with

(i) f is continuous on F, (ii) Mu(E\F,) < e.
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Theorem A.14 (Fréchet) Let E C R™ be a Lebesgue measurable set and f : E — R
Lebesgue measurable. Then, there is a sequence of continuous functions f,, : £ — R that
converges \,-almost everywhere to f. If a statement is pu-almost everywhere true on X
then there exists a p-null set N such that is is satisfied for all z € X\ V.

Corollary A.15 A step function is measurable.

Definition A.16 (Integral of non-negative step functions) Let f : X — R a non-negative
step function with f = """ ¢;ixa,, X = U A;, N, A; = 0. The value

n

/X Fdu=3" (A

=1

is called the integral of f over X with respect to the measure p. If p is the Lebesgue
measure it is called the Lebesgue integral; if u is the Lebesgue-Stieltjes measure of f it is
the Lebesgue-Stieltjes integral.

Definition A.17 (Integral of non-negative functions) Let f : X — R be a non-negative
measurable function. The value

/ f dp :=sup {/ ¢ du : @ is a non-negative step function with ¢ < f}
b's b's

is called the integral of f over X with respect to pu.

Theorem A.18 Let f : X — R be a non-negative function. It exists a monotone
increasing sequence of non-negative step functions (f,).en with f, < f that converge
pointwise to f (Notation f, T f).

Definition A.19 (Beppo-Levi) Let f: X — R be a non-negative function and (f,)nen
a monotone increasing sequence of non-negative step functions with f,, 1 f like in [A.1§]

Then, the equivalence
/fduz lim/fndu
X n—oo X

is satisfied.

Remark A.20 (Properties of the integral) The integral is linear and preserves mono-
tonicity of sets or functions.

Corollary A.21 (Modulus function) Let f : X — R be measurable. Then, the functions
fT:=max(f,0) >0, f~i=max(—f,0) >0

are measurable, too. It applies f = f* — f~ and the modulus function |f| := f* + f~
can be defined.

Definition A.22 (Integrable function) An arbitrary measurable function f: X — R is

called p-integrable if
/f+d,u<oo, /f_d,u<oo.
X X
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/deuzz/xﬁdu—/xf‘du

is the integral of f over X with respect to u. The space of all u-integrable A-measurable
functions over X is noted by L£(X, A, u).

The value

Remark A.23 (Properties of the integral) Let f € L£(X, A, ). Then, f is p-almost
everywhere finite. If f = h is satisfied p-almost everywhere, the equivalence [, f du =
Jx h du is true.

Remark A.24 (Comparison to Riemann integral) The integral introduced by
Lebesgue has clear advantages in comparison to the older Riemann integral concept.
If the proper Riemann integral exists both values match. The most significant advantage
of the Lebesgue integral to Riemann ones is that much better convergence results exists.

Remark A.25 (LP-spaces) Let
LP(X, A p) = LP = {f : X =Y : fis A-measurable and / |fIP dp < oo}.
X

Using the inequalities of Holder and Minkowski, it can be proved that

1/p
o<ifl,= ([ ran) <

is a semi-norm on £P. If the set N := {f : X — Y : fis A — measurable, f = 0 p —
almost everywhere} is ignored, the function [|-|| , is a norm on LP(X, A, u) = L? := LP\N..
For p > 1, (L7, ||Hp) is a Banach space.

Absolute Continuity

Let (X, A, 1) be a measure space.
Definition A.26 (Signed measure) A function v : A — R is called a signed measure if

(i) v(0) =0, (ii) ¥(A) C (=00,00] or ¥(A) C [-00,00), (iii) A = U2 A; M2 A; =
0= wv(A )IZZ 1 V(A

Remark A.27 (Relation between measures and signed measures) Signed measures differ
to measures through the non-fulfilment of the non-negativity.

Examples A.28 (i) Let p,u: A — [0, 00| be measures. The difference v := p— 1 is a
signed measure.

(i) Let u : A — [0,00] a measure and f : X — R a p-integrable function. Then,
v:A— R with

:/f(x) dpu,Ae X
A

is a signed measure. It is called signed measure with density f with respect to u
and noted by v = f ® u.



A. MEASURE AND INTEGRATION THEORY 106

Definition A.29 A set P € A is called v-positive if v(A) >0,V AC P. Aset N € Ais
called v-negative if v(A4) <0,V A C N.

