universitatfreiburg

Numerical Methods for
Optimal Control of Nonsmooth
Dynamical Systems

Armin Nurkanovic¢

University of Freiburg, Faculty of Engineering
Department of Microsystems Engineering
Systems Control and Optimization Laboratory November 30, 2023







Numerical Methods for Optimal Control of
Nonsmooth Dynamical Systems

Armin NURKANOVIC

Dean: Prof. Dr. Frank Balle Dissertation zur Erlangung des Doktor-
grades der Technischen Fakultat der
Examination committee: Albert-Ludwigs-Universitat Freiburg

im Breisgau
First reviewer: Prof. Dr. Moritz Diehl
Second reviewer: Dr. Bernard Brogliato
Observer: Prof. Dr. Lars Pastewka
Chair of committee: Prof. Dr. Oliver Paul

November 30, 2023



© 2023 University of Freiburg — Faculty of Engineering
Self-published, Armin Nurkanovié, Georges-Kdhler-Allee 102, 79110 Freiburg in Br. (Germany)

Alle Rechte vorbehalten. Alle Inhalte dieses Werkes, insbesondere Texte, Fotografien und Grafiken, sind
urheberrechtlich geschiitzt. Das Urheberrecht liegt, soweit nicht ausdriicklich anders gekennzeichnet, bei der
Albert-Ludwigs-Universitat Freiburg.

All rights reserved. No part of the publication may be reproduced in any form by print, photoprint, microfilm,
electronic or any other means without written permission from Albert-Ludwigs-Universitat Freiburg.



Acknowledgments

My PhD years were an exciting and very happy time of my life. This is due to
some good fortune and many great people who supported me during this time,
to whom I would like to express my deepest gratitude.

First and foremost, I would like to thank Moritz Diehl for his exceptional
supervision, and many great discussions about science and beyond. I thank
Moritz for supporting me in my work, for constantly pushing me to do my best,
which improved my skills, but also all of our joint papers. With his mathematical
ingenuity, scientific integrity, and optimism, but also his exceptionally friendly
and warm character, he is a true role model for me. Our collaboration has been
a true privilege and I have enjoyed every moment of it. Moritz also created a
very friendly, healthy, productive, and stimulating research environment at the
Systems Control and Optimization Laboratory (syscop). I am very grateful to
him for this.

Before moving to the University of Freiburg in October 2021, I was employed
as an external PhD student at Siemens Research in Munich. This was only
possible because Sebastian Albrecht supported me and believed in me. I thank
him for introducing me to optimal control in the first place and defining the
topic of my PhD thesis, about which I have become obsessed in the past few
years. I also thank him for the wonderful supervision during the Siemens years.

I wish to express my gratitude to Bernard Brogliato for reading and reviewing
my thesis. Moreover, I thank him for teaching me a lot about nonsmooth
mechanics while working on our Automatica paper.

At this point, I would like to thank all my dear Siemens colleagues with whom I
had great discussions and many beautiful moments. I thank Georg von Wichert
for creating a healthy environment at Siemens T-FOA-ASY-DE. I would like
to thank my PhD peers at that time (in alphabetical order): Amer Mesanovié,
Bernd Kast, Florian Wirnshofer, Philipp Sebastian Schmitt, Sarah Braun, Simon
Ackermann, Sissi Bazan Santos, Stefan Low and Vincent Dietrich. I enjoyed



our scientific discussions, coffee and lunch breaks, and table soccer games. 1
thank Andrei Szabo for the collaboration in the SynErgie project. I thank Amer
Mesanovi¢ and the MoreNet team from IWR Heidelberg: Hans Georg Bock,
Ekaterina Kostina, Andreas Potschka, Robert Scholz, and Jiirgen Gutekunst,
for the fruitful collaboration on NMPC for microgrids.

Working at syscop is a true privilege. It is mainly because of all the kind and
smart people I have had the opportunity to work with and become friends
with. I would like to thank our past and present team members (in alphabetical
order): Adrian Biirger, Andrea Ghezzi, Andrea Zanelli, Anton Pozharskiy,
Arne Grof}, Benjamin Stickan, David Kiessling, Dimitris Kouzoupis, Florian
Messerer, Gianluca Frison, Jakob Harzer, Jochem De Schutter, Jonathan Frey,
Katrin Baumgértner, Léo Simpson, Manuel Kollmar, Mikhail Katliar, Per
Rutquist, Rachel Leuthold, Robin Verschueren, Rudolf Reiter, Tobias Schéls,
and Tommaso Sartor. I thank Andrea Zanelli for his great support in writing my
first papers and for teaching me a lot about NMPC and optimization in my early
PhD days. I thank Jonathan Frey and Jochem De Schutter for proofreading
my thesis. Their comments and feedback (also beyond this thesis) are always
very valuable and constructive. I thank Jonathan Frey and Anton Pozharskiy
for significantly improving nosnoc, and creating nosnoc_py. Thank you for
being valuable and supportive co-authors on all nosnoc-related papers, and for
helping to prepare our summer school on nonsmooth optimal control. I owe my
sincere gratitude to our team assistant, Christine Paasch, for always quickly
solving any problems that arose alongside our research, and for her patience
and pragmatism in preparing our summer school. Moreover, I wish to thank
Christian Kirches for giving three great lectures in the summer school and for
the numerous pleasant interactions we had over the years.

One of the most rewarding parts of the PhD work is mentoring bright young
students. I thank all my brilliant master students from whom I have learned a
lot (in alphabetical order): Anton Pozharskiy, Christian Dietz, Jonas Hall, Léo
Simpson, and Mario Sperl.

I thank my friends Jakob Ungerland, Milos Katani¢, Mirco Theile, and Smajil
Halilovié¢ for countless fruitful discussions about PhD life and beyond. I would
like to thank my dear family for their love and support. I thank my dear parents,
Suada and Mirzet, for their support throughout my life and for teaching me
how to be persistent in important life matters. As well as my dear brothers
Semin and Admir, for their support and love. Last but not least, I would like
to thank my wonderful wife Elmira for her love and patience. Thank you for
your unconditional love and support in my academic journey. Thank you for
learning German and moving to Freiburg for me! Hvala vam od srca, volim vas.

Freiburg, Armin Nurkanovié



Abstract

This thesis regards algorithmic, theoretical, and software aspects of numerically
solving Optimal Control Problems (OCPs) subject to nonsmooth dynamical
systems. When solving an optimal control problem, one selects the optimal
control action while explicitly considering constraints and system dynamics. The
ability to consider constraints and system dynamics increases the expressiveness
in the controller design process. This expressiveness is further improved by
considering hybrid systems. Hybrid systems are a class of nonsmooth dynamical
systems characterized by closely coupled continuous and discrete behavior. This
coupling results in dynamical systems with continuous but nondifferentiable
vector fields, systems with discontinuous vector fields, and systems with state
jumps. This allows, for example, the formulation of OCPs for complex robotic
tasks or to incorporate Boolean logic relations between parts of the system.
However, from a numerical point of view, such OCPs are difficult to solve.

Standard direct methods for solving smooth OCPs applied to nonsmooth OCPs
suffer from some fundamental limitations. We develop a toolchain of algorithms
and reformulation methods that overcome these limitations and allow one to
solve all mentioned classes of nonsmooth OCPs in a unified way. All methods
in this toolchain are implemented in the open-source software package nosnoc.

Some fundamental limitations of standard direct methods, including time-
stepping discretizations, mixed-integer reformulations, and smoothing are
highlighted. It is shown that all these approaches suffer from the same
limitations unless the discontinuities are explicitly treated by switch detection.
They will achieve only first-order accuracy, and the discrete-time numerical
sensitivities do not converge to the correct values. As a consequence, the
algorithms may converge to spurious local solutions or make almost no progress
from a given initial guess. Furthermore, it is discussed why standard direct
methods sometimes lead to feasible or seemingly reasonable solutions. In general,
obtaining a highly accurate solution with some of these approaches may require
a prohibitive computational effort.



iv ABSTRACT

The application of direct optimal control methods, based on Newton-type
optimization, requires the accurate numerical simulation of nonsmooth systems
and the computation of numerical sensitivities. This thesis presents the Finite
Elements with Switch Detection (FESD) method for Filippov systems, which
achieves these two goals and thereby overcomes the fundamental limitation of
standard methods. The focus is on Filippov systems, as they provide a sound
solution concept for ODEs with a discontinuous right-hand side. The proposed
approach reformulates these systems into equivalent Dynamic Complementarity
Systems (DCSs). After the time discretization, mathematical programs with
complementarity constraints are obtained, which can be solved efficiently with a
homotopy approach using standard nonlinear programming solvers. We provide
a detailed theoretical analysis of the FESD method and show that it is superior
to time-stepping methods in terms of computation time and accuracy. For
example, we achieve in an OCP benchmark up to one million times more
accurate solutions for the same computational time.

Systems with state jumps are not Filippov systems. Therefore, they cannot
be treated with the methods developed for this class of nonsmooth systems.
We introduce the time-freezing reformulation, which transforms systems with
state jumps into equivalent Filippov systems. The main idea of time-freezing
is to define a clock state and an auxiliary ODE in the infeasible region of
the state space of the original system. The endpoints of the trajectory of the
auxiliary ODE satisfy the state jump law of the original system. Moreover, the
evolution of the clock state is frozen during the runtime of the auxiliary ODE.
By considering only the parts of the trajectory where the clock state evolves,
one can reconstruct the solution of the original system with state jumps. This
allows one to seamlessly apply the FESD method and the theory of Filippov
systems to systems with state jumps.

As a somewhat isolated contribution from the topics above, we present several
new real-time algorithms for nonlinear model predictive control for smooth
dynamical systems. We extend the well-known Real-Time Iteration (RTI), by
combining the algorithmic ideas from the Multi-Level Iteration (MLI) and the
Advanced Step Controller (ASC). We call this method the Advanced-Step Real-
Time Iteration (AS-RTT). The main idea is to improve the current linearization
point between two samples by iterating with some MLI variant on an advanced
problem with a predicted state while waiting for the next state estimate. The
AS-RTT scheme bridges the gap between the two well-established algorithmic
paradigms: the ASC which solves the OCP to convergence at every sampling
time and the RTT which performs only one Newton-type iteration.



Kurze Zusammenfassung

Diese Arbeit befasst sich mit algorithmischen, theoretischen und softwaretech-
nischen Aspekten der numerischen Lésung von Optimalsteuerungsproblemen
(Englisch: Optimal Control Problem (OCP)), mit nicht-glatten dynamischen
Systemen. Bei der Losung eines OCPs wird der optimale Steuerungseingang
unter expliziter Beriicksichtigung von Nebenbedingungen und der Systemdy-
namik ausgewéhlt. Der Entwurfsprozess eines Reglers auf der Grundlage
von OCPs ist durch die explizite Formulierung der Systemdynamik und der
Nebenbedingungen besonders ausdrucksstark. Diese Ausdrucksfahigkeit wird
weiter verbessert, wenn sogenannte “hybride Systeme* berticksichtigt werden.
Hybride Systeme sind eine Klasse nicht-glatter dynamischer Systeme, die sich
durch eng gekoppeltes kontinuierliches und diskretes Verhalten auszeichnen. Dies
fithrt zu dynamischen Systemen mit kontinuierlichen, aber nicht differenzierbaren
Vektorfeldern, Systemen mit diskontinuierlichen Vektorfeldern und Systemen
mit Zustandsspriingen. Dadurch wird beispielsweise die Formulierung von
OCPs fiir komplexe Robotikaufgaben oder die Abbildung logischer Beziehungen
zwischen Systemteilen ermoglicht. Aus numerischer Sicht sind solche Probleme
jedoch schwierig zu 16sen.

Herkémmliche direkte Methoden zur Losung glatter OCPs, angewendet auf
nicht-glatte OCPs, haben grundlegende Einschrénkungen. In dieser Arbeit
wird eine Werkzeugkette von Algorithmen und Umformulierungsmethoden
entwickelt, um diese Einschrinkungen zu iiberwinden und die einheitliche
Losung aller zuvor genannten Arten von nicht-glatten OCPs zu erméoglichen.
Alle Methoden dieser Werkzeugkette sind in dem Open Source Softwarepaket
nosnoc implementiert. Es werden einige grundlegende Einschrinkungen
konventioneller direkter Methoden aufgezeigt, einschliefllich der Diskretisierung
mit Zeitschrittmethoden, gemischt-ganzzahliger Umformulierung und Glattung,
um nur einige Beispiele zu nennen. Es wird gezeigt, dass alle diese Ansétze unter
den gleichen Einschrankungen leiden, es sei denn, die Unstetigkeiten werden
explizit durch Schalterkennung behandelt.



vi KURZE ZUSAMMENFASSUNG

Herkémmliche direkte Methoden erreichen nur eine Genauigkeit erster Ordnung,
und die zeitdiskreten numerischen Sensitivitdten konvergieren nicht zu
den richtigen Werten. Infolgedessen konnen die Algorithmen zu lokalen
Scheinlésungen konvergieren oder von einer gegebenen Losungsschitzung kaum
Fortschritte machen. Es wird auch diskutiert, warum konventionelle direkte
Methoden manchmal zu scheinbar verniinftigen Losungen konvergieren. Im
Allgemeinen kann das Erreichen einer hochgenauen Losung mit einigen dieser
Ansiitze einen inakzeptablen Rechenaufwand erfordern.

Direkte Methoden zur Loésung von OCPs, die auf Newton-basierten Opti-
mierungsalgorithmen basieren, erfordern die genaue numerische Simulation
von nicht-glatten Systemen und die Berechnung numerischer Sensitivitédten.
In dieser Arbeit wird die Finite Elemente Methode mit Schalterkennung
(FESD) fiir Filippov Systeme entwickelt, die beide Ziele erreicht und damit die
grundlegenden Einschrénkungen der Standardmethoden tiberwindet. Filippov-
Systeme sind von besonderem Interesse, da sie ein solides Losungskonzept
fiir gewohnliche Differentialgleichungen mit diskontinuierlicher rechter Seite
liefern. Unser Ansatz besteht darin, diese Systeme in dquivalente dynamische
Komplementaritatssysteme (Englisch: Dynamic Complementarity System
(DCS)) umzuformulieren. Nach der zeitlichen Diskretisierung erhdlt man
mathematische Programme mit Komplementaritétsbeschrankungen (Englisch:
Mathematical Program with Complementarity Constraints (MPCC)), die mit
einem Homotopie-Ansatz unter Verwendung von Standardlésern fiir nichtlineare
Optimierung effizient gelost werden kénnen. FEine detaillierte theoretische
Analyse der FESD-Methode wird vorgestellt und es wird gezeigt, dass diese
den Zeitschrittmethoden in Bezug auf Rechenzeit und Genauigkeit tiberlegen
ist. Beispielsweise werden in einem OCP-Benchmark bis zu einer Million Mal
genauere Losungen bei gleicher Rechenzeit erreicht.

Systeme mit Zustandsspriingen sind keine Filippov-Systeme. Daher kénnen sie
nicht mit den Methoden behandelt werden, die fiir diese Klasse von nicht-glatten
Systemen entwickelt wurden. Um diese Beschrankung zu tiberwinden, wird die
Time-Freezing-Reformulation eingefiithrt, um Systeme mit Zustandsspriingen
in dquivalente Filippov-Systeme umzuformulieren. Die Hauptidee des Time-
Freezing besteht darin, einen Uhrenzustand und eine Hilfsdifferentialgleichung
im unzuléssigen Bereich des Zustandsraums des urspriinglichen Systems zu
definieren. Die Endpunkte der Trajektorie der Hilfsdifferentialgleichung erfiillen
das Zustandssprunggesetz des urspriinglichen Systems. Auflerdem ist die
Evolution des Uhrzustands wahrend der Laufzeit der Hilfsdifferentialgleichung
eingefroren. Betrachtet man nur die Teile der Trajektorie, in denen sich der
Uhrenzustand entwickelt hat, so kann man die Losung des urspriinglichen
Systems mit Zustandsspriingen rekonstruieren. Dies ermdglicht die Anwendung
der FESD-Methode und der Theorie der Filippov-Systeme auf Systeme mit
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Zustandsspriingen.

Als etwas isolierter Beitrag zu den oben genannten Themen werden mehrere
neue Echtzeit-Algorithmen fiir nichtlineare modellpradiktive Regelung fiir glatte
dynamische Systeme vorgestellt. Die bekannte Real-Time Iteration (RTI) wird
erweitert, indem die algorithmischen Ideen der Multi-Level Iteration (MLI)
und des Advanced Step Controllers (ASC) kombiniert werden. Diese neue
Methode wird Advanced-Step Real-Time Iteration (AS-RTI) genannt. Die
Hauptidee besteht darin, den aktuellen Linearisierungspunkt zwischen zwei
Samples zu verbessern, indem eine MLI-Variante auf einem fortgeschrittenen
Problem mit einem vorhergesagten Zustand iteriert wird, wihrend auf die
néchste Zustandsschétzung gewartet wird. Der AS-RTI-Algorithmus schlieft
die Liicke zwischen zwei etablierten Algorithmen: dem ASC-Algorithmus, der
das OCP in jedem Sample bis zur Konvergenz 16st, und dem RTI-Algorithmus,
der nur eine Newton-Iteration durchfihrt.
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Chapter 1

Introduction

Mathematical optimization is an indispensable tool in almost all fields of science
and engineering. It enables us to naturally express what we almost always
want to achieve: find the best solution to our problem, given an objective
and constraints. To write an optimization problem in terms of equations, we
need a model, which is a simplified description of the real world that quantifies
some of its aspects that are relevant for the considered purpose. Moreover, it
helps one to make more or less accurate predictions of the future, and to study
some non-obvious properties of the phenomenon that one is modeling. A rich
family of mathematical models are dynamical systems, which describe the time
evolution of a system. They are often based on underlying physical laws, and
they can be very accurate.

Having a (physical) system and its mathematical model at hand, we may want
to behave in a certain way by influencing what we can influence. Moreover,
we want it to work reliably without our frequent intervention. This gives rise
to the field of automatic control, where based on our current knowledge (the
system’s state), we decide what actions to take (the control inputs) to achieve
our goal. Determining the system’s state and deciding on the control input can
be arbitrarily difficult. Inevitably, we want to do this in the best possible way.
This gives rise to Optimal Control Problems (OCPs).

Formally, OCPs are infinite-dimensional problems that we solve open loop
starting from a fixed initial state. However, our model might be inaccurate,
unforeseen changes may happen in the state or in external factors that we cannot
model accurately (the weather, stock prices, states of other systems, etc.). To
some extent, this can be alleviated by Model Predictive Control (MPC), where
at every sampling instant a new OCP with the most recent state estimate
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as initial value, is solved. MPC is becoming a standard control technique in
academia and industry. Its main advantages are: that the control goal can be
directly formulated as the objective of an optimization problem, constraints on
the system and control are part of the problem formulation, and a model for
predicting the future is explicitly considered in the search for a control input.
In the case that our models are sufficiently regular and smooth functions, MPC
is a mature and reliable control technique. In practice, direct methods have
proven highly effective. They discretize the infinite-dimensional OCP and then
solve a finite-dimensional problem. They offer real-time capable algorithms, a
mature theory, and sophisticated software implementations.

To improve real-world performance or to automate more complex tasks, we
must use increasingly sophisticated models. For example, we may want to have
if-then or either-or conditions within our model, or we may want to approximate
complex microscopic physical phenomena with nonsmooth macroscopic empirical
laws as in Coulomb’s friction law. This gives rise to so-called hybrid systems.
In this case, the discrete and continuous dynamics do not just coexist but are
closely interconnected. Mathematically, this leads to nonsmooth dynamical
systems. In simple terms, they arise whenever the functions defining the
underlying differential equations are not differentiable anymore. This opens the
possibility to have more sophisticated models or to simplify the formulation
of the problem. However, a general rule seems to be: the more expressive the
model, the more difficult the optimization problems become. Even the simplest
nonsmooth dynamical system is extremely nonlinear, and the resulting OCPs
are necessarily difficult nonconvex optimization problems.

Traditional mixed-integer optimal control selects control inputs from a finite set
of values. These problems are also discrete-continuous. The optimizer explicitly
chooses which discrete value the control input should take. In contrast to that,
in nonsmooth dynamical systems, the discrete decisions are implicit and state
dependent. This highlights that these systems are different, and we will see in
this thesis that it might not be beneficial to treat nonsmooth OCPs with mixed-
integer reformulations. An alternative and obvious approach to solving OCPs
subject to nonsmooth systems is to smooth the problem and apply standard,
well-established methods. However, accurate smooth approximations lead to at
least equally difficult problems. We will show that standard smoothing methods
fail in surprising and non-obvious ways. We argue that attempting to smooth
out all nonsmoothness is not the way to go, as it often seems from a numerical
perspective that smooth approximations behave the same as nonsmooth systems.
Moreover, smoothing hides the nonsmoothness from the problem, which usually
appears in a very structured way and should be exploited.

Complementarity conditions frequently appear as a form of structured
nonsmoothness. Given two scalars xz,y € R, a complementarity condition
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reads as
0<zly>0,

which means that both = and y have to be nonnegative but they cannot be
both positive simultaneously, i.e., zy = 0. They appear, for example, in the
well-known Karush-Kuhn-Tucker (KKT) conditions, which provide necessary
conditions for a local minimizer of an optimization problem. Beyond that, they
enable us to model numerous combinatorial structures. From a numerical point
of view, what makes them so practical is that they can be very efficiently treated
with Newton-type methods without any enumeration. In this thesis, we will
often end up solving complementarity problems.

1.1 Classification of nonsmooth dynamical systems

Not all nonsmooth optimal control problems are equally difficult. Depending
on where and how the nonsmoothness appears, the systems allow for different
algorithms and theoretical conclusions. In this thesis, we classify the nonsmooth
dynamical systems depending on the smoothness of the vector field and the
solution trajectory. Given an ODE &(t) = f(x), with the right-hand side (r.h.s.)
f(z), we distinguish between Nonsmooth Dynamics (NSD) of three levels:

(NSD1) Continuous, but nondifferentiable r.h.s.- continuously differentiable
solutions.
(NSD2) Discontinuous r.h.s. - continuous solutions.
(NSD3) Jump discontinuity in the solutions.
We illustrate these classes with a few examples to highlight some of their main

qualitative properties. Figure 1.1 shows sample solutions of our examples. An
NSD1 system with a continuous r.h.s. is:

=1+ |x|.

This system already poses difficulties to standard methods, as the derivatives of
the solution map w.r.t. the initial values are nonsmooth, and the integration
methods might lose their accuracy properties.

NSD2 systems have a discontinuous r.h.s., which makes already most nonlinear
analysis tools not applicable. The discontinuities allow for rich behavior, e.g.,
the ODE:

& = 2 — sign(z),
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Figure 1.1: Example trajectories for NSD1 to NSD3 systems.

results in a trajectory that crosses the surface of discontinuity defined by x = 0,
cf. Figure 1.1(b). On the other hand, in examples such as

& € —sign(x) + 0.5sin(t),

the trajectories end up in a so-called sliding mode. The trajectories reach
the surface of discontinuity x = 0 and stay there since the vector fields from
both sides push toward « = 0, cf. Figure 1.1 (¢). Moreover, standard notions
of solutions are not applicable anymore, and we need to use a set-valued
generalization of ODE. In our example we define, sign(0) = [—1, 1], such that
at = 0 we have that 0 € 0.5sin(¢t) — sign(z) becomes meaningful. This
generalization is an instance of Filippov systems, which we study in great detail
in this thesis. Remarkably, higher-order Runge-Kutta methods applied to NSD2
systems, if they converge, have only first-order accuracy.

Probably the most famous example of an NSD3 system is the bouncing ball. If
q is the ball’s position, g the gravitational acceleration, m = 1 the mass, the
equations of motions are:

i=—g, q(t}) = —e4(t]), if q(ts) = 0 and ¢(t;) < 0.
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The second part of the equations is the state jump law, which says: if the
ball hits the ground (¢(ts) = 0), then the post-impact velocity is given by
q(tF) = —eq(ty ), with €, € [0,1], cf. Figure 1.1 (d).

The nonsmoothness in models creates difficulties in all aspects of optimal control
problems involving such systems. This thesis aims to address these difficulties by
understanding the limitations of existing methods, by developing new tailored
methods that overcome these limitations, by establishing a sound theory for the
proposed methods, and by providing open-source software implementations of
them. To advance the state-of-the-art, we present novel ideas and improvements
to existing approaches for solving OCPs subject to nonsmooth dynamical
systems.

Figure 1.2 depicts the toolchain developed in this thesis. We will briefly explain
its main parts here. Given a dynamical system of NSD1 to NSD3, the objective
function, and constraints, we want to formulate and numerically solve an OCP.
Mathematically, NSD1 systems can be treated as a special case and a more
regular case of NSD2 systems. In both cases, the state space is partitioned into
some regions equipped with different vector fields. In NSD1 the vector fields are
continuous across the region boundaries, and in NSD2 they are not. Moreover,
we introduce the time-freezing reformulation, which enables us to transform
NSD3 into equivalent NSD2 systems. Therefore, we can focus only on NSD2
systems and treat all classes in a unified way. We use Filippov’s notion of solution
as a meaningful and theoretically sound concept for NSD2 systems. Next, we
transform the Filippov systems into dynamic complementarity systems, which
are a coupling of an ODE and a complementarity problem. Complementarity
conditions enable us to encode all nonsmooth and combinatorial structures in
the dynamical system.

The next step is to formulate an OCP and to discretize it. For the time
discretization of the OCP, we develop the Finite Elements with Switch Detection
(FESD) method. This method recovers the properties that Runge-Kutta
methods have for smooth ODEs: high accuracy and correct sensitivities. Leaving
the FESD step out and using a standard time-stepping method leads to some
variants of existing direct methods in the literature. However, we show that they
are doomed to fail and generally cannot lead even to locally optimal solutions.
After discretization, we obtain a Mathematical Program with Complementarity
Constraints (MPCC). This is a degenerate Nonlinear Program (NLP) that
cannot be solved directly with standard NLP solvers. Fortunately, we can solve
a sequence of related and more regular problems with standard optimization
methods in a homotopy loop, and obtain a solution for the initial MPCC. Finally,
this provides a very accurate solution approximation to an OCP subject to an
NSD1, NSD2, or NSD3 system.
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1.2 Contributions and outline

We give an overview of the content in this thesis and list the most important
contributions. Figure 1.2 provides a graphical illustration of the toolchain
developed in this thesis, with references to chapters where specific parts are
introduced or discussed in more detail.

1.2.1 Software contributions - nosnoc

Open-source implementations make algorithms available, deployable, and
useful. The software contribution of this thesis is the implementation of the
whole toolchain from Figure 1.2 in the open source software package nosnoc
(NOnSmooth Numerical Optimal Control)}. nosnoc for MATLAB is based on the
symbolic framework of CasADi [9]. Recently, the author’s colleagues have also
implemented a version in python, which they have named nosnoc_py?.

We mention some key features. The model functions, constraints, objective, and
switching functions are expressed via CasADi symbolic variables and functions.
The software supports an automatic reformulation of systems with state jumps
into NSD2 systems via the time-freezing reformulation. Additionally, we have
implemented automatic reformulation into dynamic complementarity systems,
and time discretization using FESD or standard time-stepping methods. After
the discretization, we obtain an MPCC. In nosnoc, they are automatically
formulated and solved in a homotopy loop via some standard regularization
method. Both numerical simulation and optimal control problems are supported.
Moreover, automatic reformulation of time-optimal control problems, path
complementarity constraints, various relaxations of terminal constraints, control
of sparsity in complementarity constraints, and different options for the
homotopy loop are supported. Numerous other expert and non-expert options
are available as well.

The methods and software developed in this thesis facilitate the implementation,
prototyping, and solution of optimal control problems involving nonsmooth
dynamical systems. Furthermore, we aim to implement new developments or
additional components in the same software toolchain.

For brevity, we have not included an additional chapter on the implementation
details. However, all mathematical developments are explained in detail in the
subsequent chapters. Moreover, all examples shown in this thesis, and several

Thttps://github.com/nurkanovic/nosnoc
2https://github. com/FreyJo/nosnoc_py
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other examples from the literature, are available in nosnoc’s repositories. They
allow us to efficiently explore all possible options and details.

1.2.2 Qutline and specific contributions

The main contributions of this thesis are novel numerical methods for solving
optimal control problems subject to NSD1 to NSD3-type nonsmooth dynamical
systems. These contributions, along with introductory material, are discussed
in Chapters 2-9. A secondary and less central contribution of this thesis involves
the development of real-time and accurate numerical methods for nonlinear
Model Predictive Control (MPC) applied to smooth dynamical systems. This
aspect is addressed in Chapter 10. We proceed with a detailed outline and
listing of the specific contributions.

Chapter 2 - Nonlinear Optimization with Complementarity Constraints In
Section 2.1, we discuss the fundamentals of nonlinear programming. Section 2.2
discusses variational inequalities, complementarity problems, and generalized
equations and shows when they are equivalent. It is important to be familiar
with them, as in a dynamic setting they are the sources of nonsmoothness. NLPs
subject to complementarity constraints lead to MPCCs. All numerical methods
for nonsmooth OCPs developed in the thesis require the solution of an MPCC at
some point. They are nonsmooth optimization problems that violate standard
constraint qualifications at all feasible points, which leads to theoretical and
algorithmic difficulties. We review the theory and standard numerical methods
for solving this class of problems in Sections 2.3 and 2.4, respectively. Relaxation,
smoothing, and penalty methods solve a (finite) sequence of related more regular
problems and obtain in the limit a solution of the initial MPCC. They are our
methods of choice as they are easy to implement if one has a robust nonlinear
programming solver implementation. In our case, we use IPOPT [281].

Chapter 3 - Direct Optimal Control Methods Direct optimal control methods
first discretize an infinite-dimensional OCP subject to a smooth dynamical
system and then solve a finite-dimensional NLP. For the discretization of the
dynamics we require numerical integration methods, and for optimization the
computation of the derivatives. We discuss this in Section 3.2. The chapter
finishes with Section 3.3, where we discuss optimal control problems and solution
approaches, with a focus on direct optimal control. These methods are the
basis for the tailored methods which we develop in this thesis. For example, we
review Runge-Kutta and collocation methods for smooth ODEs and DAEs in
Section 3.2.1, which we generalize to NSD2 systems in Chapter 7.
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Chapter 4 - Nonsmooth Dynamical Systems To numerically solve nonsmooth
optimal control problems, we require the tools from several different fields, cf.
Figure 1.2. Together with Chapters 2 and 3, this chapter completes a self-
contained introduction to the methods developed in this thesis for researchers
with a background either in numerical optimal control or in nonsmooth
dynamical systems. Therefore, we focus on numerical difficulties that arise
with nonsmooth systems and their smooth approximations. In Section 4.1, we
provide a high-level introduction to nonsmooth dynamical systems and answer
some natural questions that arise. Section 4.2 illustrates on tutorial examples
several phenomena encountered only within nonsmooth systems and their time
discretization. In particular, we show, via extensive numerical experiments, the
surprising fact that standard integration methods behave the same on accurate
smooth approximations as on the original nonsmooth systems.

The same set of tools can be used to study both the theoretical and numerical
aspects of sufficiently regular, smooth nonlinear dynamical systems. In the
nonsmooth cases, this is, unfortunately, much more complicated. There are many
ways to model nonsmoothness, resulting in various mathematical frameworks
with different degrees of difficulty and their own theory and numerical methods.
In Section 4.3, we review some basics from nonsmooth analysis and standard
modeling frameworks for nonsmooth systems. We recall some existence and
uniqueness results with a focus on systems studied in this thesis.

Chapter 5 - Limitations in Nonsmooth Direct Optimal Control In this
chapter, we highlight some of the fundamental limitations of standard methods,
which refer to the application of time-stepping methods in direct transcription,
direct multiple, or single shooting. In this case, after discretization one obtains
a nonsmooth NLP. The nonsmoothness can be smoothed explicitly or implicitly,
before or after the discretization. In Section 5.1, we survey direct methods
for nonsmooth OCPs from the literature and highlight their strengths and
weaknesses. Section 5.2 is inspired by the seminal paper of Stewart and Anitescu
[259]. It shows that sensitivities obtained in a direct method paired with a
time-stepping discretization are wrong, no matter how small the step size is, and
that smoothing works only under very restrictive assumptions. Consequently,
the optimizer may make almost no progress from the initial guess. Based
on [203], we show that equivalent formulations of the problem, which lead to
different algorithms, suffer from the same limitations. Section 5.3 shows that
similar limitations exist for direct methods for NSD3-type systems. We also
discuss why these methods still converge to feasible but suboptimal solutions,
which explains their occasional success in practice.

The main contribution of this chapter is to show why standard methods fail
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and why they sometimes deliver feasible solutions. This shows the necessity
for tailored methods, which we develop in the subsequent chapters, and which
resolve the fundamental limitations of standard methods.

Chapter 6 - Reformulation of Filippov Systems into Dynamic Complementar-
ity Systems In a Piecewise Smooth System (PSS) the state space is partitioned
into regions R;, and each region has a different vector field f;. In this chapter,
we regard PSS, their Filippov convexification, and their reformulation into
equivalent Dynamic Complementarity Systems (DCSs). These systems allow
us to cover a broad class of practical problems and they have a sound theory.
Sections 6.2 and 6.3 regard Stewart’s [250] and the set-valued Heaviside step
function approach [6, 74] to compute the Filippov convex multiplier as the
solution of a Linear Program (LP), respectively. Using the KKT conditions
of these LPs, Filippov systems can be reformulated into equivalent DCSs. We
study in great detail the favorable properties of these DCS, e.g., the uniqueness
of solutions for a fixed active set and the continuity of the Lagrange multipliers.
The specific contributions are:

e In Section 6.2.1, we provide a generic way to pass from the definition
of regions R; via standard switching functions ¥ (x) to the less intuitive
representation of Stewart given via indicator functions g(z).

o Compared to [250], we provide in Section 6.2.2 a simpler study of the well-
posedness of the ordinary and algebraic differential algebraic equations
obtained from fixing the active set in the DCS.

e In Section 6.2.3, we study the continuity properties of the algebraic
variables in the DCS and recall some results from [250].

o In Section 6.3 we provide a compact representation of regions via switching
functions ¥ (x) and prove that we can construct a Filippov set from this
representation via set-valued Heaviside step functions.

e Analogously to Stewart’s case, in Section 6.3.5, we derive well-posedness
results for the step reformulation DCS with a fixed active set.

e We discuss how to compactly derive expressions for Filippov multipliers
via step functions for standard geometries appearing in practice, i.e., when
the regions are defined as unions, intersections, and differences of two or
more sets.

e In the Heaviside step reformulation, the Filippov multipliers 6; are
expressed via multi-affine terms, which may become very nonlinear. In
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Section 6.3.8, we introduce a lifting algorithm which automatically defines
intermediate variables that reduce the nonlinearity.

This chapter is based on the articles [207, 208, 213].

Chapter 7 - Finite Elements with Switch Detection In this chapter, we
develop the Finite Elements with Switch Detection (FESD) method, which
can be used for numerical simulation and the discretization of optimal control
problems. In Sections 7.2 and 7.4, we introduce the three main ingredients
of FESD. First, we start with a standard Runge-Kutta (RK) discretization
for the DCS obtained in the previous chapter. Furthermore, inspired by
Baumrucker and Biegler [28], we let the integration step sizes be degrees
of freedom. Second, we introduce additional complementarity conditions (called
cross complementarity conditions) to enable implicit and exact switch detection.
Third, to remove possible spurious degrees of freedom if no switches occur, we
introduce the step equilibration conditions. Notably, FESD is an event-based
integration method that is, unlike other methods from the literature, entirely
equations-based. In Section 7.3, we provide a detailed theoretical analysis of
the method. Section 7.5 discusses how to use FESD in direct optimal control.
More specifically, the main contributions of this chapter are:

e In Section 7.2, we start from a standard RK discretization and derive the
FESD method step-by-step for Stewart’s reformulation from Section 6.2.

¢ Furthermore, we extend FESD to the step reformulation from Section 6.3.
This makes FESD applicable to differential inclusions obtained via step
functions, which can be more general than Filippov systems.

e In Theorem 7.7, we prove that the FESD subproblems, despite being
always over-determined, have locally isolated solutions.

e In Theorem 7.10, we prove that the FESD method has the same order of
accuracy as the underlying Runge-Kutta (RK) method. Thus, we recover
the high-accuracy properties that RK methods have for smooth ODEs.

e In Theorem 7.12, we prove that the numerical sensitivities converge to
their correct values. This resolves the fundamental issues of standard
methods discussed in Chapter 5.

o All theoretical findings are illustrated on numerical examples. Remarkably,
compared to a standard RK discretization, we show that with FESD, we
can obtain up to one million times more accurate solutions for the same
computational time.
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This chapter is based on the articles [206, 207, 208, 213].

Chapter 8 - The Time-Freezing Reformulation for Nonsmooth Mechanical
Systems The time-freezing reformulation enables one to transform an NSD3-
type system into an equivalent PSS. This enables the seamless application of
FESD to systems with state jumps and a unified treatment of many systems
from NSD1 to NSD3. In this chapter, we regard Complementary Lagrangian
Systems (CLSs) both with elastic and inelastic impacts with friction. These
systems are ubiquitous in modern robotic applications. Frictional impacts lead
to state jumps in the velocity, which complicates the numerical treatment of
CLS. To transform CLS into an equivalent PSS system, we propose the following.
In the infeasible parts of the CLS, we introduce auxiliary ODEs whose trajectory
endpoints satisfy the point-wise state jump laws. Moreover, we introduce a
clock state that freezes its evolution during the runtime of the auxiliary ODE.
This new system has only discontinuities in the right-hand side of the ODE,
but not in the solution itself anymore. By taking the pieces of the trajectory
when the clock state was running, we recover the solution of the initial system.
In Section 8.1, we provide more background on CLS and discuss related work.
Sections 8.3 and 8.4 develop the time-freezing reformulation for elastic and
inelastic impacts, respectively. Next, in Section 8.5, we formulate an OCP
subject to time-freezing systems and relate it to the OCP subject to the initial
CLS. More specifically, the contributions of this chapter are as follows:

e In Proposition 8.4, we provide a constructive way to derive auxiliary
ODE: for affine constraints and elastic impacts. We extend this to general
nonlinear constraints and prove solution equivalence in Theorem 8.5.

¢« We extend time-freezing to the inelastic impact case in Section 8.4.
Proposition 8.8 provides a constructive way to find auxiliary ODEs for
general nonlinear constraints.

e Theorem 8.10 shows that the sliding mode of the time-freezing systems is
unique and equivalent to the dynamics of the CLS in persistent contact
mode. Furthermore, we prove in Theorem 8.12 that the initial CLS and
time-freezing system are equivalent.

e Section 8.4.3 extends the developments to inelastic impacts with friction.
We show how to construct auxiliary ODEs in this case.

e Theorem 8.14 generalizes Theorem 8.12 for the case of stick and slip
friction. Moreover, Theorem 8.16 established the solution equivalence in
the frictional cases.
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e Section 8.5 describes how time-transformations can be used in OCPs to
achieve equidistant control grids in physical time, a desirable property in
feedback control. Additionally, we establish the relationship between the
solution of the time-freezing OCP and the solution of an OCP subject to
a CLS.

e Section 8.6 provides several OCP examples, including a hopping robot
and a manipulation task, with time-freezing and FESD. The methods find
surprisingly creative solutions without any hints or sophisticated initial
guesses.

This chapter is mainly based on the articles [212] and [202].

Chapter 9 - The Time-Freezing Reformulation for Nonsmooth Systems with
Hysteresis In this chapter, we extend the time-freezing reformulation to a
class of hybrid automata, namely hybrid systems with a hysteresis. This class
is not closely related to CLS. However, we build upon the same core ideas:
introducing auxiliary dynamics in infeasible regions to mimic state jumps and
freezing the time during their evolution. From a practical perspective, it allows
for the use of FESD, which facilitates highly accurate numerical optimal control
of hybrid systems with hysteresis. The main contributions are as follows:

e In Section 9.2, we develop the time-freezing reformulation for a class of
hybrid systems with hysteresis. We provide constructive ways to derive
auxiliary ODEs and so-called DAE-forming ODEs.

e In Section 9.3, we prove the equivalence between the time-freezing and
the hysteresis system.

o In Section 9.4, we show on a numerical example that time-freezing, together
with FESD delivers faster and more accurate solutions than mixed-integer
formulations.

This chapter is mainly based on the article [205].

Chapter 10 - The Advanced Step Real-Time Iteration for Nonlinear Model
Predictive Control This chapter is isolated from the previous chapters and
treats a different topic. It introduces a family of new algorithms for real-time
nonlinear Model Predictive Control (MPC). We introduce the Advanced Step
Real-Time Iteration (AS-RTI) scheme, which is an extension to the well-known
Real-Time Iteration (RTT) scheme [75, 76]. We combine algorithmic ideas of the
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RTI, Advanced Step Controller (ASC) [290] and Multi-Level Iteration (MLI) [42].
This approach allows for flexible trade-offs between control performance and
computational efficiency. It provides a way to balance these two factors according
to the needs of a particular application. The main idea is to improve the
linearization point for a new iteration by making cheap iterations with a new
initial parameter prediction.

e The AS-RTI bridges the gap between two well-established algorithmic
paradigms: the ASC that solves the OCP to convergence at every sampling
time, and the RTI that performs only one Newton-type iteration. This
allows flexibility in algorithmic design.

e In Section 10.4, we study the convergence properties and error bounds of
the proposed methods in a quite general setting, i.e., with the presence of
inequality constraints and active-set changes.

e Section 10.5 illustrates the method’s performance on numerical example.

This chapter is based on [214, 215, 204], which introduce the AS-RTI and
extensions to the MLI, and [211, 210], which applies the new methods in
simulations of islanded microgrid control.

Chapter 11 - Conclusions and Future Research This chapter concludes this
thesis and summarizes its contributions. We discuss the main advantages and
limitations of the methods and the theory that has been developed. Furthermore,
we provide several ideas for the improvements of the current methods and discuss
future research directions.
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1.4 Notation

In this section, we review the notation used in this thesis. Sometimes, more
specific notation will be introduced and highlighted in the chapters.

The sets R and Z are the set of real numbers and the set of integers, respectively.
Entries of a vector x are scalar and denoted by xz;. The concatenation of
two column vectors z € R", y € R™ is denoted by (z,y) == [z,y"]", the
concatenation of several column vectors is defined analogously. For a given vector
z € R" and set Z C {1,...,n}, we define the projection matrix Pr € RIZ*"
which has zeros or ones as entries. It selects all components z;,7 € Z from the
vector z, i.e., x7 = Prx € RIZI,

Entries of a matrix A are denoted by a; ;. For some matrix A € R"*™, its i-th
row is denoted by A; o and its j-th column is denoted by A, ;. Given a matrix
A€ R™™ and as set Z C {1,...,n}, the matrix Az, € RZI*™ is a submatrix
of A consisting of the rows A; , for ¢ € Z. The submatrix A, 7 € R™*I71 g
defined accordingly. The transpose of a matrix is denoted by AT. The inverse
of an invertible square matrix is denoted by A~!.

A column vector with all ones is denoted by e = (1,1,...,1) € R™, and
its dimension is clear from the context. The identity matrix is denoted by
I, € R™ ™ Subscripts may be omitted when clear from the context. A matrix
from R™ ™ with all zeroes is denoted by 0y, .

For a vector z, ||z, == (31, |xl|p)% denotes the p-norm. If the index is omitted,
then the Euclidean 2-norm is meant. Given a set Z, its cardinality is denoted
by |Z|. The e-ball centered at x € R™ is the set B.(z) = {y € R" | ||z — y|| < €}.

All vector inequalities are to be understood element-wise. The complementary
conditions for two vectors z,y € R" read as 0 < =z L y > 0, where | y means
2Ty = 0. The function diag(z), diag: R™ — R"*" returns a diagonal matrix
with x € R™ containing the diagonal entries.

We make use of asymptotic notation. We say that f(h) = O(g(h)) as h |
0, whenever there exists a constant C' > 0 and hg > 0 such that |f(h)| <

Cg(h), provided that 0 < h < hg. Similarly, f(h) = o(g(h)) means that
f(h)

limh_)o W =0.
For a function f : R™ — R™ we denote by Df(z) = g—i(:ﬂ) € R™*™ the Jacobian
matrix and by Vf(z) = g—i(x)—r its transpose.

Given two sets A, B, then the Minkowski set addition is defined as A+ B = {c |

c=a+b,a€ Abe B}. The closure of a set C is denoted by C, its boundary
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as OC, and conv(C) is its convex hull.

We often use the same symbol for different functions, e.g., f(-) is the objective
function in general optimization problems, the right-hand side (r.h.s.) of ordinary
differential equations, the r.h.s. in the differential part of a semi-explicit ODE.
However, which functions are meant by the used symbol is always clear from
the context.

Following the American Mathematical Society Style Guide [176, p. 92], and the
Society for Industrial and Applied Mathematics Style Manual [1, p. 40], we do
not hyphenate mathematical words with the prefix “non* - e.g., nonnegative,
nonlinear, nonconvex, nonsmooth.






Chapter 2

Nonlinear Optimization with
Complementarity Constraints

The main goal of this thesis is to efficiently solve optimal control problems
that involve nonsmooth dynamical systems. Combinatorial structures and
nonsmoothness in such systems can often be expressed through complementarity
constraints. Such constraints are ubiquitous in the time-discretizations of
nonsmooth dynamical systems. Additionally, when a optimal control problem
is discretized, it leads to a special class of degenerate nonlinear programs
known as Mathematical Programs with Complementarity Constraints (MPCCs).
Fortunately, they can often be solved efficiently by solving a sequence of standard
smooth and more regular optimization problems.

Therefore, solving discretized nonsmooth optimal control problems requires a
background in nonlinear optimization, complementarity problems, and their
combination, i.e., MPCCs.

QOutline. In this chapter, we study these three ingredients. Section 2.1
introduces some of the basic concepts and algorithms in constrained optimization
with smooth functions. In Section 2.2 we discuss variational inequalities,
complementarity problems and generalized equations. They are all somewhat
nonsmooth generalizations of standard root-finding problems. Section 2.3 is
devoted to reviewing in detail the theory of MPCCs. The chapter finishes with
Section 2.4, which reviews standard solution methods for MPCCs. We focus on
the algorithms that are implemented in nosnoc.

21
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2.1 Smooth nonlinear optimization: theory and
algorithms

In this section, we provide some basic background on finite-dimensional
constrained optimization problems, which we call from now on nonlinear
programming problems (NLP). We review the first and second-order optimality
conditions and some of the most popular iterative solution methods. Ultimately,
all methods in this thesis require solving NLPs at some point. NLP theory
is also the basis for studying mathematical programs with complementarity
constraints (MPCC), which are also a central topic in this thesis.

For this purpose, we regard an NLP in standard form:

min  f(z) (21a)
st. g(z) =0, (2.1b)

h(z) > 0, (2.1c)

with the vector z € R" as optimization (decision) variables and the objective
(cost) function f : R™ — R. The functions g : R™ — R™ and h : R® — R"» are
the equality and inequality constraint functions, respectively. We assume that
these functions are at least twice continuously differentiable with respect to x.

2.1.1 Optimality conditions

We are interested in geometric and algebraic conditions that characterize an
optimal solution to the problem (2.1). To be able to state these conditions we
state some basic definitions.

Definition 2.1 (Feasible set). The feasible set of the NLP (2.1) is defined as
the set @ = {x € R" | g(x) =0, h(z) > 0} CR"™. A point x € Q is called a
feasible point.

Definition 2.2 (Local minimizer). A feasible point z* € Q is called a local
minimizer of the NLP (2.1) if there exists an open ball B.(xz*) with ¢ > 0
such that for all x € Be(x*) N Q it holds that f(x) > f(x*). Furthermore, if
flz) > f(a*) for x # x*, then x* it is called a strict local minimizer. The value
f(z*) at a local minimizer x* is called the (strict) local minimum.

Definition 2.3 (Global minimizer). A feasible point x* € Q is called a global
minimizer of the NLP (2.1) if for all x € Q it holds that f(x) > f(x*). The
value f(x*) at a global minimizer x* is called the global minimum.
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Alternatively, we call a minimizer z* a local (global) solution or optimizer to
the NLP (2.1). If the function g is affine and h convex, then the feasible set is
a convex set. Moreover, if the objective f is a convex function, then the NLP is
a convex optimization problem and every local minimizer is a global minimizer.
An NLP is nonconvex if it is not convex. In this thesis, we deal with nonconvex
problems and we are interested in computing a local minimizer.

First-order optimality conditions

We first provide some useful definitions and first-order optimality conditions
based on the geometric characterization of the set 2. The subsection finishes
by providing a purely algebraic characterization of a local minimizer.

Definition 2.4 (Tangent Cone). For a closed set 2 and a point x € Q, a vector
d is said to be tangent to Q at x if there exists a sequence x) € Q with x — x,
along with a sequence of positive scalar ty, — 0 such that dj, = % —d. The
set of all vectors d that are tangent to Q at a point x € Q is called the tangent
cone to Q at x and denoted as Ta(x).

If the set Q = {z} is a singleton, then To(x) = {0}. If x is in the interior of €,
then 7o (z) = R™. At points = at the boundary of € it is a more complicated
conic set and as we see below it is not necessarily convex. We now have the
necessary tools to state a first variant of first-order necessary conditions.

Theorem 2.5 (First-order necessary conditions (FONC)). If z* is a local
solution of the NLP (2.1), then it holds that

Vi*)'d >0, forall d € To(z"). (2.2)
A point z* satisfying the condition (2.2) is called a stationary point. Next, we
define some cones related to the tangent cone. As it will be useful, we define

some additional cones that can be related to the tangent cone. We can express
FONC conditions with their help as well.

Definition 2.6 (Normal cone). The normal cone to the set  at a point x € Q
is defined as

Nao(z)={veR"|v'd <0 for all d € To(x)}. (2.3)

Each vector v € No(z) is said to be a normal vector. Furthermore, if z ¢ Q,
the normal cone is defined as Nq(z) = 0.

Example tangent and normal cones at several points of a set {2 are depicted in
Figure 2.1.
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; NQ (:133)

Figure 2.1: The normal and tangent cones at several points from a convex set €.

Definition 2.7 (Polar cone). The polar cone of a cone C C R"™ is defined as
C°={veR"|v'd<0, foralld € C}.

Definition 2.8 (Dual cone). The dual cone of a cone C C R"™ is defined as
C*={veR"|v'd>0, foralld € C}.

From the last two definitions, it follows that C* = —C°.

Observe that the definitions and theorems above are only based on the geometry
of the feasible set €2, but not its algebraic representation. In fact, for checking
the necessary conditions we must verify infinitely many inequalities, c¢f. Theorem
2.5. To check some properties of the set {2 and to compute a solution to the
NLP, it is more convenient to work with the algebraic characterization of the
set ) as it consists of a finite set of equations.

Due to continuity, it is clear that in a neighborhood of a point x, strictly satisfied
inequalities h;(z) > 0 will stay strictly satisfied, hence they do not influence the
local algebraic characterization of the feasible set. In this sense the following
definitions are useful.

Definition 2.9 (Active set). An inequality constraint h; : R™ — R is
called active at a feasible point © € Q if h;(x) = 0. The index set
Alx) ={i e {l,...,np} | hi(xz) = 0} of active inequality constraints is called
the active set.

Next, we look at a local algebraic specification of the feasible set at a point x
based on the first-order derivatives of the constraint functions g and h. Moving
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away from z in some of these directions we stay feasible up to the first order.
The set of such directions is defined as follows.

Definition 2.10 (Linearized Feasible Cone). The linearized feasible cone of Q
at a feasible point x is defined as

Fa(z) ={deR" | Vg(z)"d=0,Vhau(z) d>0}. (2.4)

The set Fq(z) is a closed convex polyhedral cone. It should somewhat replace the
tangent cone T (z) in the theorems above. However, these cones are not always
the same, i.e., To(z) might even be a nonconvex set. The so-called constraint
qualifications (CQ) give sufficient (and sometimes necessary) conditions when
these two cones are equal or how are they are related, if at all. In other words,
they specify conditions under which the algebraically defined set Fq(x) captures
the local geometry of 2. Some of the most widely used CQs are listed in the
next definition.

Definition 2.11 (Constraint Qualifications). Let x € Q be a feasible point to
the NLP (2.1).

e The Linear Independence CQ (LICQ) holds at x if the vectors Vg;(z),i =
1,...,np and Vhi(x), i € A(x) are linearly independent.

e The Mangasarian-Fromovitz (MFCQ) holds at x if the vectors Vg;(x),i =
1,...,np are linearly independent and there exist a vector d € R™ such
that Vg(z)"d =0 and Vhi(z)"d > 0 for alli € A(z).

o The Abadie CQ (ACQ) holds at x if To(z) = Fa(x).
o The Guignard CQ (GCQ) holds at x if Ta(x)® = Fa(x)°.

The LICQ implies the MFCQ, and the MFCQ implies the ACQ. The ACQ
implies the GCQ. The converses are in general not true. The LICQ and MFCQ
are sufficient for the equality of the linearized feasible cone and tangent cone,
but they are more practical than the ACQ and the GCQ since they can be
verified by using the algebraic specification of the feasible set 2. We illustrate
the different CQs in a simple example.

Example 2.12. (Constraint Qualifications) Regard the NLP

min 23 4 3
z€eR?2

s.t. a1 >0,

xQZOa

xr129 < 0.
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Figure 2.2: Illustration of the feasible set, objective function contour lines,
linearized feasible cone, tangent cone, and their polar cones for the NLP of
Example 2.12

The global minimizer of this NLP is x* = (0,0). The cones Fq(x*) and To(z*)
are illustrated in Figure 2.2. It can be verified that To(x*) = Q and that
Fo(z*) ={d € R? | d > 0}. Clearly, To(x*) is nonconver and we have only the
GCQ to hold at x*. This example belongs to the class of mathematical programs
with complementarity constraints and it is characteristic for these problems that
only the GCQ has a chance to hold, cf. Section 2.3.

A key function in the theory of constrained optimization is the Lagrange
function.

Definition 2.13 (Lagrange Function/Lagrangian). The function £ : R™ x
R™ x R*» — R:

Lz, A p) = fz) = ATg(x) — p"h(z), (2.6)

with Lagrange multipliers A € R™s and p € R™ is called the Lagrangian of the
NLP (2.1).

The next theorem is probably the most famous result in constrained optimization
theory and was independently discovered by Karush [160] and Kuhn and
Tucker [172]. It provides conditions based on the first-order derivatives of the
NLP functions that characterize a local minimizer. Under appropriate CQs it
holds that 7o(z) = Fa(x) and from Theorem 2.5 for a local minimizer z* it
holds that —V f(z*) € Fo(z)°. Using now Farka’s lemma, one can derive the
KKT conditions. For a proof and further details see e.g., [201, Chapter 12].
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Theorem 2.14 (Karush-Kuhn-Tucker (KKT) conditions). Let z* be a local
minimizer of the NLP (2.1) and assume that LICQ holds at x*. Then there exist
Lagrange multipliers X* and p* such that the following conditions are satisfied:

Vo L(z* N, 1) = V(x") — Vg(a*) "A* = Vh(z") Tp* =0, (2.7a)
g(z*) =0, (2.7b)
h(z*) >0, (2.7¢)
>0, (2.7d)
wihi(z*) =0, i=1,...,n. (2.7¢)

A wector (x*, \*, u*) is called a KKT point if LICQ and Eq. (2.7) hold.

The set of equations (2.7) is called the KKT conditions. The last condition
urhi(z*) = 0 states that both terms cannot be nonzero at the same time, which
implies that inactive constraints must have zero multipliers. If there is no i
such that both terms are zero, then we say that strict complementarity holds.
A constraint h;(x*) for which it holds that uf = h;(z*) = 0 is said to be weakly
active.

Second-order optimality conditions If the NLP (2.1) is convex and LICQ
holds at «*, then the KKT conditions are necessary and sufficient for * to be a
global minimizer. However, for nonconvex problems they are only necessary and
we usually have feasible directions d € Fq(z*) of zero slope, i.e., Vf(x*)Td = 0.
To make further conclusions, we must look at second-order derivatives of the
NLP functions at x*.

Definition 2.15 (Critical cone). Let (z*,A\*) be a KKT point. The set is
defined as

Ca(z*,u*) ={d € R" |Vgi(x)'d =0, forallic {1,...,n,},
Vhi(z)Td =0, forallie A(z*) with uj >0, (2.8)
Vhi(z)Td >0, forallie A(z*) with uf =0}

is called the critical cone.

Note that it holds in general that Cq(z*, u*) C Fao(z*) since the increasing
directions {d € Fq(z*) | hi(x)Td > 0, for all i € A(z*) with uf > 0} are
excluded in the critical cone. If there were no weakly active constraints, then
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the critical cone would be a subspace of R”. This simplifies the verification
of second-order conditions. Moreover, if the matrix formed by the constraint
normal defining the critical cone has rank n, then the critical cone is the zero
set. The next theorem gives second-order optimality conditions.

Theorem 2.16 (Second-order conditions). Let x* € § be a feasible point of
the NLP (2.1).

o (Second-Order Necessary Conditions (SONC)) Suppose that =* is a local
minimizer of the NLP (2.1) and that the LICQ condition holds at x*. Then
there exist Lagrange multipliers (A", u*) such that the KKT conditions
(2.7) are satisfied, and it holds that

d"V2, L(x*, \*, u*)d >0, for all d € Co(z*, u*). (2.9)

o (Second-Order Sufficient Conditions (SOSC)) Suppose that for x* there
exist Lagrange multipliers (\*, u*) such that the KKT conditions (2.7) are
satisfied and that the following inequality holds

d"V2 L(z*, \*, u*)d > 0, for all d € Co(z*, ")\ {0}. (2.10)

Then z* is a strict local minimizer of the NLP (2.1).

A short and elegant proof for this theorem can be found in [100, Chapter 9.1].
A longer but more instructive proof is available in [232, Section 8.12].

It might be tempting to assume that we have to look only at the curvature of
the objective V2 f(z) in the critical directions. However, this consideration does
not capture the curvature of the constraints, and we have to indeed look at the
Hessian of the Lagrange function as we illustrate in the next example.

Example 2.17 (Fiacco-McCormic). Regard the NLP parametrized by the
scalar f3:

: 1 2 2
min ({21 —1)% +23)

st. —axy 4 pBad =0.

Since we can explicitly express x1 = Bx3, our NLP has the same solutions as
the unconstrained reduced problem min,, f(xs) with f(xy) = (Bz3 — 1) + x3.
Let us regard the point * =0 for 8 = 0.25 (for which x* is a local minimizer)
and 8 =2 (for which x* is not a local minimizer), cf. the left plot in Figure 2.3.
Since x* = 0 is feasible and V f(x*) = Vg(z*) = (—1,0) the KKT conditions
are satisfied for \* = 1. The critical cone is the set Cq(z*,\*) = {d € R? |
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Figure 2.3: The feasible set and objective function contour lines (left plot), the
functions f(x), L(x, A\*) and f(x2) for 8 = 0.25 (middle plot) and the functions
f(z), L(x,\*) and f(x2) for 8 = 2 (right plot).

dy = 0}. The Hessian of the objective function is V2, f(x) is always

10
01
positive definite, but obviously, we can draw no conclusions about optimality

using this information. On the other hand, the Hessian of the Lagrangian is
V2, L(2", \) = [(1) . _025}, ie. dTV2, L(a*, \*)d = d2(1— 28). For B < 0.5,
the SOSC are satisfied and for 5 > 0.5, the SONC' are violated. The second-
order derivative of the reduced objective at x* is V2, fa(x3) = (1 — 28) and
has the same sign as~dTV§$L(x*, A*)d in the critical directions. The functions
f(x), L(x,\*) and f(x2) are illustrated for different points along the critical

directions in Figure 2.3.

2.1.2 Nonlinear programming algorithms

Regard the root-finding problem F(w) = 0, where F' : R™ — R™. Given
some initial guess w®, Newton’s method generates a sequence of solution
approximations w”* by solving a linearized version of the initial problem:

F(w®) + VF(w*) T (w* ! —w*) = 0.

If the Jacobian VF(w) " is invertible and if w? is sufficiently close to a solution
w*, then the generated sequence of solutions approximations w* converges to w*.
In Newton-type methods, instead of the exact Jacobian, an approximation A¥ ~
VF(w*)T is used. To promote global convergence, i.e., to ensure convergence
from any initial point, a globalization strategy must be used. That is, the step
Swk = (wF+! — w*) is adapted in some way such that convergence is ensured.
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Most NLP solvers try to find a solution candidate (z*, A*, u*) by solving the
KKT conditions (2.7). Starting from an initial guess (2%, \°, u°), they generate
a sequence (¥ \F, u¥) — (z*, \*, u*) as k — oco. If no inequalities are present,
the KKT system reduces to a standard root-finding problem. In this thesis,
we focus on Newton-type algorithms for iteratively finding a solution to the
KKT system (2.7). However, things get more complicated with the presence
of inequality constraints. One of the main distinguishing features of NLP
algorithms is how they treat these constraints. The two most widely used
Newton-type NLP solution methods are Sequential Quadratic Programming
(SQP) and Interior-Point (IP) methods. Several great textbooks cover the broad
topic of Newton-type NLP solution methods [38, 100, 148, 201].

Sequential quadratic programming

The main idea in SQP is, given the current iterate (xk, M\ ﬂk), to construct the
following Quadratic Program (QP), which approximates the NLP (2.1):

LTk k\T
min 2d AYd+V f(z") ' d (2.12a)
st g(a®) + Vg*)Td=0, (2.12b)

h(z*) + Vh(z¥)Td > 0. (2.12¢)

The solution of this QP provides a new search direction d* € R"™. The
Lagrange multipliers of the QP equality and inequality constraints are denoted
by Aqp and pqp, respectively. The QP is obtained from the first-order Taylor
approximations of the equality and inequality constraints and a quadratic
approximation for the objective function, where AF is the Hessian of the
Lagrangian or an approximation of it. The KKT conditions of this QP
correspond to a linearization of the KKT conditions of the NLP, but where the
complementarity conditions are structurally linearized such that the two terms
entering the bilinear expression (2.7) are linearized.

The next step is computed as
aFHl =gk gk AR = 2B Rt = ugp. (2.13)

Under suitable conditions, the generated sequence converges to a local minimizer
of the NLP (2.1).

To implement an SQP method, one requires a QP solver at hand. An overview
of QP solvers tailored to optimal control problems is given in [170]. In practice,
there are many variations to the basic SQP algorithm. Globalization strategies
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adapt the search direction d* to promote convergence from any initial guess.
In line search methods, the step d* is replaced by ad*, a € (0,1] such that a
sufficient decrease in the objective and/or constraint infeasibility is achieved.
Trust region methods add constraints to bound d in the QP (2.12), such that
both the direction and length of d* are adapted simultaneously. SQP methods
are known for good warm starting properties, that is, given a good initial guess,
the solution is expected to be found in a few iterations.

In practice, instead of the exact Hessian A* = V2 L(z*, \*, u*), a suitable
approximation is often used. Some approximations as the BFGS and SR1 update
formulae rely on previous iterates, whereas the Gauss-Newton approximation
(suitable only for nonlinear least squares objective functions) depends only
on the current iterate. There exist several variants of inexact SQP methods
where even the first-order derivatives in the QP (2.12b) are approximated. In
general, the approximations slow down the convergence rate but lead to cheaper
iterations. Widely used and robust SQP implementations are SNOPT [111] and
filterSQP [101], and in the field of optimal control MUSCOD-II [81], ACADO
Toolkit [140, 226], and acados [278].

Interior-point methods

Similar to SQP methods, IP methods also solve a sequence of approximate
problems. The main obstacle to directly applying Newton’s method to the KKT
system (2.7) are the nonsmooth complementarity conditions (2.7e). A possible
remedy is to solve a sequence of smoothed KKT systems:

Ve L(x, A\, u) =0, (2.14a)
g(x) =0, (2.14b)
pihi(z) =7 i =1,... ny, (2.14c)

where 7[¥] — 0. Note that here k is the index of the subproblem in the sequence
of smoothed systems, but not the index of the Newton iteration. For every
fixed smoothing parameter 7/, one finds an (approximate) solution to (2.14)
with a Newton-type method and updates afterward the 7/*!. The Newton
steps are adapted with a fraction-to-boundary line search such that p, h(z) >0
is maintained. The smoothing parameter updated strategy (which does not
have to be monotonic), the used line-search and type of Hessian approximation
A=~ V2, L(x,\ 1) are the key to the practical success of interior-point methods.
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Eq. (2.14) are the KKT conditions of the following equality-constrained problem:

z€R™

min  f(x) — 7kl zh: log(h(z))

st. g(x)=0.

A solution to this problem lies in the interior of the feasible set €2, hence the
name. Some widely used interior-point method implementations are LOQO [276],
KNITRO [58], and IPOPT [281].

2.2 Variational inequalities and complementarity
problems

Variational inequalities (VI) are a generalization of root-finding problems. They
are a powerful modeling tool that provides an efficient way to write down
many problems in science and engineering that have some combinatorial and
nonsmooth structure. For example, we have already used VIs to express
necessary optimality conditions for constrained optimization problems, cf.
Theorem 2.5. Moreover, they provide a convenient way to model constrained
systems of equations, Nash equilibrium problems, frictional contact problems
in mechanics (cf. Chapter 8), traffic equilibrium models, economic equilibrium
problems, and many more [89]. Solution sets of parametric VIs are under
appropriate conditions piecewise smooth functions of the parameter. We
exploit this on several occasions in this thesis for modeling of piecewise smooth
dynamical systems, in particular in Chapter 6. Under mild assumptions, VIs
can be brought into several equivalent forms, namely complementarity problems,
generalized equations, and nonsmooth equations. This facilitates the theoretical
analysis and development of computational methods. In this section we define
the aforementioned concepts, relate them and list some basic theoretical results.
All results given below can be found in [89].

2.2.1 \Variational inequalities and generalized equations

We follow the exposition of [270] to motivate the definition of VIs, a
generalization of root-finding problems. Regard the problem of finding =z € R"”
with F' : R®™ — R" such that:

F(z)=0.
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This is equivalent to the variational problem of finding x € R™ such that
F(z)"d=0, foralldeR",
which is further equivalent to finding x € R™ such that
F(x)"(y—x) =0, forallycR",

A general variational inequality has the same form, but now with restricting
z,y to a set K CR"™.

Definition 2.18. Let K C R" and F : R — R". A wariational inequality,
denoted compactly by VI(K, F), is the problem of finding x € R™ such that

reK, Fl)" (y—2)>0, forally<cK. (2.15)
The set of solutions to this problem is denoted by SOL(K, F).

In most of what follows, we assume that K is a closed convex set and that
F(z) is continuous on K. This is sufficient for our needs and still allows great
generality. For results on variants where these conditions are relaxed, cf. [89].

Geometrically, a vector € K is a solution of VI(K, F) if and only if either
F(z) =0 or F(x) forms a nonobtuse angle with every vector y —x for all y € K.
This also reveals that feasible solutions of F(z) = 0 are solutions to the VI,
i.e., F71(0) N K C SOL(K, F). However, the cases where it is interesting to
analyze VIs are when the zeros of F(z) = 0 (if any exist at all) are not in K,
ie, F7H0)N K = 0.

Comparing Definition 2.18 with the definition of the normal cone in Definition
2.6, i.e., Ng(z) ={v e R" |vT(y —x) <0, for all y € K}, it can be seen that
VI(K, F) is equivalent to finding « € K such that:

0 € F(z) + Nk(z). (2.16)

This problem is called a generalized equation and was introduced by Robinson
in [231]. Of course, in more general forms, the set-valued normal cone map can
be replaced by some more general set-valued map. For a detailed treatment of
generalized equations, cf. [84]. Conceptually, the problem of satisfying infinitely
many inequality conditions is now replaced by finding the zeros of a set-valued
equation. A geometrical interpretation of the VI (2.15) and the generalized
equation (2.16) is given in Figure 2.4.

We restate a fundamental existence and uniqueness result for VIs.

Theorem 2.19 (Corollaries 2.2.5, 2.2.6 and Theorem 2.2.3 in [89]). Let K C R"
be a closed convex set and suppose that F : K — R" is a continuous function.
Then the following statements hold.
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) NK(IM)
1
! 1/

—F(z3) —F(x4)

Figure 2.4: Geometric illustration of the VI(K, F'). The vector x; is a solution
since Fi(x) = 0, x2 is not a solution. Vectors xz3 and x5 are solutions since
—F(z) € Nk (x), thus the GE (2.16) is satisfied. The VI is not satisfied at z4.

a) If there exist Tt € K such that F(x) T (x — 2et) > 0 for all x € K, then
the set SOL(K, F) is nonempty.

b) If K is bounded, then the set SOL(K, F') is nonempty and compact.

c¢) If F(-) is strictly monotone on K, that is (F(x1) — F(x2))" (1 — 22) > 0
for all x1,x29 € K and x1 # xo, then SOL(K, F') has at least one element.

d) If F(-) is E—monotone on K with & > 1, i.e., there exist a ¢ > 0 such that
(F(z1) — F(22)) " (x1 — x3) > c||w1 — 22||* for all 21,72 € K and z1 # 2,
then SOL(K, F') is a singleton.

Note that only the second assertion needs a compact K. The other assumptions
are applicable for unbounded sets, e.g., when K is a cone. Monotonicity is a
ubiquitous assumption in the study of VIs. For example, gradients of convex
functions are monotone.

2.2.2 Complementarity problems

An ample number of practical problems are VIs with K being a closed convex
cone. In this case, the VI is equivalent to a cone complementarity problem.
Recall that K* = {v € R" | d"v > 0 for all d € K} is the dual cone of K, cf.
Definition 2.8.
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Figure 2.5: Geometric illustration of the cone complementarity problem from
Definition 2.20 with two solution examples.

Definition 2.20. Given a closed convex cone K and a mapping F : K — R™,
the cone complementarity problem is to find x € K such that

K>zl F(z)e K, (2.17)

where this compact notation means that v € K, F(z) € K* and F(z) "z = 0.

Figure 2.5 provides a geometrical interpretation of this problem. The VI and
the cone complementarity problem (2.17) are equivalent as shown in the next
result.

Proposition 2.21 (Proposition 1.1.3. in [89]). Let K be a closed convex cone.
A vector z € R™ is a solution to VI(K, F) in (2.15) if and only if it is a solution
to the cone complementarity problem (2.17).

Proof. Let x be a solution to the VI(K, F'). On the one hand, since K is a cone,
setting y = 0 € K we have from (2.15) that F(x) "z < 0. On the other hand,
from the definition of a cone z € K it follows that 2z € K. Again, from (2.15)
and setting y = 2z we obtain that F(x)"x > 0. Therefore, F(z) z = 0. We
further exploit that F(z)T2 > 0, i.e., we can see that F(z) T (y — x) > 0 implies
that F(z) Ty > 0 for all y € K, which is equivalent to F(z) € K*. Thus we have
proven that z solves also (2.17). Conversely, if x solves (2.17), we have from
the definition that F(x)Ty > 0 for all y € K and F(x) 2z = 0. Subtracting
these relations we obtain that the VI (2.15) holds. O
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We mention some important special cases related to (2.17). The problem with
K =TRY, is called a Nonlinear Complementarity Problem (NCP). This cone is
self-dual, i.e., R%, = (RY)".

Definition 2.22. Given a function F' : R, — R™, a nonlinear complementarity
problem is to find a vector x € R™ such that

0<z L F(z)>0. (2.18)

The nonnegativity of z and F(z) allows us to write the orthogonality condition
component-wise, i.e., the NCP is equivalent to solving:

x>0, F(x) >0,

Fi(z)z; =0, forallie{l,...,n}.

In the form of inclusion into normal cones, i.e., GEs, this problem reads as
—F(x) € NRgo(x) and —x € NR%O(F(Z‘)).

The NCP is generalized by adding further equality constraints. This can be
interpreted as the cone complementarity problem with K = R™ x RZ% with
n=ni+ns. Let G:R™ xR — R™ H:R™ xR" — R"2, y € R",z € R™
and z = (y,z) € R". The mixed complementarity problem is finding z such
that

0=G(y,z2), (2.19)

0<zl H(y,z) >0. (2.20)

The KKT system in Eq. (2.7) is one of the most famous examples of mixed
complementarity problems.

A widely studied subclass of NCPs is when F'(x) = Mx + ¢ is an affine function.
This gives rise to the Linear Complementarity Problem (LCP):

0<z Ll Mz+q>0. (2.21)

The solution set of this LCP has the widely used notation SOL(M, ¢q). They play
also a fundamental role in solution methods and the theoretical analysis for VIs
and complementarity problems, as they arise from their structural linearization.
The monograph [69] collects the most important theoretical and algorithmic
results for LCPs.

2.2.3 Nonsmooth equations

Variational inequalities can be written as equivalent generalized equations. Now
we show that VIs can be written also as standard but nonsmooth systems of
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Figure 2.6: Level curve of C-functions. The left plot shows the min function,
the middle plot the Fischer-Burmeister function, and the right plot the Chen-
Chen-Kanzow function with A = 0.5.

equations. We start with the simpler step of writing NCP (2.18) as nonsmooth
equation systems. For this purpose, we define the so-called C-functions.

Definition 2.23 (C-Functions). A function ¥ : R x R — R s called a
C-function if for any pair (a,b) € R? the following is satisfied

Yo(a,b) =0 < a,b>0 and ab= 0.

Given two vectors x,y € R™, the vector-valued C-function ¥¢ : R™ x R* — R"”
is defined component-wise, i.e., Vo (x,y) = (Vo(z1,y1)s -+ s Y (Tny Yn))-

In the literature these functions are sometimes called NCP functions [178].
Therefore, the NCP (2.18) is equivalent to finding zeros in the following
nonsmooth system of equations:

Uo(F(z),z) = 0.

Let us list some of the most popular C-functions. For concrete examples, in
our notation, we replace the C in the subscript with some acronym related
to the name of the C-function. The first example is the min-function, i.e., it
holds that tmin(a,b) = min(a, b) = 0. This function is differentiable everywhere
except at the line a = b. An equivalent formulation is given via the natural
residual function vmin(a,b) = ¥nr(a,b) = 3(a+b— y/(a — b)?). The Fischer-
Burmeister (FB) function is given by ¥rg(a,b) = \/(a? + b%) — (a + b). This
function is convex and differentiable everywhere except at (0,0). The function
Ypg, with p > 2 is differentiable everywhere, however, has a zero gradient at
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the origin. Another example is the Chen-Chen-Kanzow function ¢cck(a,bd) =
Yrg(a,b) — Amax(0,a) max(0,b) with A > 0. The level curves of our three
examples are depicted in Figure 2.6.

2.3 Mathematical programs with complementarity
constraints

In this section, we turn our attention to Mathematical Programs with
Complementarity Constraints (MPCC). They are a central tool in this thesis
as all discrete-time optimal control problem formulations that we arrive at are
MPCCs.

A large source of MPCCs are so-called bilevel optimization problems. These are
NLPs where the solution set of a lower-level optimization problem is part of the
upper-level feasible set. The upper-level variables enter the lower-level problem
as parameters. Replacing the lower-level problem by its KKT conditions one
ends up with an MPCC.

A more general class are Mathematical Programs with Equilibrium Constraints
(MPEC) which are NLPs with a VI, representing an equilibrium condition, as a
constraint. Solutions of VI are characterized by complementarity conditions.
However, they might be only necessary conditions as in the case of KKT
conditions for nonconvex NLPs. Thus by replacing the VI with complementarity
conditions we obtain an MPCC which is usually a relaxation of the initial
MPEC. Of course, when the complementarity conditions are also sufficient,
the two problems become equivalent. We review the standard MPCC theory
and solution methods. In the literature, the acronym MPEC is often used for
MPCCs, since it is easier to pronounce.

2.3.1 Introduction to MPCCs

The complementarity constraint in an NLP formulation of the MPCC (as Eq.
(2.23)) lead to a violation of standard CQs at all feasible points. This requires
special treatment both from the numerical and theoretical points of view. The
theory presented here has its origins in [96, 104, 151, 187, 236].

We regard an NLP similar to (2.1), but now with additional complementarity
conditions:

0<G(z) L Hx) >0,
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where G, H : R® — R™ are assumed to be twice continuously differentiable
functions. These conditions can be equivalently stated in several ways:

1. G(z) >0, H(z) >0, Gi(2)Hy(z) <0, i=1,...m,
2. G(z) >0, H(z) >0, G(z) T H(z) <0,

3. G(z) >0, H(z) >0, Gi(2)Hi(x) =0, i=1,...m,
4. G(z) >0, H(z) >0, G(z)TH(z) =0,

5. o (G(x), H(z)) = 0.

In our exposition, we pick to work with the first variant.

Remark 2.24. Several authors [104, 179, 248] introduce slack variables for the
functions G(x) and H(z) to have only linear functions in the complementarity
conditions:

sq¢ =G(x), sy = H(z), (2.22a)
sG>0, s >0, (2.22b)
$GiSH,; <0, forallie{l,...,m}. (2.22¢)

This does not change any of the theoretical considerations and we stick to
the notation of most of the MPCC-literature [12, 96, 108, 139, 146, 151, 219,
228, 236], where nonlinear functions G(x) and H(x) are treated directly in the
complementarity conditions. However, for the efficacy of numerical solvers it is
often beneficial to introduce the slacks [104], see also Section 2.4.

Regard the following NLP

min  f(z) (2.23a)
st g(z) =0, (2.23b)
h(z) > 0, (2.23¢)

G(x) >0, (2.23d)

H(z) >0, (2.23¢)

(2.23f)
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The feasible set of this NLP is denoted by Qypcec. The constraints (2.23d)-
(2.23f) introduce some difficulty that prohibits a straightforward application of
the NLP theory from Section 2.1. Hence, they need to be treated with special
care. We illustrate this with the following example from [236].

Example 2.25 (The global minimum is not a KKT point). Regard the following
MPCC:

min 21 +To — X3

TER?
s.t. hi(z) =4z —x3 >0, | g1,
ho(x) = dzg — x5 > 0, | pa,
G(z) =21 >0, | has
H(x) =9 >0, | bms
G(z)H(x) = z1xe <0, | pGm.

1t is not difficult to see that x* = (0,0,0) is the global minimizer of this NLP.
At the solution all inequalities are active. We try to find Lagrange multipliers
W= (5, s, e, Wiy ) = 0 such that the KKT conditions (2.7) are satisfied.
Starting with ¥V, L(z*, u*) = 0 we have

1 4 4 4 4 0
O=|1|=p |0 —p| 0| —pg|O0|—py|0|+pgu|0
~1 ~1 ~1 ~1 ~1 0

From the nonnegativity of the multipliers and this condition, we obtained that
pe=1—4p7 >0, pi €[0,0.25],
pr =1—4p;5 >0, p; €0,0.25],
pi+ps =1

We conclude that there are no Lagrange multipliers that satisfy the KKT
conditions. The KKT conditions are not necessary for the global minimizer in
this example.

The reason for the degeneracy in the last example is the absence of CQs. This
is not a pathological example. Typically, most standard CQs are violated for
generic MPCCs (2.23). For example, there is no feasible point = that satisfies
the inequality (2.23f) strictly and this implies that the MFCQ is violated
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at every feasible point [236], cf. Definition 2.11. This has several negative
consequences: (a) the set of Lagrange multipliers is necessarily unbounded, (b)
the gradients of the active constraints are linearly dependent at all feasible
points, and (c) the linearization of (2.23) can be inconsistent arbitrarily close to
a stationarity point [99]. The tangent cone is usually a nonconvex cone due to
the complementarity constraints, cf. Example 2.12. Since the linearized feasible
cone is a polyhedral convex cone, in most cases we can only expect the GCQ to
hold [98]. This prohibits us to equate the tangent and linear feasible cone and
to pass from the FONC to the KKT conditions. To resolve these theoretical
difficulties, besides the standard geometric FONC in Theorem 2.5, for MPCC
several tailored stationarity concepts that can characterize local minima are
derived.

2.3.2 First-order optimality conditions for MPCCs

The stationarity concepts for MPCC are defined utilizing several auxiliary NLPs.
We first define the index sets which depend on a feasible point z € Qypoc:

Zio(z)={ie{1,...,m}| Gi(z) >0, H;(x) = 0},
To+(z) ={ie{1,...,m} | Gi(z) =0, H;(z) > 0},
Zoo(x) ={i € {L,...,m} [ Gi(x) = 0, Hy(x) = 0}.

For ease of notation, we often omit the argument in the index sets, as it is clear
from the context which point is meant. The set Zy is called the set of degenerate
indices and is usually the source of theoretical and numerical difficulties. If Zyg
is empty, we say that a solution =* satisfies strict complementarity. We proceed
with the definition of the auxiliary NLPs [236].

Definition 2.26 (Auxiliary NLP). Let z* € Qumpcc. We define the following
auxiliary NLPs:

o the Relazed NLP (RNLP) for x* € Qmpcc is defined as

min  f(x) (2.24a)
st. glz) =0, (2.24b)
h(z) > 0, (2.24¢)

Gi(z) =0, Hi(z) >0, i € Loy (27), (2.24d)

Gi(z) >0, Hi(z) =0, i € ITio(x"), (2.24e)



42 NONLINEAR OPTIMIZATION WITH COMPLEMENTARITY CONSTRAINTS

Gl(iﬂ) > O, H,(Z) > 0, i€ Ioo(x*), (224f)

o the Tight NLP (TNLP) for * € Qumpcc is defined as

min  f(z) (2.25a)
st g(z) =0, (2.25b)
h(z) > 0, (2.25¢)

Gi(x) =0, Hy(x) >0, i € Ty (a*), (2.25d)

Gi(x) >0, Hi(z) =0, i € Tyo(z*), (2.25¢)

Gi(z) =0, Hy(x) =0, i € Too(z*). (2.25f)

o Let (I1,T5) be a partition of Toy such that Ty UZy = Tog and Iy NIy = 0.
The Branch NLP (BNLP (1, 1,)) for x* € Qupcc is defined as

min  f(z) (2.26a)
st g(z) =0, (2.26b)
h(z) >0, (2.26¢)

Gi(z) >0, Hi(z) =0, i € Too(z") ULy ("), (2.26d)

Gi(z) =0, Hy(z) >0, i € Toy (z*) ULn(a"). (2.26¢)

Figure 2.7 illustrates the feasible sets of the auxiliary NLPs for ¢ € Zyg. We
denote the feasible sets of the RNLP, TNLP, and BNLPz, 7,) by Qrxvp,
QrnLp and QBNLP(Il,Iz)’ respectively. The usual NLP concepts such as first-
order optimality conditions, stationary points, second-order conditions, and
constraint qualification for MPCC are defined in terms of these auxiliary NLP.
To see that this approach makes sense we look at how these problems and
their solutions are related. It is not difficult to see that the following holds for
z* € Qvpcc [236]:

Qe = (] Q8NLP@, 2, C Qurce = | QByipg, 2, € Qrnwe.
(11712) (1171-2)
(2.27)

The same relations hold for the corresponding tangent cones at z* as well.
Furthermore, for a feasible point of the MPCC (2.23) 2* € Qypcc the following
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(a) TNLP (b) RNLP (c) BNLP (d) BNLP

Gi(x) Gi(z) Gi(x) Gi(x)

Figure 2.7: Feasible sets of auxiliary NLP.

can be said [236]. If 2* is a local minimizer of the RNLP, then it is a local
minimizer of the MPCC. The converse is not true. If z* is a local minimizer
of the MPCC then it is a local minimizer of the TNLP. The point z* is a
local minimizer of the MPCC if and only if it is a local minimizer of every
BNLP 7, 7,). The last assertion highlights the combinatorial nature of MPCCs,
since 2/%ool branch NLPs must be checked to make conclusions about optimality.
Fortunately, as we will see below, under reasonable assumptions we do not have
to check every branch NLP but only the RNLP or TNLP to characterize a
stationary point of the MPCC.

All these difficulties arise because of the degenerate indices i € Zgpg. If this
set is empty, all auxiliary NLP collapse to the same problem, and there is no
combinatorial structure due to the BNLP anymore. It can be seen that the
tangent cone of Qypcc will be convex since there will be no rays that start
from the degenerate point, cf. Example 2.12. Assuming that other constraints
in the MPCC do not cause the violation of the ACQ, then we have that the
standard ACQ holds for the MPCC and thus we can apply the KKT-conditions
to verify the stationarity of z* € Qnpcc in this fortunate case. In other words,
¥ € Qumpoc is a local minimizer of the MPCC if and only if it is a local
minimizer of the RNLP/TNLP, which are equal in this case [236].

Next, we define the MPCC Lagrangian, MPCC CQs, and MPCC stationarity
concepts.

Definition 2.27 (MPCC Lagrangian). The function LMTCC © R™ x R™s x
R x R™ x R™ — R,

LY @, N v, €) = f(a) = AT g(z) — p"h(z) —v T G(z) — €T H(z), (2.28)

with the MPCC' Lagrange multipliers A € R", p € R"» v € R™ and £ € R™,
is called the MPCC' Lagrangian function of the MPCC (2.23).
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The MPCC Lagrangian is the standard Lagrangian for the RNLP/TNLP. It
differs from the standard Lagrangian from Definition 2.13 for the MPCC (2.23)
in omitting the bilinear terms G;(z)H;(z) < 0 and their multipliers.

If Zoo # 0, then the linearized feasible cone cannot locally capture the structural
nonconvexity of the complementarity constraints. To have a more handy tool,
the MPCC linearized feasible cone _7_—(1\2/[560 (x) is used [96, 219, 236].

PCC

Definition 2.28 (MPCC linearized feasible cone). The MPCC linearized feasible
cone of Qumpcc at a feasible point x is defined as

FYPCC () = {d € R" |Vg(z)"d =0,

Qmpcc

Vhi(z)"d >0, foralliec Az),
VGi(z)"d =0, for all i € Ty, (x),
VH(z)"d=0, for alli € T, o(z),

0<VGi(x)"d L VH;(z)"d >0, for alli € Tyo(x)}.

The combinatorial structure is kept for the degenerate index set Zyy and this
cone is nonconvex.

Since the standard CQs fail to hold for MPCCs, the KKT conditions are usually
not applicable for characterizing a stationary point. Note that the purely
geometric standard FONC of Theorem 2.5 can still be used, as it does not
require any CQs. Stationary points that satisfy these conditions are in the
MPCC community called geometric Bouligand stationary points [98, 165]. Some
other concepts rely on the auxiliary NLPs and their Lagrange multipliers. They
are summarized in the next definition.

Definition 2.29 (Stationarity concepts for MPCCs). Let x* be feasible for the
MPCC (2.23).

o Geometric Bouligand Stationarity (Geometric B-Stationarity) [98, 187]: A
point x* € Qnpec 15 called geometric B-stationary if the following holds:

Vi) d>0, forallde Taypee (")

o Algebraic Bouligand Stationarity (or just B-Stationarity) [187, 236]: A
point x* € Qmpoc is called B-stationary if d = 0 is a solution of the
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following linear program with complementarity constraints:

: *\ T
min Vi)' d (2.29)
st de FHr (z7). (2.30)

o Weak Stationarity (W-Stationarity) [256]: A point x* € Qmpcc is called
weakly stationary if the corresponding TNLP admits the satisfaction of
the KK'T conditions, i.e., there exist Lagrange multipliers \, u,v and &
such that:

vwﬁMPCC(x*a )‘*7/’6*; V*ag*) = Oa

0<p* Lh(z") >0,

G(z*) > 0,vf =0, forallieZio(z"),

H(z*) >0, =0, forallieZyy(z"),

Gi(z*) =0, v} € R, forallie€ Loy (x*) UZyo(z*),

Hi(z*)=0, & €R, forallie€Zio(x")UZgo(z").

o Strong Stationarity (S-stationarity) [236]: A point x* € Qmpcc is called
S-stationary if it is weakly stationary and v} > 0,&F > 0 for alli € Too(x™).
In other words it is a KKT point of the corresponding RNLP.

o Clarke Stationarity (C-stationarity) [236]: A point * € Qmpcc is called
C-stationary if it is weakly stationary and v;€F > 0 for all i € Too(x™).

o Mordukhovich Stationarity (M-stationarity) [256]: A point * € Qypcc
is called M-stationary if it is weakly stationary and if either v; > 0 and
& >0 orvigr =0 for all i € Tpo(z*).

o Abadie Stationarity (A-stationarity) [96]: A point x* € Qupec s called
A-stationary if it is weakly stationary and v > 0 or & > 0 for all
i€ IOO (I*)

The feasible sets for the MPCC multipliers v* and £* are depicted in Figure 2.8.
Note that S-stationarity corresponds to the KKT conditions of the RNLP. If «*
is M-stationary, then the KKT conditions of at least one BNLP can be satisfied
at x* [165]. The many different stationarity concepts might be confusing and
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S-Stationarity =~ W-Stationarity = C-Stationarity = M-Stationarity = A-Stationarity
T T

Vi Vi Vi Vi Vi

Figure 2.8: Sign restrictions for MPCC multiplier in different stationarity
concepts.

one might be wondering if some of them are needed at all. Some of them might
even not be necessary as they allow trivial descent directions. We illustrate this
with the following counterexample from [180].