Theorem A.30 (Hahn decomposition theorem) Let v : A — R be a signed measure.
Then a disjoint decomposition X = P U N with a v-positive set P and a v-negative set
N exists and is unique except for v-null sets.

Definition A.31 Let PUN = X be the decomposition of X in The function
vT defined by vT(A) := v(AN P),A € X is the positive variation of v, v~ defined by
v (A) == V(AN N),A € X the negative variation and |v| := v + v~ the variation.
Clearly v = vt — v~ is true.

Example A.32 Let f be measurable. Following there exists a decomposition f =
ft — f~ in non-negative functions f* and f~. If v is a signed function with density f
with respect to p (v = f @ p) then v™ = ffOpand v- = f~ O p.

Definition A.33 (Singular signed measures) Let v,y : A — R be signed measures. They
are called singular if a decomposition X = AU B with ANB =0, A, B € A, exists such
that A is a v-null set and B is a p-null set. (Notation: v L pu).

Example A.34 For every signed measure v it follows v+ 1 v~

Definition A.35 (Absolute continuity) Let v, : A — R be signed measures. The
function v is called absolute continuous with respect to p if u(A) =0,A € X - v(A) =0
(Notation v << p).

Theorem A.36 (Radon-Nikodym) Let p be a o-finite measure and v << p a signed
measure. Then, v has a density f with respect to p. This f is p-almost everywhere
uniquely defined.

Theorem A.37 (Lebesgue partition of the Lebesgue-Stieltjes measure) For all f €
BV(X,R), a partition

f:fabs+f5+fsing (Al)

exists with the decomposition

Vi = Vabs + vs + Vsing

of the signed Lebesgue-Stieltjes measure and the properties

1) faps is absolutely continuous with respect to the Lebesgue measure A, = d¢ with
Vaps << )\na Vaps = fabs © )\717

i) fs is a step function, i.e. it is almost everywhere constant and its signed measure
vg is a purely atomic measure

iii) fsing is a singular function, i.e. it is continuous and almost everywhere constant and
its measure v, is orthogonal to A,,.

If a vector-valued function f : X — R" is given, everything is considered componentwise.



B. Variational Inequalities and
Complementarity Problems

Variational inequalities and the subclass of complementarity problems play an important
role in non-smooth mechanics and other application fields and coherent mathematical
topics like constrained optimisation problems, saddle problems, source problems, Nash
equilibrium problems or option pricing. In this section, different equivalent formulations
of variational inequalities are presented, properties are proved and a suitable numerical
algorithm is discussed. For a detailed introduction on variational inequalities and com-
plementarity problems we refer to [25] B1], 32, 52].

In this thesis, three analytically equivalent formulations of the impact law of Newton are
considered

(i) as a complementarity problem, which has the clearest reference to reality,
(ii) as a normal cone inclusion, which is used for analytical considerations,

iii) as a non-smooth equatior s for which the most effective numerical solution strate y
q g
exists.

All of these are studied in the following section.

Definition B.1 (Variational inequality) Let C' C R™ and F : C' — R". The problem to
find an element z € C' such that

(y —z) F(x) >0, VyeC (B.1)

is called a variational inequality (Notation: VI(C, F')). The set of all solutions z of (B.1))
is denoted SOL(C, F).

Equivalent Formulations

Remark B.2 (Geometrical interpretation) The geometrical interpretation of Definition
is, that x € C' is a solution of VI(C, F) if and only if the angle between vector F'(z)
and all vectors y —x,y € C, is always non-obtuse. The formalisation can be done by using
the definition of a normal cone.

Definition B.3 (Normal cone) Let C' C R™. The set of all normal vectors in z € C' is
the normal cone

Ne(z) = {:E* ER":(y—x2)"2*<0,Vye C}
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Figure B.1.: Normal Cone

Conclusion B.4 (Normal cone inclusion) All vectors that belongs to N (z) are called
normal vectors of C' in z. By definition it is easy to prove that x € C solves VI(C, F) if
and only if

—F(z) € No(z)

is satisfied.

In the analytical part of this thesis, this formulation of the non-linear parts is used to
underline the set-valued nature of the problems. Using projections, another important
equivalent formulation can be derived for closed and convex C which is utilised for the
numerical solution of such systems.