Example 2.30 (Descent direction for M-stationarity). Regard the following
MPCC:

min  (v; — 1)® + 23(z9 + 1)

z€R?
s.t. x>0,
x9 >0,
122 < 0.

At the point z* = (0,0) we have that
_ MPCC***__Q_*l_*O
A NS B el B ST

is satisfied for the multipliers v* = —2 and £* = 0. Hence, x* is M-, C-, A-,
and W-stationary. The directions d = {(d1,0) | d1 > 0} are descent directions.

However, these stationarity concepts are crucial for studying numerical methods
for MPCC. As we will see in the next section, MPCCs are usually solved by
solving a (finite) sequence of related and more regular NLPs. Depending on the
underlying assumptions, the accumulation points of these methods are some of
the stationarity points defined above. Therefore, it is important to understand
under which conditions these stationarity concepts are indeed necessary for
optimality. It turns out that all of them can be necessary for local optimality if
some additional specialized CQs hold [104, 236]. As in the regular NLP case,
some of the CQs might be strong but too restrictive, or weak but too difficult
to verify in practice.
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Similar to the discussion after introducing the auxiliary NLP, we note that most
difficulties vanish if there are no degenerate indices. Observe that if Zyg = (J,
then all multiplier-based stationarity concepts collapse to the same. The next
definition lists some of the most popular MPCC-tailored CQs [151, 241].

Definition 2.31 (MPCC constraint qualifications). Let 2 be a feasible point
for the MPCC (2.23).

e The MPCC-LICQ holds at a point x if the LICQ holds for the RNLP at x.
e The MPCC-MFCQ holds at a point x if the MFCQ holds for the RNLP

at x.

o The MPCC-ACQ holds if and only if FSPCC (2) = Toypee (7).

Qmpcc

o The MPCC-GCQ holds if and only if FFCC (2)° = Toypee (2)°.

Qumpcc
The following implications hold [151, 241]:
MPCC-LICQ = MPCC-MFCQ = MPCC-ACQ = MPCC-GCQ.

Note that the first two constraint CQs are defined in terms of the RNLP. The
linearized feasible cone of these NLPs is always convex and we can expect the
standard ACQ to be violated. This motivated the definition of the MPCC-ACQ
and MPCC-GCQ in terms of the nonconvex cone FNTCC () [95, 96, 97, 98].

Interestingly, Flegel and Kanzow [98] prove that under the MPCC-LICQ the
standard GCQ holds for a generic MPCC (2.23).

The MPCC-CQs are needed for establishing when some stationarity concept
is necessary for a local minimizer of an MPCC. The results from [104, 151,
187, 217, 236] are summarized in the diagram in Figure 2.9. This diagram
was inspired by [175, Theorem 5.13] and [165, Figure 2]. The implications
between different stationarity concepts involving multipliers follow from their
definition [236]. For the missing CQ definitions see [151, 241]. We make a few
comments on the relations. As already discussed, if the ACQ does not hold, the
KKT conditions are not applicable for characterizing a Geometric B-stationarity
point. B-stationarity always implies geometric B-stationarity, the converse
requires additionally the MPCC-GCQ to hold [96]. S-stationarity corresponds
to the KKT conditions of the RNLP and it implies B-stationarity because of the
inclusion relation in Eq. (2.27). Conversely, if the MPCC-LICQ holds, then B-
stationarity implies also S-stationarity [236]. This is unfortunately not anymore
true if the MPCC-LICQ is replaced by weaker CQs. For a counterexample, one
can verify that in Example 2.25 the MPCC-LICQ is violated at =*, where the
weaker MPCC-MFCQ holds [241]. This means that B-stationary points that
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— . .
B-stationarity

Geo. B-stationarity

MPCC-GCQ

OOIT-DOdIN

S-stationarity

local minimizer M-stationarity

A -stationarity

W-stationarity

Figure 2.9: Diagram summarizing MPCC-CQs and necessity of different
stationarity concepts for optimality.

are not S-stationary can not be identified via any stationarity concept based on
the auxiliary NLPs [277]. Instead, an exponential number of linear programs
(2.29) must be solved to verify B-stationarity.

As seen from the discussion above, the desired and easy-to-verify concept is
S-stationarity. It does not allow trivial descent directions and requires no
combinatorial exploration. Arguably, the needed assumptions might be too
restrictive [180, 169]. To this end, we restate a remarkable theorem that relates
S-stationary and B-stationary points. It additionally relates the MPCC and
standard Lagrange multipliers. It was independently derived in slightly different
forms in [104, Proposition 4.1], [12, Theorem 2.2] and [146, Proposition 1]. We
denote the standard Lagrange multipliers for the complementarity constraint
in (2.23) by (ua, ttm, per) and remind the reader that the relevant MPCC
multipliers are denoted by (v, §).

Theorem 2.32. A point x* is strongly stationary for the MPCC (2.23) if and
only if it is stationary for the RNLP (2.24). Furthermore, if (u&, Wiy, i) are
standard Lagrange multipliers associated with x*, then the MPCC-multipliers
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(v*, &%) can be computed by
vi = N*G,i - /’I’EHZHl(I*> (2.31a)

& = g — Hop Gala). (2.31b)

Conversely, if (v*,&*) are MPCC-multipliers associated with x*, then any
(M, Wiy b ) satisfying (2.31) with

. S _ e > 2. 2
Heg Z PGH = Max <O, zren%)}i H, ($*) ) ilél%ﬁ, G (.T*)) ) (2.32)

are standard Lagrange multipliers of (2.23) associated with x*.

The proof follows from the direct comparison of the KKT conditions of the
RNLP and the MPCC. This theorem reveals that if MPCC-LICQ holds, which
implies the uniqueness of the multipliers (v*,£*), then the standard multipliers
of (2.23) are the unbounded ray defined by (2.31) with the origin at jigr. An
interesting interpretation of the result is given in [104]. The standard multipliers
(1g, Wiy, & pr) must be nonnegative, whereas the MPCC multipliers (v*, £*) can
become negative for a sufficiently large pf . This suggests that a constraint
regarded as an inequality should be treated as an equality constraint. Of course,
such an analysis is only a posteriori possible.

There exist also second-order optimality conditions tailored to MPCCs. They are
defined in terms of S-stationary points and the corresponding MPCC multipliers.
We omit their statement for brevity and reefer the reader to [228, 236] for more
details.

2.4 MPCC solution methods

In this section, we review some standard MPCC solution methods. As seen
in Section 2.1.2, the core of most NLP solvers are Newton-type methods for
finding zeros of the KKT conditions of a regular NLP satisfying LICQ or MFCQ.
Newton-type methods usually assume locally isolated solutions for superlinear
convergence [149]. This assumption is not satisfied for MPCCs since due to the
violation of MFCQ), the set of Lagrange multipliers is necessarily unbounded.

In the last three decades, many tailored MPCC solution methods were proposed.
A recent survey of MPCC methods is given in [165]. The references [106, 139,
159] provide comparisons of several solutions strategies. Good overviews are
also provided in the PhD theses [175] and [277]. We classify the MPCC solution
methods as:
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NLP solution methods,
regularization methods,
exact penalty methods,
lifting methods,
implicit methods,

combinatorial methods.

Some authors treat the methods from I-IV as a single class [165, 175], as they
mainly use standard NLP methods. The availability of robust NLP codes makes
their implementation easy and practical. Thus, we make a finer distinction
and look closer at their properties. In this thesis, they are used for solving the
discrete-time optimal control problems derived in Chapters 7 to 9. Most of
them are implemented in the open-source package nosnoc [206].

Methods from classes I-IV require solving a sequence of related and more regular
NLPs, which are parameterized by a parameter o > 0. We denote the solution
of the initial MPCC (2.23) by z* and the solution of the regularized NLP by
2*(0). The obvious goal is that 2*(c) — z* as ¢ — 0.

In this thesis, we do not use methods from classes V and VI for several reasons.
They are more difficult to implement than methods from classes I to IV and
there are currently no mature open-source software implementations available.
Moreover, they require tools from nonsmooth optimization or they might not
be applicable to the MPCCs arising form discretizing optimal control problems.
Nevertheless, we provide several references for these approaches.

2.4.1 NLP solution methods

Methods from this class simply threats the MPCC as a nonlinear program
and applies directly standard NLP techniques such as SQP and IP methods
for solving (2.23) [102, 103, 178, 185]. Despite the degeneracy discussed at
the beginning of the last section (ill-conditioning, inconsistent linearizations),
this approach can perform surprisingly well in practice. However, they tend
to have convergence difficulties or to converge to spurious stationary points
if the MPCC-LICQ does not hold. Depending on how the complementarity
constraints enter the NLP, we distinguish between direct solution methods and
NCP reformulations.
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Direct solution This approach consists of the straightforward application of a
standard NLP solver to the MPCC (2.23), possibly with alternative equivalent
formulations of the complementarity constraints (2.23d)-(2.23f). Fletcher and
Leyffer study the practical performance of SQP methods on numerous MPCCs
in [101] and investigate their local convergence properties in [103]. Under the
assumptions that the MPCC-LICQ and MPCC-SOSC hold, that all QPs remain
feasible, and other technical assumptions, they show quadratic convergence
to S-stationary points. The use of slack variables sg and sy in Eq. (2.22) is
necessary for this result.

Moreover, in practice the lumped formulation s;sy < 0 gives better performance
than the component-wise sg ;sm,; <0, ¢ =1,...,m. A possible explanation is
that the lumped complementarity constraint allows nonmonotonous changes in
the complementarity pairs during the iterates, which improves the convergence
[179]. The equality constraint formulation of the bilinear term usually results
in worse performance. The authors show with several counterexamples [103]
that their assumptions cannot be relaxed.

Interior-point methods perform reasonably well if applied directly to the NLP
formulation (2.23) [266, 267]. However, their performance improves when paired
with relaxation and exact penalty formulations, as we will highlight several
times below.

NLP formulations with NCP functions In this approach the complementarity
constraints (2.23d)-(2.23f) are replaced by a C-functions U (G(x), H(x)) = 0.
The resulting NLP is solved by a standard globalized NLP solver. The use
of SQP methods in such formulations was studied by Leyffer [178]. Since the
C-functions are not differentiable (0, 0), their subgradient is used. Evidently,
using squared versions (or higher powers) of C-functions will not improve the
situation and lead to a violation of LICQ at (0,0) since we obtain a zero-
gradient at this point. Similar to [103], assuming MPCC-LICQ, MPCC-SOSC,
Lipschitz continuity of the NLP functions and their derivatives and other
technical assumptions, local superlinear convergence to S-stationary points was
shown. Leyffer tests this approach on a wide number of test problems and
shows that different NCP functions can lead to large differences in performance.
Similar to the first approach, lumping all NCP functions in one constraint, i.e.,
e " Ue(G(z), H(x)) < 0 often gives better performance.
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2.4.2 Regularization methods

Regularization methods involve relaxing or smoothing the complementarity
constraints using a parameter ¢ > 0. This results in a more standard and regular
NLP that typically satisfies the standard MFCQ. As a result, the regularized
NLP can be solved using a readily available solver. A smaller value of o yields
a better approximation to the original problem. When o = 0, the problem
becomes equivalent to the initial mathematical program with MPCC defined in
equation (2.23).

In these approaches, a sequence of the relaxed NLPs for ¢* — 0 is solved. If
the problems are solved exactly, under mild assumptions, accumulation points
of the sequence of solutions x*(c*) are C-stationary points [237, 228, 139].
Hoheisel et al. [139] provide a detailed numerical and theoretical comparison of
several methods from this family. Solving the NLPs inexactly usually weakens
the convergence results [159]. Of course, stronger assumptions also result in
convergence to M- or S-stationary points. We provide details for some of the
most popular regularization methods, which we use in this thesis.

Global relaxation/smoothing method by Scholtes [237] This is probably the
easiest-to-implement approach and relaxes the bilinear constraint (2.23f) as

Gi(z)H;(z) <o, foralli € {1,...,m}.

An illustration of the relaxed feasible set is given in Figure 2.10. Alternatively,
the bilinear term might be smoothed

Gi(x)H;(x) =0, foralli € {1,...,m}.

Lumped versions G(z)"H(z) < o or G(z)'H(z) = o are also used
frequently [237]. Observe that in contrast to the smoothed variant, the relaxed
version contains the feasible set Qnpcc, and one might find with it a stationary
point without driving o — 0. Assuming MPCC-LICQ, Scholtes [237] shows
convergence to C-stationary points. Hoheisel et al. [139] obtain the same result
under the weaker MPCC-MFCQ. Ralph et al. [228] study the convergence
speed of this approach and show that, under rather strict assumptions, the
local solution map z*(o) of the relaxed formulation is a piecewise continuous
function and that the solution converges with a rate O(c). Milder assumptions
(MPCC-MFCQ and RNLP-SOSC) result in the rate O(c2) for the relaxed
variant and O(c7) for the smoothed variant.

For more efficacy, Raghunathan and Biegler [227], Liu and Sun [185] propose
interior-point methods where the relaxation parameter ¢ is proportional to the
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(a) Scholtes (b) Lin-Fukushima (c) Steffenson-Ulbrich (d) Kadrani et al. (e) Kanzow-Schwartz
= = = = =
Gi(x) Gi(x) Gi(x) Gi(x) Gi(x)

Figure 2.10: Illustration of the regularized complementarity sets.

barrier parameter 7. Under some stronger assumptions, the former strategy is
shown to converge quadratically to S-stationary points. The next four more
sophisticated regularization schemes converge to M-stationary points under
fairly mild conditions and perform reasonably well in practice [139].

The smooth relaxation method by Lin and Fukushima [182] This method is
similar to Scholtes’ regularization and replaces the complementarity conditions
(2.23d)-(2.23f) by:

Gi(z)H;(x) < o?, forallie {1,...,m},
(Gi(z) + o) (Hi(x) + o) > o2, foralli € {1,...,m}.

Figure 2.10 (b) shows an illustration of the feasible set. Lin and Fukushima
obtain similar convergence results as Scholtes [237]. Hoheisel et al. [139] extend
this result by proving convergence to C-stationary points under the MPCC-
MFCQ. Moreover, they show that the feasible points of the relaxed NLP satisfy
the MFCQ in a neighborhood of a point & € Qypcc-

The local relaxation method by Steffensen and Ulbrich [248, 277] Almost
all regularization methods make global changes to the feasible set. Motivated
by the fact that most difficulties arise for degenerate complementarity pairs
1 € Zyo, Steffensen and Ulbrich follow a different approach. Their main idea
is to relax the complementarity constraint only locally at the corner of the
L-shaped set arising from the complementarity constraints.

The relaxation is achieved with the following steps: the L-shaped set is rotated
with a linear transformation by 7 counterclockwise for every complementarity
pair, and one obtains the graph of the abs-function. On the interval [—o, 0],
the kink is replaced by a sufficiently smooth function such that the continuity
of the functions and their derivatives is preserved at the interval boundaries.
Finally, the inverse transformation is carried out, and a locally relaxed set is
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obtained, cf. Figure 2.10 (c¢). This reasoning expressed in equations reads as
Oy (Gi(z), Hi(x),0) <0, forallie {1,...,m},

where ®gy : R x R x R — R is defined in terms of the auxiliary functions
3y R xR — R and ¢f; : [-1,1] — R as follows

Psu(y1,Y2;0) = Y1 + Y2 — dSu (Y1 — y2,0),

|21, if [2] > o,
oy (%), if|z] <o

(bgU(Z’ U) = {

The function ngU satisfies the following properties:

(i) @by it is twice continuously differentiable on [—1, 1],
(ii) ¢gU(1) = ¢gU(—1) =1,
(i) #obu(=1) = —1 and £ofy(1) =1,
() 2 obu(-1) = = obu(1) =0,

(v) ;—;¢%U(z) >0 for all z € (—1,1).

Examples of such functions are ¢4(z) = %(—2* 4+ 62% + 3) and ¢%(z) =
2gin(zZ + 32) + 1 [248].

Under the MPCC-CRCQ (cf. [139, Defintion 2.4]) convergence to C-stationary
and under the MPCC-LICQ to M-stationary points is shown [248]. A lumped
version Y. ®gu(Gi(z), Hi(x),0) < 0 can be used as well.

The nonsmooth relaxation method by Kadrani et al. [157] Another
interesting relaxation reads as:

Gi(z) > —o, Hi(z) > —0o, forallie {1,...,m}
(Gi(z) — o) (Hi(x) —0) <0, forallie{1,...,m}.

Figure 2.10 (d) illustrates the nonsmooth feasible set obtained from the
constraint above. The convergence study of [157] is carried out assuming
the MPCC-LICQ. Once again, Hoheisel et al. [139] improve the result and show
convergence to M-stationary points under the MPCC-CPLD (cf. [139, Defintion
2.4], a CQ weaker than the MPCC-MFCQ and stronger than the MPCC-ACQ).
It is evident from the structure of the feasible set of this relaxation that verifying
standard CQs is more difficult. Thus, only standard GC(Q is shown under the
MPCC-LICQ [157, 139, 98].
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The relaxation method by Kanzow and Schwartz [158] This relaxation has
stronger theoretical properties than the previous one and a more satisfactory
shape of the feasible set, cf. Figure 2.10 (e). In contrast to the approach of
Kadrani et al., it contains the feasible set of the MPCC. This relaxation is
modeled with the following equations:

Pks(Gi(x), Hi(z),0) <0, forall i € {1,...,m},

with Pxs : RX R xR — R and ¢ks : R x R — R where ®ks(y1,y2,0) =
Pks(y1 — o,y2 — o) and

dxs(yy2) =Y oty 20
’ Lt +d), ity tye <O
The function ¢ksg is a continuously differentiable C-function [158]. Under the
MPCC-CPLD (cf. [139, Definition 2.4]) convergence to M-stationary points is
shown [158; 139]. The relaxed NLP is shown to satisfy at least the GCQ.

Smoothed NCP functions Early MPCC algorithms considered smoothed and
everywhere differentiable variants of C-functions from the Definition 2.23. We
denote them by ®¢(a,b,0). For example, the smoothed Fischer-Burmeister
functions read as ®pp(a,b,0) = a + b+ Va2 + b2 + 2. Facchinei et al. [8§]
show the convergence of this approach to C-stationary points.

Two sided-relaxation method by DeMiguel et al. [72] All methods above
are governed by a single scalar parameter o. The relaxation of DeMiguel et al.
works with the slack formulation (2.22) and uses three nonnegative parameters
0G,0m,06g € R™:

SG 2 —0G, SH = —O0H,

$GiSH,; < ogm,, forallie {1,...,m}.
The parameters are updated in each iteration depending on the sign of the
multipliers to enforce convergence to S-stationary points. Either o and opy or
oqm are reduced, but never both at the same time. This relaxation is paired
with an interior-point algorithm. Convergence to S-stationary points is given
under MPCC-LICQ and strong SOSC. Milder assumptions result in convergence
to C-stationary points [72].
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2.4.3 Exact penalty methods

Exact penalty reformulations are one of the most often used approaches to treat
degenerate NLPs [33, 57, 111]. It is no surprise that these ideas are adapted
to MPCCs. In exact penalty algorithms, the bilinear term (2.23b) is added to
the objective in some suitable form and multiplied by a penalty factor p. To be
consistent with our notation above and the implementations in nosnoc [206], we
use pF = (%k Assuming sufficient regularity of other constraints and having the
bilinear term in the objective, we obtain a regular NLP that usually satisfies the
MFCQ. Under suitable regularity assumptions and for a sufficiently large and
finite p, the solution z*(o) matches the solution z* of the initial MPCC after
a single NLP solve. In practice, a sequence of NLP is solved to improve the
convergence and to estimate the correct penalty parameter value. We discuss
several of the most widely used formulations below.

/1-exact penalty formulation This formulation penalizes the G(z)" H(z),
which corresponds to the ¢; norm of the complementarity residual in the
objective and solves a sequence of the following NLPs

min  f(z) + p"G(x) " H(x) (2.33a)
st. g(z) =0, (2.33b)
h(z) >0, (2.33¢)
G(z) >0, H(z) > 0. (2.33d)

The formulation with the complementarity slacks (2.22) is also used frequently,
where the term psgsH is added to the objective. This approach was first
proposed in [91] for solving practical problems. Anitescu [11] provided the first
convergence analysis for the /; penalty approach paired with active-set SQP
methods. Remarkably, Ralph et al. [228] show that an MPCC solution z* is
also a solution to (2.33) for a sufficiently large p and that regularity conditions
of the MPCC (e.g., MPCC-LICQ) imply regularity of the NLP (2.33). However,
if the local minimizers are only B-stationary but not S-stationary points, the
penalty parameter must grow to infinity [165].

Leyffer et al. [179] propose an interior-point algorithm to solve the NLP (2.33)
while dynamically updating the penalty parameter p. For each fixed p*, the
barrier subproblem is solved inexactly to a tolerance proportional to the barrier
parameter 7. Strategies to steer the penalty parameter that avoid too large
increases and unbounded subproblems are proposed as well. Convergence to
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an S-stationary point is shown under the MPCC-LICQ, RNLP-SOSC. Under
additional conditions, a superlinear convergence rate is proved.

Fukushima et al. [107] suggest an SQP method paired with a penalized
NCP function. Hu and Ralph [145] relate relaxation methods of [237]
and give conditions for convergence to B-stationary points. They study
more general formulations than (2.33) and suggest for example to use
S ®rp(Gi(x), Hi(x))? as a penalty function. Furthermore, by comparing
the KKT conditions, Leyffer et al. [179] show that there exists a one-to-one
correspondence between the iterates of a smoothing and penalty approach.

Hall et al. [127, 128] proposes a Sequential Convex Programming (SCP)
method for solving the penalty problem arising from quadratic programs with
complementarity constraints. In particular, the method makes use of the fact
that QP matrices do not need to be re-factorized in an SCP approach, which
enables fast and cheap iterations. The algorithm is paired with an exact analytic
line search. The same convergence results as in [228] can be applied.

The great practical difficulty in exact penalty methods is steering the penalty
parameter. Byrd et al. [57] introduce a line-search SQP ¢;-exact penalty method
for general degenerate NLPs. They propose penalty update rules based on
solving LPs and QPs with a trust region to predict the decrease of the merit
function. Favorable theoretical properties and good numerical performance on a
series of test problems including MPCCs are reported. Unfortunately, a robust
open-source implementation is still not available. Thierry and Biegler [266, 267
adapt the ¢; strategy of Byrd et al. [57] including the penalty steering rules,
to solve degenerate problems with IPOPT [281]. Good practical performance
is reported on the MacMPEC test set [177] with an improvement in terms of
speed and robustness compared to a direct application of IPOPT.

{--exact penalty formulation As in general nonlinear programming, using an
l penalty function for MPCC is also very common [33]. Thereby a sequence
of the following NLPs needs to be solved

min  f(z) + p*s

)
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0<s<s.

where s € R is a slack variable and s > 0 is its upper bounds. This enables
us to express the /., norm smoothly. Observe that if the bilinear terms are
lumped together, and we use the constraint G(z)" H(x) < s, we end up with
an ¢; formulation.

Anistescu’s elastic mode [12, 16] A mixture of the approaches above is the
elastic mode, which takes an ¢; norm of the bilinear complementarity terms and
an {,, penalization of the relaxation of the standard equality and inequality
constraints. The elastic mode NLP reads as

min f(z) + p*(G(2) " H(z) +5)

)

st. —s<gi(x)<s, forallie{l,...,ng},

hi(x) > —s, forallie{l,...,n,},

G(r) > 0,H(z) >0,
0<s<s,

where s € R is the elastic mode variable and s is its upper bound. Usually, a
sequence of NLPs is solved inexactly with an increasing p¥. Anitescu et al. [16]
show under the MPCC-LICQ and other assumptions the global convergence of
an elastic mode SQP approach to C-, M- and S-stationary points. The elastic
mode with a fixed penalty parameter is implemented in SNOPT as a fallback
strategy if an infeasible or unbounded QP is detected [112].

Finally, we mention the family of augmented Lagrangian methods for MPCC,
which also belong to the class of penalty methods [106, 150]. We do not treat
them in detail here. Assuming the MPCC-LICQ, and that the sequence of
Lagrange multipliers is bounded, convergence to S-stationary points is shown
in [106, 150].

2.4.4 Lifting methods

Lifting methods are somewhat in between relaxation and penalty methods. The
main idea is to introduce lifting variables and regard a more regular feasible
set in a higher-dimensional space whose orthogonal projection is the L-shaped
set, coming from the complementarity constraints. Some of them require
penalization of the lifting variables to recover the solution of the initial problem
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[131], and others might require additional regularization [249]. Unfortunately,
they have weaker theoretical properties than regularization methods, cf. Section
2.4.7. Thus, we do not implement these methods and do not treat them in
further detail there. We mention the methods of Stein [249], Hatz et. al [131],
and Izmailov et al.[150].

2.4.5 Combinatorial methods

The methods explicitly treat the combinatorial nature of the complementarity
constraints (2.23d)-(2.23f). They have the strongest convergence properties
as they are usually guaranteed to converge to B-stationary points. They
can be subdivided into branching methods [165, 23], active-set methods
[180, 169, 165, 110] and pivoting methods [165]. These methods rely on
guessing the correct active set by solving a linear program with complementarity
constraints (LPCC) from the definition of algebraic B-stationarity [180, 169],
cf. Definition 2.29. If d = 0 solves the LPCC, a B-stationarity point is found.
To promote faster convergence rates, based on the active-set guess, an equality-
constrained QP can be solved [180, 169]. As the solution of an LPCC can
be computationally expensive, Kirches et al. [169] regard LPCC only with
complementarity and bound constraints, which in turn can be solved with
linear complexity. They suggest to treat the remaining equality and inequality
constraints in an augmented Lagrangian fashion. This is later done by Guo
and Deng [120], where convergence to M-stationary points is proven. The
main practical drawback of this method class is the lack of robust open-source
implementations. For more references we refer the reader to [175, Section 5.6.2]
and [165, Section 3.2].

2.4.6 Implicit methods

Implicit methods are tailored to bilevel optimization problems. The lower-
level optimization problem is parameterized by the upper-level optimization
variables. It is assumed that for every choice of upper-level variables, the lower-
level problem has a (locally) unique solution. Hence it can be viewed as an
implicit function of the upper-level variables with locally isolated branches. The
lower-level variables are eliminated via their KKT conditions, and a reduced
nonsmooth optimization problem is solved, e.g., via semi-smooth Newton
methods. An overview of such methods is provided in [218].
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Type Method CQ for MPCC Limiting Subproblem Citation
Point NLP satisfies
Direct Fletcher et al. MPCC-LICQ S GCQ [104, 103]
Leyffer MPCC-LICQ S GCQ [179]
Regular- Scholtes MPCC-MFCQ C MFCQ [237, 139]
ization Lin-Fukushima MPCC-MFCQ C MCFQ [182, 139]
Kadrani et al. MPCC-MFCQ M GCQ [139, 157]
Steffensen-Ulbrich MPCC-CPLD C ACQ [139, 248]
Kanzow-Schwartz MPCC-CPLD M GCQ [139, 158]
Raghunathan-Biegler | MPCC-LICQ S MFCQ [227]
Lifting Stein MPCC-LICQ C LICQ [249]
Izmailov-Solodov MPCC-LICQ C LICQ [147]
Hatz et al. MPCC-LICQ S acqQ [131]
Penalty £1-Penalty MPCC-LICQ S LICQ [228, 178]
Leyffer et al. MPCC-LICQ C LICQ [178, 228]
{oo-Penalty MPCC-LICQ S LICQ [228, 33]
Elastic mode MPCC-LICQ C MFCQ (12, 16]

Table 2.1: Overview of convergence properties of MPCC tailored methods from
groups I to IV.

2.4.7 Summary of MPCC methods

With a standard NLP solver at hand the methods from classes I-IV are easy
to implement. Table 2.1 provides an overview of known convergence results
for direct, regularization, lifting, and penalty methods. Together with the
commutative diagram after Definition 2.31, it might help one to decide which
algorithm to choose to compute a stationary point of the MPCC (2.23). The
strongest multiplier-based stationarity concept is S-stationarity, followed by M-,
C-, A- and W-stationarity, sorted from stronger to weaker. One should not
be discouraged by the weaker limiting points of the relaxation methods. In
contrast to the other methods, these results are obtained under much weaker
assumptions. More restrictive assumptions give a better result. For example,
the global relaxation method by Scholtes [237] converges to B-stationary points
under the MPCC-LICQ and the upper-level strict complementarity, cf. [228,
Definition 2.6].

We note that all methods converging to an S-stationary point under the
MPCC-LICQ also assume other restrictive assumptions as the upper-level strict
complementarity [104, 131, 178, 227]. In practice, one never solves the NLP
subproblems exactly, due to the solver tolerances and finite arithmetic precision.
However, solving the NLPs in the sequence inexactly can weaken convergence
results [159, 16]. For example, under inexact solves the methods of Kadrani et
al., Kanzow-Schwartz [158] and Steffensen-Ulbrich [248] converge only to W-
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stationary points. Surprisingly, the methods of Scholtes and Lin-Fukushima are
immune to this, and they still converge to C-stationary points [159]. However,
if some stronger assumptions are not satisfied, usually the MPCC-LICQ), they
can experience slow convergence rates and converge to M-stationary points or
weaker. This motivated the development of combinatorial methods, for which
currently no mature open-source implementations are available.






Chapter 3

Direct Optimal Control
Methods

In direct optimal control approaches, we first discretize the infinite-dimensional
optimal control problem and solve a finite-dimensional NLP, e.g., with some
of the methods from the previous chapter. From now on, we call the direct
optimal control methods for smooth dynamical systems standard methods. The
standard methods are already at a very mature stage with many real-world
applications [38, 78, 229]. However, the theory and algorithms for smooth
systems do not naturally extend to nonsmooth systems, and standard methods
may fail in surprising ways, as we will explore in later chapters. Despite these
challenges, numerical discretization and direct optimal control methods for
smooth dynamical systems serve as the starting point for the generalizations we
aim to develop in this thesis. Hence, it is necessary to be familiar with them.
Optimal solutions of nonsmooth optimal control problems consist usually of
piecewise smooth functions, where the approximations of the smooth parts can
essentially be obtained by the established methods. In this chapter, we present
concepts which are used as building blocks in the development of numerical
methods for nonsmooth dynamical systems in this thesis.

Outline. This chapter is structured as follows. In Section 3.1 we provide some
basic definitions regarding controlled dynamical systems. Section 3.2 discusses
some standard numerical simulations and sensitivity computation for ODEs
and differential algebraic equations. The chapter concludes with Section 3.3,
where we discuss optimal control problems and common solution approaches,
with a focus on direct optimal control methods.

63
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3.1 Controlled dynamical systems

We start with regarding smooth controlled dynamical systems, i.e., a system
where an external control function (also called control input, manipulated
variable, input, or just control) enters the right-hand side and thus manipulates
the evolution of the differential and algebraic states. In this thesis, we will solve
optimal control problems to compute these control inputs (or approximation of
them).

For the exposition in this section, we assume that the control input is known
and sufficiently regular (e.g., measurable or continuous). In particular, we are
interested in Ordinary Differential Equations (ODE) and Differential Algebraic
Equations (DAE). We review some standard numerical integration methods with
a focus on implicit Runge-Kutta methods. The section finishes by reviewing
some facts about sensitivity propagation for smooth ODZEs.

3.1.1 Ordinary differential equations (ODEs)

Definition 3.1. Let t € R be the time, x(t) € R the differential states and

u(t) € R™ a given control function. Denote by &(t) = dfi(tt) the derivative of
the differential state w.r.t. time. Let F': R x R™ x R" x R™ — R" be a

function such that the Jacobian g—g(-) is invertible. The system of equations:

Bt 2(t), x(t), u(t)) = 0, (3.1)

1s called an ordinary differential equation. Given a function f : RxR"™ x R™ —
R™ then a system of equations:

CU(t) = f(t,x(t),u(t)), (32)

is called an explicit ordinary differential equation.

Note that an explicit ODE (3.2) can be always written as an implicit ODE
(3.1) by defining F'(¢t, (t), z(t),u(t)) = z(t) — f(¢t, z(t),u(t)). To simplify our
exposition, we focus on explicit ODEs from now on. We will often call explicit
ODEs just a differential equations or dynamical systems or simply dynamics.
The function f(-) is often called the right-hand side (r.h.s.) of the ODE or
vector field. In this chapter, we additionally assume that the functions F(-) and
f() are sufficiently smooth in all arguments, e.g., in direct optimal control (see
Section 3.3) we need them to be twice continuously differentiable.

The explicit dependence on ¢ in F(-) and f(-) can always be removed by
introducing a differential clock state y with the dynamics g(¢t) = 1. Similarly, if
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there is a dependence on a time-independent parameter p, an auxiliary state p
with the dynamics p = 0 can be introduced to remove the explicit dependence.

Definition 3.2 (Initial Value Problem). Regard a time interval t € [0,T] and
suppose the control function u(t) is known. The ODE from Eq. (3.2) together
with a given an initial condition x(0) = xo € R™ 4s called an Initial Value
Problem (IVP) and is usually written as

x(0) = Iy, (3.3a)

z(t) = f(t,z(t),u(t)), forallt €[0,T]. (3.3b)

As for any system of equations, the question of the existence and uniqueness of
solutions plays a central role also for IVPs. Answers to them are provided in
the famous Picard-Lindel6f Theorem.

Theorem 3.3 (Picard-Lindel6f Theorem). Regard the IVP from Definition 3.2
and suppose that the function f(-) is Lipschitz continuous in x and continuous
in t and u. Then there exists some € > 0 such that the IVP (3.3) has a unique
solution x(t) on the time interval t € B.(0).

3.1.2 Differential algebraic equations (DAEs)

Many practical problems are more intuitively and easier modeled by DAEs. An
extensive list is given in [47]. Formally, DAEs arise when the Jacobian %—5() in
(3.1) is singular. Given an IVP arising from a DAE, it is useful to distinguish
between differential and algebraic states. For the differential states an initial
value x( is provided, whereas the algebraic variables can usually be expressed
as functions of the differential states and controls, hence, they do not need an

initial value. DAEs are formally defined as follows.

Definition 3.4 (Differential Algebraic Equations). Let t € R be the time,
x(t) € R™ the differential states, z(t) € R" the algebraic states and u(t)R™
the control function. Given F : R x R™ x R™ x R"™= x R™ — R"= the system
of equations:

F(t, (1), (), 2(8), u(t)) = 0. (3.4)
1s called a differential algebraic equation.
If we could find an explicit expression for z as a function of z and u we

could transform the DAE into an ODE. It turns out that sometimes one has to
differentiate the equation (3.4) several times w.r.t. time until z can be extracted,
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e.g., by algebraic manipulations. As we will see later, the number of times
that we need to differentiate does not only determine the properties of the
solutions but also the quality of numerical approximations obtained by standard
integration methods applied to the DAE. This leads to the following definition
that serves as a handy criterion for classifying DAEs.

Definition 3.5 (Differential index [125]). The DAE (3.4) has the differential
index m, if m is the minimal number of analytic differentiations such that the
set of differential equations

dm .
(), 2(0), 2(2),u(0) = 0,

corresponds to an ODE as defined in Definition 3.1.

Semi-explicit DAEs

The DAE (3.4) is fully implicit. In practice, one encounters more often so-called
semi-explicit DAEs. For example, the smooth pieces of solution trajectories of
nonsmooth systems studied in this thesis are often described by semi-explicit
DAEs. We will focus on them in the sequel and provide their canonical form
for indexes one to three.

Given the functions f : R x R™* x R™ x R™ — R™ and g: R x R™ x R"= x
R™ — R™=, such that the Jacobian % is nonsingular, the system of equations:

.”L’(t) = f(tv .’L‘(t), Z(t), u(t))7 (3.5&)
0= g(t,x(t),z(t),u(t)), (35b)

is called a semi-explicit DAFE of index 1. The invertibility of the Jacobian
%(-) guarantees via the implicit function theorem the existence of a locally

single-valued z(x), hence, an ODE is easily obtained.

Given the functions f : RxR"™> xR"= xR"* — R"= and g : RxR"s xR"* — R"=,
such that the Jacobian %g—i is nonsingular, the system of equations:

z(t) = f(t,z(t), z(t), u(t)), (3.6a)

0 = g(t, z(t), u(t)), (3.6b)

is called a semi-explicit DAE of index 2 [125]. In the study of so-called sliding
modes of nonsmooth dynamical systems we often locally encounter DAEs of
index 2, cf. Chapters 4 and 6.
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Suppose now that we have the differential states x € R™ and y € R™ and
the algebraic state z € R™=. Given the functions f, : R x R?» x R™v — R"=,
fy i RXR™ x R™ x R" x R™ — R", and g : R x R"* x R™* — R"#, such
that the Jacobian 24 9= % is nonsingular, the system of equations:

oz Dy
#(t) = fa(t, (1), y(1), (3.7a)
g(t) = fy(t,x(t), y(t), 2(2), u(t)), (3.7b)

0= g(t, x(t), ult)), (3.7¢)

is called a semi-explicit DAE of index 3. The Euler-Lagrange equations for
constrained multi-body systems result in DAEs of index 3 [125]. In mechanical
systems with state jumps studied in Chapter 8, DAEs of this kind play a central
role.

Note that a higher-index DAE can usually be replaced by a DAE of a lower
index paired with consistency conditions, i.e., the initial value must satisfy the
algebraic equations that are replaced by equations obtained by differentiating
them by time. This procedure is often used for theoretical and computational
considerations and is called index reduction. The existence and uniqueness
results for ODEs can be extended to DAEs [230].

3.2 Numerical integration methods

Even though we know that a solution to the IVP associated with ODE (3.2) or
the DAE (3.5) exists, we can compute it analytically only in some special cases.
Therefore, one is usually forced to find approximations of the true solution at
discrete points in time. A continuous time approximation can be constructed
based on the computed values at these points. The computation of a numerical
approximation is called a simulation of the differential equation, or numerical
integration. The excellent textbooks [18, 47, 122, 125] provide a broad and
detailed overview of the field.

More precisely, we regard the integration interval [0,7] and compute solution
approximations x,, ~ x(t,) at N discrete time-points 0 =ty <1 < ... <ty =
T. Thereby the integration interval is split into the integration subintervals
[tn, tnt1] where t,41 = t, + hy, and h,, is called the integration step size. In
this section, for ease of notation we assume a constant integration step size,
ie, h,=h= % foralln =0,...,N — 1. Moreover, we assume the control to
be known and for simplicity, we set u(t) = ug for ¢ € [0,7]. The extensions to

more sophisticated control parametrizations are straightforward.
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Standard integration methods rely on linear combinations of previously
computed values and function evaluations f(-). There are several distinguishing
features of standard integration methods. If the methods use several previously
computed values x,, T,_1, ..., then we speak of multi-step methods. These
methods require a reliable starting procedure for computing the first few
points [124]. On the other hand, single-step or one-step methods only use
the previous value x,,, but evaluate the function f(-) at stage points inside the
integration subintervals to achieve better accuracy. Furthermore, both method
classes can be explicit or implicit. Explicit methods rely only on function
evaluations to compute the next step, whereas implicit methods require the
solution of a root-finding problem. The latter is more computationally expensive
per step but is usually more accurate for given number of stage points and has
better stability properties and allows larger step sizes.

In this thesis, we focus on one-step methods and their most famous example,
namely the Runge-Kutta (RK) methods. Runge-Kutta methods can be applied
generically to ODEs and even high-index DAEs. Note that for special classes
of smooth ODEs such as Hamiltonian systems [126, 123] or highly oscillatory
systems [130, 123] tailored integration methods exist.

Before we proceed with some basic definitions for one-step methods, we want to
highlight that in numerical optimal control, it is often instructive to think of any
integration method as a discrete-time dynamical system. In this sense, given
To = Tg, & one-step integration method that recursively generates a sequence of
approximations x,, for x(t,) is compactly represented by

Tn+1 = (rbf(xTH Zn, Uo), (38&)
0= ¢int (In, Zny UO)- (38b)

Here z, collects all internal variables of the integration method, including the
discrete-time approximations of the algebraic variables. The function ¢¢(-) is
the state-transition map and Eq. (3.8b) collects all internal equations of the
method. Depending on the underlying IVP and the chosen integration method,
the function ¢i,¢(-) determines the internal variables z, either explicitly or
implicitly. Several examples of such methods are given below. We will use the
discrete-time system representation (3.8) for all discretization methods in this
thesis, for smooth and nonsmooth systems as well. We proceed with defining
the notions of convergence and accuracy for one-step methods.

Definition 3.6 (Numerical integration error). Let x(t) be the exact solution to
the IVP from Definition 3.2 on [0,T], with the initial value x(0) = xo. Regard
the one-step method (3.8) for computing an approximation x,, of x(t) at time
tn, with the given control u(t) = ug and internal integration methods variables
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zZn—1- The local integration error at the time points t,, is defined as
etn) = l[z(tn) — @5 (2(tn-1); 2n—1,u0)||
The global or transported integration error at t, is defined as
E(tn) = [[x(tn) — znl,

where x,, is computed recursively using (3.8) starting with o = Zo.

The local error tells us about the mismatch of a single integration step. The
consistency measures the difference between the true slope and the approximate
slope arising from the integration method. Finally, the global error measures
the overall accumulated error during the simulation.

Definition 3.7 (Order of accuracy/convergence). A numerical integration
method is said to be convergent, if all its points x,, converge to the exact solution
x(tn) for h — 0, that is limy, o sup,, ||E(t,)|| = 0. The method is said to have
order p > 0 if the local errors satisfy

lim sup ||e(t,)|| = O(hPT1). (3.9
h—0 ¢,

The errors and orders of convergence for the algebraic variables z are defined
accordingly.

3.2.1 Runge-Kutta methods

Runge-Kutta (RK) methods are the most famous class of one-step methods.
They are the starting point for tailored numerical methods for nonsmooth
differential equations that are developed in Chapter 7. We first define them for
explicit ODEs as in (3.2) in two different variants and give afterwards extensions
to the case of semi-explicit DAEs (3.5).

Definition 3.8 (Runge-Kutta method in differential form). Consider the IVP
from Definition 3.2. Let ng be a positive integer, called the number of stages.
Given the matriz A € R™*"s with the entries a; ; fori,j € {1,...,ns}, and the
vectors b,c € R™. The system of equations:

kni= f(tn +cih,x, + hZai)jk‘n’j,uo), forallie{1,...,ns}, (3.10a)

s

j=1

T+l = Tp + h Z bikn,ia (310b)

i=1

is called a ng-stage Runge-Kutta (RK) method in the differential form.
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The coefficients ¢; specify the stage points t,, 4 c;h, while a; ; are the internal
coefficients and b; are the weights. To have a useful RK method, the coefficients
a; j,b; and ¢; have to satisfy certain properties [124]. To have a method that
converges it must hold that

=1

The internal coefficients a; ; should satisfy the consistency conditions, i.e.,

ns
E Qi 5 = Ci-
j=1

Some additional conditions lead to well-defined problems whose solutions provide
coefficients for concrete RK methods [56, 122, 124]. To relate Eq. (3.10) to
the general form in (3.8), note that the internal variables in (3.10) are z, =
(kn,1s---knn,) € R™™_ The equations (3.10a) are the internal computations
summarized in @int(Tn, 2n,up) = 0 and the state transition map reads as
Gt (Tny 2nsUo) = Tn + B Doy bk i

The formulation in Definition 3.8 is called differential since the derivatives of
the states at stage points k; are the unknowns. Alternatively, the values of the
states at the stage points z,, ; € R™* can be the unknowns, which brings us to
the integral form.

Definition 3.9 (Runge-Kutta method in integral form). Consider the IVP
from Definition 3.2. Let ng be a positive integer, called the number of stages.
Given the matriz A € R™*"s with the entries a; ; fori,j € {1,...,ns}, and the
vectors b,c € R™. The system of equations:

Mg
T = Ty + hZai’jf(tn +c¢jh, xy 5,u0), forallie{l,...,ns} (3.11a)

Jj=1
Tpt1 = Tp + hi bi f(tn + cih, T4, Uo), (3.11b)
i=1
is called a ng-stage Runge-Kutta (RK) method in integral form.
The extension of RK methods to nonsmooth ODEs developed later in Chapter 7

is implemented both in integral and differential form in the open-source package
nosnoc.
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It is very common to characterize RK methods by their Butcher tableau [55]:

C1 ai,i ai,2 . a1,ng
C2 a21 a2 2 e a2 ng
) c| A
b
CnS ans’l ans’g e ans,ns
b ba ... by

The sparsity pattern of the matrix A determines if the method is explicit or
implicit. For Explicit RK (ERK) methods only the entries below the diagonal
of A are nonzero, i.e., A is strictly lower triangular. For ns < 4, the number of
stages in the best ERK methods matches their order. Beyond that, the number
of stages grows faster than the order. ERK methods are usually good for nonstiff
problems as they are computationally cheap and provide good accuracy.

If A is not strictly lower triangular we speak of an Implicit RK (IRK) method.
A subclass of IRK methods are semi-implicit RK methods. In this case, the
matrix A has a sparsity pattern that can be computationally exploited, see
[226, Chapter 2] and [195, 122] for details. For computing an integration step
with IRK methods, Newton’s method must be employed for obtaining the value
k; to compute x, 1. Note that since already a root-finding algorithm is used,
IRK methods are also suitable for implicit ODEs and DAE formulations from
Definitions 3.1 and 3.4, respectively.

Implicit methods are computationally more expensive per step, but they have
in general a higher accuracy order for the same number of stages. Nevertheless,
they can be more efficient depending on the required accuracy. They have
also superior properties when it comes to the simulation of DAEs and stiff
ODEs [122]. Informally speaking, stiff problems are differential equations for
which explicit methods do not work well [126]. They are differential equations
that have largely different time scales. For more details on stiff differential
equations and definitions, cf. [56, Section 112] and [126]. Closely related to the
notion of stiffness is the notion of numerical stability of integration methods.
Intuitively, if the analytic solution is bounded the numerical solution of a stable
method should also be bounded for a reasonable step size. Formally, a few
different stability concepts exist, e.g. A-stability, L-stability, cf. [56, 126].

The existence of solutions to IVPs does not automatically imply the existence
of solutions to its discrete-time counterpart obtained via the IRK equations.
Fortunately, only mild additional conditions are required. In general, besides
the smoothness assumptions on the function f(-), sufficiently small step sizes h
are sufficient to guarantee invertiblity of the Jacobian of the residual function

in the IRK equations 86(‘/;“;) (+). More on this topic can be found in [126, Section

14].
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Collocation methods

An interesting subclass of IRK methods often used in practice and also in this
thesis are collocation methods. The main idea is to approximate the solution
x(t) of the IVP (3.3) on every interval [t,, t,+1] by a polynomial g, (t) of degree
ns. The polynomial satisfies the differential equations at the collocation points
(i.e., stage points) and matches the initial value at ¢t = ¢,,. This is summarized
in the next definition.

Definition 3.10 (Collocation methods). Consider the IVP from Definition
3.2. Let ng be a positive integer and cy,...,c,, € [0,1] distinct numbers. The
corresponding collocation polynomial g, (t) of degree ng is implicitly defined by

Qn(tn) = Tn,

Qn(tn + Czh) = f(tn + Ci, Qn(tn + Cih)vu0)v fO’f‘ all i € {1, ) ns}'

The numerical approzimation T,y is given by Tpi1 = Gn(tny1). The time
points t, + c;h are called the collocation points.

The choice of the collocation points ¢; uniquely determines the IRK method and
its properties. Note that in contrast to general RK methods, ¢; must be distinct
numbers. Moreover, the collocation polynomials ¢, (t) provide a continuous
time approximation of x(¢) on the interval [t,, t,+1]. The accuracy order inside
the interval is at least ng and less or equal to the accuracy order p of the method
(defined for the endpoint ¢,,41). In general, the accuracy order of collocation
methods at grid points t,, is ns < p < 2ng [126].

There are several mathematically equivalent ways to represent the polynomial
¢n(t). In practical implementations, it is common to use an interpolating
polynomial through the initial value and state values at the collocation
points [38]. In this case, it is necessary that ¢; # 0 (which is e.g., violated for
Lobatto collocation). Another similar, but more general and less restrictive
representation, which also simplifies the relation to IRK methods is commonly
used in the exposition of collocation methods [122, 126, 229]. Thereby, g, (t) is
parametrized by x,, and the state derivatives at the collocation points:

qn(t) = xp —|—/t G (T)dT.

n

The polynomial ¢,(¢) of degree ns — 1 is expressed using the Lagrange
interpolating polynomials ¢;(¢):

n(t) = iéi (%) f(tn + i, qn(tn + cih),uo) = iéi (%)knu
i=1 i=1

=kn,i
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Figure 3.1: Tllustration of the Lagrange interpolating polynomials ¢;(t) with
ns = 3 (left plot) The functions ¢,(¢t) and #(¢) (middle plot). The functions
qn(t) and x(t) (right plot). The vertical dashed lines correspond to the stage
points ¢;.

where the polynomials ¢; are defined as

Ns

ti(r) = H %

. -, C
j=vi#j = 7

By direct computation and comparing to (3.10), the missing coefficient for the
Butcher tableau is computed by:

Cci 1
Q5 = /0 fj(t)dt, b, = /0 gi(t)dt, for all 1, €1,...,ng

Two very popular classes of collocation/IRK methods are the Gauss-Legendre
(GL) and Radau ITA methods. GL methods are optimal in terms of accuracy,
i.e., they have the highest possible accuracy order p = 2ng for a given number of
stages ng and they are A-stable [126]. On the other hand, Radau ITA methods
have an accuracy order of p = 2ng — 1 and are L-stable. L-stability is a desirable
property when one needs to integrate very stiff systems [126]. Moreover, for
Radau ITA methods it holds that ¢, = 1. This property is favorable for tailored
methods for nonsmooth Filippov systems, as it simplifies their implementation
and theoretical analysis, cf. Chapter 7. Another interesting family of collocation
methods with ¢,,, = 1 are Lobatto methods, cf. [126].

Example 3.11. The derivation of the collocation method is illustrated for the
example ©(t) = =3z, (0) =1 and T = 1. The analytic solution to this IVP

is x(t) = e~3'. We use a Radau IIA method with ng = 3 and take a single

integration step with h = 1. The stage points are and ¢y = 4_15/6, cy = 4+‘f

and c¢s = 1. Figure 3.1 illustrates the Lagrange polynomials (left plot), the
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polynomial ¢,(t) compared to the time derivative of the exact solution &(t)
(middle plot) and the polynomial g, (t) compared to the exact solution x(t) (right
plot). It can be seen that the error inside the interval (t,tn4+1) is greater than
on the boundary fort =t,11.

Runge-Kutta methods for DAEs

We turn our attention now to RK methods for semi-explicit DAEs. The
extension is conceptually straightforward but their theoretical properties for
DAE of different indexes are heterogeneous. Even though one can apply ERK
methods to DAE, the DAEs are often stiff. Therefore, it is more natural to
consider IRK methods. They also have superior theoretical properties for DAEs
compared to ERK. Moreover, in this thesis, direct transcription methods are
often used for discretizing optimal control problems, cf. Section 3.3.2. This
means that the IRK equations end up being constraints of an NLP, which is
anyway numerically solved with a Newton-type method.

The IRK equations for the semi-explicit DAE of index 1 (3.5) read as

kn,i = f(tn + Cih, Ty + hz ai,jkm]‘, Znis Uo), 1€ {1, .. ,TLS}, (3.12&)

j=1

Ng

0=g(tn +cih,x, + hZai’jkn,j, ZnyiyUo), ¢ € {1,...,ns}, (3.12b)

j=1
Tpt1 =2Tnth Z bikn.i, (3.12¢)
i=1
0 = g(tn+17xn+172n+17u0)‘ (312d)
Here z,4, © € {1,...,ns} are the stage values for the algebraic variables and

Zn+1 is the approximation of z(t,41). To obtain the latter, the equation
(3.12d) is added. For IRK methods ¢,, = 1 it is automatically satisfied. All
standard results about order and convergence for IRK methods hold also for the
formulation (3.12) [125]. The RK equations (3.12) are stated in their differential
form. The integral form is obtained similar to (3.11) by having instead of k,, ;
the stage values z,; as degrees of freedoms. Note that in both forms the
algebraic variables are kept in integral form, i.e., the unknowns are z,, ;.

IRK methods for index-2 DAEs (3.6) are formulated similarly. It is assumed
that the initial values z,, and z, are consistent, i.e.,

g(tn,.’L'n7U0) = Oa
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vﬁfg(tﬂnxna UO)Tf(tn7xn7 vauo) =0.

The IRK equations read as

knﬂ' = f(tn + Cih,l‘n + hzaid‘kmj, Znﬂ',Uo), i€ {1, A ,ns}, (313&)

j=1

0= g(tn + cih, 2o + Y a; jkn g uo), i € {1,...,ng}, (3.13Db)
j=1

Tpy1 =Tpn +h Z bikn,;i. (3.13¢)

i=1

Note that for methods with ¢,, # 1 the boundary value z,4+; cannot be
computed as simply as in the previous case. To compute this value we need a
fully differential representation. Thereby, the algebraic stage value in (3.13) are
replaced by

ng
. z N
Zngi =2n+h g a; jk;, ;1 € {1,...,ns},
i=1

where k? . are the derivatives of the algebraic variables at the stage points.

n,s

Then, 2,41 is computed via

Ny
Zpn4+1 = Zn + h Z bzka,Z

i=1

The IRK equations for the DAE of index 3 in Eq. (3.7) are similar to (3.13).
We omit the full statement for brevity here, but details can be found in [122,
Chapter 6].

Summary for Runge-Kutta methods

Fixed step size Runge-Kutta methods are very popular in numerical optimal
control for several reasons [226]. They are fairly easy to implement, the
computations have a bounded and deterministic runtime and they have good
theoretical properties (high accuracy, can handle stiff problems, etc.). Lobatto
and Radau methods for DAEs, which have the right boundary point as a
stage point are sometimes easier to implement. As we will see in the next
chapter, their straightforward generalizations to nonsmooth systems lose many
of the beneficial properties, e.g., accuracy order and convergence of sensitivities.
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However, they still serve as a basis for tailored methods where these properties
can be recovered. We provide in Table 3.1 an overview of accuracy orders for
the IRK methods used in this thesis.

3.2.2 Sensitivity computation

In Newton-type optimization, we need to compute first and often second-
order derivatives. More concretely, in numerical optimal control, we need
the derivatives of IVP solution approximations w.r.t. to the initial value and
controls. These derivatives are called (numerical) sensitivities. We discuss here
briefly how to compute first-order sensitivities. An excellent reference that
treats numerical sensitivity propagation in great detail is the PhD thesis of R.
Quirynen [226]. Details on higher-order sensitivities can be found in [7, 226].

Let us regard the IVP from Definition (3.2) on the time interval [0,7] with
the initial value z(0) = Zy. We assume a constant control input u over this
interval. This corresponds to a single control interval in a discretized OCP with
a piecewise constant control parametrization, which is a common choice in direct
optimal control, cf. Section 3.3. Next, denote the solution (or its approximation)
by x(t;xo,u). We are interested in the sensitivities at t = T w.r.t 2 and u, i.e.,
the partial derivatives %ﬁ"“) € R XN, W € R™*™u  Additionally,
one could be interested in the case of DAEs in the sensitivities of the algebraic
variables, or in adjoint sensitivities. We omit these cases here for brevity and
refer to [226, Chapter 2].

Nowadays derivatives of differentiable functions are usually computed via
automatic differentiation. Thereby, an expression graph for the function

Method - ODE DAE index 1 DAE index 2

x x z T z
] odd 2N 2N Ng ns+1 mng—1
Gauss-Legendre even 2ng 2ng ne+ 1 g ng—2
Radau IA odd/even| 2ns —1 | 2ng — 1 Ng Ng ng—1

Radau IIA odd/even| 2ng—1 | 2ng—1 2ns—1 | 2ng—1 Ng
odd 2ng—2 | 2ng—2 2ng—2 | 2ng—2 ng—1

Lobatto ILIA even 2ng—2 | 2ng—2 2ng—2 | 2ng— 2 Ng
Lobatto ITIIC odd/even| 2ng —2 | 2ng —2 2ns—2 | 2ng—2 ng—1

Table 3.1: Overview of accuracy orders for some IRK methods for ODEs, DAEs
of index 1 and 2 [122].
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is created and by applying the chain rule, every expression in the graph
is differentiated. For more details see e.g., [115]. Efficient and accurate
computation of derivatives of solution approximations to IVPs is slightly more
involved and requires some care. In the following we discuss in more detail the
two main strategies for computing sensitivities:

1. differentiate-then-discretize,

2. discretize-then-differentiate.

Differentiate-then-discretize

This approach consists of augmenting the IVP problem by two additional matrix
differential equations, which are linear in the sensitivities and which are called
Variational Differential Equations (VDEs) [62]. The forward sensitivities are
obtained as solutions of:

S5(1) = 9L, 2(0) u(1) 5 (1), §%(0) = I, (3.14a)

§4(0) = 9 2(0), w5 (1) + L 1,20, u(r), S* @) =0, (3.14)

where S*(t) = 651(3) € R "= and S%(t) = ag—g) € R"=*"u_ This approach
consists of a continuous-time propagation of the sensitivities, which can be
discretized with any accuracy. However, in dynamic optimization, we need
accurate sensitivities of the solution approximations, but not necessarily of
the analytic solution itself. If no care is taken, it is clear that S*(T") is not
necessarily identical to the derivative of the solution approximation W
The same holds for the derivative w.r.t. u. One can also compute backward
or adjoint sensitivities via a similar system of equations to (3.14) [61]. This

system is then simulated backward in time.

Discretize-then-differentiate

Guided by the fact that the derivatives of the solution approximation are
needed, one could differentiate the integration method itself. Complementary
to the previous approach, this can be interpreted as a discrete-time sensitivity
propagation and there are a few approaches to doing these computations. The
simplest way from a implementation perspective is to use finite differences. We
remind the reader that x(¢;xo, ) is the numerical solution approximation of
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the IVPs. We can regard this function as a black box and call it as often as
needed. A partial derivative w.r.t. zo, at t =T is computed by

O0x(T5x0,u)  z(T;x0 + hdi,u) — (T 20, u)
8%‘071' - h ’

where ¢; € R™= is a vector which has a one at the i-th entry and zeros otherwise.
In the literature, this approach is known as external numerical differentiation [7,
229]. Note that if an adaptive step size integrator is used, the values x(T; zo +
hé;,u) and (T 2o, u) might be coming from two different discretized functions.
To avoid interference with the step size control that causes such discontinuities,
one has usually to sacrifice accuracy and use a larger h [7]. To avoid such pitfalls
Bock has proposed the principle of internal numerical differentiation [39, 41].
Thereby, the nominal trajectory for x¢ is computed adaptively, and for all other
function calls the adaptive parts of the method (step size, number of Newton
iterations, etc.) are frozen. This results in a differentiable integrator code.

Alternatively, instead of using finite differences, one can apply Automatic
Differentiation (AD) to the resulting integrator code. Thereby, one can apply
AD either to the whole code (known as external AD) or apply AD independently
to each part of the integrator (known as internal AD), see e.g., [226] for details.
The latter is usually more efficient in terms of runtime as some problem structure
can be exploited [7, 226].

In the end, one obtains a code that can be interpreted as a discrete time VDE.
We write this discrete time system in a similar style as it is done for integration
methods in Eq. (3.8):

i-{—l = 1/{2'1 (Ina Sﬁ7 Yn7 U), 0 = 'l/)m,int(xny ‘5%7 an ’LL), (315&)
S:;-Q—l = ws"' (.’En, S»Z:a Yna ’U/), 0= wu int(xﬂm Su7 YTM u)a (315b)

where Y, are internal variables, S¥ = g’;" and S} = 8”” Similar to Eq. (3.8),
the functions 9, int(-) and ¢u,mt( ) collect all mternal computatlonb Clearly,
in this case, S%; is the exact derivative of the solution approximation and is
thus equal to W Of course, the same is true for the derivatives w.r.t.
u. Interestingly, the differentiated equations of an explicit RK method with a
fixed step size are equivalent to the equations obtained by applying the same

RK method to the VDE equations (3.14) [282].

3.3 Numerical optimal control

Many of the ideas that we review in the following are in some way applicable
to the more difficult case of nonsmooth optimal control problems. Thus it is
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necessary to be familiar with them. For ease of exposition let us regard an
explicit and sufficiently smooth ODE, e.g., as introduced in Section 3.1. An
optimal control problem is the optimization problem:

T
A, /0 L(a(t), u(t)) dt + M (x(T)) (3.16a)
st. 2(0) = T, (3.16b)
i(t) = f(t,z(t),u(t)), for almost all t € [0,T], (3.16¢)

0 < gp(t, (), u(t)), for almost all t € [0, 7], (3.164)

0 < ge(=(T)), (3.16e)

This is an infinite-dimensional optimization problem since the decision variables
z(+) and w(-) are infinite-dimensional. The functions g, : R™ x R™ — R"w»
and g : R™ — R™s: define the path and terminal constraints, respectively. We
have also infinitely many constraints as (3.16¢) and (3.16d) must be satisfied
for all ¢t € [0,T]. This interval is called the control horizon and we assume for
now T > 0 to be fixed. The first term in the objective (3.16a), defined by the
function L : R™ x R™ — R are the stage/running costs. They are also known
as the Lagrange term. The function M : R™ — R defines the terminal cost,
which is sometimes called the Mayer term. Finally, zg € R™= is the initial value
that we assume to be fixed, but it can also be a degree of freedom.

The integral term in the objective (3.16a) is often replaced by a terminal cost
term z4(T) of a quadrature state z4(t) € R. The dynamics of the quadrature
state reads as:

dq(t) = Lz(t), u(t)), 24(0) = 0.

This simple state augmentation enables e.g., to easily integrate the objective
and the dynamics with the same integrator code.

Time transformations and numerical time

In time optimal control problems the goal is to minimize the final time 7". An
OCP formulation where this is possible is obtained by re-scaling the dynamics
in (3.16¢) and letting T be a degree of freedom. Instead of regarding the IVP
over the time interval [0, 7] we regard a re-scaled system over 7 € [0, 1]. We
call throughout this thesis ¢ the physical time, and T the numerical time. Time

derivatives w.r.t. the numerical time 7 are compactly denoted by d‘z(:) = /(7).
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The physical and numerical time are related via t = 77T or:

dt(r
d(T) =T. (3.17)
Therefore, we have
da(r) _ dz dt
dr dt dr’
and the re-scaled dynamics read as
(1) =Tf(r,2(1),u(r)), 7 € [0,1]. (3.18)

Remark 3.12. The time transformation is also applicable in multi-stage OCPs.
For example, in dynamic walking problems [240], given a fixed order of contact
configurations of a walking biped, one can optimize the length of every step to
generate an optimal walking or running motion.

Some of the core ideas of this thesis will leverage this separation into numerical
and physical time. It is useful to think of 7" in (3.18) as a speed-of-time variable.
The numerical time 7 runs with a speed of one and the physical time with a
speed of T'. In this setting, a trivial consideration is to set the speed of both
times to one and regard 7 € [0, 7], i.e., numerical and physical time are equal,
which matches the usual case without time transformations. In the treatment of
nonsmooth systems, we will sometimes stop the evolution of physical time and
make the r.h.s. in (3.17) discontinuous. This technique is part of time-freezing
and it allows one to transform nonsmooth systems with discontinuous solutions
in t into systems with continuous solutions in 7, cf. Chapters 8 and 9.

3.3.1 Solution methods for OCPs

In general, there is no closed-form solution for the OCP (3.16). Consequently,
the OCP is in practice solved numerically, which means that at some point a
finite-dimensional problem needs to be solved. Numerical methods for solving
the OCP (3.16) are divided into three large groups:

1. dynamic programming methods,

2. indirect methods,

3. direct methods.
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It is well-known that dynamic programming methods suffer from the curse
of dimensionality. Indirect methods are the most accurate one of the three,
however they require solving a difficult two-point boundary problem, which
is in practice often prohibitively difficult [229]. On the other hand, direct
methods are based on the mature standard time-discretization and nonlinear
optimization methods. They allow for simple initialization of the problem and
provide reliably locally optimal solutions with good accuracy. Therefore, we
mainly focus on direct methods in this thesis and thus we discuss the first two
only briefly. A comparison of all approaches can be found e.g., in [36, 80].

Dynamic programming methods are based on Bellman’s principle of
optimality [29]. They propagate the optimal cost-to-go function backward
in time. To obtain a solution of the OCP (3.16) in continuous time one has
to solve the Hamilton-Jacobi-Bellman partial differential equation [184]. In
discrete time, a dynamic programming recursion is regarded [35]. In contrast to
the other two, this approach always finds the global minimizer. However, this
requires a tabulation of the cost-to-go function in a discretized space, which
quickly becomes computationally intractable for state dimensions more than
three to five.

Indirect methods are mostly based on Pontryagin’s maximum principle [224],
which gives first-order necessary optimality conditions for the OCP (3.16) in
continuous-time. These optimality conditions are a boundary-value problem
that is solved numerically. Hence, this approach is often called first-optimize-
then-discretize. Indirect methods provide general solution approximations of
high accuracy but require a good initial guess. In practice, one often uses the
more robust, but less accurate direct methods to find such an initial guess.

In contrast to the indirect methods, within direct methods, one first discretizes
the OCP (3.16) and solves afterwards a finite-dimensional NLP. They are often
called first-discretize-then-optimize methods. We follow this approach also for
OCPs with nonsmooth dynamics. Therefore, we take a closer look at some of
the most popular direct methods in the next section.

3.3.2 Direct optimal control

There are several reasons for the popularity and success of direct methods.
The resulting NLP has the form of (2.1) and can be solved with any available
NLP code. Moreover, many tailored real-time feasible algorithms for feedback
control exist [78]. Very good and mature implementations of direct methods
have facilitated their application [9, 81, 170, 140, 278]. The resulting NLPs
are often easy to initialize and have good convergence properties [229]. Direct
methods parameterize the state and control trajectories, which results in an
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NLP that is a discrete-time approximation of (3.16). Depending on how this
is done, we usually distinguish between direct transcription, direct single, and
direct multiple shooting.

For ease of exposition we pick in all three approaches the same control
parametrization. The prediction horizon [0, 7] is divided in N — 1 equidistant
control intervals defined by the grid 0 =ty < t;... < ty = T. For simplicity,
we pick a piecewise constant control parametrization for all control intervals:

U(t) =u;, t € [ti,ti+1), for all i € {1,. .., N — 1}

The discrete-time control variables are collected in U = (uq, ..., un—_1) € RN,
Extensions to more elaborate control parametrizations, e.g., via polynomials,
and to non-equidistant control discretization grids are straightforward.

Direct transcription

In direct transcription methods, the dynamics (3.16c) are replaced by the
integration method equations (3.8) on every control interval. One of the key
advantages of this class of methods is that they do not require an additional
solver for the DAE. Moreover, the sensitivities are automatically computed
within the NLP solver, since the discretization equations are constraints of
the NLP. To avoid confusion, we remind the reader that in Section 3.2, in the
exposition of integration methods, we regarded a single control. Here we consider
N control intervals and perform on each of these intervals Nj,; intermediate
integration steps. Of course, the number of intermediate steps can be different
on every control interval but we keep them the same to reduce the notational
overhead. Denote by s; the approximation of the state xz(t) at the control grid
points ¢; for all i € {0,..., N} and by z;, the approximations obtained by
single integration steps within the control interval, where n € {1,..., Nint}. As
in Section 3.2 a single integration step is compactly represented by

Tint1 = Of(Tins Yins i),
0= d)int (mi,nv Yin, ui)a

where y; , collects internal variables of the n-th integration step in the i-th
control interval. We go a step further and collect all Ny, integration steps over
the i-th control interval in the discrete-time system representation:

Si+1 = fI)f(si,Yi,ui), (319&)

0= q)int(shnaui)a (319b>
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where ®f(s;,Y;, u;) = x; n,, is the state transition map and ®jn(-) collects all
intermediate computations of all integration steps within one control interval.
The vector Y; = (4,0, Yi,0, - - - s Ti, Nue —15 Yi, Nine » Li, Nin ) COllects all intermediate
integration variables of the i-th control interval.

In direct methods, the path constraints are not imposed for every t € [0, T, but
only on a finite number of points to have a finite number of inequalities. Often,
these constraints are imposed just on the control grid points:

gp(si,ui) >0, forall i € {0,...,N —1}.

To avoid violation of the constraint in between these points, one could
additionally impose the path constraints on all intermediate integration and
stage points or even on some other points obtained by interpolation.

Finally, the objective function (3.16a) is approximated by a discrete-time sum
va_l 0(s;,Yi,u;) + M(sy). The term £(s;,Y;, u;) can efficiently be computed
by introducing the quadrature state zq(-) as discussed above.

Bringing all these steps together, we obtain from the OCP (3.16) the following
structured and sparse NLP:

N-1
énl}rflj 2 0(s;,Yi,u;) + M(sn) (3.20a)
s.t. s = o, (3.20b)
siv1= Dyr(s;, Y5, u;), for all i € {0,...,N — 1}, (3.20¢)
0 = Pint (84, Vi, us), for all i € {0,...,N — 1}, (3.20d)
0 < gp(si,us), foralli e {0,...,N — 1}, (3.20€)
0 < gi(sn), (3.20f)
where S = (so,...,sn) collects all state variables at the control grid point and
Y = (Yo,...,Yn_1) collects all intermediate variables.

Direct transcription is a fully simultaneous approach to optimal control as the
optimization and simulation problem are solved at the same time [38, 78, 229].
Thus, the discrete-time states S and control trajectory U are feasible only at
a converged solution when the simulation problem equations and inequality
constraints are satisfied. One of the most popular direct transcription methods
is direct collocation based on Gauss-Legendre and Radau ITA IRK methods [37,
78, 226, 229].
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Direct multiple shooting

The direct multiple shooting method for solving optimal control problems was
introduced by Bock and Plitt [44]. Nowadays, this method is widely used and
implemented in several popular software packages such as MUSCOD-II[81], ACADO
[140] and acados [278], to name a few.

In shooting methods the internal integration variables Y; are hidden from the
optimizer. Instead, for a given control u; and initial value s; an external
integrator code solves Win(s;,Y;,u;) = 0 in (3.19) for Y;, i.e., we obtain
Yi(si,u;) and define the maps ®(s;, u;) == (s, Yi(si,ui), u;) and g(sl,ul) =
0(si,Yi(8i,u;),u;). Depending on the underlying integration method, this can
be done explicitly or implicitly. We express the resulting map as

Siv1 = P(s4,u;), forallie{0,...,N—1}. (3.21)

The integrator reports to the optimizer function values and their derivatives w.r.t.
to the initial value 2X80%) and controls 2¥(uu) A proper implementation
takes care of all the sensitivity-related pitfalls discussed in Section 3.2.2.
Moreover, ¥(-) can be more general and represent even an adaptive step size
integrator. Note that the use of such integrators in a direct transcription method
is significantly more involved [37, 223]. This highlights one of the advantages of
direct multiple shooting.

The constraints and objective are discretized as in the previous section and
with direct multiple shooting we obtain the following NLP:

N-1
1 0(si,u;) + M(sn) (3.22a)
sU i=1
s.t. So = Si'(), (322b)
Si+1= @(&,ul), for all 7 € {07 o, N — 1}, (322C)
0 < gp(si,uq), foralli € {0,...,N — 1}, (3.22d)
0 < gi(sn), (3.22¢)

Same as direct transcription, direct multiple shooting enables an easy
initialization as all the state values s; at all control grid discretization points
are explicitly available. Moreover, this also enables us to perform all integrator
calls for all nodes in parallel. Continuity of the overall final trajectory is ensured
via the constraints (3.22c¢).
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Direct single shooting

Using the currently available control vector U and initial value xg, direct single
shooting completely removes the variables S from the NLP (3.22). For simplicity,
we evaluate the path constraints on the same grid as in the previous cases. Let
us denote the obtained state values, at the control discretization grid points
by §;(S0,U) and we highlight here the dependence on U and the initial value
30. These values are computed by recursive calls of the integrator in Eq. (3.21).
We obtain the following NLP:

N-1
g}llf} ; £(3:(30, U),wi) + M(5n(U)) (3.23a)
st & = Zo, (3.23b)
0 < gp(5:(50,0),w), forallie {0,...,N —1}, (3.23¢)
0 < g¢(5n(30,0)), (3.23d)

The initial value constraint (3.23b) could also be removed, however, it is very
useful when one has to solve quickly several related parametric NLPs [75]. Direct
single shooting is a sequential approach as the simulation and optimization
problem iterations are carried out sequentially. Direct multiple shooting is
a simultaneous approach, sometimes also considered to be hybrid, i.e., both
sequential and simultaneous as parts of the computations are performed outside
of the optimization routine.

Obviously, the NLP (3.23) has less variables than (3.20) or (3.22). But
in contrast to these problems, it is dense and has no significant sparsity
structure. Having the intermediate integration variables s; and Y; explicitly
in the optimization problems is an example of lifting [8]. Informally speaking,
the additional variables help to distribute the nonlinearities. For example,
in a recursive call of an integrator in direct single shooting the nested
integrator functions in §;41(30,U) = ®(P(P(--- (P (S0, u0),u1), -+ ), Ui—1), Us)
might reinforce the nonlinearity and significantly harm the convergence. This
gives an intuition for the often observed better convergence rate of the
simultaneous approaches. Direct multiple shooting performs often better for
unstable dynamical systems [229]. If the integration steps on every shooting
interval are decoupled, all function and derivative evaluations can be performed
in parallel. Interestingly, the cost per iteration (function evaluations and linear
system solve) in a Newton-type method can be shown to be the same for
both direct single and multiple shooting [8]. We use the lifting technique also
to reduce the nonlinearity of some smooth parts of nonsmooth systems, cf.
Section 6.3.






Chapter 4

Nonsmooth Dynamical
Systems

This chapter provides an introduction to nonsmooth dynamical systems. We
regard ODEs whose vector fields and solutions do not have strong continuity
and differentiability properties. We start by outlining differences between hybrid
and nonsmooth dynamical systems. Both notions are often used to model the
same problems, which my lead to confusion. Nonsmoothness inevitably causes
some numerical and theoretical difficulties. Therefore, we motivate and justify
why nonsmoothness is sometimes necessary. Moreover, we show why smoothing
the discontinuities may not lead to satisfying results. We highlight several
qualitative and numerical phenomena which appear with the introduction of
nonsmoothness in ODEs and which can not be encountered within smooth
dynamical systems.

Outline. The content of this chapter is as follows. Section 4.1 provides a
high-level introduction to the field. Section 4.2 illustrates on simple examples
numerous phenomena encountered within nonsmooth systems and their time
discretization, which are not encountered with smooth systems. In Section
4.3, we review some basics from nonsmooth analysis and nonsmooth dynamical
system formulations. We recall some basic existence and uniqueness results.
Section 4.4 concludes the chapter and provides further references for related
topics not covered here.

87
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4.1 Introduction

Hybrid and nonsmooth dynamical systems exhibit both continuous and discrete
behavior. The discrete and continuous dynamics do not just coexist but are
closely interconnected. They usually arise when first principle models are coupled
with if-then or either-or conditions or from empirical laws such as Coulomb
friction. This leads to some circumstances that are never encountered in smooth
dynamical systems. The discrete events cause switches in the dynamics and/or
jumps in the solution trajectories. After a switch, the system might even evolve
in a lower dimensional subspace. In many mathematical modeling frameworks,
discrete states are introduced, which are constant between two switches. The
dynamics for a fixed discrete state are called mode of the overall hybrid system.

In the literature, the terms nonsmooth and hybrid systems are often used
interchangeably, or the differences are often not clarified enough. In the next
section, we precisely describe the conceptual differences between nonsmooth
and hybrid dynamical systems. In an introductory discussion, one can regard
them to be the same. We proceed with some classifications and descriptions of
the main properties of the arising classes.

The first big classification is based on how the discrete events or switches, are
triggered. We distinguish between:

1.) Internal switches: triggered implicitly, depending on the systems’
differential state,

2.) Ezternal switches: triggered explicitly, independent of the differential
state.

Some typical solutions of a hybrid or nonsmooth system with internal switches
are illustrated in Figure 4.1. We regard some set R; C R and a well-defined
smooth ODE, e.g., with a Lipschitz continuous vector field, defined on this set.
Starting at some initial value x(0) € R; the system evolves locally according to
the given dynamics for some time until it reaches the boundary OR;. This is
called an event or switch. The corresponding time is called the event time or
switching time. In this instance of time, a discrete and instantaneous change in
the trajectory happens, and the system changes its mode. There are several
typical outcomes. The trajectory might continue to evolve in a new region
R; C R" equipped with another vector field. This causes a kink in the solution
and is illustrated in Figure 4.1 (a). Or it could slide on the boundary between
the two regions as shown in Figure 4.1 (b). Furthermore, some parts of the state
space might be even infeasible as often encountered in mechanical systems with
unilateral constraints, cf. Chapter 8. In such cases, the trajectory z(t) might
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(a) Crossing a disconituity (b) Sliding mode (c) State jump
R\ R RN
.
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Figure 4.1: Illustration of typical solutions of nonsmooth dynamical systems.
The blue curve is the solution trajectory x(t). The red-shaded area is infeasible
for the dynamical system. The blue dashed line is not a part of the trajectory
but indicates that there is a state jump.

need to jump to some place in R; or another region R; C R™* and then evolve
continuously with the same or a different vector field, respectively, see Figure
4.1 (c). We see here that the switches and jumps are triggered by reaching some
surface in the state space. We speak of state-dependent, autonomous, implicit,
or internal switches and jumps. These systems are the central topic of this
thesis, and various aspects of modeling, reformulations, numerical methods, and
direct optimal control are the topics of the forthcoming chapters. Of course,
the simple illustration above does not cover the rich behavior of nonsmooth
systems, and throughout this thesis, we will introduce more details and study
some specific features of such systems.

The second class consists of dynamical systems with external, explicit or
controlled switches and jumps. Typical examples are systems from the field of
engineering with discrete actuators where on and off decisions are made. In
optimal control problems, such systems are readily modeled via ODEs that
are smooth in the states and equipped with integer-valued control functions.
Consequently, the resulting optimal control problems require the solution of
mixed-integer optimization problems which are in general very difficult to solve.
However, in the last two decades, the field of mixed-integer optimal control
has enjoyed great successes in the development of the theory and numerical
methods [235, 30, 167, 175, 53]. For a recent survey, cf. [193]. Many tailored
algorithms enable even real-world applications with sampling times in the range
of minutes and seconds [54, 193]. In general, a dynamical system might have
both internal and external switches, which is a particularly difficult class of
systems.

The rich behavior of nonsmooth dynamical systems allows many other
classifications. E.g., depending on the mathematical framework (cf. Section 4.3)
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that is used or the continuity properties of the solutions and their derivatives.
The solution trajectories of nonsmooth dynamical systems, modeling the physical
world, are usually smooth function pieces joined by kinks and jumps. Hence, the
discontinuities arise either in the trajectory or its time derivatives. This leads
to one possible classification which covers numerous, but not all, mathematical
frameworks for nonsmooth ODEs. It regards the continuity of the trajectory
x(t;xo) and its time derivatives. A similar classification is used in [174]. We
distinguish NonSmooth Dynamics (NSD) with the following properties:

(NSD1) continuous, but nonsmooth r.h.s., jump discontinuity in the 2°¢ time
derivative - continuously differentiable solutions, e.g., & = 1 + ||,

(NSD2) discontinuous r.h.s., jump discontinuity in the first time derivative -
absolutely continuous solutions, e.g., & € 2 — sign(x),

(NSD3) jump discontinuity in the trajectory - solutions are functions of bounded
variation, e.g., the bouncing ball, §(t) = —9.81, ¢(t7) = —eg(t™) if q(t) =0
and ¢(t7) <0, e € [0, 1].

4.1.1 Hybrid versus nonsmooth dynamical systems

This section aims to clarify what is usually meant by hybrid and nonsmooth
dynamical systems in the literature. These terms cover all kinds of systems
with continuous and discrete dynamics. This description is not restrictive
and permits numerous modeling frameworks to capture essentially the same
features of a dynamical system. However, this sometimes leads to ambiguity
and confusion. For example, many articles and textbooks [113, 186, 189], when
they speak of hybrid systems have a very concrete modeling framework in mind
that has a very precise definition.

The applied mathematics community usually deals with nonsmooth dynamical
systems [3, 4, 49, 186, 93, 19, 273, 258]. Here, the coupling between the
discrete and continuous parts is rather implicit and represented via nonsmooth
and set-valued (even unbounded) maps. This gives rise to the notions of
differential inclusions, dynamic complementarity systems, differential variational
inequalities, and more. They are all particular instances of nonsmooth dynamical
systems. In the analysis of nonsmooth systems, one can often rely on the powerful
tools for static problems from the fields of convex analysis, mathematical
programming, and nonsmooth analysis [19, 89, 234].

A different approach, most often taken in the control community, is to represent
the coupling between discrete and continuous parts of the systems explicitly.
The explicit interconnection is readily represented via finite hybrid automata
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[186, 272], which are finite state machines accompanied by an ODE and DAE
for every discrete state. In this case, one usually speaks of hybrid (dynamical)
systems. Transitions are triggered by so-called guards, i.e., switching conditions.
They may be accompanied by reset maps, i.e., state jump laws. One of the
main benefits of this approach is that it is often not too difficult to define
meaningful notions of solutions and to study properties such as the existence,
uniqueness of solutions, and stability of the controlled dynamical system [186].
There are several formal definitions for hybrid automata which only differ in
details, e.g., [188, Definition II.1], [272, Definition 1.2.3], [186, Definition 3.1],
[113, Definition 2.2], [24] to name a few. Some of these frameworks introduce
hybrid time domains, i.e., distinct clocks for the continuous and discrete states
[113]. A very similar notion is hybrid inclusions, which are often used to study
standard control theoretical questions [113]. It is important to realize that
all relations, modes, and mode transitions are explicitly stated. On the one
hand, this might simplify the analysis as nothing is hidden. On the other hand,
constructing a hybrid automaton might be cumbersome and error-prone, since
all possible relations must be stated explicitly.

As the terms nonsmooth and hybrid are not restrictive, it is difficult to
define them rigorously and to highlight all differences explicitly. However,
we can summarize the main differences as follows. The discrete nature in
nonsmooth dynamical systems is encoded implicitly via nonsmooth and set-
valued equations. In contrast, in hybrid automata (in the literature often just
called hybrid systems), integer states are introduced, and all transitions are
expressed explicitly, e.g., with the help of reset, guard maps and automata.

Both approaches, together with their strengths and weaknesses, are very useful
and have their place in lively research areas. A classical example that highlights
the advantages of the nonsmooth over hybrid modeling approach is granular
matter. For m particles n = W complementarity conditions are needed to
represent the contact conditions between all particles. The combinatorial nature
is hidden in the complementarity constraints. For deriving a hybrid automaton,
one needs to explicitly treat all 2" modes. In this example, the hybrid systems
approach leads to an exponential growth in relations. On the other hand, the
generality of hybrid automata enables easier modeling of some problems. For
example, systems with hysteresis are easy to represent via a hybrid automaton,
and the formulation as a nonsmooth dynamical system is nontrivial. In this
thesis, we focus on nonsmooth dynamical systems. In particular, we always
express the discrete parts via complementarity conditions at some point.
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4.1.2 Why nonsmooth dynamical systems?

Combining first principles with logical expressions necessarily leads to nonsmooth
dynamical systems. Many smooth dynamical systems cannot be stabilized with
smooth control functions [68, 229]. Sophisticated control strategies, such as
MPC, result in control laws that are at best piecewise smooth functions [229].
Physical systems can have qualitatively different modes. Idealizing the mode
changes to be instantaneous leads to discontinuities in the differential equations.
In the literature, one can find very extensive lists of applications of nonsmooth
models, e.g., [3, 4, 51, 68, 155, 186].

Mechanics and robotics provide one of the largest sources of nonsmooth
dynamical systems. Contact between perfectly rigid bodies introduces
discontinuities in the velocities. In nature, no perfectly rigid bodies exist.
However, the compression and decompression phases during contact happen at
much shorter time scales compared to other motions of the bodies. Such time
scales are beyond the resolutions of practical sensors, and resolving them with
numerical integration methods is computationally very expensive. Moreover,
estimating all parameters that describe the complex phenomena of contacts with
friction is very difficult. It turns out, regarding the rigid limits, which introduce
discontinuities in the model, is sufficiently physically accurate and numerically
beneficial [49, 174, 255]. To describe the impacts of rigid bodies, we only need to
estimate the friction coefficient and coefficient of restitution. Other examples of
such modeling are ideal diodes and power electronics in general [3]. In this case,
very nonlinear voltage-current characteristics are replaced by complementarity
conditions. One of the main strengths of nonsmooth systems is their simplicity
of formulation.

Nonsmoothness leads to difficulties that are not encountered with smooth
dynamical systems. Therefore, a related question is: Why not just smooth
everything? Indeed, smoothing and using an adaptive step-size integrator is often
useful, when it comes to quickly obtaining a simulation result with moderate
accuracy. However, the error is dominated by the smoothing parameter, and
for good accuracy, very stiff ODEs must be treated, which quickly becomes
impractical. For instance, frequent switches or sliding modes will require very
small step sizes in the integration. The numerical experiments in Section 4.2.5
reveal many pitfalls of smoothed models that cannot be resolved even with
the use of very advanced adaptive step-size integrators. Moreover, Section 4.2
shows many phenomena that only occur in the presence of nonsmoothness.
Smoothing removes such effects, which might blur the overall picture. E.g.,
smoothing a Coulomb friction model might lead to slipping of the rigid body
in situations where it should be at rest. More importantly, in the case of
direct optimal control, smoothing and standard methods for smooth systems
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have some non-obvious fundamental limitations. For example, the numerical
sensitivities of smoothed systems only converge to the correct value if the step
size shrinks faster than the smoothing parameter [259]. As a consequence, many
optimization variables are needed for accurate solutions. We can conclude that
using nonsmooth dynamical systems combined with tailored numerical methods
can be of great practical benefit.

4.1.3 Numerical simulation of nonsmooth systems

Efficient numerical integration methods are necessary to make some classes
of models practically useful. Proper time discretization is crucial in standard
direct methods for solving OCPs with nonsmooth ODEs. It is well-known that
standard integration methods applied to nonsmooth dynamical systems have
only first-order accuracy [4]. State jumps and the lack of uniqueness of solutions
complicate the computations even more. Moreover, even if the numerical
approximations converge to the true solutions, the numerical sensitivities usually
do not [203, 259], cf. Chapter 5.

There are several ways to discretize and simulate a nonsmooth ODE, and they
can be divided as follows:

1.) switch-detecting, event-driven, active-set methods [4, 213, 250],
2.) time-stepping methods, event-capturing [3, 4, 199, 255],
3.) smoothing and penalty methods [4, 203, 259].