Definition B.5 (Euclidean projection) Let C' C R” be closed and convex. The Euclidean
projection of x € R™ on C is defined as

projo(x) := argmin ||z — z|| .
zeC

The vector proj(x) is the closest point of C' to z. In [31, Theorem 1.5.5] it is proved
that proj-(x) exists and is unique for closed and convex C'.

Theorem B.6 Let C' C R"” be closed and convex and F' : C' — R™. Then, the statements
(i) « is a solution of VI(C, F),
(ii) = = projo(z — F(z))

are equivalent |31l Proposition 1.5.8].

Proof: First it is proven that z* is the Euclidean projection of z on a convex C' if and
only if
(iii) (y — ") (2" —z) >0, VyeC.

Let * be proj.(x). It follows that x* is the solution of
min(y —z)' (y — ) subject to y e C
or equivalent
(iv) (y—2)(y—2)= @ ~2) (@ —2), Vyel

Since C' is convex, for all @ € [0,1] an y € C the point z,, = 2" + a(y —2*) is in C, too.
Following (iv) the function

V(a) = (Ta,y — x>T<xa,y — )
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has its minimum independent of y in @ = 0 and so it holds

0< 22(0) = (y ") (" — ).

On the other side, (iii) can be transformed using the Cauchy-Schwarz inequality to

(y — ") (2" —2) >0 VyeC
(y—x+x—2) (2" —2)>0 VyeC
(v — )T (@ —2) — o — 22 > 0 vyeo

(y—a) (@ —2) 2 Ja—a"|"  VyeC
ly =zl lla* =] 2 e —2"|>  VyeC
ly = =z[| = [lz = 27| VyeC

" = proju(z) Vyecd.

S R

Using this equivalence of z* = proj(z) to (iii), we can rewrite (ii) to (y — x)" F(x) >
0, V y € C, which is the definition of a solution of VI(C, F). ]

In addition to [31], this projection consideration is picked up in [81] in the context of non-
smooth mechanics. Since the projection function is non-differentiable at the boundery of
C' the problem to find an z fulfilling (ii) is a non-smooth equation. In [31, Proposition
1.1.3], furthermore the following equivalence is proved when C'is a cone.

Theorem B.7 (Complementarity problem) Let C' C R™ be a cone, i.e. a >0,z € C =
ar € C,and F: C — R". The vector z € C solves VI(C, F') if and only if = solves the
following problem

reC, F(x)el, (B.2a)
x' F(x) =0. (B.2b)

The problem (B.2a))-(B.2b)) is said to be a complementarity problem (Notation CP(C, F)).
The set C* is the dual cone to a cone C' that is defined by

C*:={deR":y'd>0,yeC}.
An equivalent notation to (B.2al)-(B.2b)) is
Coz Ll F(z)eC”

where a L b means a'b = 0.

Proof: Let x € C be a solution of VI(C, F'). From the definition of cones follows that
y1 =0 € C and yo = 2z € C. Condition (B.1]) for this vectors is equivalent to

(i) z"F(z) <0,
(ii) " F(x) > 0.
Combining both, we deduce x " F(z) = 0. With this result, (B.1)) transforms to

0<(y—=) F(z)=y F(z),VyeC,
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ie. F(z) € C*. Now let z € C be a solution of CP(K, F'). That means for an arbitrary
y € C the term (y—x)" F(x) reduces to y ' F(x) which is non-negative because F(r) € C*.
Therefore, z solves VI(C, F). O

Definition B.8 We call x € R" feasible to CP(C, F) if it satisfies (B.2a)). All feasible
vectors to CP(C, F) are summarized in FEA(C, F).

There are two special cases of variational inequalities (B.1]) which are interesting in non-
smooth mechanics.

Definition B.9 (Linear complementarity problem) The complementarity problem (B.2al)-
(B.2b)) with
C=R}={zeR":2;,>0,i=1,...,n}

and F(x) = Mz +q, M € R™" q € R, is called linear complementarity problem (Nota-
tion LCP(M, q)) and denoted by

0<zl Mx+q>0. (B.3)
Its solution set is SOL(M, q).

Definition B.10 (Mixed linear complementarity problem) Let A € R™*" B € R™** D €
R¥" E € R*** qa € R™, b € R*. The problem to find z € R",y € R* such that
Az +By+a=0 (B.4a)
0<y L Dxr+FEy+b>0 (B.4b)
is called mixed linear complementarity problem (Notation MLCP(A, B, D, E, a,b)).