In the following, we highlight their main features. In Section 4.2.5, we compare
all three approaches in a numerical example and highlight their strengths and
weaknesses.

Switch-detecting methods

The first approach is the only one of the three that is designed to deliver
solutions of higher-order accuracy. It follows a simple idea: use a high-accuracy
smooth ODE or DAE solver until a switching event is detected. Consequently,
the concerned time interval is equal to the union of a finite number of a priori
unknown subintervals on which the mode of the system is unchanged. For
switch detection, a look at the signs and possibly the derivatives of a switching
function is needed. The solution approximation is interpolated, and a root-
finding method finds the switching time. Afterwards, the integration is restarted
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and continued with a smooth ODE or DAE solver, possibly with the new model
and initial value. If the solution is nonunique, an adequate mode is selected, or
the user is allowed to choose. Note that for external switches, the switching
times are known in advance, and the simulation is less difficult. Selecting the
correct mode after a switch might not be straightforward. In [272], this difficulty
is illustrated with the following example. Imagine a pile of boxes subject to
Coulomb friction between each of them. Remove the support from one side
such that the boxes start to move due to gravity. Determining which boxes slide
or stick with respect to each other is nontrivial. Most high-accuracy methods
assume that the trajectory crosses the discontinuity or only passes through two
regions at a time [4]. An exception is Stewart’s high accuracy method, which
can deal with almost all switching cases [250, 252].

Higher-order accuracy schemes should always be preferred in direct optimal
control. First, the numerical error should not dominate over the modeling error.
Second, fewer optimization variables are needed for the same accuracy. Using
an integrator with a complicated switch detection and mode selection procedure
within an optimization code is often prohibitive. In Chapter 7, we introduce an
event-based method that overcomes these limitations.

Time-stepping methods

The second approach does not try to exactly detect the switching times and
provides, in general, only first-order accuracy [4]. Time-stepping methods
advance the integration with a fixed step size and are good at capturing
multiple simultaneous switching events. They usually require solving a linear or
nonlinear complementarity problem and thus preserve the nonsmoothness. They
are especially powerful and fast in simulating large or fast systems with many
switches [15, 4, 3, 255], e.g., in the simulation of granular matter. However,
they always deliver wrong numerical sensitivities [259, 292] and thus are not a
suitable choice for direct optimal control. Convergence of standard Runge-Kutta
methods with order one is studied in [83, 161, 264, 258].

Smoothing methods

The last approach essentially considers smooth approximations of the original
system. This might yield a very stiff ODE. However, they are easy to implement
and are often useful for quick tests or the generation of good initial guesses for
more elaborate methods. For example, in nonsmooth mechanics (cf. Chapter
8), the non-penetration constraints that cause discontinuities in the velocity
are replaced by repulsion laws [49]. To achieve reasonable accuracy with such



PHENOMENA SPECIFIC TO NONSMOOTH DYNAMICAL SYSTEMS 95

an approach, very stiff repulsion laws are needed, which in turn require very
small-step sizes.

4.2 Phenomena specific to nonsmooth dynamical
systems

The presence of nonsmoothness leads to numerous interesting phenomena.
Before giving formal definitions for several classes of nonsmooth dynamical
systems, we provide a series of simple examples where each highlights some
property inherent to nonsmooth systems. The goal of these examples is to make
the reader aware of some limitations of standard approaches, and to provide
more intuition for nonsmooth dynamical systems.

4.2.1 Infinitely many switches in finite time - Zeno's
phenomenon

We have seen above that nonsmooth systems encounter switches and jumps.
Some models encounter even infinitely many switches or jumps in a finite time
interval. In the literature, this is called the Zeno phenomenon [49, 186, 272].
We provide two examples of this. The first has infinitely many state jumps,
and the second has infinitely many switches, i.e., discontinuous changes in the
vector field.

Regard the dynamics of a one-dimensional bouncing ball with elastic impacts:

v(th) = —qu(t7), if v(t7) <0 and q(t) = 0.

Here, m = 1 is the ball’s mass, g = 9.81 is the gravitational acceleration, and
e € (0,1] is the coefficient of restitution. For simplicity, let us assume that

q(0) = 0 and v(0) > 0. Then, the first impact happens at t; = ZUT(O), the second

after to = t1 + 26%@. It can be seen that the time between two impacts is

k
A1 =tg41 — tp = 26“??)(0). Since €, < 1, we see that the resulting geometric
series converges, i.e., 220:1 Aj < 0o. Thus, we have infinitely many impacts in

finite time. An example trajectory is given in Figure 4.2.
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t t

Figure 4.2: The position ¢(¢) of the one dimensional bouncing ball (left). The
right plot shows the discontinuous velocity of the ball v(t).

Figure 4.3: Two solution trajectories of the Filippov system in Eq. (4.1). The
plots from left to right show the origin zoomed in.

Zeno behavior can also happen with systems without jumps but with a
discontinuous right-hand side. Regard the following discontinuous ODE [272,
Eq. (1.12)]:

#1(t) € —sign(z1(t)) + 2sign(z2(t)), (4.1a)
Z2(t) € —2sign(z1(t)) — sign(z2(t)). (4.1b)

Example trajectories for several initial values are depicted in Figure 4.3. The
trajectories always end up spiraling down to the origin.

Of course, real physical systems do not experience the Zeno phenomenon.
However, some practical models still can experience this kind of behavior [291].
Thus, it is important to investigate conditions under which infinitely many
switches occur or not in finite time [60, 243, 291]. Simulating Zeno systems
with an accurate event-driven method is also impractical as it requires many
restarts of the integrator. On the other hand, time-stepping methods do not
have difficulties with such systems [4, 255].
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4.2.2 Reduced system dimensions and sliding modes

Another very interesting property of some nonsmooth dynamical systems is that
they can reduce their dimension along the trajectory. This dimension reduction
is very common for ODEs with a discontinuous r.h.s. when they are cast into
Filippov systems, cf. Section 4.3 and Chapter 6. If the trajectory needs to
evolve on the surfaces of discontinuity, we speak of sliding modes. An example
trajectory was given in Figure 4.1 (b).

4.2.3 Stability and instability due to switches and jumps

The stability of the modes of a nonsmooth dynamical system does not imply the
stability of the overall system. We illustrate this fact with an example from [46].
It consists of a piecewise linear system with two modes of operation:

A if <
b { 1z, itz <0, (4.2)

AQLL‘, if z129 > 0.
with

-1 10 ~1 100
A= [—100 —1] Az = [—10 —1} '

It can be seen that both linear subsystems are stable. However, the overall
nonsmooth system is unstable. Example trajectories are given in Figure 4.4.
Interestingly, the time-reversed version of the example above is stable.

0 0 —r——]
05 15 -50
& g1 & 100
15 0.5 150 |
|
2 0 200 1
05 0 05 1 05 0 05 1 0 05 1
Ty Ty gl

Figure 4.4: The left plot shows a trajectory for the linear systems & = A;z, the
square marks the initial point and the cross the final point. The middle plots
show a trajectory of the system @ = Asz. The right plot shows a trajectory of
the unstable system (4.2).
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4.2.4 Numerical chattering

Simulating systems with sliding modes is more difficult as it can lead to undesired
chattering of the numerical solution around the surface of discontinuity. We
consider the following example to illustrate this:

x(t) € —sign(x(t)), (4.3)

with z(0) # 0. We use the explicit Euler, Runge-Kutta 4 method and MATLAB
adaptive step-size integrators ode45 and ode89. MATLAB defines sign(0) = 0,
but in the simulation example, this value is never reached. Figure 4.5 shows the
simulation results with several standard integration methods. In Figure 4.6, we
can see that lowering the step size or the tolerance of the adaptive integrator does
not improve the situation but makes the chattering only faster. Interestingly,
even very sophisticated adaptive step-size codes fail to deliver qualitatively good
approximations even for such simple examples.

We see from the example above that not only the integration order but also
the qualitative behavior plays an important role. Next, we compare the explicit
and implicit Euler methods. The explicit Euler discretization with the step-size

Explicit Euler RK4 ode45 0de89
0.01 0.01 0.01 0.01

WA — | _ |
= oy s oo T 0 v 0

-0.01 -0.01 -0.01 -0.01
0 0.2 0 0.2 0 01 0.2 0 01 02

t t t t

(t

Figure 4.5: Simulation results for the example in (4.3) obtained with several
integration methods.

00 Explicit Euler . «10-3 RK4 1 %103 ode4b 1 «10-3 0de89
= 0 =0
5 5
-0.01 -1
0 0.2 0 0.1 0.2
t t t t

Figure 4.6: Simulation results for the example in (4.3) obtained with several
integration methods, now with a smaller step size and tolerance for the adaptive
integrators.
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Explicit Euler Implicit Euler

0.01 0.01
8 =
-0.01 ' ' -0.01 ' '
0 0.1 0.2 0.3 0 0.1 0.2 0.3
t t

Figure 4.7: Simulation results for the example in (4.3) obtained with explicit
and implicit Euler methods.

h for our example reads as:
Tpt1 = T — hsign(ay).

The sign(+) function can be expressed as a solution map to a Linear Program
(LP)

s€argmin—xést. —1 <5< 1
S

Using the KKT conditions of this LP allows us to derive a more sophisticated
implicit Euler discretization for the example [4, 3, 258]:

Tp+1 = T — hSk41,
L U
0= —Zrr1 — A1 — Megrs
0<1+spp1 L ARy, >0,

0<1—sp41 LA, >0

In general, implicit methods for nonsmooth ODEs require solving a nonlinear
complementarity problem at every time step. The simulation results of the two
Euler schemes described above are compared in Figure 4.7. Even if both explicit
and implicit Euler discretizations converge to the solution of a nonsmooth
system [27, Propositions 2.7 and 4.4], their qualitative behavior might be very
different if sliding modes occur. The implicit Euler discretization yields in many
cases provably chattering-free sliding motions [5]. Already this simple example
suggests that tailored implicit integrators are needed for discretizing nonsmooth
ODEs.

4.2.5 Order integration of accuracy

Due to the lack of smoothness, standard higher-order integration methods for
smooth ODEs applied to nonsmooth system experience in general first-order
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accuracy [4], cf. Definition 3.7. We study the behavior of three integration
approaches for nonsmooth ODEs described in Section 4.1.3 on the example of
an ODE with a discontinuous right-hand side.

Regard the initial value problem:

Aqz, 2«1,
i= Hx”g (4.4)
A2x7 H$||2 > 17

1 w 1 —w

with Ay = w1l Ay = w 1 } , w =27 and 2(0) = (e 1,0) for

t € [0,T]. The solution of the IVP is given in Figure 4.8. It can be shown that
the switch happens at ¢ = 1 and that

[ eT Y cos(2n(T — 1))
o) = | o oot 1))

for T > t;. Thus, given a numerical approximation #(¢), we can determine
the global integration error E(T') = ||z(T) — Z(T')|| and observe the accuracy
order of the integrator. We take an irrational number for 7' = 7 so that t; =1
never coincides with the integration grid. Thereby, we avoid accidental switch
detection via the discretization grid of the integrator, which would blur the

results.

We regard solution approximations to this IVP obtained by MATLAB’s state-
of-the-art adaptive step-size integrators ode15s, ode23, ode45 and ode89. To
vary the minimum step size and have control over the error we change the
tolerances of the integrator. The relative tolerance reltol is varied from 1

3
z1(t)
| za(t) | 1.5
1
r 0.5
/G o~
To 8 0
N -0.5
-1
216
1.5
-3 . |
0 0.5 1 15

t ]
Figure 4.8: Tllustration of the solution to the nonsmooth IVP given by (4.4).
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Figure 4.9: Integration error E(T) = ||z(T) — £(T)|| as a function of reltol
for several MATLAB integrators (left plot). The integration error E(T) as a
function of Ay, (right plot).
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Figure 4.10: The integration step sizes of several MATLAB integrators over
time for different relative tolerances.

to 10710 and the absolute tolerance is set to abstol=reltol/10 At the k-
th integration step the integrator estimates the local error e(k). The step is
accepted if the error satisfies: |le(k)|| < max(reltol|jz(k)|,abstol), where
x(k) is the current solution approximation, cf. https://de.mathworks.com/
help/matlab/ref/odeset.html. The integration errors F(T) are plotted over
the minimum step-size Ay, that the integrator takes during simulation.

In the first experiment, we directly apply the integrators as time-stepping
methods to the nonsmooth ODE (4.4). The discontinuity is not treated explicitly.
The errors as a function of the relative tolerance and the minimum step-size
hmin are given in Figure 4.9. It can be seen that all integrators achieve only
first-order accuracy and thus lose their high-accuracy properties. In Figure 4.9,
we plot the step sizes that the integrator takes over time for different values of
reltol. It can be seen that all integrators must reduce their step size drastically
around the switch to achieve the prescribed tolerance. Of course, in the case of
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Figure 4.11: The integration error E(T) vs. hmin, now with switch detection.
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Figure 4.12: The integration step sizes of several MATLAB integrators over
time for different relative tolerances, now with switch detection.

many switches, this makes the integration very expensive.

In the second experiment, we use explicit switch detection options of the
integrators. Otherwise, we do not change anything compared to the previous
experiment. The integration accuracy plots are given in Figure 4.11. They
reveal that all integrators recover their high-accuracy properties. Similarly,
we plot the step sizes over time in Figure 4.12. In contrast to Figure 4.9, we
see that the integrators do not have to make unreasonably small step sizes to
achieve high accuracy. Event-detection methods restart the integration process
after a switch is detected. MATLAB’s integrators usually take a very small
integration step at the beginning of the simulation. This explains the step sizes
being sometimes smaller around the switch. We remind the reader that deciding
with which mode to proceed with the integration after a switch is detected is
sometimes a nontrivial task, cf. the discussion in Section 4.1.3.

In our last experiment, we investigate if smoothing improves the situation. After
all, a smooth ODE is obtained and the integrators are expected to work well
when applied to it. We regard a smooth approximation of the ODE (4.4), where
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Figure 4.13: The integration error E(T) vs. hpyiy with smoothing.
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Figure 4.14: The integration step sizes of several MATLAB integrators over
time for different relative tolerances, now with smoothing and o = 1072,
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Figure 4.15: The integration step sizes of several MATLAB integrators over
time for different relative tolerances, now with smoothing and o = 1075,

we replace a sign(x) function with tanh(z /o). The smooth approximation reads
as:

e

-1

q

1 — tanh (”x‘

) 1 + tanh (M)
£.E = 2 Alx + 7

AQiE.
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The experiments are performed for the values ¢ = 1072 and ¢ = 107%. Under
mild conditions, the solution of the smoothed ODE converges to the true solution
with the rate O(o) [259]. The results are depicted in Figure 4.13. It can be seen
that for the smaller value of o, the integrators perform well. However, it is no
surprise that the smoothing error dominates the overall error, and decreasing
the tolerance cannot improve the situation further. On the other hand, for
very small values of the smoothing parameters, we obtain a very fast transition
around the discontinuity. This makes the system very stiff, and the integrator
shows similar behavior to the case when the nonsmooth ODE (4.4) is considered.
The high integration orders are lost even for ode1bs which is well suited for
stiff systems. The step sizes over time are depicted in Figure 4.14 and 4.15 for
o =10"2 and o = 1075, respectively. We can see that in these cases very small
steps are taken around the switch and there is almost no difference to the case
of a discontinuous system, cf. in Figure 4.9. We can see that for a sufficiently
small step size, here h = o(o), the integrators recover their order properties.
Therefore, when high accuracy is required, we gain nothing with smoothing.

One could argue that smoothing is still useful for moderate accuracy since
smaller steps are taken only at the transition. However, in the presence of
sliding modes, most adaptive step size integrators have serious difficulties. To
illustrate this, we simulate a smoothed version of the chattering example in
Eq. (4.3):

& = — tanh (;) (4.5)

We take 0 = 107°. The step sizes over time that the integrators take are
given in Figure 4.16. We can see that even though the dynamics for z = 0 is
trivial, all integrators except odel15s take extremely small steps. This makes the
integration unreasonably computationally expensive. The integrator odel5s,
which deals well with stiff systems performs quite well. However, having a large
step size and small smoothing parameter with standard integration methods

odelbs ode45 ode23 ode89
10° 10° 10° L 100
~  —] N
\ R —
|
<
——reltol=le-1
_10|===reltol=le-4 10 10 10
10 reltol=le-10 10 10 10
0 0.5 1 0 0.5 1 0 0.5 1 0 0.5 1
t t t t

Figure 4.16: The integration step sizes of several MATLAB integrators over
time for the ODE (4.5).
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Figure 4.17: The final value z(T’; ) as function of the initial value z( for the
ODE (4.6) (left plot). The sensitivity of the solution w.r.t. o (right plot).

for smooth ODEs leads necessarily to wrong numerical sensitivities [259]. This
makes this approach practical for the simulation of sliding modes, but almost
useless for direct optimal control.

To summarize, our experiments reveal that besides switch detection, there is
no simple way to achieve high accuracy with standard methods or smoothing.
High-accuracy discretizations are desirable in direct optimal control as they
result in a much smaller number of degrees of freedom in the NLP to be solved.
On the other hand, using off-the-shelf event-detection methods in direct optimal
control is difficult. These methods include complicated routines such as switch
detection and mode selection, which are not readily included in the optimization.
In Chapter 7, we develop an event-detecting method that performs all these
steps implicitly by solving a nonlinear complementarity problem. This resolves
all the issues discussed in this section. We will repeat this experiment with the
new methods in Section 7.3.4.

4.2.6 The sensitivities are discontinuous

As discussed in Section 3.2.2, the sensitivities of ODE solutions w.r.t. the initial
values or parameters are of crucial importance in direct optimal control. By
now, it is no surprise that their computation becomes more complicated for
nonsmooth dynamical systems. In the next chapter, we show that they cannot
be computed correctly by the plain application of time-stepping methods. In
the case of smoothing, they are correct only under quite restrictive assumptions
on the smoothing parameter. Here, we illustrate with two examples that the
sensitivities are discontinuous. Later in Chapter 6, a more formal discussion
about nonsmooth sensitivities is given.
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Figure 4.18: Example trajectories for the 2D particle with elastic impacts (left
plot). The final positions ¢(7") as function of the initial horizontal position g1 (0)
(right plot).

As a first example, we regard a simple ODE with a discontinuous r.h.s.:
& =2 — sign(x). (4.6)

We look at the solution of this ODE for ¢ € [0,1] for different values of the
initial values z(0) = x¢. Figure 4.17 shows the final value z(T'; z¢) as function
of the initial value zy and the nonsmooth sensitivity %jﬁ?o). Depending on
the initial value, the system is in either of the two possible modes of operation
without switching or a switch taking place. This discrete behavior is also seen

in the nonsmooth dependence of the final value w.r.t. the initial value.

Similar difficulties arise for systems with state jumps. To illustrate this, we
consider a frictionless 2D particle with elastic impacts, with a coefficient of
restitution of €, = 0.9. The particle approaches a “corner“ where the vertical
wall makes an obtuse angle with the floor, with the velocity v(0) = (-1, —1).
The dynamic equations read as:

i= {_ S AJ ,

0< fi(g) L A& 20,

0< falg) L A2 >0,
if f;(t) = 0 and V,f;(q(t))"v(t™) <0, then
Vofila®) To(t™) = =V, fi(q(t) Tv(t7), i € {1,2},

with f1(q) = g2 +2¢1 and fa(q) = go.
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Three example trajectories are depicted in the left plot of Figure 4.18. The
initial position is varied along the black dashed line. The final position of the
ball as a function of the initial horizontal position is plotted in the right plot of
Figure 4.18. Tt can be seen that the end position is a discontinuous function
of the initial position and that the sensitivity is nonsmooth. For the special
case when the walls are orthogonal in the previous example, the end position
may be continuous functions [49]. However, in general, we have more complex
geometries, and friction complicates the situation even more.

4.3 Modeling frameworks for nonsmooth dynamical
systems

In this section, we review some of the most widely used mathematical modeling
frameworks for nonsmooth dynamical systems. Historically, their development
had different motivations. Hence, all of them have their own tailored numerical
methods and theory. It depends on the problem at hand what is the best choice.
Of course, they are not completely unrelated. We have seen in Section 2.2 that
variational inequalities, projection operators, complementarity problems, and
inclusions into normal cones are closely related. It is no surprise that there
exists a strong link between their dynamic counterparts. Some notions are very
general and encompass many of the more specialized concepts that we treat
here. We highlight some relations and give references for more elaborate studies
about the relationships and equivalences. The goal of this section is not to give
an exhaustive list of all known formalisms. For more details, we refer the reader
to monographs [3, 4, 19, 49, 51, 246, 258].

4.3.1 Some basics from nonsmooth and set-valued analysis

In this section, we provide some elementary definitions from set-valued analysis
that we need to define nonsmooth dynamical systems and to state some standard
existence and uniqueness results. We have already encountered set-valued (or
multi-valued) maps in the definitions of generalized equations and variational
inequalities in Section 2.2. In this section, we consider more general maps. For
more details on this topic, we refer the reader to the excellent monograph by
Rockafellar and Wets [233].

Single-valued mappings take a vector as an input and give a singleton as an
output. A natural generalization is to consider sets as outputs. Thereby, we
consider a map F' that associates with any input vector x € X C R" a set
F(z) € Y CR™. Here, F maps from X to the set of all subsets of Y, i.e., P(Y).
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There are two common notations for this, F': XZY and F: X — P(Y). We
use the latter. Set-valued maps are conveniently characterized via their graphs:

grF' = {(z,y) € X xY |y € F(z)}.
The domain and range of F': X — P(Y) are defined as:
domF = {z | F(z) # 0},
imgF = {y | there exists x € X such that y € F(z)}.
The inverse map is F~1 : Y — P(X) is defined as

F ' y)={z € X | (z,y) grF}.

Continuity

The notion of continuity for set-valued functions is more complicated than
for single-valued functions. Two common notions are outer and inner semi-
continuity. In the literature they are sometimes called upper and lower semi-
continuity for set-valued maps [19, 246]. However, if F'(z) is always a singleton
these definitions do not reduce to the definitions of upper and lower semi-
continuity for single-valued functions and this might cause confusion. For
a discussion accompanied by examples, we refer to [4, Section 2.1.2]. Some
equivalent, arguably more complicated, definitions via notions of set convergence
can be found in [234, Chapter 5]. These notions can be defined with different set-
convergence concepts, cf. [233, Chapter 4]. Here, we use simpler but equivalent
definitions which do not need set convergence.

Definition 4.1 (Outer and inner semi-continuity). A set-valued map F(-) is
called outer semi-continuous (OSC) (resp. inner semi-continuous (ISC)) at
xo € X if for every € > 0 there exists a § > 0 such that F(xz) C F(xo) + eB(0)
(resp. F(xo) C F(x) 4+ €B(0)) for all x € xg + 6B(0). A set-valued map F(-) is
said to be outer semi-continuous (resp. inner semi-continuous) if it is so for all
rg € X.

A well-known result is that the set-valued map F(+) is outer semi-continuous if
and only if grF is a closed set in X x Y. A simple example of OSC functions
are all single-valued continuous functions.

Definition 4.2 (Continuity). A set-valued map F(-) is called continuous at
o € X if it is both OSC and ISC at this point. A set-valued map F(-) is said
to be continuous if it is so for all x € X.
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Figure 4.19: Examples illustrating the different notions of continuity for set-
valued maps.

There exist set-valued extensions for other notions of continuity, e.g., Lipschitz
continuity. We omit the restating here.

To provide some intuition for the last three definitions we provide some examples
and non-examples in Figure 4.19. In the first plot from left to right, the function
is at £ = 1 OSC but not ISC. Otherwise, it is continuous. Similarly, in the
second plot, the function is ISC at £ = 1 but not OSC. The function in the
third plot is OSC at x = 1, however, it is not convex valued at this point. A
selection f of F' is a single-valued mapping such that f(z) € F(z) for all z € X.
Note that OSC functions do not necessarily have continuous selections. We
will encounter such examples in the sequel for the case of differential inclusions
arising from ODEs with a discontinuous r.h.s..

We have seen in Theorem 2.19 that the monotonicity of single-valued functions
plays an important role in the existence of solutions of generalized equations.
The monotonicity of set-valued maps is also important in the analysis of evolution
problems with such maps.

Definition 4.3 (Maximal monotone maps). A set-valued map F : X — P(Y)
is said to be monotone on X if for all pairs (x1,y1) and (x2,y2) in grF it holds
that:

(z1 —22) " (y1 —y2) > 0.

It is strictly monotone if the last inequality is strict for all x1 # xo. It is
mazimal monotone if grF' is not properly contained in the graph of any other
monotone mapping.

Continuous and monotone maps are also maximal monotone. For example,
the third plot from left to right in Figure 4.19 is monotone but not maximal
monotone. By filling in the gap at z = 1 we would obtain a maximal monotone
map.
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The one-sided Lipschitz condition

The last notion we introduce in this section is the one-sided Lipschitz (OSL)
condition. Lipschitz continuity is one of the most important properties in the
study of ODEs, cf. Theorem 3.3. Similarly, the OSL condition is crucial for
proving the uniqueness of solutions of many kinds of nonsmooth dynamical
systems discussed below [68].

Definition 4.4 (Lipschitz continuity). A function f : R — R™ is called
Lipschitz continuous if there exists a nonnegative Lipschitz constant L > 0 such
that, for all x1,x5 € R™:

[f(21) = fla2)ll < Ly — 22| (4.7)

Definition 4.5 (One-sided Lipschitz condition). A function f:R™ — R™ is
said to be one-sided Lipschitz if there exists a constant I € R such that, for all
r1,To € R™:

(f(21) = f(22)) T (21 — w2) < 21 — 2|, (4.8)

Note that there are no significant restrictions on [. However, some authors
require ! to be nonnegative [68]. Notably, the OSL condition can be satisfied
even by discontinuous functions. This OSL condition was introduced in
numerical analysis in the study of stiff differential equations. One-sided Lipschitz
constants are usually smaller than Lipschitz constants and provide thus sharper
bounds [125, 56], e.g., it is useful for sharp Gronwall-type inequalities [126,
Lemma 12.1]. Continuity of the vector field and OSL are sufficient to prove
uniqueness of solutions for ODEs, cf. [68, Proposition 2]. Thus the assumptions
of Theorem 3.3 (Picard-Lindel6f) can be relaxed. A vector field violating the
OSL can still have a unique solution, cf. [68, Example 8]. However, there exist
examples that violate the OSL and have nonunique solutions, cf. [68, Example
7].

The definition of OSL for set-valued maps is extended as follows.

Definition 4.6 (One-sided Lipschitz condition). The set-valued map F : R™ —
P(R™) satisfies the one-sided Lipschitz condition with the constant p if for all
x1 and xo and all selections y, € F(x1) and ya € F(x2) it holds that

(1 — y2) T (21 — 22) < pllag — 22| (4.9)
4.3.2 Differential inclusions

A very general class of nonsmooth dynamical systems arises by replacing the
right-hand side of a smooth ODE with a set. We obtain nonsmooth dynamical
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systems called Differential Inclusions (DI):
z(t) € F(t,z(t)) for almost all ¢t € [0, 77, (4.10)

Here F : R x R" — P(R"=) is a set-valued map which assigns to any point in
time t and = € R"= a set F(t,2) C R™. An element y € F(t,x(t)) for a fixed
(t,z(t)) is called a selection.

There are many motivations to work with such a mathematical object [246].
Clearly, any ODE & = f(t,z) can be rewritten as a DI by setting F(x,t) =
{f(t,x)}. A set of differential inequalities ¢ < f;(¢t,x) for ¢ € {1,...,n}
can be written in the form of (4.10). If we consider a fully implicit ODE,
g(z,x,t) =0, finding a (locally) unique explicit ODE & = f(t, ) is not always
possible. However, in the settings of DIs, there always exist an explicit DI
z € F(t,x) ={v | g(v,z,t) = 0}. They are also useful if the r.h.s. of an ODE is
not accurately known. A solution z(-) to the ODE & = f(x) is also a solution of
the DI & € f(z) 4+ B(0). A control system of the form & = f(t,z,u) and u € U
can be rewritten as DI & € U,ep f(¢,2,u). The theory of DIs is very useful
to prove the existence of optimal controls, cf. [246]. Many discontinuous laws
arise in the study of mechanical and electronic devices. Often it is impossible
to study ODEs with a discontinuous right-hand side with standard methods
from analysis and DIs are an indispensable concept for their analysis. We come
back to this in more detail in Section 4.3.5 and Chapter 6. We can conclude
that DIs are both a powerful tool for modeling and mathematical analysis.

Same as for ODEs, some standard questions naturally arise also for DIs. For
example, one is interested in the questions of the existence and uniqueness of
solutions, the dependence of solutions on initial conditions and parameters,
and the computation of accurate numerical approximations to solutions. The
theory of DI is mature and detailed answers to the questions above can be
found in the literature [4, 19, 246]. As with any system of equations, a DI
(4.10) has in its full generality no solution. However, by making some not-too-
restrictive assumptions, the existence of solutions can be guaranteed. Moreover,
these assumptions on F(t, ) determine the properties of the time-discretization
methods and which tools from the analysis are applicable. The next assumption
summarizes some standard conditions [19].

Assumption 4.7 (Basic assumptions for DI). The function F : [0,T] x R" —
P(R™) has the following properties:
i) ||yl < C@)A+]z||) for allt, v andy € F(t,z), where C(-) is an integrable

function,

i) F(t,-) is OSC in x for all t,
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iii) the set F(t,x) is nonempty, closed and convex for all t and x.

Next, we restate a standard existence result.

Theorem 4.8 (Existence of solution, Theorem 4, p. 101 in [19]. ). Regard the
initial value problem related to the DI (4.10) with the initial value x(0) = xo.
Suppose that the function F : [0,T] x R" — P(R"=) satisfies the conditions of
Assumption 4.7. Then there exists an absolutely continuous solution x(-) to this
initial value problem.

We briefly discuss the conditions of Assumption 4.7. The boundedness condition
i) ensures that the solution does not go to infinity in finite time. It turns out that
it is difficult to relax the other two conditions to prove existence. E.g., showing
existence with a nonconvex set on the r.h.s. is significantly more difficult, see
[19] and [246] for detailed discussions on this matter. At this point, nothing can
be concluded about uniqueness. Consider the DI & € [—1, 1] from [4, Example
2.14]. Any x = at, with a € [—1,1] is a solution.

However, even if F(-) is set-valued, one should not always think of multiple
solutions. Most DIs coming from practical problems have unique solutions.
Of course, some additional assumptions are needed. The uniform one-sided
Lipschitz condition guarantees the uniqueness of solutions [161].

Assumption 4.9. The function F : [0, T]xR" — P(R"=) satisfies the uniform
one-sided Lipschitz (UOSL) condition with the constant p:

(y2 —y1) " (22 — 21) < pllws — 212, (4.11)

uniformly for all t and all selections yo € F(t,x2) and y1 € F(t,x1).

Theorem 4.10 (Uniqueness of solution, Theorem 2.5 in [161]). Regard the
initial value problem related to the DI (4.10) with the initial value x(0) = xg.
Suppose that the function F : [0,T] x R" — P(R"=) satisfies the conditions of
Assumptions 4.7 and 4.9. Then there exists a T > 0 such that x(-) is a unique
solution to the initial value problem on [0,T).

A widely studied subclass of DIs is when the function —F is mazimal monotone,
cf. Definition 4.3. In the case of maximal monotone DIs, existence and
uniqueness can be proven even if F(t, ) is not a compact subset of R™= anymore.
Examples are inclusions into normal cones to convex sets, cf. Section 4.3.7. We
omit here restating some classical results related to maximal monotone DIs and
refer the reader to [19, Chapter 3].
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Measure differential inclusions

The theorems above regard DIs whose solutions z(-) are in the class of absolutely
continuous functions. Most classic literature treats such DIs, and they are
sometimes called ordinary DIs [19, 246]. However, many applications result
in models where z(-) must be a discontinuous function of time. This gives
rise to the so-called Measure Differential Inclusions (MDI). They were formally
defined by Moreau [196, 197, 198]. In MDIs, a solution z(-) is not anymore
continuous but usually a function of bounded variation. The right-hand side is
a closed, convex, but unbounded set. An additional question that arises with
discontinuous x(-) is: What values should z(¢") take at points of discontinuity
t? This is usually resolved by state jump laws, cf. Chapter 8. Much more on
MDIs can be found in e.g., [4, 49, 51, 197, 198, 258|.

4.3.3 Differential variational inequalities

Given an initial value z(0) = ¢, a Differential Variational Inequality (DVI)
[220] is the problem of finding functions z : [0, 7] — R™ and z : [0,T] — R"=
such that

&(t) = f(t x(t), 2(1)), (4.12a)
z(t) € K, for almost all ¢, (4.12b)

0 < (2—2(t))"F(t,z(t), 2(t)), for all 2 € K and for almost all t. (4.12c)

The function f : [0,T] x R™ x R"s — R"* defines the main dynamics of the
system. The algebraic variable z(-) is determined by the VI (4.12¢) defined
by the function F : [0,7] x R" x R"> — R"= and the closed convex set K.
DVIs were formally introduced by Pang and Stewart [220], although many
special cases of DVIs were studied many decades before. This will become
apparent from the discussion in the sequel. The formulation in Eq. (4.12) is very
general and further assumptions on f(-), F(-) and K determine the existence,
uniqueness, and qualitative properties of z(-) and z(-). A DVI is more than
a simple coupling of an ODE and a VI, see [258, Section 5.2.2.] for examples
where the VI has a unique solution for all z(¢) but the associated DVI does not.

DVIs have more structure than DIs and are a useful abstraction for studying
many practical and theoretical problems. For example, they can be used for
studying Filippov systems, cf. Chapter 6. Real-time MPC algorithms can be
interpreted as time-discretization schemes for DVIs [17]. Several important
models fit into this form, most prominently rigid bodies with friction and impact
[255, 258] (cf. Chapter 8) and electric circuits with electronic devices [3]. We
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refer the reader to [51, 220, 258] for an extensive collection of theoretical results
and application examples.

From the sole definition in Eq. (4.12), we cannot conclude anything about the
qualitative properties of the solutions, e.g., to which class, NSD1 to NSD3, would
a DVT fit into, cf. Section 4.1. One way to classify DVI is their index [220], that
is how many times F'(¢,z(t), z(t)) = 0 has to be differentiated w.r.t. time ¢ to
find z(t) as a function of x(t). This definition is similar to the Definition 3.5 for
the index of DAEs. A similar concept is the relative degree, cf. [51, Appendix C].
Index zero DVIs have continuously differentiable solutions and fall into NSD1
[220, Proposition 5.1]. Index one DVIs have in general absolutely continuous
solutions [258] and correspond to NSD2 systems. Index two systems are systems
with state jumps [258, Chapter 6] and fit into NSD3. The specification in (4.12)
is not sufficient to calculate a solution of a DVI of index 2, and we need to
specify state jump laws. In general, for higher index DVT solutions fail to exist
[258], and if they exist they are distributions [51]. Such cases are beyond the
scope of this thesis.

When it comes to the uniqueness and existence of solutions, the uniqueness of
solutions of index zero systems is proven in [220]. Uniqueness for some index
one DVIs is proven by Stewart [256]. For index two DVIs only existence can be
proven [253]. For examples of nonuniqueness see [258, Chapter 6].

DVI can be easily cast into differential inclusions [258]. Denote the set of all
solutions, parameterized by z(t), of the VI (4.12¢) by SOL(F'(¢, z(t),-), K). The
DVI (4.12) reads as:

z(t) € f(t,x(t), SOL(F(t,z(t),-), K)), (0) = xo.

Depending on the properties of the set SOL(F (¢, z(t), ), K) this can also be an
MDI, e.g., in the case of index two differential variational inequalities. Making
further assumptions on the set K, we arrive at different formalisms. In the
trivial case of K = {0}, we have that z(¢t) = 0 and (4.12) reduces to an ODE.
Similarly, if K = R™=, then z € R and F(t,z(t), 2(t)) = 0 and the DVI (4.12)
reduces to an DAE. An interesting subclass of DVIs arises if K is a convex cone,
which we regard in the next section.

4.3.4 Dynamic complementarity systems

If the set K is a convex cone, then a VI is equivalent to a complementarity
problem, cf. Proposition 2.21. This gives rise to a very practical class of
nonsmooth dynamical systems, namely the Dynamic Complementarity Systems
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(DCS):
z(t) = f(t,z(t), 2(¢¥)), (0) = o, (4.13a)
K > z(t) L F(t,z(t), 2(t)) € K*, for almost all ¢, (4.13b)

Obviously, DCS can be studied with the tools for DVIs. However, from
a computational point of view, it is easier to treat a finite number of
complementarity conditions instead of infinitely many inequalities in the VI.
Depending on the complementarity problem and main dynamics, there are
several classes of DCS, e.g., Linear Complementarity Systems (LCS), Mixed
LCS, nonlinear complementarity systems, gradient complementarity systems,
and so on. For an overview see [3, Section 2.4.3] or [51]. Some references
studying the existence of solutions and other properties are [48, 52, 133, 257]. In
particular, LCSs are extensively studied in [59, 244, 273, 134]. DCSs can also be
seen as nonsmooth differential algebraic equations (DAEs) [51] if the conditions
(4.13b) are expressed as the zero level set of a C-function, cf. Definition 2.23.
In this thesis, we are mainly interested in the case of K = RZ;. We show in
Chapter 6 that Filippov systems can be rewritten as DCS. In Chapter 7, we
develop discretization methods for these DCS with many favorable theoretical
and practical properties. From the discussions above, the following implications
are apparent: DI D DVI D DCS D ODE.

4.3.5 Discontinuous ODEs and Filippov systems

ODEs with discontinuous r.h.s. (or discontinuous systems for short) are a class
with mature theory. Now, we regard an ODE with a discontinuous right-hand
side and study the following IVP

i(t) = f(t,2(t)), 2(0) = xo. (4.14)

This class of systems is ubiquitous in the application of nonsmooth dynamical
systems. The pioneering work of Filippov provided a solid theoretical foundation
for their study [93]. It turned out that standard tools of analysis were not
sufficient to study the existence and uniqueness of solutions. Even the concept
of solutions needed refinement.

Recall that classical solutions z(-) to (4.14) on an interval [0, 7] are continuously
differentiable. Clearly, with a discontinuous f(-), this is impossible. If one gives
up the requirement of continuous differentiability, new notions of solutions can
be defined. For example, for Carathéodory solutions the ODE should be satisfied
in integral form x(¢) = xz(0) + f(; f(t,z(t))dt for t > 0, where the integral is
the Lebesgue integral. This allows discontinuities of f(-) in x. Therefore, in
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some situations, a Carathéodory solution might be of use, as z(-) is absolutely
continuous, and it requires (4.14) to be satisfied for almost all ¢ € [0,T] [68].
However, this relaxation is not always sufficient to have a solution. For the sake
of illustration, consider the following initial value problem from [68, Example
5):

= {1’ z<0, (4.15)
-1, >0,

with 2(0) = x¢. For 29 > 0, there exist the solution z(t) = x(0) —t for ¢ € [0, zo).

Similarly, for For zg < 0, there exist the solution x(t) = x(0) +1¢ for ¢ € [0, —x0).

For t larger then |xg| in both cases, each solution reaches the point z(t) = 0 and

cannot leave it as the vector fields from both sides push towards it. However,

since £ = 0 # —1, we have no solution in the classical or Carathéodory sense.

To study discontinuous ODEs, we need a generalized solution concept. In
the case of a continuous right-hand side, it should coincide with the classical
solution, and it should have a solution for every initial value. How to proceed
is a modeling step, and Filippov suggested to embed the ODE (4.14) into the
following DI [93]:

x(t) € Fr(t,z(t)), x(0) = x(0), (4.16)

where the set-valued map Fr : R x R"» — P(R") is defined as:

Fe(t,z(t)) =) (| @nvf(tz+B(z)\N) (4.17)

6>0 u(N)=0

The DI (4.16) is a so-called Filippov system. An absolutely continuous function
x(+) is said to be a Filippov solution if it is a solution to the IVP (4.16). Given
a point x, the idea behind this definition is to regard the closed convex hull
of all neighboring values in a ball z € 6B(z) instead of only f(z). Thereby,
all values of f(-) on the sets N of measure zero are neglected. By definition,
this set is convex. If f(-) is bounded, the set-valued map Fr(-) is compact
and outer semi-continuous. Moreover, if f(-) is continuous at x we obtain
Fr(t,z(t)) = {f(t,2(t))}. A proof for the last assertions can be found in [19,
Proposition 1, p. 102]. This means that the conditions of Assumption 4.7
are satisfied, and Theorem 4.8 implies the existence of solutions. If further
Assumption 4.9 holds, Theorem 4.10 is also applicable. Several specialized
theorems for the uniqueness of Filippov systems can be found in the monograph
[94]. There are several other extensions applicable to (4.14). For an excellent
survey on this topic with many illustrative examples the reader is referred
to [68].
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We revisit the example in (4.15) and apply Filippov’s extension to it. We obtain

{1}, x <0,
pel[-11], z=0, (4.18)
{71}a x> 07

It can be seen that this DI has a solution for any x(0) and for all ¢ € [0, 00),
since for t > |zo| we have that ¢ =0 € [-1,1].

A closely related solution concept is the one of Krasovskii [171]. The only
difference to Filippov’s extension is that it does not ignore sets N of measure
zero in (4.17). The following example from [4, Eq. (2.17)] illustrates the
significance of this detail. Regard the ODE with a discontinuous r.h.s.:

1, ifzeQ,

&= ifreQ (4.19)
0, ifzeR\Q.

The set of rational numbers Q has a measure of zero in R. Filippov DI is

trivial and reads & € {0} and has always a unique solution. On the other hand,

Krasovskil’s DI reads as & € [0,1] and has infinitely many solutions.

In practice, one does not often encounter systems as (4.19), but ones with some
special structure that should be exploited. As we see in the forthcoming chapters,
a great number of practical nonsmooth systems have a piecewise smooth vector
field. These systems are called Piecewise Smooth Systems (PSS). They are
closely related to the classes of switched and variable structure systems [51].
Many results related to PSS are collected in the monographs [34, 155]. A generic
PSS reads as

B(t) = fi(z(t), if z(t) € Ry CR™, i€ J ={1,...,ns}, (4.20)

where R; are disjoint open sets and f;(-) are smooth functions on an open
neighborhood of R;, ny is a positive integer. Note that the ODE is not defined
on the boundaries OR;. However, Filippov extensions ignore these sets, and this
causes no trouble. In fact, one can assign any value to dR; without changing
the corresponding Filippov DI (4.16). On the other hand, the extensions of
Krasovskil are not applicable for (4.20). We study this class of systems and
their Filippov extensions in great detail in Chapter 6.

4.3.6 Projected dynamical systems

Projected Dynamical Systems (PDS) regard a closed convex set K and a vector
field f(-) whose domain contains K. In the interior of K, the flow is governed
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by —f(+), and on the boundary of K, the vector field is changed such that x(t)
stays in K. In equations, this reads as:

& € Projry (zt)) (—f(2(t))), for almost all ¢ € [0, T (4.21)

where projr, (1)) (")) is the projection operator and 7k (-) is the tangent cone
defined in Definition 2.4. Using tools from convex analysis for the projection
operator, several other equivalent definitions are possible, cf. [51, Section 2.5].
Note that the r.h.s. is in general a discontinuous function, and one cannot
expect the existence of a classical solution. Solutions z(-) to IVPs related to the
PDS (4.21) are usually absolutely continuous. Thus, PDS belong to the class
of NSD2. Under continuity of f(-) and some other conditions, the uniqueness
of solutions is shown in [50, Theorem 1]. Under appropriate assumptions, a
PDS can be rewritten as a DCS [135]. Brogliato et al. [50] show that a PDS is
equivalent to the following DI:

—i(t) € f(x(t)) + Nk (x(1)), (4.22)

which is related to a type of DI that we discuss next.

4.3.7 Moreau’s sweeping processes

Sweeping processes are a particular class of differential inclusions first introduced
by J.J. Moreau [196, 197]. They are inclusions into normal cones of moving
convex sets C(t). A moving set is a set-valued function C : [0,T] — P(R"=),
that for every ¢ € [0,7] is a nonempty closed convex set. Note that the set can
possibly change its shape over time. The name sweeping process is inspired by
the fact that such DI model particles that are swept in the space by the moving
set.