Conclusion B.11 If A is invertible than problem ([B.4al)-(B.4b|) is equivalent to LCP(E —
DA™'B,b— DA™a). Otherwise the following equivalence is useful.

Theorem B.12 The vectors z € R and y € R* are the solution of MLCP(A, B, D, E, a, )
if and only if z = (;j) € R™™ is the solution of VI(C, F) with

C:{zeRn+k:z:(Z),xE]R”,yERk,yzO},

_ (Ax+ By+a
F(z) = (Dw+Ey+b)'

Proof: Let z,y be the solution of MLCP(A, B, D, E,a,b). Then z = (z" y")" is clearly
an element of C. Let 2 = (27 §")T with Z € R", 5 € R*, 7 > 0 be an arbitrary element
of C'. Tt holds

(2—2)"F(2)= (@ —2) (Az+By+a) + (§—y) (Dz+ Ey +b)
=@ —2)'04+7 (Dr+Ey+0b) —y' (Dx+ Ey+b)

= ¢ (Dx+Ey+b) —0>0.
~ —
>0 >0

Therefore, z is a solution of VI(C, F'). Let z be a solution of VI(C| F') and x € R" the first
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n elements of z and y € R the last k elements. Trivially it follows y > 0. Condition (B.1)
is true for 2, = (7 0)" € C and 2z, = (z" 2y")". This means y' (Dz + Ey +b) <0 and
y"(Dx + Ey + b) > 0 are both satisfied such that y' (Dxz + Ey + b) = 0 results. Because
(B.1)) is true for every z; = z +¢;,i = n+1,...,n + k the inequality Dz + Fy +b >0
follows. The vector e; is i-th unit vector. Similarly, from for 2} = 2 + ¢; and
22 = z — ¢; follows Az + By +a = 0. O

Lemma B.13 Let x %y be the Hadamard product (2191, ..., 7.y,)" € R" for z,y € R™.
The following statements are equivalent for a symmetric matrix A

(i) A is positiv semi-definite

(i) 2% (Az) <0=a % (Ax) =0

Proof: Let A be positiv definite and z*(Az) < 0. The inequality z" Az = > | z;(Az); <
0. Since A is positiv semi-definite we know z" Az = 0. Because every summand z;(Ax);
of the sum is non-positive, it is zero. You get the conclusion x * (Ax) = 0.

Let the conclusion = % (Ax) <= z % (Az) = 0 be true. We assume that A is not positiv
semi-definite. Then there is a negative eigenvalue A’ < 0 with an eigenvector  # 0. The
vector

z'x (Az') = N

has at least one component which is not zero since x* # 0. This contradicts the assump-
tion. .

Theorem B.14 (Solvability of (MLCP) [72]) Let D = —B'",E = Ogsxs. A feasible
mixed complementarity problem (B.4a))-(B.4b|) has at least one solution if A is symmetric

and positiv semi-definite.

Proof: In [42] extended linear complementarity problems (XLCP) are analysed. Two
vectors y, z € R™ solve an (XLCP) if

0<y L z>0, My—Nze K

with M, N € R™™ () # K C R™is a polyhedron.An (MLCP) (B.4a)-(B.4b)) is an (XLCP)

with M:(g))N:(?),K:{qewmmeﬁ": (:§>‘(2):q}'

Following [42], the (MLCP) with A= A", D = —B"  E = 0 has one solution if

(BTu)xv < 0
ATu—BTv = 0

If we use the equation and (B"u) * v = u x (Bv) this property can be transformed to
u* (Au) < 0= ux* (Au) = 0.

With Lemma [B.13 the claim follows. O
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If we want to solve the variational inequality VI(C, F') we could also use methods to solve
inclusions, complementarity problems or non-smooth equations. A class of numerical
methods for non-smooth equations are non-smooth Newton methods.

Non-smooth Newton Methods

Problem B.15 (Non-smooth equation) Let G : C C R" — R™ be a locally Lipschitz
function, but not necessarily differentiable. The problem to find an element x € C' with

G(zr)=0
is said to be a non-smooth equation.