The first-order sweeping process is a differential inclusion and reads as
—i(t) € Neqy(x(t)), for almost all t € [0,7T], 2(0) = zo € C(0).  (4.23)

Assuming continuity of C'(¢), a solution to the last problem satisfies the following
properties: z(t) € C(t) for all t € [0,T], x(-) is differentiable for almost all
t € (0,T) and z(-) satisfies the inclusion for almost all ¢t € [0,7]. They find
application in nonsmooth mechanics, and electronics [4, 3, 51] and have mature
theory and simulation methods [49, 199].

A related class is the perturbed sweeping process which reads as
—i(t) € Now)(2(t)) + f(t,z(t))), for almost all ¢ € [0, T,

x(0) = zg € C(0),
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Note that the PDS (4.22) can be interpreted as a perturbed sweeping process
with a constant set C'(t) = K. The assumptions of convexity can be relaxed,
and some other definitions of the normal cone might be used, which results in
more general DIs than (4.23), cf. [271]. Note that if the set C(t) jumps, then
the solution x(t) must jump as well, cf. [4, Section 2.2] for more details.

The normal cone to a convex set is an unbounded set and thus Theorem 4.8 is
not applicable. However, the existence and uniqueness of absolutely continuous
solutions under appropriate assumptions were already proven by Moreau in
[197]. Furthermore, the existence and uniqueness of an absolutely continuous
solution of the perturbed sweeping process are proven in [87, Theorem 1].

The so-called second-order sweeping processes [197, 198] are also widely used
in practice. They have been developed for Lagrangian systems with unilateral
constraints, cf. Chapter 8. Thereby, the velocity states are usually discontinuous
functions of bounded variation and the position states are absolutely continuous
functions of time. Electric circuits with idealized electronic elements can also
be recast into this form, cf. [3, Section 2.5.4]. We omit an exposition of these
systems and refer the reader to [49, Chapter 5] for more details.

4.4 Conclusions and further reading

This chapter provides an introduction to nonsmooth dynamical systems, which
are the main topic of this thesis. However, the broad terms nonsmooth and
hybrid are used often interchangeably in the literature for essentially the same
class of systems and this might cause confusion. We clarify the subtle differences
in introductory discussions, discuss strengths and weaknesses and provide some
illustrative examples. The discrete-continuous nature in dynamical systems is in
the nonsmooth dynamical systems community usually expressed via nonsmooth
mappings. On the other hand, hybrid dynamical systems are usually represented
by some kind of hybrid automaton. Both modeling approaches have their
strengths and weaknesses, which we discussed and illustrated in some examples.

The nonsmoothness in the dynamics gives rise to some phenomena not seen in
smooth dynamical systems, e.g., Zeno behavior, and nonsmooth sensitivities, to
name a few. Moreover, this causes some numerical difficulties not encountered
when dealing with smooth dynamical systems. We investigate these difficulties
in a series of simple examples and illustrate the somewhat surprising limitations
of standard simulation methods. This motivates further the development of
tailored methods in later chapters of this thesis.

We finish this chapter by reviewing several standard modeling frameworks
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for nonsmooth dynamical systems. This list is far from extensive, and we
provide only a brief overview that fits our needs in this thesis. We restate
some well-known existence and uniqueness results for these systems. Some links
between the formalisms above are highlighted as well. However, the connections
might be non-obvious and difficult to obtain. An extensive summary of the
relationships between various nonsmooth dynamical systems is provided in [51].
Of course, there are many details and possible classifications for automaton-
based representations of hybrid systems. To learn more about these topics, we
refer the reader to [113, 186].

Finally, we list some references with more details on nonsmooth dynamical
systems. For an introduction to set-valued and nonsmooth analysis, the reader
might look into the textbook by Rockafellar and Wets [234]. To learn more
about differential inclusions (possibly with a nonconvex set in the r.h.s.) with
absolutely continuous solutions, see the textbooks by Aubin and Cellina [19]
and by Smirnov [246]. Of course, a great reference is also Filippov’s classic text
[94]. The theory and numerical methods for differential variational inequalities
are extensively treated in Stewart’s monograph [258]. One of the largest sources
of nonsmooth dynamical systems comes from nonsmooth mechanics. A great
collection of results is provided by Brogliato [49]. Other good references on
this topic are [174, 4, 258], to name a few. Numerical methods for nonsmooth
dynamical systems are treated in great detail by Acary and Brogliato [4] and
Acary et. al. [3]. Dynamical systems with a discontinuous r.h.s. are reviewed
in great detail in [68]. Sweeping processes are discussed in detail by Brogliato
[49] and, of course, in Moreau’s work [197, 198].



Chapter 5

Limitations in Nonsmooth
Direct Optimal Control

In this chapter, we look closer at standard direct methods for optimal
control problems subject to nonsmooth dynamical systems. By standard
we mean the application of time-stepping methods in direct transcription
or direct multiple shooting. In this case, after discretization one obtains a
nonsmooth nonlinear program. Usually, one can smooth the nonsmoothness
before or after the discretization explicitly, or the smoothing might happen
implicitly in the NLP solution method. For example, the latter happens if one
applies relaxation methods for solving an MPCC (cf. Section 2.4.2), which is
obtained by discretizing an OCP subject to a dynamic complementarity system.
Alternatively, the nonsmoothness can be treated by appropriate mixed-integer
reformulations. However, taking these steps without care might lead to spurious
and inaccurate solutions. In this chapter, we discuss some non-obvious, but
fundamental limitations of these standard methods.

We show on counterexamples from the literature that the numerical sensitivities
obtained in a direct method paired with a time-stepping discretization are wrong,
no matter how small the step size is. Moreover, we show that the sensitivities of
the smooth approximation of nonsmooth systems converge to correct value, only
if the step size h is shrinks faster than the smoothing parameter . These two
facts were for NSD2 systems first shown in the seminal paper of Stewart and
Anitescu [259]. We show that similar difficulties arise also for NSD3 systems.
This highlights the necessity of the tailored methods developed in the later
chapters of this thesis.

121
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Outline. We start the chapter by surveying standard direct methods for OCP
with nonsmooth dynamical systems in Section 5.1. In Section 5.2, we discuss
the fundamental limitations of standard discretization and smoothing methods
in direct optimal control of NSD2-type systems. Similarly, in Section 5.3 we
study the limitations of direct methods for NSD3-type systems. Section 5.4
summarizes the findings and concludes this chapter. This chapter is partially
based on [203].

5.1 Survey on direct optimal control methods for
nonsmooth systems

In this section, we provide an overview of direct optimal control methods found
in the literature. This survey can not cover all existing methods but highlights
some standard approaches with a focus on methods that solve an MPCC at
some point. More references can be found in [43, 51, 293]. Most direct methods
discussed here either solve a nonsmooth NLP, e.g., an MPCC obtained after a
possibly sophisticated discretization of the nonsmooth dynamical system, or a
mixed-integer nonlinear program. Some heuristic approaches try to guess the
switching sequence and formulate a multi-stage OCP, which results in a smooth
NLP after discretization.

We compare them by several criteria. First, what kind of optimization problem
needs to be solved, e.g., NLP, MPCC, or a mixed-integer program? Second,
we regard the accuracy of the discretization scheme. As we have seen in the
previous sections, most discretization methods for nonsmooth systems have only
first-order accuracy. Third, we analyze if the numerical sensitivities are correct,
and if so, we state under which condition. As a last criterion, we compare for
which classes of systems (NSD1 to NSD3) the method at hand is suitable.

A summary of the methods we survey is given in Table 5.1. In the sequel,
we provide more detailed comments on each of these methods and mention
some similar ones, which are not listed in the table. Moreover, we discuss some
specific advantages and limitations not shown in the table.

Several fundamental problems within direct optimal control of nonsmooth
dynamical systems are revealed in the seminal paper by Stewart and
Anitescu [259]. They reveal that standard direct methods with fixed step sizes
are doomed to fail since the numerical sensitivities obtained by differentiating
the result of a simulation are wrong, no matter how small the step size
is. We study their counterexample in detail in the next section. It is also
shown that the numerical sensitivities of a smooth approximation of an ODE
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Method Optimization Discretization Sensitivities Classes Citation
problem accuracy correct covered
Stewart and Anitescu NLP first-order no* NSD1, NSD2 [259]
Kirches NLP higher-order yes NSD1-NSD3 [166]
Lin and Othsuka MPCC first-order no* NSD1-NSD3 [183]
Baumrucker and Biegler | MPCC higher-order yes NSD1,NSD2 [28]
Nurkanovié¢ et al. MPCC higher-order yes NSD1-NSD3 [213]
Caspari et al. MPCC first-order no* NSD1, NSD2 [64]
Sperl MPCC/NLP higher-order yes NSD1, NSD2 [247]
Mayer, Schléder et al. MPVC first-order no* NSD1-NSD3 [43,
168]
Vieira et al. MPCC first-order no* NSD1, NSD2 [279]
Posa and Tedrake MPCC first-order no NSD3 [225]
Bemporad MILP first-order yes NSD1-NSD3 [32]
Avraam MINLP higher-order yes NSD1-NSD3 [20]

*Some methods may include implicit smoothing of the dynamics either while solving the MPCC
with a homotopy approach or explicit smoothing before the discretization. In such cases, the
sensitivities are correct if the step size is smaller than the smoothing parameter.

Table 5.1: Overview of direct methods for solving optimal control systems with
nonsmooth dynamical systems.

with a discontinuous r.h.s. are only correct if the step size approaches zero
faster than the smoothing parameter. This makes accurate approximations
computationally expensive since for moderate accuracy a very small step size is
needed. Nevertheless, smoothing paired with a homotopy approach can lead to
decent solutions.

Section 4.2.6 shows that the parametric sensitivities of nonsmooth ODEs have
jump discontinuities when the trajectory passes through or enters a surface
of discontinuity. High-accuracy event-based integration methods, which hide
the external switch detection procedure from the optimizer, can be applied
within a direct multiple shooting setting [44]. Kirches [166] follows such
a line of thought and regards an event-detecting integrator that can treat
switched systems (possibly with state jumps) within a direct multiple shooting
approach. Moreover, this integrator computes correct numerical sensitivities by
appropriately updating the sensitivities at points of discontinuity, cf. Section
6.2.6. However, there are several pitfalls. On the one hand, derivative-based
optimization algorithms will likely fail due to the non-Lipschitz sensitivities. On
the other hand, at points of discontinuity, the sensitivities are not even defined.
To circumvent the mentioned difficulties in the convergence of an SQP method,
the switching sequence is not allowed to change, which implies locally smooth
sensitivity.
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Recently, Lin and Ohtsuka [183] have proposed a non-interior-point homotopy
method for optimal control problems with differential variational inequalities.
The core of their approach is a tailored solver for MPCCs arising from the
discretization of OCPs with DVIs. In their setting, the set K in the DVI
(4.12) is assumed to be a box. This covers many systems from NSD1 to
NSD3, including DCS with state jumps and Filippov systems. The DVI is
discretized with the implicit Euler method, hence, only first-order accuracy
can be obtained. On the one hand, the complementarity constraints in the
MPCC arising from the DVT are treated with a Scholtes relaxation [237], cf.
Section 2.4.2. On the other hand, the complementarity constraints in the
KKT conditions of the MPCC are replaced by a smoothed Fischer-Burmeister
function, cf. Definition 2.23. For computing a Newton-step for perturbed
MPCC’s KKT conditions an efficient Riccati recursion is utilized. Note that
the relaxation of the complementarity constraints implicitly smooths the DVI
[203], and the sensitivities are only correct if the step size approaches zero faster
than the smoothing parameter [259]. The authors report faster computation
times and fewer iterations compared to using IPOPT [281] together with Scholtes
regularization.

One of the most remarkable methods is presented by Baumrucker and
Biegler [28]. They consider piecewise smooth systems with a single switching
surface (or multiple independent switching surfaces, cf. Section 6.2.5), i.e.,
NSD2-type systems. The PSS is treated as a Filippov system and transformed
into an equivalent DCS. The key novelty is that they allow variable step sizes and
modify further the complementarity conditions. In numerical examples, they
demonstrated that this yields exact switch detection, higher-order integration
accuracy, and correct numerical sensitivities. Unfortunately, a formal proof of
the appealing properties of the method is not provided in [28]. Moreover, having
the step sizes left to the optimizer as a degree of freedom, without additional
conditions, results in under-determined systems of equations. As a consequence,
the optimizer can play with the discretization accuracy, possibly in an undesired
way.

The method of Baumrucker and Biegler [28] inspired the development of the
Finite Elements with Switch Detection (FESD) [213], c¢f. Chapter 7. This
method generalizes the ideas of [28], provides a sound theory, and overcomes
some of the mentioned drawbacks. Moreover, two different ways to transform a
Filippov system into a DCS are used, which are discussed in detail in the next
chapter.

Several other authors transform a Filippov system into a DCS and solve an
MPCC after the discretization. For example, Caspari et al. [64] treat the same
class of systems as [28]. Their main idea is to use a C-function (cf. Definition
2.23) to pass from a DCS to a nonsmooth DAE. Furthermore, the C-function is
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further smoothed, and a nonlinear DAE is obtained. The authors use direct
single shooting for solving the resulting smooth OCPs. This approach of solving
the discrete-time OCP is solving an MPCC with a smoothed C-function, as
discussed in Section 2.4.1. Of course, the same strategy can be applied in
a direct multiple shooting approach. However, the method suffers from the
same issues as other smoothing approaches for ODEs with the discontinuous
right-hand side. Namely, the sensitives are only correct if the step size is smaller
than the smoothing parameter. The authors also notice that updating the
smoothing parameter in a homotopy loop improves the convergence.

This improved convergence property is investigated in [203]. This work shows
that the problems revealed by Stewart and Anitescu [259] carry over to DCS that
is smoothed while solving an MPCC with a relaxation or smoothing strategy,
cf. Section 2.4.2. The homotopy can help to converge to better local minima,
since in the earlier stages of the homotopy for larger values of the smoothing
parameter the sensitivities are still correct. Solving these more regular problems
can bring the optimizer closer to the correct solution without getting stuck in
artificial local minima due to the wrong sensitivities. We investigate this state
of affairs in detail in the next section.

Motivated by the fact that the early stages of the homotopy have sub-problems
with correct sensitivities and lead to convergence to good local solutions led to
the development of a two-stages approach in the master thesis of Sperl [247].
Again, the same class of problems as in [28, 64, 203] is regarded. In the first
stage, an MPCC with a relaxation homotopy is solved, as in [213]. The main
assumption is that the optimal active set in the DCS is correct, i.e., the switching
sequence is found correctly by solving an MPCC. Note that the optimizer might
still converge to a spurious local solution due to the wrong sensitivities, but
the switching sequence might be correct. This is exploited in the second stage,
where the switching sequence is fixed, and a multi-stage discrete-time OCP is
formulated. Each stage corresponds to a fixed active set, i.e., fixed mode of the
PSS, and the lengths of the stages are left as degrees of freedom. In other words,
only the switching sequence is fixed but not the switching times. Therefore, high
accuracy and correct sensitivities are obtained. The final problem is a smooth
and regular NLP that can be much easier solved than an MPCC. Sperl [247]
reported promising numerical results, but a convergence analysis was not carried
out.

If the switching sequence is known (or at least a good guess is available),
optimizing for the switching times by solving a multi-stage OCP is a common
approach in nonsmooth optimal control of NSD1-NSD3 systems [162, 240]. In
the literature, several other heuristic two-stage approaches can be found, cf.
[293] for a survey. The first stage determines the switching sequence, and the
second solves a multi-stage OCP. However, most of them do not allow variable
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stage lengths, and neither they provide a sound convergence theory.

Bock et al. [43] use generalized disjunctive programming [117] to enumerate
all modes of a PSS and transform the OCP subject to a PSS into an OCP
with integer controls and smooth ODEs. This allows us to apply the powerful
methods for OCPs as partial outer convexification [235]. This formulation allows
one to treat simultaneously external and internal switches. After discretization,
a Mathematical Program with Vanishing Constraint (MPVC) needs to be
solved. This is a problem class related to MPCCs, which is slightly more
regular. The approach of Bock et al. cannot treat sliding modes generically,
but requires a relaxation of the switching surface into an e—band region with a
nonempty interior. Switch detection is not treated explicitly, only a heuristic
mesh refinement that splits intervals with a switch is provided. Therefore, only
first-order accuracy can be expected in general. Later, Kirches et al. extended
this approach to dynamical systems with state jumps [168].

Many authors derive adaptations of Pontryagin’s conditions for fairly general
formulations of hybrid or nonsmooth dynamical systems [114, 144, 242, 262].
Some authors focus on specific classes of nonsmooth systems, e.g., sweeping
processes [138]. Moreover, some of these references provide iterative methods for
solving the optimality conditions [144, 138, 279]. Guo and Ye [121], and Vieira
et al. [279] study optimal control of a DCS with absolutely continuous solutions,
i.e., NSD2 systems. Furthermore, in [279], direct and indirect methods are
proposed for numerically solving the OCP. Thus, after discretization, an MPCC
is solved via a penalty or relaxation approach, cf. Sections 2.4.2 and 2.4.3. An
implicit Euler discretization is used without an explicit treatment of the switches.
To the best of our knowledge, none of these references focuses explicitly on
computing the correct sensitivities or using higher-order order discretization
methods. Consequently, the numerical sensitivities are not computed correctly,
and only first-order accuracy can be obtained.

In the last decade, Contact-Implicit Trajectory Optimization (CITO) received a
lot of attention in the robotics community. The contact condition between rigid
bodies and friction gives rise to nonsmooth dynamical systems of the type NSD3,
cf. Chapter 8. Trajectory optimization problems subject to such dynamics
result in nonsmooth OCPs, where the contact sequence of the rigid bodies is
discovered fully implicitly. Many authors take a direct approach to solving this
OCP. One of the first works to do so is by Posa and Tedrake [225]. They use
a semi-implicit Euler discretization [260, 15] for the discretization and solve
the MPCC with an SQP method. Similar approaches with different (possibly
smoothed) contact models, adapted time-stepping methods, and MPCC solution
strategies are presented in [263, 63, 142, 141, 191, 86], to name a few. The
recent survey [283] provides a broad overview of the use of optimization in
legged locomotion, including many references on CITO.
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Time-stepping schemes for rigid bodies with impact have only first-order
accuracy [4, 255, and the numerical sensitivities are usually wrong [292].
However, all of these approaches share some properties and their practical
success can be explained by several factors: 1) the CITO problems are so difficult
to solve that even feasible solutions solve complex robotic tasks (spurious local
minima can be found even with wrong derivatives), 2) during the solution of
the discretized OCP, smoothing of the dynamics is done explicitly or implicitly,
which improves the convergence, 3) using finite differences can result in correct
sensitivities, despite the nonsmoothness of the dynamics.

One of the oldest approaches in nonsmooth optimal control is to enumerate all
modes of a nonsmooth system with integer variables. This is already explicitly
done in various hybrid systems formalisms, cf. Section 4.1.1. Bemporad and
Morari [31] provide an elaborate framework to model logical relations between
hybrid systems modes. The modes are assumed to be linear. Moreover, the
modeling is carried out in discrete time with a fixed sampling rate, hence, there
is no switch detection. This can lead to first-order accuracy at best. However,
the resulting optimal control problems are mixed-integer linear programs, which
can often be solved very efficiently. In the PhD thesis of Avraam [20], a more
general approach is proposed. The nonsmooth dynamics are modeled via the
hybrid systems formalism of Barton and Pantelidas [26], which enables one to
model NSD1-NSD3 systems in continuous time. Avraam [20] proposes a direct
collocation approach, where the unspecified switching sequences with variable
stage lengths are expressed via linear integer constraints. This formulation
enables exact switch detection for NSD1-NSD3 systems. The downside is that a
mixed-integer nonlinear program must be solved, which can be computationally
prohibitively expensive.

To summarize, most practical methods use only first-order accuracy
discretization schemes, with possibly incorrect sensitivities. On the other
hand, the high-accuracy ones treat the discontinuity in the integrator, which
complicates the use of derivative-based optimization. They do not treat sliding
modes appropriately or handle only systems with a single switching surface, i.e.,
only two regions.

5.2 Fundamental limitations of standard direct
methods for NSD2 systems

In this section, we show why standard direct methods applied to ODEs with
a discontinuous right hand-side are doomed to fail. We recall some results
from the seminal paper of Stewart and Anitscu [259]. In particular, we show
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on a counterexample, that the numerical sensitivities in a direct approach are
wrong, no matter how small the integrator step size is. Moreover, it is shown
that the numerical sensitivities of the smoothed approximation converge to the
correct value only if the integrator step size shrinks faster than the smoothing
parameter, i.e., h = o(c). We show that the same difficulties carry over to DCSs,
which are equivalent to the initial discontinuous ODEs. These limitations are
illustrated in a simple optimal control example.

5.2.1 A bimodal NSD2 system

For sake of simplicity, we consider a bimodal piecewise smooth system with a
scalar switching function ¢(z):

fi(z), v(x) <0,

#(t) = J(x) = { i v~

The Filippov convexification of this system is the differential inclusion (cf.
Section 4.3.5):

{fl(x)}7 '(/)(x) < 07
&(t) € F(z) = { {f2(2)}, P(z) >0, (5.1)

We assume that f1, fo : R™ — R™ and ¢(z) : R"™ — R are sufficiently
smooth, and that Vi (z) # 0, whenever ¢(z) = 0. We are interested in the
following non-degenerate cases:

1. Crossing a discontinuity: we have Vi (z)" fi(z) > 0, Vi (z) T fo(z) > 0,
whenever ¢¥(z) =0, i.e., w > 0 before and after the switching time
ts, so the dynamical system will not stay on the zero manifold ¢(z) = 0.

2. Sliding modde: we have V()T fi(z) > 0, Vi(x) " fa(x) < 0, whenever
Y(x) = 0, i.e., when the dynamical system reaches the zero manifold
Y(x) =0, it stays there.

The set-valued step functions y(z) defined as y(z) = {1} for = > 0, v(x) = {0}
for x < 0, y(z) = [0,1] for x = 0. We denote single-valued selections of v(x) by
a(x). Using this definition, the ODE (5.1) can equivalently be written

i(t) € f(z) = {fi(x)(1 - a(2)) + fa(z)o(z) | a(z) € y(P(x))}.  (5:2)
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For the sliding mode case, when the trajectory is trapped on the manifold
(x) = 0, we compute the selection of a(x) € [0, 1] from the condition ¢ (x(t)) =

Vi (z) T f(x) =0, and its value is a(x) = vw(@w((g)l(?l(xff(x)) This selects the

unique convex combination of f; and fo to keep the trajectory on the manifold

(x) =0.

5.2.2 The numerical sensitives are wrong independent of the
step size

We illustrate this claim by adapting the counterexample given by Stewart and
Anitescu [259]. For this purpose, we revisit the example from Section 4.2.6:

& € 2 —sign(z), x(0) = —1. (5.3)
The goal is to obtain an approximation of axa% by differentiating the

discretization method, as it is usually required in direct optimal control, cf.
Chapter 3. The analytic solution of (5.3) is:

—1+3t ift< -2
z(t) = ton; o7 (5.4)
(t+%) ift> -2,
The exact sensitivity at e.g., T'=2 > —% is %{fo) = %

Following [259], we regard a @-method for the discretization of (5.3) with a
fixed step size h

Tp1 € xp — h(2 — sign(zk + 0(zp1 — 1)), (5.5)

where x, &~ x(t) is the numerical approximation of x(t) at ¢ = kh. For 6 = 0 we
have the explicit Euler method, for § = 0.5 the midpoint rule and for § = 1 the
implicit Euler method. These time-stepping methods are known to converge to
the true solution as h | 0 [83, 264]. Depending on the sign of xy + 0(zk4+1 — xk)
we have that:

xk +3h  if xp 4+ 0(xre1 — xp) <0,
Tkl = Tk + h if zy, + 9($k+1 — xk) >0,

—%xk if z + 9($k+1 — LL'k) =0.

More explicitly, by using the expressions for zj1, we obtain that

xp +3h  if xp < —3h0,
Tp+1 = xp +h if 2 > —ho, (5.6)
— L0y, if @y, € [~30h, —0R].
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Figure 5.1: The objective function value V' (z) for different step size h.

Let N be the number of integration steps, i.e., h = % By the chain rule we
have the approximation %’:0) ~ %ZIOV = 8221\11 g—ﬁ. From equation (5.6),

it follows that %7;:1 is either 1 or —%;9. For example, for the implicit Euler

method with 6 = 1, we have 63%’;:1 to be zero or one. Similarly, for % <f<1
and xy € [—30h, —0h] we have that x4 = %xk > 0, i.e., there is at most one

k such that zj € [-30h, —0h] and %:1 = —150 £ L Therefore, we conclude
that no matter which 6 € [0,1] and step size h > 0 we pick, we cannot make
%”TJS’ approach the true value of %m’:o) = % In other words, the numerical

sensitivities are always incorrect.

The consequences of this are illustrated on a simple optimal control problem
from [259]:

T
min /0 2(1)2dt + (2(2) — 5/3)2 (5.72)
s.t. z(0) = xo, (5.7b)
z(t) € 2 —sign(z(t)), te€]0,2]. (5.7¢)

Here, the free initial value x( is the only effective degree of freedom. Denote
by V() the (nonsmooth) objective value for the unique feasible trajectory
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starting at x(0) = xg. The equivalent reduced problem reads as

mmin V(zo).
Figure 5.1 show the objective approximation obtained with the midpoint rule
for different step sizes h compared to the exact value. One can observe, by
decreasing the step size h, the objective values converge to the correct values but
the sensitivities do not. Moreover, the wrong sensitivities introduce numerous
artificial local minima.

5.2.3 Smooth approximations of NSD2 systems

An obvious and reasonable approach to solve an OCP with an NSD2 system
is to regard a smooth approximation of the nonsmooth system (5.1) and then
to apply the methods for smooth OCPs from Chapter 3. For this purpose, we
regard smooth approximations of the DI (5.1), as studied in [259, 285].

Definition 5.1. We say that the monotonously increasing function ay(z) ==
a1(z/0), with a1(z) € C* is a smoothing function if: a) a1(0) = 1/2, b)
lim a1(z) =1¢) lim ay(z) =0, with the smoothing parameter o € Rsq. For
Z—00 Z——00

the special case when o =0, we define ag(z) : R = P(R) to be the set-valued
step function, i.e., ag(z) = y(z).

The function «,(z) does not need to be exactly one for z > ¢ and exactly
zero for z < —o. However, this definition of the smoothing functions simplifies
the analysis [259, 285]. The function must approach quickly the corresponding
value whenever z ¢ [—o,0]. Examples of such functions are: a,(z) = (1 +

tanh(z/0))/2 or ay(2) = (z/0 + /14 (2/0)2)/2/1 + (z/0)2.
The smoothed approximation of (5.1) as

&(t) = fi(@)(1 = as (¥ (2))) + fa(2) 0o ((2)). (5-8)

Under certain assumptions, the solutions of the smoothed system (5.8) converge
to the trajectories of the DI (5.1), cf. [285, Lemma 1].

To use direct methods for OCPs with the nonsmooth system (5.1) or with its
smooth approximation (5.8), one of the crucial ingredients is to compute the
correct numerical sensitivities. A remarkable result from [259] provides the
condition under which smoothing will deliver meaningful approximations.

Theorem 5.2 (Theorem 2, [259]). Assume that Vi (x)' fi(x) >0 and
V()T fa(x) > 0, whenever (z) = 0. Denote by x1,(t,z¢) the numerical
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approzimation of x(t,xo). Assume that we integrate the smoothed model
equation (5.8) using the explicit Euler method with a time step h = o(c). Then,
the numerical sensitivities denoted by %ﬂff‘)) converge to the sensitivities of
oz (t,zo)
Oz

the original problem as o — 0.

A similar result is proven for the trapped case: Vu(z)"fi(z) > 0,
Vip(x) T fa(x) < 0, whenever ¢(z) = 0, cf. [259, Theorem 3]. Unfortunately,
using higher-order integration schemes does not circumvent the condition
h = o(0o) as discussed in [259] and confirmed in the example later in Section 5.2.5.
We remind the reader that we have seen in Section 4.2.5 that higher order
integration methods applied to smooth and stiff approximations recover their
accuracy properties when h = o(0).

5.2.4 The bimodal system as a DCS

We have seen in Section 4.3 that it is ubiquitous in direct optimal control
to transform the NSD2 system into an equivalent Dynamic Complementarity
System (DCS). Let us derive this reformulation for the bimodal system (5.2).
The set-valued step function ag(¢(z)) can be expressed as the solution map of
a parametric LP:

ap(z) =argmin —zd st. 0 <& < 1. (5.9)

Using the KKT conditions of the LP (5.9), the DI (5.2) can be rewritten as a
DCS:

i(t) = F(a(t),at) = f@®)1 - a(t) + fal@®)alt),  (5.108)

(@) = 2(t), (5.10b)
2(t) = AP() — A2(1), (5.10c)
0<A™(t) L a(t) >0, (5.10d)
0<AP(t) L1—a(t) >0, (5.10¢)

This is a common approach to rewrite a Filippov system into an equivalent
DCS. We come back to this reformulation for more general piecewise smooth
systems in Chapter 6.

After the time discretization of the OCP subject to the DCS (5.10), we obtain
an MPCC that can be efficiently solved via the methods from Section 2.3. In



FUNDAMENTAL LIMITATIONS OF STANDARD DIRECT METHODS FOR NSD2 SYSTEMS _______ 133

MPCC solutions methods, the discretized complementarity constraints in (5.10)
are smooth or relaxed. We restrict our analysis to the case of Scholtes relaxation
and smoothing method [237], as it is usually the most reliable method from the
ones listed in Section 2.3.

We regard the different representations of the graph of the set-valued function
ag(z), denoted as:

C% = {(z,0) | a € ap(2)}. (5.11)
The graph of the function described by the LP (5.9) reads as
CPCS —{(2, A", \P, ) | z = AP — \", A"a =0,

exact

(5.12)
AP1—-—a)=0, A",A\P >0, 0<a<1}.

We define the graphs of the corresponding smoothed and relaxed problems,
which fit into Definition (5.1), respectively:

CPCS (o) ={(z, A", AP a) | z= AP — A", \'a =g,

smoothed
(5.13)
ANAl—-—a)=0, A", \P >0, 0<a<1},
and
CRES (o) ={(, A", AP, @) | 2 = AP — A", Ao <o,
(5.14)

APl -—a)<o, A", AP >0, 0<a <1}
Now we highlight a few simple relations between the sets defined above.

Proposition 5.3. The projection of the set nggt onto R?, where C° is defined,
is equal to C°.

Proof. This relation can be seen from the LP representation of the function
ap(z) (5.9). For z < 0 we have y = 0 and for z > 0, the solution is y = 1. If we
have z = 0, the solution is the whole feasible set y € [0, 1]. O
Proposition 5.4. For the sets CRCS  CPCS (o) and CRES | (o), if the same

exact’ “relaxed smoothed
o >0 is used in the latter two, the following holds:
CcPs c cPCS (o), and CPFB .\ (o) C CRES (o).

exact = “relaxed smoothed relaxed

Proof. The set CPCS . can equivalently be written as

CPS (o) ={(2, A", AP,a) | 2= AP — A", A"a < o,

(5.15)
ANl -—a)<o, XM, AP >0, 0<a <1}
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Figure 5.2: Illustrations of the projections of the sets CDSS, CPCS  and
DCS
Csmoothed'

It follows from the definition of CDC5 in (5.12) that any vector wWexact =

xact
(2, A", AP ) € CDCS satisfies also the equations above, hence Weyacs € ngied.

xact

Pick any 6 > 0 such that 06 < 0. Using the definition (5.15) for any ws €
CPCS 1(9) it also holds that ws € CPCS_ (o). We conclude that CRSS C

relaxed relaxed

CPCS . Equality follows from picking o = 0 in (5.15), which concludes the

relaxed*

first part of the proof.

For the second relation, equality follows trivially for taking inequalities as
equalities in (5.14) for the same o as in (5.13). Furthermore, C2S =~

CPCS | follows with the same argument as in the first part of the proof, by
picking an appropriate 6 > 0 and § < o. O

Figure 5.2 illustrates the result of Proposition 5.4. Proposition 5.3 implies an
equivalence between the solutions of the Filippov DI (5.1) and the DCS in (5.10).
Consequently, the results from Theorem 5.2 for the approximated Filippov DI
(5.8) transfer to the smoothed or relaxed DCS. This means when discretizing a
smoothed or relaxed version of (5.10), we need a step size of h = o(c) to obtain
correct numerical sensitivities.

5.2.5 Failure of standard direct optimal control

To demonstrate the limits of direct optimal control approaches, we regard a
discretized version of the OCP (5.7). Note that the solution x(¢; z¢) is piecewise
constant, and the objective is a cubic function of time. Therefore, if there
were locally no switches or if their time of occurrence was known, a third-order
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Figure 5.3: Value of the objective functions Vi(z¢) for the smoothed MPCC (left),
and V;(x¢) for the relaxed MPCC (right), for several values of the homotopy
parameter o.

method would approximate the solution exactly. To integrate the objective
function with the same accuracy as the trajectory, we introduce the quadrature
state:

In the regarded numerical example, we use a Gauss-Legendre method with
two stage points, ng = 2, which has the order four, cf. Section 3.2. We
reformulate the dynamics into DCS as in (5.10) and discretize the OCP (5.7).
This discretization corresponds to direct transcription (cf. Section 3.3.2):

min  yy + (zy — 5/3)? (5.16a)
st. Yo =0, (5.16b)
Yer1 =k +h Y bi(wr;)’ k=0,...,N -1, (5.16¢)

j=1
Topr =k +h Y 031 — k) +ak,), k=0,...,N -1, (5.16d)

j=1

Thi :xk+h2a¢7j(3(lfak,j)+ak,j), k=0,....N—-1,i=1,...,n,,
j=1

Y(ng) = A — Mgy F=0,... , N =1, j=1,...,n,, (5.16f)
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Figure 5.4: Value of the optimal solution xf against different initial values
xq for which an initial feasible solution The MPCC is solved by a relaxation
method for different initial values of o. The left plot is for A = 0.1, the middle
for h = 0.05 and the right plot for A = 0.02.

0< AL, LA 20, k=0,...,N—1, j=1,....n, (5.16g)
0<A, L1-X >0, k=0,...,N—1,j=1,...,n, (5.16h)
Inw= (any())I0,17O‘0,17>\8,17Ag71a v 7':60,”5’ao,nsa)‘&ns7>\8,nsa v ,Z/N,fN), we

collect all optimization variables. The NLP (5.16) is an MPCC, which is solved
in a homotopy approach, where the complementarity constraints are smoothed
or relaxed, cf. Section 2.3. For sake of illustration, we use N = 20, which results
in a constant step size of h = 0.01. The NLPs in the homotopy loop are solved
with IPOPT [281] through its CasADi [9] interface.

Figure 5.3 illustrate the values of the objective for the smoothing (Vi(xo), left
plot) and relaxation approach (V;(zg), right plot), respectively. We can observe
that the values of the objective converge to the analytic solution, but the
derivatives do not. Especially after h > o, spurious local solutions appear.
Similar to our simulation experiments in Section 4.2.5, we see again that very
nonlinear smooth approximations behave practically as nonsmooth systems.

In our second experiment, we initialize the OCP at feasible solutions
corresponding to different zy and see to which solution the optimizer converges.
In total we take 200 samples from zg € [—2, —0.8]. We perform this experiment
for a different number of integration steps N = 20, N = 40, and N = 100, which
results in the step sizes h = 0.1, h = 0.05, and A = 0.02. The MPCCs are solved
with a Scholtes relaxation homotopy approach, with three different values of
the initial homotopy parameter oo of 1, 107!, and 10~%. The final ¢ is always
1078 and the homotopy parameter is updated via the rule: o, 1 = 0.10,, n is
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Figure 5.5: Distance of numerically computed optimal solution z§ to the analytic
solution Zg, for different initial o. The left plot is for h = 0.1, the middle for
h = 0.05 and the right plot for h = 0.02.

the number of the problem in the sequence. Figure 5.4 shows the solution of a
relaxed MPCC corresponding to (5.16) for different initial guesses for zy and
different starting values of op. As long as the condition h = o(o) is satisfied one
can see the NLP solver converges to a unique local solution. As soon as h > o,
the solver converges to the nearest spurious local solution, which results in the
stair-like curves in Figure 5.3. In practice, smoothing and relaxation might
work well due to the homotopy, since for larger values of o, the derivatives are
correct and the optimizer gets into a “good region®“. However, the numerical
sensitivity is wrong as soon as h = o(o) becomes violated.

In our last experiment, we compare the solution obtained after every homotopy
iteration with relaxed complementarity constraints to the solutions obtained by
a single NLP solve with the same fixed 0. As an initial guess, we take xqg = —1.
In the homotopy approach, the parameter ¢ is updated with the following rule:
on+1 = 0.10,, with 09 = 1, n is the number of the problem in the sequence.
Figure 5.5 illustrates the results for three different step sizes. One can observe
that with the homotopy we get in a good region, and even for smaller o, the
approximate solution zj is close to the analytic solution Zg. On the other hand,
with the single NLP solve, as soon as h = o(0) is violated, the NLP converges
to the nearest spurious local solution.

We can see that for h < o, the homotopy approach and single NLP find the same
unique solution. However, as this criterion becomes violated the single NLP
approach makes sometimes almost no progress. Even the homotopy approach
delivers inaccurate solutions, despite a small step size. If the homotopy converges
to the “best artificial minimum®, the error is still of order O(h) since the switches
are not detected. The standard direct methods fail catastrophically even on a
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simple example. Nevertheless, all obtained solutions are at least feasible, which
might explain why these approaches sometimes lead to satisfactory results in
practice. In Section 7.3.6, we repeat the experiments above and manage to
resolve the accuracy issues with a novel discretization method that will be
introduced in Chapter 7.

5.3 Limitations of direct methods for NSD3 systems

In this section, we illustrate that direct methods for systems with state jumps
suffer from the same limitations as in the NSD2 case. We focus on the class of
systems of nonsmooth mechanics, which is arguably the most widely studied
class of NSD3 systems. In Chapter 8, we study these problems in more detail
and develop methods that resolve the issues that we highlight below.

As discussed in Section 5.1, contact implicit trajectory optimization (CITO), i.e.,
direct optimal control with rigid body models subject to impacts and friction is
a topic of growing popularity in the robotics community. This gave rise to many
physics simulations software packages, which essentially have at their core a
time-stepping method [255] for the simulation of the nonsmooth equations of
motion [141, 265, 268, 284]. Most of them provide also sensitivity information
w.r.t. to initial values and controls. In the robotics community, this is often
known under the term differentiable physics. This is somewhat a misnomer
since the sensitivities are nonsmooth, cf. Section 4.2.6. Zhong et. al. [292] show
in several experiments in which the exact sensitivities are known, that none
of the widely used software packages computes them correctly. Moreover, the
results obtained by different open-source implementations do not agree.

Some of the packages detect the switching time (time of impact) explicitly,
which improved the situation only on simple examples. However, on even
slightly more complex tasks, the sensitivities are wrong in all cases [292]. There
is no reason to believe that just detecting the switching time will lead to
the computation of correct sensitivities by differentiating the integrator. The
sensitivity formulae are more complicated, and an explicit jump formula must
be derived from the switching conditions to update the sensitivity past points
of discontinuity [25, 40]. This is also the case for NSD2 systems, cf. Sections
4.2.6 and 6.2.6.

Nevertheless, these methods often perform well in practice. There are several
reasons for this. On the one hand, during the solution process, e.g., in a
homotopy loop, the dynamics are smoothed, and the sensitivities are correct
and direct the solver to a good region. On the other hand, Zhong et al. [292]
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Figure 5.6: Several feasible trajectories of the OCP (5.17). The blue trajectory
is an optimal solution that has one state jump.

V(Uo)

Figure 5.7: The objective function value V(vy) for different step sizes h. For
values of vg 2 that do not lead to impacts, the system is locally smooth, and
the sensitivities are correct (right part of the graph).

observe that the sensitivities, despite being wrong in their value, have the correct
sign and thus lead to descent directions.

Here, we recall one optimal control example from [292] (Task 2) to illustrate that
the sensitivities do not converge. We refer the interested reader to the excellent
paper of Zhong et al. [292] for more details and further examples. The goal is
to find an initial velocity vy of a two-dimensional particle such that it reaches
from the initial position go = (—0.5,1) the target position ggoa1 = (—2,1.5) in
T = 0.6. The impact is elastic with ¢, = 0.92, and no control forces are applied.
The optimal control problem reads as

min T) — 2 5.17a
o)) llq(T) ngaIH ( )
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s.t. q(0) = go, v(0) = g (5.17b)
q(t) = v(t), (5.17¢)
i(t) = {—g—l)il)(\?(t)} , (5.17d)
0< fi(q(t)) L Mi(t) 20, (5.17¢)
0 < fa(q(t)) L Ao(t) >0, for a.a. t € [0,T], (5.17f)
if fi(t) =0 and V,fi(q(t)) "v(t™) <0, then (5.17g)

Vofila@®)To(th) = Vo fila®) To(t™), i € {1,2},  (5.17h)

with the gap functions f1(¢) = 1.6 —¢1 and f2(¢) = ¢2. The only effective degree
of freedom is the initial velocity vy, and we can look at the reduced problem:

min V' (vg)
vo

We discretize the OCP (5.17) with the Anitescu-Potra method [15], a standard
time-stepping method for elastic impacts, fix the horizontal velocity vo,1 = —2.5
and evaluate the objective function for different vg . Figure 5.6 illustrates
numerous feasible trajectories with and without impacts. In Figure 5.7, we
illustrate the reduced objective as a function of vy for different step sizes.
Similar to the NSD2-case, we can observe that the trajectories converge, but
the derivatives do not. Depending on the step size, for vy o greater than
approximately one, no impacts happen, and the system is locally smooth. For
the other values, the objective experiences numerous artificial local minima due
to the wrong sensitivities.

5.4 Conclusion and summary

Despite the natural and intuitive way of modeling discrete-continuous effects with
nonsmooth differential equations, it is challenging to handle them numerically in
optimal control. Due to the nonsmoothness most standard numerical simulation
methods have only first-order accuracy [258]. Furthermore, the sensitivities of
the solution trajectories of these dynamic systems are nonsmooth w.r.t. the
initial value and parameters. Because of these difficulties, the powerful tools
from smooth optimization and direct optimal control for smooth differential
equations cannot be readily applied to this class of problems. Reliable tailored
numerical algorithms and accompanying software implementations are not yet
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available or not yet as widespread as for optimal control with smooth dynamical
systems.

In this chapter, we have seen that standard direct methods fail on even very
simple optimal control problems. Differentiating time-stepping discretization
yields wrong sensitivities no matter how small the step size is. Smoothing
works only if the step size is sufficiently small to resolve the severe nonlinearity
introduced by smoothing. On the other hand, the smoothed systems can
give accurate numerical sensitivities, provided that h = o(c). From an
implementation point of view, one can use standard integrator codes in direct
multiple shooting or direct collocation and a standard NLP solver. However,
to obtain a more accurate solution with this approach, one has to take a very
small step size. For example, if one wishes to have an integration accuracy of
1075, the smoothing parameter has to be in the same order. Since h = o(c),
for a prediction horizon of T' =1, the discretized optimal control problem has
to have millions of variables. This makes this approach impractical.

Moreover, the wrong sensitivities can lead to artificial local minima, and the
optimizer might get stuck arbitrarily close to the initial guess. Reformulating e.g.,
NSD2 systems into equivalent dynamic complementarity systems and solving
Mathematical Programs with Complementarity Constraints (MPCC) with
tailored methods does not improve the situation at all. Due to the equivalence,
the same difficulties remain. To obtain correct numerical sensitivities, one must
have a step size of h = o(0), where o is the relaxation or smoothing parameter
in the MPCC.

Nevertheless, in practice, standard direct methods sometimes deliver satisfactory
results. The reasons is that Newton-type optimization with completely wrong
sensitivities but correct function evaluations leads to convergence to suboptimal
but feasible solutions [42]. This is sometimes called as zero-order optimization,
as only the functions zero-order information (i.e., the function evaluations)
is correct. However, these solutions are not optimal and have only first-
order accuracy. Estimating the loss of optimality in this case is generally not
impossible. Hence, the standard methods can only be considered as heuristics
in this case. Therefore, it is necessary to develop tailored methods with a sound
theory that overcome the fundamental limitations of standard methods.






Chapter 6

Reformulation of Filippov
Systems into Dynamic
Complementarity Systems

Filippov systems are a focal point of this thesis. This chapter examines Piecewise
Smooth Systems (PSS), their embedding into Filippov Differential Inclusions
(DIs), and their connection to Dynamical Complementarity Systems (DCS).
There are several motivations for this. First, Filippov systems arising from PSS
are fairly regular systems with many favorable properties that can be exploited
in algorithmic design. Second, many practical problems can be modeled as PSS.
Moreover, in Chapters 8 and 9 we introduce the time-freezing reformulation. It
provides an exact reformulation of several classes of systems with state jump
(NSD3) into PSS (NSD2). Furthermore, NSD1 systems can be viewed as a
special case of an NSD2 system, where the vector field is continuous across
region boundaries. This enables a unified theoretical and algorithmic treatment
of many systems of types NSD1 to NSD3.

Some basic definitions and properties of DCS and PSS are already discussed
in Sections 4.3.4 and 4.3.5, respectively. However, here we invest some effort
in understanding how to relate Filippov systems to DCS. We explore two
reformulations to pass from a Filippov system to a DCS: Stewart’s approach
[250] and the Heaviside step functions approach [6, 74]. In both cases, solving
a Linear Program (LP) enables the determination of the convex multipliers
required to compute a selection of the Filippov set. Using the KKT conditions
of this LP, we can pass from a Filippov system to an equivalent DCS. We study

143
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these DCSs in detail, i.e., the properties of the Lagrange multipliers in the
DCS, properties of the ODE/DAE obtained from fixing the active set, and
what happens at active-set changes. This pays off as we can use these insights
to develop the Finite Elements with Switch Detection (FESD) method in the
next chapter. This discretization method possesses numerous advantageous
theoretical and computational properties when applied to the resulting DCS.

Outline. The content of this chapter is as follows. First, in Section 6.1, we give
definitions of the PSS, Filippov systems, and the solutions we are interested
in. Next, we study Stewart’s approach [250] to pass from a Filippov system
to a DCS in Section 6.2. In Section 6.3, we perform a similar study for the
reformulation obtained via set-valued Heaviside step functions. The chapter is
concluded in Section 6.4. Section 6.2 is partially based on [213], and Section
6.3 on [207, 208].

6.1 Piecewise smooth and Filippov systems

In this section, we provide some more assumptions and definitions for PSS
and Filippov systems. For ease of reading, we summarize the most important
notation and symbols used throughout the chapter.

Notation

We remind the reader of some notation heavily used in this chapter. For some
matrix A € R™*™  its i-th row is denoted by A; o and its j-th column is denoted
by A, ;. Given a set T C {1,...,n}, the matrix Az, € RZI*™ is a submatrix
of A consisting of the rows A; 4 for ¢ € Z. The submatrix A, 7 € R*XI71 g
defined accordingly. For a given vector € R™ and set Z C {1,...,n}, we
define the projection matrix Pr € RIZI*" which has zeros or ones as entries. It
selects all component x;,i € 7 from the vector z, i.e., z7 = Prz € RIZI and
Tz = [l‘l IZEI]

In Table 6.1, we summarize the key symbols used in this chapter.

Table 6.1: Key symbols used throughout this chapter.

Symbol Description First appearance
Ny dimension of the differential state Eq. (6.1)
ny number of regions/modes in the PSS Eq. (6.1)

Ny, dimension of the control function u Eq. (6.1)
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m dimension of switching functions () Sec 6.2.1
ng number of lifting variables Sec. 6.3.8
Ngys number of subsystems in sum of Sec. 6.2.5

Filippov systems
x differential state Eq. (6.1)
u control function Eq. (6.1)
e vector with all ones Eq. (6.8)
0 Filippov’s convex multipliers Eq. (6.2)
A Lagrange multipliers in Stewart’s DCS Eq. (6.8)
1 Lagrange multipliers in Stewart’s DCS Eq. (6.8)
tsn n-th switching point Sec. 6.2.2
S sign matrix for a compact definition of Eq. (6.16)
R;
« selection of set-valued step function Sec. 6.3.3
AP Lagrange multiplier in step DCS (6.44)
AR Lagrange multiplier in step DCS (6.44)
I} Lifting variable in the step DCS Sec. 6.3.8
filz,u) modes of the PSS system . (6.1)
g(x) Stewart’s indicator functions Eq. (6.4)
U(-,-) C-function Def. 2.23, Eq. (6.9)
F(z,u) a matrix in R™ X"/ that collects all Eq. (6.6)
PSS modes
G(x,0,\, 1) algebraic equations in Stewart’s DCS Eq. (6.9)
as nonsmooth DAE
G(z,0,a, A, \n) algebraic equations in the step DCS as Eq. (6.45)
nonsmooth DAE
() switching functions Sec. 6.2.1, 6.3.3
Mz (x) Stewart’s matrix for the study of Eq. (6.16)
the fixed-active DCS and active set
prediction LCP
i () local switching function Eq. (6.23)
S*(t,0,x0) sensitivity matrix Sec. 6.2.6
J(x(ts; x0)) sensitivity jump matrix Eq. (6.25)
~(z) scalar set-valued step function Eq. (6.32)
I(x) vector-valued version of the step Eq. (6.32)
function
Wi z(x) auxiliary matrix used in the study of Sec. 6.3.5
the step DCS (6.44)
By z(a) auxiliary matrix used in the study of Sec. 6.3.5
the step DCS (6.44)
Gg(a, B) expression relating «a and lifting Sec. 6.3.8

variables (3
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Gy(0,a, ) lifted expression for 0 Sec. 6.3.8

Guist (0, o, B) concatenation of Gpg(o,8) and Sec. 6.3.8
G0 (97 Q, 5)

R; regions of the PSS Eq. (6.1)

OR; boundary of regions of the PSS Sec. 6.1.1

J index set of PSS modes Eq. (6.1)

Fr(z,u) Filippov set Eq. (6.2), Eq. (6.3)

Fs(x,u) Filippov set via step functions Eq. (6.42)

Z(x) active set for Filippov systems Eq. (6.5)

T n—th time interval with fixed active Sec. 6.2.2
set 7:1 = (ts,nats,n+l)

I the fixed active set Z,, = Z(x(t)),t € I, Sec. 6.2.2

70 active set at tg p, i.e. Ty 0= Z(tsn) Sec. 6.2.2

C index set of all switching functions Sec. 6.3.3
Vi(x)

C; index set of all switching functions Sec. 6.3.3
involved in the definition of R;

K index set of all switching functions Sec. 6.3.5

¥;(x) that are zero for a given T

6.1.1 Piecewise smooth differential equations

This section introduces some assumptions on the PSS and its Filippov
convexification [93]. We have already discussed ODEs with a Discontinuous
Right-Hand Side (DRHS) in Section 4.3.5. Here we treat piecewise smooth
systems that are such ODEs but where the discontinuities appear in a structured
way. The generic PSS reads as

z(t) = fi(z(t),u(t)), if z(t) e By CR™, i€ J ={1,...,ns}, (6.1)

where R; are disjoint, connected, and open sets. They are assumed to be
nonempty and to have piecewise smooth boundaries OR;. We assume that
U R; = R" and that R" \ |J R; is a set of measure zero. The functions
€T i€J

fi(+) are assumed to be Lipschitz and at least twice continuously differentiable
functions on an open neighborhood of R;. Furthermore, n ¢ is a positive integer,
and u(t) is a sufficiently regular externally chosen control function.

Many practical problems give rise to ODE as in (6.1), e.g., in sliding mode
control [5], mechanics problems with Coulomb friction [255], state-constrained
ODE derived from Pontryagin’s maximum principle [224], electronic circuits
[3], biological systems [6], vaccination strategies [67], transportation systems
and traffic flow networks [21], constrained optimization algorithms viewed as
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dynamic systems [132] and many more. Many interesting results about PSS are
collected in the monograph [34]. As we will see in Chapter 8 and 9, systems
with state jumps, including impact mechanics, robotics, and hybrid systems
with hysteresis can be transformed into systems matching the form of (6.1)
via the time-freezing reformulation [202, 205, 212]. Consequently, efficient and
accurate numerical optimal control algorithms for this class of systems are of
great interest.

6.1.2 Filippov convexification

Initial value problems arising from the nonsmooth ODE (6.1) usually fail to
have classic Carathéodory solutions, for a counterexample, cf. Section 4.3.5.
As already discussed, to have a meaningful solution concept for this class of
ODEs, they are replaced by a differential inclusion. Here we follow Filippov’s
embedding of such ODE into DIs as it has many advantageous theoretical
properties, cf. 4.3.5. The main idea of Filippov is to replace the r.h.s. of (6.1)
with a bounded convex set. For the readers convince we restate the definition
in Eq. (4.16) for (6.1) and obtain the following Differential Inclusion (DI):

(t) € Fe(x(t),u(t) = () () ©@uvf(z+5B(z)\ N, u(t)), (6.2)

6>0 u(N)=0

where B(x) is the Euclidean unit ball at = in R u(-) is the Lebesgue measure
on R" and ¢onv(-) maps a subset of R to its closed convex hull.

Let Z(z) == {i | * € R;} C J be the active-set at x € R"=. Due to the special
structure of (6.1) the Filippov DI (6.2) can be written as

z € Fp(z,u) = conv{ fi(z,u) | i € Z(x)}.

This means that in the interior of the regions R;, the Filippov set Fg(z,u)
is equal to {f;(x)} and on the boundary between regions, we have a convex
combination of the neighboring vector fields. If & exists, functions 6;(-) which
serve as convex multipliers can be introduced, and the Filippov DI can be
written as [250]:

& € Fr(a,u) = {Zfi(:r,u)t?i 15 6,=1, 6, >0, 9¢:Oifx¢E,Vi€j}.
€T i€J
(6.3)

We call the functions 6;(-) Filippov multipliers. As it will be seen later, the
functions 6;(+) lack any continuity properties. But it can be shown that they
are at least measurable [92, 250]. Given (6.3), we will compute piecewise active
solutions [250], which are defined as follows.
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Definition 6.1 (Piecewise active solution [250]). For an initial value x(0) = xo,
a given measurable control function u(t) and a compact interval [0,T], a function
x:[0,T] = R™ is said to be a solution of (6.2), if (t) € Fr(x(t), u(t)) almost
everywhere on [0,T). This function is called a piecewise active solution if the
active-set Z(x(t)) is a piecewise constant function of time, and it changes its
value only finitely many times on [0,T]. A time point ts € [0,T] is called a
switching point if Z(x(t)) is not constant in any sufficiently small neighborhood
of ts.

The overall ODE solution z(t) is continuous and consists of smooth pieces
connected by nondifferentiable points ("kinks'") at the switching times ¢5. Note
that this definition excludes Zeno’s phenomenon, i.e., solutions with infinitely
many switches in finite time, cf. Section 4.2.1.

In the following two sections, we show that, given a finite representation of
the regions R; via sufficiently smooth constraints functions ¢ : R?* — R™, we
can compute the Filippov multipliers € for every = as the solution of a linear
program. Moreover, we will see that for a constant active set Z(z) one can
derive an ODE or Differential Algebraic Equation (DAE) (for sliding modes)
from (6.3).

6.2 Stewart’s reformulation

One elegant way how to compute the Filippov multipliers as a solution of a
Linear Program (LP) is introduced by Stewart in [250, 260]. Using the KKT
conditions of this LP, we can pass from the Filippov system in (6.3) to a
Dynamic Complementarity System (DCS). In the sequel, we study this DCS in
detail, both for a fixed active set and at active-set changes. The properties of
the DCS lay the foundations for the development of high-accuracy discretization
methods in the next chapter.

In Stewart’s reformulation, the main assumption is that the regions R; are given
as

Ri={x eR"™ | g;(x) < min g;(x)}. 6.4
(o R [ge) < min_g;(0)) (0.4

We call g;(), i € J Stewart’s indicator functions, and we assume they are at
least twice continuously differentiable. At first look, this reformulation might
not seem to be the most intuitive one. However, such a reformulation is, e.g.,
obtained if the state space R™= is tessellated into Voronoi regions, cf. Chapter
9. Furthermore, in Section 6.2.1, we provide a constructive way how to pass



STEWART'S REFORMULATION 149

from a more natural representation of R; via switching functions ¢(-) to (6.4).
Throughout this thesis we assume additionally that g;(-), fi(-) and Vg;(-) are
Lipschitz continuous.

Note that due to the definition of the sets R; in (6.4), the active set can be
defined as

I(z) = {z | gi(z) = mingj(x)}. (6.5)
JjeT

We define the vectors 0 = (01,...,0,,) € R™, g(x) = (g1(x),...,gn,(x)) € R

and the matrix F(z) = [fi(),..., fn,(z)] € R"™=*". Using the specific

representations (6.4), from equation (6.3), one can deduce that the Filippov DI

can be written as

&= F(z,u)f(x). (6.6)

The algebraic variables 6(x) are a solution of the LP parameterized by x and
denoted by LP(z)

0(z) € arg min  g(z)' § (6.7a)
O0cR™f

st. elf=1 (6.7b)

6> 0. (6.7¢)

Using the Karush-Kuhn-Tucker (KKT) conditions of LP(z) and (6.6), we
obtain the dynamic complementarity system

& = F(x,u)d, (6.8a)
0=g(x) — A — ue, (6.8b)
1=¢'0, (6.8¢)
0<6LA>0, (6.8d)

where the algebraic variables A € R™f and p € R are the Lagrange multipliers
of the inequality and equality constraints in (6.7), respectively. To have an even
more compact representation, we use a C-function ¥ (cf. Definition 2.23) for
the complementarity conditions and rewrite the KKT conditions of the LP (6.7)
as the nonsmooth equation:

g(x) — A — pe
G(z,0,\, ) = 1—e'f =0. (6.9)
(0, X)
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It provides 2ny + 1 conditions for the 2ny 4 1 algebraic variables 6, A and p.
The DCS reads in compact form as a nonsmooth differential algebraic equation:

& = F(z,u)0, (6.10a)
0=G(x,0,\ p). (6.10b)

Example 6.2. We illustrate this formulation on the simple example of & €
2 —sign(x). This ODE is characterized by the regions Ry = {x € R | z < 0}
and Ry = {x € R |z > 0}, with f1(z) =3, fa(x) =1 and F(z) =3 1]. It
can be verified that with the functions g1(x) = x and g2(x) = —x, we have a
representation of the regions as in (6.4). Moreover, we have the multipliers
0,\ € R? and p € R. Thus, the corresponding DCS reads as:

g=[3 1] (61,62), (6.11a)
O0=z— X\ —p, (6.11b)
0=—z— X —p, (6.11c)
0=601X>0, (6.11d)
1=0,+0,. (6.11c)

6.2.1 How to obtain Stewart’s indicator functions?

Definition (6.4) might not be the most intuitive way to represent the sets R;.
In many practical examples some smooth scalar functions ;(-), i1 =1,...,ny
called switching functions, are given. We use them to define the following basis
regions.

Definition 6.3 (Basis regions). Given ny scalar switching functions i;(x), i €
C:={1,...,ny}, we define the 2™ basis regions:

R/l = {.’L‘ eR™ ‘ 1/J1(='E) > OawZ(x) > 07 v awnwfl(m) > 07/¢nw(m) > O}a

R/2 = {ZE € R"™ ‘ ¢1($) > 071/)2(1') > Oa s 711)111/,—1(‘%) > vanw(l') < 0}7

R, ={z € R™ |t (x) <0,02(z) <0,...,0n, 1(x) <0,¢n,(z) <0},
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such that R = U?:flf%z These definitions are compactly expressed via a dense
sign matriz S € R2" X1 ;

1 1 ... 1 -1
S=1. . ) . (6.12)
-1 -1 ... -1 -1
The matriz S has no repeating rows and no zero entries. The sets R; are defined
using the rows of the matrixz S:

R, ={z eR" | S; j1;(x)>0,j€C}, i=1,...,2". (6.13)

Note that the boundaries of the regions R} are subsets of the zero-level sets of
appropriate functions v, (x).

The next proposition provides a constructive way to find the functions g(-) from
the more intuitive representation of the regions via 9 (-).

Proposition 6.4. Let the function g : R™ — R"f be defined as

glx) = —S(x), (6.14)

then for all x € R} the following statements are true:

(i) gi(x) < g;(x), fori# j,
(ii) the definitions (6.4) and (6.13) define the same set, i.e., R; = R}.

Proof. For (i), note that for € R} all terms in the sum g;(z) = —S; () =
— >, Sik¥r(x) are strictly positive. On the other hand, for any g;(z) =
—Sje(x) = =3, Sjrt(z), j#iand x € R;, due to (6.13), all terms in the
sum where S # S; are strictly negative. Therefore S; ¢t0(x) > S;o¥0(),
thus (i) holds.

For (ii), first regard the rows S, . that differ from S, o only in the k-th column.
Then g;(z) — gj(z) = —(Six — Sj)¥r(x) <0. If S; , =1, then g;(x) — g;(x) =
—2(x) < 0. Likewise, for S;; = —1, then g;(x) — g;(x) = 2¢x(z) < 0.
Therefore, from (6.4), we recover the definition of (6.13) by looking at the rows
where S; ,, and S}, differ by one element. For all rows j that differ from S; o
by more than one column, by similar reasoning, we obtain inequalities that do
not tighten (6.13), since g;(x) — g;(x) consists of a sum of the terms from the
inequalities where only one component of 1 (z) is left. Therefore, statement (ii)
holds, and this completes the proof. O
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x(tl) R,
.’E(ts’l)
l’(tsﬁg)
R> m(t) R3 Ry
{E(ts,g)

Figure 6.1: Illustration of active sets at different points. It can be seen that
Z(z(t1)) = Zo = {1}. At x(ts,1) the trajectory crosses the surface of discontinuity
between R; and Rg, hence Z(z(ts1)) = IV = {1,2} and later Z; = {2}. The
segment between z(ts2) and z(ts 3) is a sliding mode and we have Z9 = {2, 3}
and Zp = {2, 3}. Finally we have at z(ts3) that Z$ = {1,2,3,4}.

Example 6.5. For our tutorial example & € 2 — sign(x) and the corresponding
DCS (6.11) we have ¢(z) =z, S = [—1 I]T and we obtain g(x) = —SyY(x) =
(x,—x) as used in Example 6.2.

6.2.2 Fixed active set

For a given solution z(-) let us denote all switching points by 0 = t50 <
ts1 < -+ <tsn., =7T. The fixed active set between two switches is denoted
by I, == Z(x(t)), t € (tsnstsm+1) = Tn and at a switching point 5, by
79 == TI(x(ts,)). Note that Z) = Z,, UZ,_;. These definitions are illustrated in
Figure 6.1.

In this subsection, we regard the DCS (6.8) for a single fixed Z,,. To simplify
our notation we denote this active set by Z and the according time interval
7 = (0,T) in the reminder of this subsection. Depending on the active set, the
DCS (6.8) reduces either to an ODE or to a DAE.

In the DAE case, x(t) is on the boundary of one or more regions R;, and we
speak of sliding modes. In this case, |Z| > 1, and typically we obtain an index 2
differential algebraic equation. Consequently, two or more equal entries of g(z)
are the smallest components of this vector, and the solution 6 of the LP(x) is
not unique and lies on a facet of the unit simplex. To compute the values of
0, we must treat the DCS as a DAE. We define Fz(z,u) == F(x,u)P; , which
selects the appropriate columns of F(z,u). For t € T, we have 6, = 0,i ¢ T
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and \; = 0,7 € Z, thus the DCS (6.8) reduces to the DAE

& = Fr(z,u)0z, (6.15a)
0 = gz(x) — pe, (6.15Db)
1=e'b71. (6.15¢)

There are |Z| + 1 nontrivial algebraic equations and |Z| + 1 unknown algebraic
variables, namely p and 6; for ¢ € Z, since we regard 0;(t) =0, i ¢ T as fixed.

In the ODE case, x(t) is in the interior of some region R; we have |Z| = 1. The
algebraic variables 1 and 6; can be computed explicitly from (6.15) and we have
0; =1 and pu = g;(x). Thus, the DCS reduces to the ODE z = f;(x).

Next, we provide sufficient conditions for the uniqueness of the solution of the
DAE (6.15) for a given |Z| > 1. We define the matrix

Mz(z) = Vgr(x) Fr(z,u) € RIEXII (6.16)
Note that entries of this matrix arise by taking the total time derivative of
(6.15b).
Assumption 6.6. Given a fized active set Z(x(t)) =T fort € T, it holds that
the matriz Mz (x(t)) is invertible and e Mz(x(t)) ‘e # 0 for allt € T.

Proposition 6.7. Suppose that Assumption 6.6 holds. Given the initial value
2(0), then the DAE (6.15) has a unique solution for allt € T.

Proof. For a given z(-) we can differentiate equation (6.15b) w.r.t. ¢ and obtain
the following index 1 DAE

= Fr(z,u)fz, (6.17a)

L= —v, (6.17b)

[Mg@ g] [95] - m | (6.17¢)
with the algebraic variables §7 and v € R. For a given initial condition x(0),
1(0) can be directly computed from any component of (6.15b). Using the Schur
complement and Assumption 6.6, we conclude that we can find unique 67 and v
by solving the linear system (6.17c). Therefore, the DAE (6.15) can be reduced
to an ODE. Since the functions f;(-) are assumed to be Lipschitz the resulting
ODE has a unique solution z(t),t € T. O

Note that even though the DAE has a unique solution for a given active set Z,
there might be multiple Z that give a well-defined ODE, as we discuss in the
subsequent sections.
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6.2.3 Active-set changes and continuity of A\ and p

Every active-set change in (6.8d) corresponds to crossing a discontinuity, entering
or leaving a sliding mode, or a spontaneous leaving of a surface of discontinuity.
These events in time are called switches.

There are four qualitatively different switching cases possible. We illustrate
them with a few simple examples. Other more complex behavior emerges from
the combination of these simple cases.

Example 6.8. There are four possible switching cases which we illustrate with
the following examples:

(a) crossing a surface of discontinuity, ©(t) € 2 — sign(z(t)),
(b) sliding mode, &(t) € —sign(x(t)) + 0.2sin(5t),
(c) leaving sliding mode &(t) € —sign(x(t)) + ¢.

(d) spontaneous switch, ©(t) € sign(z(t)),

In case (a), for x(0) < 0 the trajectory reaches x = 0 and crosses it. In example
(b), for any finite x(0), the trajectory reaches x = 0 and stays there. On the
other hand, in example (c), the DI has a unique solution, and for x(0) = 0 the
trajectory leaves x = 0 at t = 1. In the last example, for x(0) = 0 the DI has
infinitely many solutions, and x(t) can spontaneously leave x =0 at any t > 0.
The trajectories are illustrated in Figure 6.2.

The example in (d) is the only of the four that does not satisfy the one-sided
Lipschitz condition in Assumption 4.9 and has a nonunique solution. Note that
there is a qualitative difference between a spontaneous switch (d) and leaving a
sliding mode (c). The spontaneous switch happens only when the solutions are
nonunique. Leaving a sliding mode happens for systems with a unique solution.
Notably, the corresponding 6; is a locally continuous function of time in this
case.

It is useful to take a closer look at how are the active sets Z,,, Z0 11 and Zpqq
related to different kinds of switches. For the readers’ convince we write these
sets explicitly for our example:

a) To = {1}, 70 = {1,2} and 7, = {2},
b) Zp = {1}, ZV = {1,2} and Z; = {1, 2},
c) o = {1,2}, 7V = {1,2} and Z; = {2},
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Figure 6.2: Illustration of example solution trajectories for different switching
cases. The rows from top to bottom show xz(t), 8(¢) and A(¢) for the cases

(a)-(d) in Example 6.8, respectively.

d) Zp = {1,2}, 79 = {1,2} and Z; = {2}.

The relations are for the general case summarized in Table 6.2. Recall that in
all cases 7, UZ,, 11 = I2+1~

We can see in Figure the functions 6(t) are discontinuous, except in the case of
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Switch type T, vs. IO 4 0.1 vs. It
crossing a surface of discontinuity 7, CId, 0.1 DIyt
entering a sliding mode T, CI ., 0. =Th1
leaving sliding mode T, =10, 0.1 D Thsa
spontaneous switch T, =1, 0. 1 DTt

Table 6.2: Relationship between Z,,, I} ; and Z,, 1 for different switching cases.

continuously leaving a sliding mode in case (¢). On the other hand, the functions
A(t) are continuous in all cases. Let us formalize this observation. From (6.3),
Eq. (6.8b) and the complementarity conditions (6.8d) for ¢ € Z(z) it follows
that 6; > 0 and \; = 0. Likewise, for ¢ ¢ Z(x) it follows that 6; = 0 and \; > 0.
Hence, for i € Z(x) from (6.8b) and (6.5) we conclude that 4 = minjc 7 g;(z).

Lemma 6.9. The functions A(t) and u(t) in (6.8) are continuous in time.

Proof: The function u(t) is a minimum of continuous functions and is thus
continuous. Therefore, continuity of A(t) = g(z(t)) — u(t)e follows from the
continuity of z(t) and g(x) and Equation (6.8b). O

Remark 6.10. Continuity of A(t) implies that at an active-set change of a
component i at tg i1 some \i(ts nt1) must be zero. Moreover, for some i ¢ I,
in the case of crossing a discontinuity or entering a sliding mode with i € T, 41,
it holds that }\i(t;n+1) < 0. Likewise, in the case of leaving a sliding mode or
a spontaneous switch, with i € I, and i ¢ T,,41, it follows that )'\(t;n_‘_l) > 0.
If some of the first-order one-sided derivatives of \(-) are zero at a switching
point ts ni1, then one must look at higher-order derivatives to determine if it
stays active or not. See the right column of plots in Figure 6.2 for the claims in
this remark.

We exploit the continuity of A(-) and p(-) later in the derivation of the FESD
method in the next chapter.

6.2.4 Predicting the new active set

In this subsection, we restate a more technical result from [250], which is later
needed in the convergence proof of the FESD method. The reader not interested
in the proofs may skip this part.

As already noted in Remark 6.10, switches are characterized by the time
derivative of A(-). Using the analytic expression for the right time derivative
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of A(+) one can construct a Linear Complementarity Problem (LCP) with the
data at z(ts,) and predict Z,.

We define the vector wz(t) := SAz(t) = Mz(z(t))0z(t) — j1(t)e. Now for the
active set T at a switching point ¢ ,, one can construct the following mixed
LCP between Azo and fzo:

wrzo = Mrzo ()00 — fie, (6.18a)
1=¢e"bz0, (6.18b)
0 § ’lUIQL 1 912 Z 0. (6180)

Does this mixed LCP has a solution at all, or is the solution unique depends
on the properties of the matrix Mzo(x). Fortunately, the problem can be
formulated into an equivalent one that is simpler to analyze. First, the problem
matrix Mzo () is altered. For a sufficiently large o > 0 all entries of the matrix
Mz o(z) = Mz(z) + e’ are strictly positive. This means the matrix Mz ()
is strictly copositive, i.e., for any a > 0,a # 0 it holds that a" Mz 4(x)a > 0
[89]. Moreover, one can derive an LCP equivalent to (6.18) [250, Lemma 3.3]:

0 < W0 = Mzo o(2)070 — € L 670 > 0. (6.19)

The motivation for rewriting (6.18) as (6.19) is twofold. It is both easier to
prove solution existence and to compute a solution for an LCP with a strictly
copositive matrix than for the initial mixed LCP [250]. The solution of the
initial LCP (wzg , 010 ) can be reconstructed via

0 912 wWzo
70 = —= —, Wzo = = .
n eT 01_701 n eT 0_’[2

For further details, cf. [250, Lemma 3.3]. Now, there is a one-to-one
correspondence between the active set in a neighborhood of a switching point ¢ ,,
and the solutions of the LCP (6.19). This is summarized in the next theorem.

Theorem 6.11 (Theorem 3.2 [250]). Let x(t) be a solution in the sense of
Definition 6.1 for t € [to,ty], with I° = Z(x(t,)) and T = Z(z(t)) for all
t € (tq,tp). Suppose Assumption 6.6 holds for all t € (tq,tp). Then for each
t € (tq,tp) there is a solution of the LCP (6.19) such that

{i|6; >0} CTC {i|w =0}

Conversely, let o € R™ and t, be given with I° = I(xo). Then if (o, 010) is
a solution of the LCP (6.19) such that

{i|6; >0} =7 ={i|w =0}
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and the conditions of Assumptions 6.6 are satisfied for Vg;(x) and f;(x,u),
1 € Z, then there is a ty, > t, and a solution x(-) in the sense of Definition 6.1
on [ta,ts] such that x(t,) = xo and Z(x(t)) =T for allt € (tq,tp).

Regard an LCP
0<MO+qglLO>0, (6.20)

with M € R™™! and ¢ € R!. The given LCP (6.20) is compactly denoted by
LCP(M, q) and its set of solutions is denoted by SOL(M, ¢) C R.. If a solution
satisfies (M0 + ¢) + 0 > 0, we say that strict complementarity holds.

In the convergence analysis of the FESD method introduced in the next chapter,
we rely on the regularity properties of the LCP (6.19). In particular, to prove
convergence we require the solutions of the LCP to be strongly stable [89, 250].
A solution (w*,6*) € SOL(M,q) of a given LCP(M, q) is said to be strongly
stable if there is a neighborhood U of 8* and a neighborhood V' of the problem
data M € R™*! and ¢ € R!, such that the intersection of U with the solution set
of an LCP constructed from the data from one point in V' is a singleton [69].
We state a regularity assumption about the LCP (6.19).

Assumption 6.12. Consider a solution x(t) in the sense of Definition 6.1
fort €10,T], and let S = {ts0,...,ts N, } be the set of switching points. The
solutions of the LCP (6.19) are strongly stable and satisfy strict complementarity
forallt € [ts — e, ts + €] N[0, T], ts € S, for a sufficiently large € > 0.

The strict complementarity assumption is needed to obtain a tight prediction
of the next active set Z, cf. first part of Theorem 6.11. From the proof of [250,
Theorem 3.2] it follows that the strict complementarity condition implies that
the one-sided time derivatives of \;(t),7 ¢ Z(x(t)) are nonzero, see also Remark
6.10. Without this assumption, one can obtain only an over-approximation of Z.
However, it can be relaxed at the cost of looking at higher-order time derivatives
of Xi(ts,n),i € ID and constructing an appropriate LCP for determining the
active sets past some switching point, cf. [251, Section 4.2] for derivations.
This happens for instance in Example 6.8 (d), where both 6;(¢) = 0 and
X1(t7) = 0 at the switching point t; = 1. Clearly, A\;(t]) > 0 and we can
deduce that Z; = {1}. Strong stability is assumed in order to apply some results
on parametric LCPs. In our case, we will use it to draw the same conclusions
from an LCPs constructed at t and ¢, where ¢ and ¢’ are sufficiently close.

Example 6.13. We illustrate Theorem 6.11 on the example & = 2 — sign(x)
with x(0) = —1, cf. first row in Figure 6.2. It is easy to see that ts1 = —% and
that the relevant active sets are Iy = {1}, Iy = {2} and I)(ts1) = {1,2}. The
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LCP (6.19) for our example at ts1 reads as

3+« l1+a | 5

With o = 5 this LCP has the unique solution 9~I§) = (0, %) and Wro = (3,0) and

according to the last theorem it correctly predicts T, = {2}.

Some lemmata about parametric LCPs

In this section, we restate three lemmas about LCPs from [250]. They will
be useful in the theoretical analysis of the FESD method. Again, readers not
interested in the convergence theory can skip this section.

The first lemma is about the strong stability of perturbed LCP.

Lemma 6.14 ([250][Lemma A.1]). Suppose that all entries of M are positive in
(6.20) and all solutions of LCP(M, q) are strongly stable. Then any LCP with
the data M and §, such that |M — M| and ||q — §|| are sufficiently small, has
the same number of solutions as LCP(M,q). Moreover, the number of solutions
18 finite.

The second lemma is about the active sets of perturbed LCP, where strict
complementarity holds at a solution.

Lemma 6.15 ([250][Lemma A.2]). Suppose that all entries of M are positive
in (6.20) and all solutions of LCP(M,q) are strongly stable. If M, — M,

Gn — q, then SOL(M,,,4,) — SOL(M, q), as n — oo, in the Hausdorff metric.

Moreover, if (w,0) € SOL(M, q), such that w+6 > 0, then there is a (W, 0,) €
SOL(M,,, ) for sufficiently large n such that {i | 6,,, > 0} = {i | 6; > 0}.

The third lemma is about a parametric LCP and its number of solutions.

Lemma 6.16 ([250][Lemma A.3]). Let M(t) and q(t) be continuous functions
where all entries of M(t) are positive and all solutions of LCP(M (t), q(t)) are
strongly stable for all t € [t',¢"]. Then |[SOL(M(t),q(t))| is constant. Moreover,
if LCP(M(t),q(t)) has a unique solution denoted by (w*(t),0*(t)) such that
w*(t) + 0*(t) > 0 for all t € [t',t"], then Z(t) = {i | 6} (t) > 0} is a constant set.

6.2.5 Sum of Filippov systems

The reformulation from the last subsection given by the DCS (6.8) fails on
some simple examples such as: @, € —sign(z1), @2 € —sign(zz), z € R?. This
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example satisfies the one-sided Lipschitz condition and has a unique Filippov
solution, cf. Theorem 4.10. However, as shown in [252] at (0, 0), the DAE arising
from (6.8) fails to have a unique solution. One can see that ©; € —sign(z1) and
&9 € —sign(xs) are completely independent, and thus they should be treated in
such a way.

Stewart introduced a generalization of his reformulation for such cases in [252].
One should identify the ngys independent subsystems with index k = 1,.. ., ngys,
where each subsystem has n’; modes. We equip all variables related to the k—th

subsystem with the superscript k. Instead of (6.3) one can write

k k
Nsys " f "

i e {ZZefff(a:,u) S 0F =1, 0k >0k = 1ny} (6.21)
k=1:i=1 =1

Finding the functions ¢g*(-) € R™f from k() e R"} for every subsystem works
the same way as in Section 6.2.1. Thereby, the regions of every subsystem
are defined via the matrix S*¥ and the switching functions c*(z) € R". Every
mode’s convex combination is encoded by its own parametric linear program
(6.7), constructed with the k-th modes’ switching functions g*(z) € R Thus,
we can derive the DCS

Nsys

&= F¥a,u)0", (6.22a)
k=1

0= g"(x) — \F — pPe, for all k € {1,...ngys}, (6.22b)

1=e'6", for all k € {1,...ngs}, (6.22¢)

0< 6~ LA >0, for all k € {1,...ngys 1, (6.22d)

where F*(z,u) = [ff(z,u),..., ff (z,u)] € R X" and g*(z) € R”?, ok € R"’;,
f

M€ R™ and pF € R, for all k € {1,...,ngs}. For ease of notation, in the
remainder of the thesis, we treat the case with nes = 1, as all extensions are
straightforward.

To the best of the author’s knowledge, there are no general conditions known
which identify when the r.h.s. of (4.20) is partially separable as in (6.21) and
there might even be multiple ways to write a system in this form. In practice,
it is usually easy to identify the structure of (6.21) by inspection. For example,
this occurs if we have multiple surfaces with friction, or multiple objects touching
the same frictional surface [252].
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6.2.6 Sensitivities with respect to parameters and initial values

Correct calculation of derivatives of solutions w.r.t. parameters (e.g., discretized
control functions) and initial values is crucial for efficient numerical optimal
control algorithms and verifying the optimality of a solution. For smooth ODEs,
this is discussed in Section 3.2.2. However, this is not straightforward for
ODE with a discontinuous r.h.s., as the sensitivity usually exhibits jumps when
switches happen, cf. Sections 4.2.6 and 5.2. As any constant parameter p can
be modeled via adding the state p = 0 and p(0) = p, we restrict our attention
to sensitivities w.r.t. initial values.

Regard the DCS given by Eq. (6.8) on a time interval [0,7] with the initial
condition x(0) = zg. Assume that the surface OR; is reached at ts(x¢) € (0,T)
and that zg € R;. We regard the case where the solution crosses a co-dimension
one surface of discontinuity OR;. Other cases are when the trajectory: (a)
slides on the surface of discontinuity after reaching it, (b) starts on a surface
of discontinuity and stays on it or leaves it, or (c¢) goes from one surface to
another. They can be analyzed with the same arguments as below, but we omit
these cases here for brevity, cf. [94, Section 2.11].

In the case of crossing, we have for ¢ € [0, ) that Z(z(t)) = {i} and from (6.8)
it follows that & = f;(x). After crossing OR; at ty we have Z(x(t)) = {j} for
t € (ts,T) and & = f;(x). At ts it holds that

¥ij(x(t) = gi(z(t)) — g;(x(t)) = 0. (6.23)

Thus, the system can be compactly represented by
sy = 4 @), viy(
" {fj(:v(t)L s

We are interested in the exact sensitivity matrix S (¢, 0; xo) of a solution z(¢; z¢)
of the system (6.24), i.e.,

8
—~
=
A
=

(6.24)

=
=

\%

o

Ox(t; zo)
S%(t,0;20) =~ € R XM
(t,0;z0) g
The function S*(¢,0;x0) obeys smooth linear variational differential equations,
as in (3.14), on both sides of tg, but exhibits a jump at ts [94]. This is
summarized in the following proposition. The proof is standard and can be
found, for example, in [259].

Proposition 6.17. Regard the system (6.24) with x(0) = xo € R; on an interval
[0, T] with a switch atts € (0,T). Assume that the functions f;(z), f;(x),¥; ;(x)
are continuously differentiable along x(t),t € [0,T]. Assume the solution x(t)
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reaches the surface of discontinuity transversally, i.e., Vib; ;(x(ts)) " fi(z(ts)) >
0. Then the sensitivity S*(T,0;x0) of a solution x(t;zo) of the system described
by the ODE (6.24) is given by

ST(T,0;20) = S™(T,tT; 2(ts))J (x(ts; 20)) S (t5, 0; 20) with

(fi(z(ts; m0)) — fil@(ts; 20))) Vi j (z(ts; xo))T. (6.25)

J(eltsiwo)) =T+ Vo @l 20)) T [ (e 20))

Proof. For t < ts, the solution z(t; zo) satisfies the ODE & = f;(x(t;z0)) and

the sensitivity matrix S*(¢,0;x0) = %ﬂ;f@ obeys (cf. Eq. (3.14))

Se(t) = %(;)S“(t), 5%(0) = I.

At t = t5 the solution reaches the surface of discontinuity:

wi’j(l‘(ts(,’to; l‘o))) =0. (626)
For ¢ > ts, one has y(t) = f.(y(t; yo)) which is related to the solution via
y(ty0) = ot + ts(z0); w0), yo(zo) = (ts(wo); To)- (6.27)

Note that y(t — ts(x0); o) = x(t; x9). Therefore, the sensitivity, for ¢ > t5 can
be computed via
_ Oz(t,wo)  9y(t — ts(wo)); Yo(wo)

ST (t,0;20) = O = .

_ Qult —ts Dhs(ao) " + SY(t — ts;y0)

Byo(o) . (6.28)

ot 8$0 83:0
B Ots(zo) T | oy  9yo(o)
- —f*(,I(t)) 6370 +S (t_tsayo) 8;100 )
We can compute 8%’57(2”0) at t =t using (6.27)
Oyo(xo)  Ox(ts(xo);wo) A 8155(900)—r e
oy e = fi(z) D + S%(t;,0;x0). (6.29)

Using the implicit function theorem (cf. [85, Theorem 1B.1]) for (6.26), again
at t =1t we obtain

Ota) T _ Vi (ot 20)) TS (6 Os)
Omo Vi j(x(ts(zoi o)) T filx) (6.30)
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Let t — t in (6.28), then SY(t — ts;y0) — I. Plugging (6.29) and (6.30) into
(6.28) for the remaining unknown terms we obtain
Vb, (@(ts(wo3 0))) T S (1, 0; 20)

Vi j(x(ts(z0; 20))) T fi()

Vi j(2(ts(20; 20))) " S™ (¢, 0; o)
Vi (x(ts(xo;20))) T fi(x)

Finally, from the chain rule we have S*(T,0,xz¢) = S*(T,tS,20)S*(t7,0,z0)
and (6.31) we obtain (6.25). O

S(t,0;20) = fulz(t))
(6.31)
STty , 0520) + S*(t5, 05 20)

— fi(x)

This proposition can also be adapted to the case of sliding modes. We obtain
similar expressions for the sensitivity jump formula as in (6.25). The only
change needed to be made is to replace f;(z) with f*(z), where f*(z) defines
the sliding vector field [93].

We have seen in Section 5.2 that numerical sensitivities obtained via standard
methods fail to converge to their correct values (6.25). This may impair the
progress of the optimizer. Hence, special care is needed when discretizing
Filippov systems to solve optimal control problems.

6.3 Heaviside step reformulation

In this section, we present an alternative to Stewart’s approach to passing from
the Filippov DI (6.3) to a dynamic complementarity system. At the core of
the transformation is a linear program whose solution map corresponds to the
set-valued Heaviside step function, which we for brevity, often call step function.
It is no surprise that also this DCS has similar properties to the one derived in
the previous section. However, depending on the shape and description of the
regions R;, one formulation might be advantageous over the other.

Smoothed single-valued versions of the step function are commonly used in the
numerical treatment of piecewise smooth systems [34, 119, 190]. Here, the key
idea is to use the nonsmooth set-valued step function to determine in which
region or on what boundaries the trajectory is. The arguments of the step
functions are the usual switching functions 1 (z) and the Filippov multipliers 6
are obtained as products of all relevant step functions and their complements.
Moreover, the set-valued step functions allow us to formulate even more general
DIs than Filippov DIs, e.g., Aizerman—Pyatnitskii systems [Chapter 2][94]. They
arise from the modeling of logical conjunctions within a dynamical system, where
the Boolean variables are replaced by step functions or a smooth approximation
of it. A popular example of the use of step functions in PSS is gene-regulatory
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networks [6, 190]. Another common use of step functions is to express Filippov
sets in sliding modes of co-dimension higher than one [73, 74]. In this case,
the step function reformulation acts as a nonlinear change of coordinates and
one obtains a system that is often easier to study than the initial Filippov DI.
For example, this approach yields provably unique sliding vector fields in many
cases for sliding modes of co-dimension 2 [73, 74]. For higher co-dimensions, at
least the existence of the sliding modes can be guaranteed [74].

6.3.1 Set-valued Heaviside step functions

The set-valued version of the Heaviside step function, denoted as vy : R — P(R),
is defined as follows:

{1}, y>0,
V(y) = [07 1], y =0, (632)
{0}, y<oO.

Here P(R) represents the power set of R. The set-valued Heaviside step
function, often referred to simply as the step function, provides an intuitive way
to model Boolean relationships within a dynamical system. In the modeling
process, switching functions v; : R"» — R, for ¢ = 1,...,ny, are commonly
used as arguments of the step functions. We denote the concatenation of all
scalar Heaviside step functions as I'(¢(z)) == (y(¥1(x)), ..., v(¢n, (v))), where
Y(x) = (Y1(x), ..., ¥n,(x)). Let us denote by o € R a selection a € I'(y).