Remark B.16 (Smooth Newton-type methods) The most important methods to solve
smooth non-linear equations with a differentiable function G are the Newton-type meth-
ods. The general idea of this schemes is to defining a sequence () that converges to the
solution z. Therefore, G is replaced by an approximation depending on the current iterate
which can be solved more easily to get the next iterate. If GG is continuously differentiable
this substitute term can be the linearisation

G(ax) + G (2x) (@ — 1)

where JG(x) € R™*™ is the Jacobian of G in x. The zero of this function is the next
iterate ;1. Using Taylor’s expansion, it can be proofed that the sequence converges
quadratically to the solution of Problem in a neighbourhood of x. Difficulties can
arise in the determination of a suitable initial point zy. If G is not differentiable it is
not clear in general what assumptions on G and C are reasonable to define well-posed
schemes. But for systems in non-smooth mechanics, generalised Newton-type methods
are already established and studied. We utilise the rewritten formulation of the linearised
problem
G(zx) + JG(xg)d = 0, Tpy1 = Tp + d.

During the numerical simulation, there could arise difficulties in the calculation of JG
such that often approximations of the Jacobian are used. If A(x,d) is a family of approx-
imations of JG(z)d all possible equations

G(zy) + A(zg,d) =0, Tpo1 =T +d
with A(z,d) € A(z,d) define Newton-type sequences.

Remark B.17 (Clarke’s calculus) Following Section 2.1.1, Lipschitz continuous func-
tions are absolutely continuous function that define the generalised Clarke differential in
Definition 2.7 For functions G : R™ — R™ this is defined as

0G(x) :== @{klim JG(zy) : xp — 2z, JG(xy) exists} :

Theorem B.18 (Properties of the Clarke differential) Let G : C' C R™ — R™ be locally
Lipschitz continuous on a open set C'. Then following [21], for all z € C'

(i) 0G(x) # 0,



B. VARIATIONAL INEQUALITIES AND COMPLEMENTARITY PROBLEMS 113

(ii) 0G(z) is convex and compact,
(iii) « — O0G(x) is upper semi-continuous.

Example B.19 (Euclidean norm) Let G(z) = ||z[|,. If x # 0 the gradient of calculates
to z/||z|l,- In x = 0 the function is not differentiable but the Clarke differential exists
with 9G (0) = B(0, 1).

Following [32, Definition 7.2.2.], the following assumptions are needed to generalise Newton-
type methods to non-smooth equations.

Definition B.20 (Newton approximation scheme) A function G : ¢ C R"™ — R™ has a
Newton approximation scheme at point z € C' if there is a neighbourhood ¢ C C' of z
such that for all z € C' a family A(z,d) of functions A(z,d) 3 A: C x R™ — R™ exists
with

(i) A(z,0) = 0,4 € A,

(ii) limgz . aca HG(JC)_G‘(‘?_;?@’JC_:B)H =0.

The family A is the Newton approximation scheme. It is called strong if (ii) is replaced
by

|G@)-G(@)—A@,z—7)|
llz—z|*

(111) hmj_m;’AeA < Q0.

The condition (ii) is a non-smooth correspondence to Taylor’s expansion.

Theorem B.21 (Piecewise continuous functions) Let G : C' C R™ — R™, C open, be a
piecewise continuous function, i.e.

G(i’) = Gl(j>, reR, C= U;ﬂlel

and G is continuously differentiable on R;. Furthermore, let x € C' be a root of G sucht
that all Jacobian matrices JG;(x) with [ € P(x) := {i : G(z) = G;(x) = 0} are regular.
Referring to [32, Theorem 7.2.15.], the set

A(z,d) .= {JG(x)d,l € P(x)}
is a Newton approximation scheme of GG in .

Example B.22 Let f: R — R continuously differentiable in a neighbourhood of x with
f(x) =0and G: R — R* a composited function in the form

Glo) = proin, () = { § T =0

0, otherwise.

Then, the set
A(z,d) = co{0, f'(x)d}

forms a Newton approximation scheme. The natural choice for implementations is to use

M@@:{f@M,ﬂﬂzo

0, otherwise.

If G : R — R with Gj(x) = projg, (f(z)) this procedure is applied componentwise.
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Algorithm 7 Non-smooth Newton method

Require: initial value xg, TOL> 0, ¢ > 0

1: procedure NONSMOOTHNEWTON(z)

2 k=0

3 while ||G(xy)|| > TOL do

4: Select A(zg,d) € A(z,d) and solve for d € B(0,¢) :
5: G(ZL’k) + A(:L‘k, d) =0

6: Tyl = T + d

7 k=k+1

8 end while

9: return z;

10: end procedure

The difference of Algorithm [7]to a smooth Newton-type method is that d do not need to
be unique.

Theorem B.23 (Local convergence result) Following [32 Theorem 7.2.5], let G : C' C
R™ — R™, C open, be locally Lipschitz in a neighbourhood of x € C' with G(z) = 0 and
has a Newton approximation scheme A(z,d) at x. Then, for all € € (0, 4] exists a ball
B(x,§) for which

(i) the sequence () defined by Algorithm [7|converges superlinear to z for zy € B(z, d).

(ii) If A(x,d) is strong, it converges quadratic.



C. Applications

Two further applications with a singular mass matrix or redundant constraints are enu-
merated.

Example C.1 (Shock absorber supported vehicle) Referring to [28], a model of a shock
absorber supported vehicle (see Figure with zero-mass couplings is another applica-
tion with a singular mass matrix and contact forces. A vehicle is travelling along a road
of profile A : I — R and consists of

(i) a tire with mass 7', radius 7 and midpoint ¢; that is connected by a linear spring
with k; > 0 and a damper with ¢; > 0 with

(ii) a vehicle with mass V' and midpoint g,

(iii) a system of three spring-damping-systems with k;, ¢; > 0,7 = 2, 3,4, that symbol the
spinal column of the driver and the head of the driver with mass D and midpoint
g7. The connection points between two springs or dampers are of zero-mass.

Figure C.1.: Shock absorber supported vehicle
The position coordinates are ¢ = (g1, ...,q7)". There is one geometrical constraint with
0< AL aq(t)—r—nh(t)>0.
This complementarity problem is combined with the differential system

q(t) = v(t), Mdu(t) + Co(t) + Kq(t) = f(t) + G(g)" A
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with f = (-Tg —Vg0000 — Dg)"

7 0 000 0 O
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0 0 00 O0O0 O
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Kk —ky
—klk’l—i-k'g
0 —ko
K = 0 0
0 0
0 0
0 0

,G(g)=(1000000) and

C1 —C 0 0 0

—C1 €1+ Co 0 —Ca 0

0 0 0 0 0

0 —C9 0 Cog + C3 0

0 0 0 0 0

0 0 0 —c3 O

0 0 0 0 0

0 0 0 0

—ke O 0 0 0
ko4 ks 0  —ks 0 0
0 0 0 0 0

—ks 0 ks+ky 0 —ky
0 0 0 0 0
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0
0 0
0 0
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0 0
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Example C.2 (Parallel five-bar linkage with side obstacle) The consideration of a planar
parallel five-bar linkage (see Figure |C.2]) with one redundant constraint is taken from [13],
studied also in [49] and expanded by an unilateral constraint.

N~

2

©4q

l (
©1

r =0

Figure C.2.:

l

Parallel five bar linkage

The mixed Lagrangian and Cartesian coordinates are summarised to

q= (901737273/2, Y2, Y3, T4, Y4, 904)T-

The system is constrained by eight equalities

91(q) = 29 — 0.5l cos g — lcosp; =0
92(q) = y2 — 0.5l sinpy — Isingp; =0
93(q) = xo 4+ 0.5l cos g — lcos p3 =0
94(q) = y2 + 0.5l sin g — Isingpz =0

completed by two unilateral constraints

l

LCQ———O'ZO

2

= x4 — 0.5l cos g — 0.5l cos p; =0
=19y4 — 0.5l cospy — 0.5lsinp; =0
= x4+ 0.5l cos py — 0.5l cos p3 = 0
=1y4+ 0.5lsin g — 0.5l sin s =0
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The position of the system is uniquely determined by seven bilateral constraints such
that one need to be redundant and the bilateral constraint matrix calculates to the rank-
deficient matrix

[ sin ¢y 1 0 0.5sin s 0 0 0 0
—lcosp; 0 1 —0.5lcos, 0 0 0 0
0 1 0 —0.5lsin e [sin @3 0 0 0
Gh(q) = 0 0 1 0.5lcospy —lcosps 0 0 0
0.5lsinp; 0 O 0 0 1 0 0.5singy
—0.5lcosp; 0 0 0 0 0 1 —0.5lcospy
0 0 0 0 0.5lsinps 1 0 —0.5lsinpy
0 0 0 0 —0.5lcosps 0 1 0.5lcospy

and the unilateral constraint matrix to

The equations of motion can be set up with

. m1l2 m2l2 m312 m412
M:dlag Tam%m%T)Tam%m%T )

l l T
Fo (P g g g T g o)
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