Let ¥ (z) be a continuous function of z, where z(t) is some continuous function
of time. A well-known way to express the function I'(¢)(x)) [6, 28] is the use of
the solution map of the parametric linear program:

L(y(x)) = arg min — Y(x) o (6.33a)
acR™
st. 0<a; <1, i=1,...,ny. (6.33Db)

Note that all components of « are decoupled in this LP, i.e., every «; can be
obtained by solving a one-dimensional LP with the objective —;(x)c; and the
feasible set 0 < a; < 1. Let A", AP € R™ be the Lagrange multipliers for the
lower and upper bound on « in (6.33b), respectively. The KKT conditions of
(6.33) read as

Y(z) = AP = A%, (6.34a)

0<A" La>0, (6.34D)
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0<XNle—a>0, (6.34c)

Let us look at a single component «; and the associated functions ;(z). From
the LP (6.33) and its KKT conditions, one can see that for ¢;(x) > 0, we have
a; = 1. Since the upper bound is active, we have that A} = 0 and from (6.34a)
that A, ; = ¢;(2) > 0. Likewise, for ¢;(x) < 0, we obtain a; = 0, A} = 0 and
A = —1p;(x) > 0. On the other hand, ;(x) = 0 implies that «; € [0,1] and
)\% = A} = 0. From this discussion, it can be seen that P(x), A" and AP are
related by the following expressions:

AP = max(y(x),0), A" = —min(¢p(x),0). (6.35)

That is, AP collects the positive parts of ¢(z) and A" the absolute value of the
negative parts of ¢ (z). From this relation, we can immediately conclude the
following:

Lemma 6.18. Let 1)(x(t)) be a continuous function of time, then the functions
AP(t) and A™(t) are continuous in time.

6.3.2 Aizerman—Pyatnitskii differential inclusions

So far we have introduced dynamic complementarity and Filippov systems. Now
we introduce another special case of the discontinuous ODE (4.14) and relate it
to the others later with the help of Heaviside step functions. Regard and ODE
with DRHS of the form of:

&= f(z,u,v(z)), (6.36)

where f : R" x R™ € R" is continuous in all arguments, but v(z) is
discontinuous, e.g. it could be the usual single-valued Heaviside step function.
Such systems appear commonly in sliding mode control or the modeling of
gene-regulatory networks [6]. It is assumed that at each point of discontinuity,
for the components v;(x) a closed convex set V;(x) is given, out of which the
corresponding arguments of (6.36) take their values. Hence, one can define the
following differential inclusion:

& € Fap(z,u) = {f(m,u,v) | v; € Vi(x),i= L...,nv}. (6.37)

The set Fap(x,u) is in general nonconvex, except in some special cases. For
example, Fap(z,u) is convex if v(z) enters the r.h.s. of (6.36) linearly and V' (x)
is closed convex. The DI (6.37) does not have as rich a theory as Filippov DIs,
and there are fewer results available on the existence of solutions and convergence
of numerical methods [6]. These systems are called Aizerman—Pyatnitskii DIs,
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cf. [6] and [94, page 55, Definition c|. Time-stepping methods for such systems
were developed in [6].

In this thesis, we focus on the case where the functions V;(x) are given by
set-valued Heaviside step functions. In particular, we regard the DI where
V(z) =T (¢(z)), which can be written as:

i € Flx,u,T((x))). (6.38)

6.3.3 Filippov set expressed via Heaviside step functions

Next, we derive the expression for the Filippov set via set-valued step functions
and the associated DCS. For the readers’ convince we restate the Filippov DI
(6.3) for the PSS (6.1):

C.CEJ:F(QT,U)Z {Zfl(x,u)el ‘ Zﬁi:L 0; >0, eiZOif,f%Ei,ViEj}.
icJ ieJ
(6.39)

The next question we address is: How can we find an (implicit) function of =
for computing the Filippov multipliers 6 in (6.39)? To derive such functions, we
will make use of the set-valued step functions and the definition of the regions
R;, which are expressed via the switching functions v;(x) as in Definition 6.3.
We assume that the regions of the PSS are equal to the basis regions R, defined
in Definition 6.3, i.e., R; = R} for i = 1,...,2"¥. Moreover, we assume the
functions 9;(-) to be Lipschitz continuous, sufficiently differentiable and that

Sty T
Vi(z) = %gf) € R™ %™ has rank ny.

For the sake of clarity, we start by illustrating what we want to achieve on a
simple example and give in the sequel the general expression.

Example 6.19 (Step representation). We regard a PSS with four regions
defined via two scalar switching functions 1 (x) and ¥o(x). The regions are
equal to the base sets from Definition 6.3 and read as Ry = {x € R | ¢1(x) >
0,’(/J2($) > 0}, Ry = {ac € R | ’(/Jl(:l?) > 0,’(/12($) < 0}, Ry = {SC € R*= |
P1(z) < 0,92(x) > 0} and Ry = {z € R™ | ¢1(x) < 0,¢2(x) < 0}. The
corresponding sing matriz S € R**? read as
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The corresponding Filippov system (defined by (6.3) reads as:

mE{ZHfZ |9>029_1 0; =0,if x ¢ R;}. (6.40)

Let © € Ry, then a1 € y(¥1(z)) = {1} and az € y(y2(x)) = {1}, thus
01 = a1ag = 1. On the other hand, by direct evaluation of the step functions,
one can see that 01 = ayae = 0 if x ¢ Ry, since at least one of the selections oy
or ag is zero. Similarly, for © € Ra, we observe that ay € y(¢1(x)) = {1} and
ag € y(a(x)) = {0} and we can set s = a1 (1 — ag) = 1. By direct evaluation
of we can see that O > 0 if x € Ry and 05 = 0, otherwise. Following the same
pattern, we conclude that 03 = (1 — aq)ag and 04 = (1 — a1)(1 — az). Thus, we
can define the system

& e {a1a2f1(fc) +a1(1 — ag) fa(z) + (1 — ar)azfz(z) + (1 — a1)(1 — ag) fa(z)

| a1 € ¥(1(2)), a2 € Y(a(2)) }.
(6.41)

Since ay,an € [0,1] it is clear that 0; € [0,1],3 € {1,...,4}. Moreover, direct
calculation shows that Zle 0; = 1. Therefore, we conclude that the sets in the
r.h.s. of (6.40) and (6.41) are the same sets, i.e., we can express the Filippov
set via set-valued Heaviside step functions.

Furthermore, we can observe how the sign pattern in S determines how «;

enters the expression for 0;. For S; ; = 1 we have o, for S; ; = —1 we have
(1 — ;). In summary, the definition of 0; consists of products of of a; and
(1 —ag), i.e., it is multi-affine in the selections o, j =1,...,ny.

We generalize the patterns observed in the previous example and define the set

nNf Moy

{ZH( % 1 j00) flew) [ € TWE)). (6.42)

i=1 j=1
Note that we have

].—Sij g, 1fSZ:1,
Joy 57. o = sJ
2 " {1 — Qy, if Si,j =—-1.

Similar definitions of Fy(z,u) as in (6.42) can be found in [74, Section 4.2]
and [119, Section 2.1]. Observe that this set has the same form as the r.h.s.
Fap(x,u) in (6.37). Next, we show that Fy(z,u) is indeed the same set as
Fr(z,u), i.e., the set in the r.h.s. of (6.3).
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Lemma 6.20 (Lemma 1.5 in [74]). Let a1, az,...,an, € R. Consider the 2™
non-repeated products of the form p; = (1 £ a1)(1 £ az) - (1 £ ay), then it

holds that 212:1 p; = 2™,
Proposition 6.21. Let

Mo
1-S;; )
0; = H (Tj+si,jaj)7 for all i Ej:{l,...,nf}, (643)

j=1

then it holds that Fr(xz,u) = Fu(z,u).

Proof. We only need to show that 6; > 0 for all i € J and Ziej 0; =1. It
is easy to see that 6; € [0, 1] since it consists of a product of terms that takes
value in [0, 1].

Without loss of generality, regard #; and suppose that = ¢ R;. This means that
x € R;,1# 1 and that at least one ¢;(z) < 0,5 € C, which implies that a; = 0.
From (6.43) it follows that §; = 0 if z ¢ R;. By similar arguments it follows
that 0, =0if x ¢ R; fori=1,...,ny.

Next we show that ) ;. ;0; = 1. We introduce the change of variables:

1+ 0, 1—0b;
723104]'7 2j:170tj.
Then all §; are of the form
n,,/,
0; =27 [[(1 £by).
=1

By applying Lemma 6.20, we conclude that ), ,0; = 1 and the proof is
complete. O

To pass from the definition in Eq. (6.42) to a dynamic complementarity system,
we state the KKT conditions of (6.33) to obtain an algebraic expression for
I'(¢)(x)). Combining this with the definition of the Filippov set in (6.42) and
the expression for §; in (6.43), we obtain the following DCS:

&= F(z,u)0, (6.44a)
1 (1= Si; .

0=0,-]] (T +Si505), forall i € 7, (6.44b)
j=1

0= 1(z) — AP + A, (6.44c)
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0< A La>0, (6.44d)
0<IN le—a>0, (6.44¢)

where F'(x,u) = [fi(x,u),..., fo,(z,u)] € R"*" 0 = (61,...,0,,) € R" and
AP A" € R™ . We group all algebraic equations into a single function and
use a C-function W¥(-,-) for the complementarity condition to obtain a more
compact expression:

0 — 1152, (1_5” + 51,j%‘>

Gla, 0,0, X7 X = [0, = 11 (52 + Sy gag) |- (6.45)
Y(z) — AP+ AP
U(A™, «)
V(AP e — )

Finally, we obtain a compact representation of (6.44) in the form of a nonsmooth
DAE:

&= F(z,u)b, (6.46a)

0=G(z,0,a, \P, \"). (6.46D)

6.3.4 Active-set changes and continuity of \? and \"

Active-set changes are paired with discontinuities in some of the algebraic
variables. We have already seen in Section 6.2.3 that 6(¢) is usually a
discontinuous function of time. The LP Lagrange multipliers A and p in
Stewart’s reformulation are continuous functions of time. We have seen above
that the same holds for AP and A". We can exploit this property for the
development of numerical simulation methods in the next chapter.

At an active-set change, we at least one of the switching functions ;(z)
either becomes zero, or if it was zero it becomes nonzero. It follows from
Y (x(t)) = AL (t) = A}(t) (in (6.35)), that also both A} (t) and N} (t) must be zero
at an active-set change. Thus, they have qualitatively the same properties as A
in Stewart’s formulation, cf. Section 6.2.3. We illustrate the different switching
cases from Example 6.8 now with the DCS formulation via step functions in
Figure 6.3. Whenever z(¢) has a kink, which corresponds to a switch and
discontinuity in the dynamics, both the Lagrange multipliers AP(¢) and A™(¢)
are zero at that time.
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Figure 6.3: TIllustration of example solution trajectories for different switching
cases. The rows from top to bottom show x(t), a(t), AP(t) and A"(¢) for the
cases (a)-(d) in Example 6.8, respectively.

6.3.5 Fixed active set in the Heaviside step formulation

We study the properties of the DCS (6.44) for a fixed active set Z(z(t)). Without
loss of generality, the corresponding time interval is 7 = (0,7). For a fixed
active set, the DCS (6.44) reduces either to an ODE or to a Differential Algebraic
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Equation (DAE).

We start with the simpler ODE case. Let ¢;(z) # 0 forall j € C == {1,...,ny},
then z(t) is in the interior of some region R;. It can be seen from the LP (6.33)
that «; € {0,1} for all j € C. This implies that 6; = 1 and 6, = 0,k # i.
Therefore, Z(x(t)) = {i} and the Filippov DI reduces to & € Fr(z) = {fi(z)},
i.e., we have locally an ODE.

Next, we regard the case when Z(z(t)) is not a singleton, i.e., the trajectory
evolves at the boundary of two or more regions. Consequently, we have at least
one 9;(z) = 0. Let us associate with Z(x(¢)) the index set (x(t)) = {j € C |
¥;(x) = 0}, i.e., the set of indices of all switching functions that are zero for a
given active set Z(x(t)).

In the sequel, we make use of the following notation. For a given vector a € R"
and set Z C {1,...,n}, we define the projection matrix Pr € RI/*™ which has
zeros or ones as entries. It selects all component a;,7 € Z from the vector a, i.e.,
ar = Pra € RZ and a7 = [a; | i € I].

Following the discussion from the previous section, for all nonzero ¥;(x), i.e.,
j € C\ K, we can compute a; € {0,1} via the LP (6.33) and A, j, \s; via
(6.35). Next, we have that A\, ; = A, ; = 0 for all j € K. It is left to determine
a; for all j € K and thus implicitly all 6;, for all ¢ € Z. Recall that 6; = 0 for
all i ¢ Z. By fixing the already known variables in (6.44) we obtain the DAE:

& = Fr(z,u) 0z, (6.47a)
=S
0 -] (TJ n Si,jaj) —0,ieTl, (6.47b)
j=1
Yi(x) =0, j ek, (6.47¢)
where we define Fr(z,u) = F(z,u)P} € R™>IZl ie. we select only the

columns of F(x,u) with the index ¢ € Z. Note that «; for all j € C\ K are
known and thus no degrees of freedom. We keep them for ease of notation.
Thus we have a DAE with |Z| 4 |K| unknowns, namely 67 € Rl and ax € RIXI,
and |Z| 4 |K| algebraic equations in (6.47b) and (6.47c).

Next, we investigate conditions under which the DAE (6.47) is well-posed. For
this purpose, we define the matrix

Wi z(x,u) = Vi (z) " Fr(z,u) € RIFXIZL

where Vi (z) = [Vi;(z) | j € K] € R"=*IXl is a matrix, whose columns are
the gradients of the switching functions that are zero for the given active set
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Z. Moreover, we define a compact notation for the partial Jacobian B z(a) €
RIZIXIKL of (6.47b) w.r.t. to oy, with the elements:

0

1-5, . )
- I | —— 4+ S, 1€Z,5€K.
8ij 2 + A b J

lecC

Bi,j (Oé) :

Assumption 6.22. Given a fived active set Z(x(t)) =T for t € T, it holds
that the matriz functions Wic z(z,u) and B z(a) are Lipschitz continuous, and
that Wi z(x,w)Bx z(e) has rank |K|, i.e. it is full rank, for allt € T.

Proposition 6.23. Suppose that Assumption6.22 holds. Given an initial value
2(0), the DAE (6.47) has a unique solution for allt € T.

Proof. First, we differentiate (6.47c) with respect to ¢, such that algebraic
variables appear explicitly in the algebraic equations (this correspond to so-
called index reduction in the theory of DAEs, cf. [126]):

& = Fr(z,u) 0z, (6.48a)
1-— Si’j .
0, — I [ —5 L+ Sij0;=0,i €1, (6.48b)
jec
Wicz(x,u)fr = 0. (6.48¢)

Next, we prove that the partial Jacobian of (6.48b)-(6.48¢c) w.r.t. to the algebraic
variables (07, ax) has rank |Z| + |K|, i.e., it is an invertible matrix. We omit
the dependencies on « and z for brevity. The Jacobian of (6.48b)-(6.48c) w.r.t.
to (67, ax) has the form

_ | Lo Bz
A_[Ww ) ]

To prove that this matrix has full rank, we show that the only solution (v, w) €
RIZI x RIFI to the following linear system is the zero vector:

[WI;'?:[ %Iv’c} m = 0. (6.49)

From the first line we have v = Bz xw and substituting this into the second line
we have Wz x Bz xw = 0. Since the matrix Wz x Bz x € RIXIXIXT has rank |K|,
the only solution to (6.49) is w = 0, and v = Bw = 0. Hence, A has full rank.

Now we can apply the implicit function theorem [85, Theorem 1B.1] to (6.48b)-
(6.48c), which guarantees the existence of continuously differentiable functions
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Oz(x) and ax(z). Since the function 6z(z) is continuously differentiable, it is
also Lipschitz continuous for a fixed Z(x(t)) on ¢t € T. By substituting 6z(x) into
(6.48a), we have a product of two Lipschitz continuous functions (all columns
of Fr(x,u), are Lipschitz by assumption), and the DAE (6.48) reduces to an
ODE with a Lipschitz continuous r.h.s. This enables us to apply Theorem 3.3
to obtain the assertion of the proposition. O

We make a few comments on Assumption 6.22. The rank condition can be
checked explicitly, since one can simply compute the matrix Wic z(z, u) B z().
We have already assumed Lipschitz continuity of all columns of f;(z, ) and of
the gradients Vi);(x). Here we additionally assume it for the matrix Wi z(x, u),
whose entries are computed as inner products on these vectors. The entries of
the matrix B r(«) are multi-affine terms, which are also Lipschitz, at least on
the bounded domains we consider here. In Stewart’s reformulation, we consider
a square matrix with entries Vg;(x) " f;(x,u) (which is structurally similar to
Wi z(x,u)). For well-posedness with a fixed active set, the invertibility of this
matrix is assumed [213, ?].

In [74], the authors make some assumptions on the signs of the entries of Wic z(x)
and prove the existence, but not uniqueness, of solutions with a fixed-point
argument. For the case of |K| < 2, i.e., sliding modes with co-dimension one
or two, and with additional assumptions on the signs of the entries of Wi z(z)
they even prove the uniqueness of solutions.

Observe that for a given z(t), there might be several Z(x(t)) that yield
meaningful DAEs of the form of Eq. (6.47). This may happen when the
Filippov DI does not have unique solutions, such as in Example 6.8 case (d).

The trajectory may stay in sliding mode or leave it any point of time. The
trajectory pieces in either scenario are well-posed, even thought the overall
trajectory is not unique.

6.3.6 Predicting a new active set

Recall that in Stewart’s reformulation, we have Z(xz) = {i € J | gi(z) =
minje s gj(z)}. The definition of Z(x) via the switching functions c¢;(z) is
slightly more involved. This can be seen from the definition:

T(z)={ieJ|6; >0, (6.50)
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and the fact that 6; is related to the functions ¢;(z) in a more complicated way.
Using Eq. (6.43) and (6.50) we obtain:

ny
7(@) = {i e 7| T (A2 D504, 0)) > ).

j=1
The LCP in Theorem 6.11 is constructed from the total time derivative of \.
Here, we would need to use the total time derivatives of AP and A". It is clear
from Eq. (6.44) we cannot easily obtain an LCP which relates A, A, and 6.
Therefore, we omit to derive such an auxiliary problem for predicting the next
active set at a switching point. The price we pay is that we need slightly more
restrictive assumptions to prove the convergence of the FESD scheme for the
step reformulation (6.44). However, omitting this step has no consequences for
the derivation of the FESD method (6.44) nor is it used in the computations.

6.3.7 Efficient modeling with Heaviside step functions

In this section, we show how to efficiently represent common geometries of the
PSS regions with the use of step functions. This is useful for reducing the
complexity of the modeling process. Moreover, we introduce a lifting algorithm,
which makes the multi-affine terms for the Filippov multipliers with the help of
auxiliary variables less nonlinear.

Overview of expressions for 0 via step functions

Table 6.3 provides an overview of how are the elementary algebraic expressions
for the multipliers 6; are related to the geometric definition of a region R;. For
this purpose, we regard the following two sets: A = {z | Ya(z) > 0},B =
{z | Yp(z) > 0}, and let a4 € y(¥a(x)) and ap € y(¢p(x)). All other more
complicated expressions can be obtained by using the one listed in Table 6.3.

Remark 6.24 (Sum of Filippov systems). In practice, one often encounters DIs
that arise from the sum of several Filippov systems. This occurs, for example,
if we have multiple surfaces with friction, or multiple objects touching the same
frictional surface [252]. All developments from this section can be extended to
this case and are implemented in nosnoc. For the sake of brevity, we omit the
corresponding equations as they follow similar lines as those derived in Section
6.2.5.
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Definition of R; Expression for Sketch
0i
¥p(z)
R, =A 0; =au =4
g Ya(z)
R;
¥p(x)
B Ri=AUB
R, =AUB 0; =aa+ap

EETS

R,=ANB 0; = cacp

R, = int(R™ \ A) = {z | bi=1—aa

RiZA\B GiZOzA—OzB

Table 6.3: Expressions of 0; for different definitions of R;.

6.3.8 A lifting algorithm for the multi-affine terms

Depending on the size of the matrix .S; o has, the expression for 6; in Eq. (6.43)
might be very nonlinear since it is a product of n, affine terms. To reduce the
nonlinearity, we introduce auxiliary lifting variables as in the lifted Newton’s
method [8], which iterates on a larger but less nonlinear problem. We apply
this approach to the expressions in Eq. (6.43) involving multi-affine terms with
oj. Whenever we have more than two terms in the multi-affine expression for
0;, we introduce lifting variables g to end up with an equivalent formulation,
which has only bilinear terms. We exploit the structure of the matrix S and
derive an easy-to-implement algorithm that automates the lifting procedure.
To give an idea of the final results we aim to obtain, we illustrate the lifting
procedure with a simple example.

Example 6.25. Regard a PSS with ny = 3 swilching functions and ny =8
modes, i.e., the PSS regions match the basis sets, R; = R;, i ={1,...,8}. The
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matriz S € R¥3, and the expression for the multipliers 0 € R® read as

i 1 1 1 91 — (X123
1 1 -1 92 —()41()2(1—013)
1 -1 1 93 70[1(1 70[2)0[3
1 -1 -1 04—&1 1—0[2 1—0[3
S=121 1 1] Grl0a)= 05 —((1 —al))(ozgag " | =0
-1 1 -1 96 — (1 — 041)(12(1 — 013)
-1 -1 1 97— (1—051)(1—052)043
-1 -1 -1 105 — (1 —a1)(1 —az)(1 - as) |

We can introduce the lifting variable B € R* and obtain

01 — Bras
02 — (1 — a3)
B1 — oo 03 — Bocrz
B2 —ai(l —az) _ _ |01 — B2l — a3)
B3 — (1 —ai)as =0, Gol6, ) = 05 — Psaz
Ba—(1—a1)(l—ap) 96553(61—043)
7 — Baces
10s — Ba(1 — az)

G[@(O&,ﬁ) =

The equation Gg(a, B) = 0 relates the lifting variables ; with the «;, whereas
Go(0,a, B) provides new expressions for 8; via B; and the remaining o;. By
replacing Gr(6,0) = 0 with Guw (6, o, B) = (Gg(a, 8),Ge(6,,B)) = 0, we
obtain an equivalent system of equations that only consists of bilinear terms.

We proceed by outlining a general lifting algorithm. The expressions for 6;
consist of the product of n, affine terms. Our goal is to have at most nq terms
in the multi-affine expression for #;. For example, if we pick nq = 2, we have
only bilinear expressions in the equations defining 6 and 3. Thus, the parameter
Ny > ng > 2, controls the number of terms in the multi-affine expressions and
implicitly the number of new lifting variables 5 € R"5. Given the matrix S, our
goal is to automatically obtain the constraint Gy (6, o, ) = 0.

The algorithm outlined above can be implemented using a symbolic framework
such as CasADi [9]. We provide the pseudo code in Algorithm 1, which introduces
the lifting algebraic variables 8 and new lifted expressions for #;, namely
Gt (0, o, 8). Note that we make use of three helper variables, the matrix S
and the vectors 6 and N. The matrix S is a submatrix of S, where we have
removed the rows with index 4, for which we already have a (lifted) expression
for ;. The vector N, defined in line 4, collects the number of nonzero entries
of every row S. In other words, it keeps track of how many terms are in the
initial expressions for 6;, that are not yet lifted.
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Algorithm 1 Lifting algorithm for the step DCS (6.44)
1: Input: S,nq B
2: Initialize: S < S, k< 0; 0 < e € R™, Gp(0,0,8) <[], Gala, B) <[]
3: for j=1:ny do
4: N + E;ﬁl ‘Shjl

5. I« {i| N; =3}

6 08 (S5 S ay)

7: if Z; # () then )
8: Go(0,c, 8) < (Go(0, v, B), O 17, — 01,)
9: Remove entries of 6 with index in 7,
10: Remove rows of S with index in Z;
11: k < k 4+ max(Z;)

12: end if

13: if j€{na,...,ny —1} then

14: {Ire(laIfllll} = unique(so,{l,“.,j})v

15: B+ (B,87) where 37 € RIZreal

16: Gs(a, B) + (Gpla, B)B7 — b1,

17: 0+ B3

18: end if

19: end for

20: Grigg(0, o, B) = (Go (0, a, 8), Gp(a, B))
21: Output: Grip(0,,08) , 3

The main loop iterates from j = 1 to ny and provides in every iteration the
expressions for all #; that have exactly j terms in their multi-affine expression.
The index set Z; = {i | N; = j}, defined in line 5, contains the indices of 6, that
have exactly j entries in their corresponding multi-affine expression. In line 6,
we define the auxiliary variable 6, which stores the intermediate expressions for
0 with up to j terms in the product. The index k stores the index of the last
0y for which a lifted expression was derived. For j < ngq the expressions for 6;
are unaltered. This is treated in lines 7-11.

As soon as j > ngq, the algorithm introduces new lifting variables 37 (line 15)
and changes the expression for 6 accordingly. This is done in lines 13-17. A key
tool is the function unique in line 14. It is available in MATLAB and in the numpy
package in python. It works as follows, given a matrix A € R"*" it returns
the matrix A € RP*™ with p < m. This is the matrix constructed from A by
removing its repeating rows. More importantly for our needs, it returns the
index sets Z.oq and Zgy, with [Zreq| = p and |Zgan| = m. The index sets have
the properties A = [fL-,. | i€ Ifull} € R™*" and A = [AZ-,. |7 € Ziea € Rpxn].
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Method ng ng Nalg Tcomp Tleq

Stewart 2 0 2.2 41 2w 2™ 41
2™ —2nd ng<n

Heaviside | [2,2"¥] =" ne+3ng+ng | 2ny  ngtnging
0, ng > Ty

Table 6.4: Comparisons of the problem sizes in Stewart’s and the step
reformulation for a fixed ny.

This enables the use of the same 37 for several §; if they share the same terms
in the corresponding multi-affine expressions, cf. lines 15-17. After the loop
is finished, the algorithm outputs Gyrig (0, «, §) and 8. One can verify that
Algorithm 1 produces the same output as Example 6.25. It can be shown, that
for a given nq < ny, the total number of new lifting variables is ng = 2"% — 2",

6.3.9 Comparisons of Stewart’s and the Heaviside step
reformulation

We compare Stewart’s reformulation (6.8) and the Heaviside step reformulation
(6.44) based on their total number of algebraic variables, complementarity
constraints, and equality constraints for a given number of switching functions
ny. The total number of regions (and multipliers 6;) in Stewart’s reformulation
is always ny = 2"v. In this reformulation, in order to reduce the number of
multipliers ;, we cannot exploit the setting if regions R; are defined as unions
of basis sets Rj, cf. Section 6.2. On the other hand, in the step reformulation,
depending on the geometry of the regions R;, ny is an integer in [2,2"+]. In
the step reformulation, we may introduce ng lifting variables to reduce the
nonlinearity. If ng > ny, this leads to ng = 2" —2"< additional lifting variables
and equations.

Regarding the number of algebraic variables, in Stewart’s reformulation, we have
A e R2" and p € R. In the step reformulation, we have a, AP, A\* € R™%. Thus,
the total number of algebraic variables in the former case is 1,1, = 2 - 2" + 1,
and in the later case na.; = ny + 3ny + ng. The number of complementarity
constraints neomp in Stewart’s case is ncomp = 2", and in the step case
Necomp = 2Ny, i.€., we have exponential versus linear complexity. Finally, in
Stewart’s reformulation, we have in total neq = 2" 4 1 equality constraints
(gi(x) = X; —pand e' 6 = 1). In the step case, we have neq = ny + ng + ny
constraints, for the definitions of 6;, 5; and the constraints ¢;(z) = AP — AP,
respectively. The numbers of variables and constraints are summarized in
Table 6.3.9.
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Figure 6.4: Comparisons of the complexities of Stewart’s and the Heaviside step
reformulation.

Figure 6.4 illustrates the different quantities for several n,. We plot for the
step reformulation two extreme scenarios:

1. Worst complexity case - every basis set defines a PSS region, ny = 2™,
we lift to have only bilinear terms, i.e., ng = 2 (maximizes the number of
lifting variables).

2. Best complexity case - o no lifting and only two regions (ny = 2) for all
Ty

Note that in both cases the step reformulation has the same number of
complementarity constraints. For smaller values of n,, both reformulations
have similar complexity. For a large number of switching functions, the step
reformulation has fewer variables. However, if there is no lifting, the problem
might become very nonlinear for large n..
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6.4 Conclusions and summary

In this section we relate the various formalism discussed in this capter and
provide some concluding remarks.

6.4.1 Relations between different formalisms

The diagram in Figure 6.5 summarizes the relationships between the nonsmooth
systems studied in this chapter. The first column consists of the different ODEs
with DRHS that we have treated. After treating a generic ODE with DRHS
in (4.14), we specialize in two structured cases: PSS in (6.1) and ODEs (6.36),
where their dynamics contain some discontinuous expressions of z, e.g., as
Heaviside step functions.

These ODEs may not have a classical or Carathéodory solution, so we embed
them into differential inclusions and obtain more general notions, such as the
Filippov solution. These concepts are summarized in the second column. A
generic ODE with DRHS (4.14) is generalized to Filippov DIs (6.2). If the ODE
is more structured as a piecewise smooth system, then its Filippov extensions
become more explicit (6.3). In both cases, the r.h.s. is now a convex and
compact set. If the discontinuous function in the structured ODE (6.36) is
replaced by set-valued extensions, we obtain an Aizerman—Pyatnitskii DI (6.37).
The set on the r.h.s. may even be nonconvex. In Proposition 6.21 we show that
when we use PSS and Heaviside step functions, the Aizerman-Pyatnitskii DI
and the Filippov extension for PSS are equivalent.

The third column consists of dynamic complementarity systems obtained from
the DIs, which are useful representations for numerical computations. The
Stewart DCS (6.8) and the Heaviside step DCS (6.44) and are both instances
of a generic DCS (4.13). They are derived from the corresponding differential
inclusions using the KKT conditions of parametric LPs, as shown in Sections
6.2 and 6.3, respectively. We conclude this section by illustrating the different
formalisms with an example.

Example 6.26. Let us illustrate the different classes of nonsmooth systems on
the discontinuous ODE (which is in the form of (4.14)):

. 1, >0,
xr =
3, x<0.

This is a PSS (as in (6.1)) with the switching function ¥ (z) = x, with the
regions Ry = {x | * > 0} and Ry = {x | * < 0}. The Filippov extensions
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ODE with DRHS (4.14) =———————— Filippov DI (6.2) DCS (4.13)
PSS (6.1) ————— Filippov PSS (6.3) =————= Heaviside DCS (6.44
Structured ODE with DRHS (6.36) —— Aizerman-Pyatnitskii DI (6.37) Stewart DCS (6.8)

Figure 6.5: Summary of relations between nonsmooth systems treated in this
paper.

of this PSS (Eq. (6.3)) reads as: © € {61 +303 | 6 > 0,61 + 02 = 1}, with
0 = (01,02). In the form of an Aizerman—Pyatnitskii DI (6.38), the system
reads as & € 3 — 2y(x). We can write also as a DCS of the form of (6.44):

x=[3 1] 0,
0 =a, o=1—a, =N —\",
0<XN La>0,0<A"L1—a>0.

Similarly, by defining the indicator function g(x) = (—x,x), we can state Stewart
DCS (6.8):

x:[3 1] 0,
_$:)\1_/1'7 l':)\g—/l7 91+92:17

0<6, LA >0,0< A L6>0.

6.4.2 Summary

This chapter has focused on piecewise smooth systems and their Filippov
extensions, with a particular emphasis on the derivation of an equivalent
Dynamic Complementarity System (DCS) from a Filippov system. This is
motivated by the powerful computational methods and theoretical results for
complementarity problems. After an appropriate discretization of an optimal
control problem with such a DCS, we obtain a mathematical complementarity
problem, which usually can be efficiently solved with the methods described in
Section 2.4.

The guiding idea in transforming a Filippov system into a DCS is to express
the Filippov multipliers 8 as the solution of a parametric linear program. The
KKT conditions of this problem enable us to transform a Filippov DI into
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an equivalent DCS. Thereby, we followed two different approaches. The first
reformulation is introduced by Stewart [250], and the second one is based on
set-valued Heaviside step functions, which appeared in the literature in similar
forms at different locations [6, 74]. In the Heaviside step reformulation, we
directly work with the switching functions ¢ (x) to derive the LP. Stewart’s
approach needs specific indicator functions g(x). In Section 6.2.1, we show that
they can always be derived from a more intuitive representation via switching
functions ¥ (z). In both cases, we rely on representing the definition of the
regions R; compactly via a sign matrix S.

We study in detail the properties of the DCS obtained by both approaches. In
particular, we study the well-possesses of the ODEs or DAEs obtained by fixing
the active set in the DCS. We show that the Lagrange multipliers of the LPs
are continuous functions of time, even across active-set changes. In the next
chapter, we leverage this property to develop highly accurate discretization
methods for Filippov systems.

A natural question to ask is: Why do we need different reformulations at all?
It is no surprise that both reformulations share similar theoretical properties.
Stewart’s reformulation is very efficient if all components of the switching
function ¢ (x) are involved in the definitions of the regions R;, which results in
a dense matrix S. These are the cases where it is advantageous to use it over
the Heaviside step reformulation. Moreover, Stewart’s reformulation is very
efficient if the regions R; arise from a Voronoi partition as in Chapter 9.

However, as soon as some function ;(z) is not involved in the definition of a
region R;, there is some redundancy in Stewart’s definition of the regions R;.
In this case, it is beneficial to use the step reformulations, as we need fewer
algebraic variables. Depending on number of switching functions defining a
region R;, the expressions for the Filippov multipliers 6; might be very nonlinear.
Motivated by the ideas of the lifted Newton’s method [8], in Section 6.3.8, we
introduce a lifting algorithm, which provides an equivalent formulation with
more variables that is only mildly nonlinear. Furthermore, the step reformulation
is also suitable to represent more general systems than Filippov systems, e.g.,
Aizerman—Pyatnitskii inclusions [6, 94].

The obvious question to be addressed in future work is: Are there other convex
problem formulations whose solutions can be related to 87 This would enable
us to derive further similar DCSs and to extend the ideas from the next chapter
also to these cases. The more practical questions are: What is the most compact
representation for a given problem? Can one guarantee that the specific LP
for a given problem results in a DCS with a minimal number of algebraic
variables? It was shown in [136] that every piecewise continuous affine function
can be represented as the solution to a parametric linear program. It would be
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interesting to derive formulae in this manner also for the multiplier 6.
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Chapter 7

Finite Elements with Switch
Detection

This chapter introduces the method of Finite Elements with Switch Detection
(FESD), a numerical discretization method for Filippov differential inclusions
arising from piecewise smooth systems. In the previous chapter, we derived
dynamic complementarity systems equivalent to such Filippov systems. Here
we develop a discretization method of higher-order accuracy for these systems.
We discretize optimal control problems with Filippov systems with the FESD
method and obtain mathematical programs with complementarity constraints
(MPCCs). With appropriate reformulations, MPCCs can be efficiency solved
with nonlinear programming methods, cf. Section 2.4. Thus, we obtain highly
accurate solutions to nonsmooth optimal control problems solely based on
continuous optimization techniques. Notably, we do not need to use integer
variables or nonsmooth optimization methods. We show that FESD enables us
to overcome the fundamental limitations of standard direct methods discussed
in Chapter 5.

Outline. In Section 7.1, we highlight the main ideas and mention some related
work that we build upon. In Section 7.2, we start from a standard RK
discretization and derive the FESD method step-by-step based on the algorithmic
ingredients mentioned above. Thereby, we focus on Stewart’s reformulation for
Filippov systems, cf. Section 6.2. Afterwards, in Section 7.3 several relevant
theoretical properties of the FESD method are studied. The theoretical findings
are illustrated on numerical simulation and optimal control examples. The
derivation of the FESD method for the step reformulation (cf. Section 6.3) relies

184
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on the same algorithmic ideas as for Stewart’s reformulation. For completeness,
we provide in Section 7.4 the derivation of FESD for this case as well. We
avoid on purpose to state both DCS in a more abstract form and to do the
derivations only once, as this would hide some important details, which are
important for the implementation. Section 7.5 discusses how to use FESD in
numerical optimal control. Finally, Section 7.6 summarizes the chapter and
outlines future research. Sections 7.2, 7.3 and 7.5 are mainly based on the
article [213]. Section 7.4 is based on [207].

7.1 Introduction and related work

We build on the idea of varying the step size and allowing switches only to take
place at the boundaries of the finite elements introduced by Baumrucker and
Biegler [28]. On the one hand, these degrees of freedom introduce additional
nonlinearity and nonconvexitiy. On the other hand, they are needed to overcome
the fundamental limitations of low accuracy and wrong sensitivities of standard
fixed step size (time-stepping) methods. The method of [28] can deal only with
systems with one switching function (or sums of Filippov subsystems with a
single switching function, cf. Section 6.2.5). Furthermore, it regards only Radau
ITA implicit Runge-Kutta methods.

Biegler and coworkers [66, 65, 10] use also similar ideas to derive discrete-time
formulations of singular optimal control problems. The goal is to exactly detect
the location of control function’s breakpoints. These methods usually include a
mesh refinement stage to add more elements based on some error measurements.
They are used both in direct [66, 65], and indirect optimal control [10].

In this chapter, we introduce the method of Finite Elements with Switch
Detection (FESD), which is based on three key ingredients. We start with
a standard Runge-Kutta (RK) discretization for the DCS from the previous
chapter. First, inspired by [28], we let the integrator step sizes be degrees of
freedom to enable the detection of switches exactly in time. However, this
introduces more degrees of freedom than we have conditions in the RK-equations.
Thus, we need to introduce more conditions, which lead to the two remaining
ingredients. The second ingredient is additional complementarity conditions
that we call the cross complementarity conditions. They enable exact switch
detection, which enables us to recover the high-order accuracy that the RK
methods enjoy for smooth ODE, cf. Section 3.2. Furthermore, this also enables
the correct computation of numerical sensitivities. However, if no switches
occur, the cross complementarity conditions are trivially satisfied. Therefore,
we have an under-determined system of equations with spurious degrees of



186 FINITE ELEMENTS WITH SWITCH DETECTION

freedom. The third and last ingredient are conditions that allow the step size
to change only when switches occur and to overcome this issue. We call this
step equilibration.

We have seen in Sections 4.1.3 and 4.2.5, that if standard Runge-Kutta (RK)
methods are naively applied to a nonsmooth ODE, their accuracy is at best of
order one. Of course, the FESD method can also be used to simulate Filippov
systems (an example is given in Section 7.3.4). The FESD method falls into
the class of event-driven methods. However, in contrast to most such methods,
it does not need a separate root-finding procedure for switch detection. In
Section 5.2, we have studied the fact that the numerical sensitivities obtained
from a standard discretization are always wrong. This harms the progress of
most direct methods for optimal control problems with nonsmooth dynamical
systems, which are reviewed in Section 5.1.

The FESD method can efficiently deal with multiple and simultaneous switches,
including sliding modes on higher co-dimension surfaces, and thus is more
general than [28]. Moreover, in FESD one can use any Runge-Kutta method.
As a theoretical contribution, we provide convergence results for the FESD
method, show the local uniqueness of the solutions and prove the convergence
of numerical sensitivities to the correct values. Notably, in an optimal control
problem benchmark with FESD, we achieve up to five orders of magnitude more
accurate solutions than a standard approach for the same computational time.
Chapters 8 and 9 introduce exact reformulations of several classes of dynamical
systems with state jumps (NSD3) into Filippov systems (NSD2). Remarkably,
one can seamlessly apply the FESD method to these systems and thus obtain a
high-accuracy discretization of optimal control problems with NSD3 systems.
The FESD method, with its many variations, is implemented in the open-source
software package nosnoc [2, 206].

7.2 FESD for Stewart’s reformulation

This section is structured as follows. In Subsection 7.2.1, we first state the
standard RK equations for Stewart’s DCS from the previous chapter. Afterwards,
we extend these equations by the three ingredients needed for FESD. In
Subsection 7.2.2, we let the step sizes be degrees of freedom and discuss the
consequences. In Subsection 7.2.3, we introduce the cross complementarity
conditions. They ensure exact switch detection and that active-set changes can
happen only on finite element’s boundary. However, if no switches occur the
cross complementarity conditions are implied by the standard complementarity
conditions. In this case, the step sizes h,, are still allowed to vary, and we
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encounter spurious degrees of freedom. This would let the optimizer play with
the integrator’s accuracy in a possibly undesired way. To resolve this, we
introduce in Subsection 7.2.4 the step equilibration conditions. They provide
additional equations only if no switches occur and lead to a well-posed problem.
Finally, in Section 7.2.5, we summarize all conditions that extend the standard
RK equations and lead to the FESD discretization.

7.2.1 Standard Runge-Kutta discretization

In the exposition of the FESD method, we regard a single control interval [0, T']
with a constant externally chosen control input ¢ € R™, i.e., we set u(t) = g
for ¢ € [0,T]. Extensions with more complex smooth parametrizations of the
control function are straightforward.

As a starting point in our analysis, we regard a standard Runge-Kutta (RK)
discretization of the DCS (6.8), which we restate for the reader’s convenience:

i = F(z,u)b, (7.1a)
0=g(x) — A — ue, (7.1b)
l=e'f, (7.1c)
0<6LA>0, (7.1d)

For a more compact notation, we work with the nonsmooth DAE formulation
of the DCS (6.10), which we restate:

& = F(z,u)0, (7.2a)

0=G(x,0,\ pn). (7.2b)

Suppose the initial value z(0) = s is given. We divide the control interval
[0,T] into Npg finite elements (i.e., integration intervals) [t,, t,+1] via the grid
points 0 =tp < t; < ... <tnp, =7T. On each of the finite elements we regard
an ns-stage Runge-Kutta method which is characterized by the Butcher tableau
entries a; j,b; and ¢; with 4,5 € {1,...,ng} [126], see also Section 3.2. The fixed
step-size reads as h, = t,41 —tn, n =0,..., Ngg — 1. The approximation of
the differential state at the grid points t,, is denoted by x,, ~ z(t,).

We regard a differential representation of the Runge-Kutta method, where the
derivatives of states at the stage points ¢, ; = t, + c;hn, © = 1,...,ng, are
degrees of freedom, cf. Definition 3.8. For a single finite element, they are
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summarized in the vector V,, == (vp1,...,Unn,) € R™". The stage values for
the algebraic variables are collected in the vectors: ©,, == (0p1,...,0nn,) €
R™ ™ Ap = (Ap1s--r Anne) € R™™ and M, = (Un1,---,Hnn,) € R
We also define the vector Z,, = (2, On, Ap, My, V;,) which collects all internal
variables. With 22" we denote the value at t,1, which is obtained after a
single integration step. Finally, the RK equations for a single finite element for
the DCS (7.2) are given by:

Un,1 _F(mn + hy, Z;k:l a1,5Un 5, Q)Hn,l

Un,ng _F(xn _!:L hn Z;Lil Ang,jUn,j, q)en,ns
Grk<$zeXt7 Zn7hn7q):: G(xn +hn Z];l al,jvn,jaan,la)‘n,lvun,l) =0.

Ne
G(zy + hn Zjh 1 @n,jVn,js Onngs Anngs Bnyn)

next s
L Ty — Tp — hn Zzil bivn,i .

(7.3)

They are similar to the RK equations for semi-explicit index-1 DAE, cf. Section
3.2.1 and Eq. (3.12).

Next, we summarize the equations for all Nyg finite elements over the whole
interval [0, 7] in a discrete-time system manner. For this purpose, we introduce
some additional shorthands. All variables of all finite elements for a single
control interval are collected in the vectors x = (g, . .., TNy, ) € RVFE+HIN
V = (Vvo7 .. .,VNFEfl) € RNFensns and h = (h()7 .. .,hNFEfl) e RNFE. Note
that the simple continuity condition z,4+1 = 2" holds. We collect all stage
values of the Filippov multipliers in the vector @ = (O, ...,On—1) € R",
where ng = Npgnsny. The vectors A € R™, M € R™ for the stage values
of the Lagrange multipliers are defined accordingly, with n, = Npgns. The
vector Z = (x,V,0,A,; M) € R"Z collects all internal variables and nz =
(NFE + 1)7’1% + NFETLSTLI + 2’110 + Ny

All computations over a single control interval, which we call here the standard
discretization are summarized in the following equations, which resemble a
discrete-time system:

s1=Fya(Z), (7.4a)
OZGstd(Z;hasoaq)7 (74b>
where s; € R is the approximation of z(T") and

Fstd(z) = TNpg»
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Zo — So
Grk(xly ZO? h07 q)
Gstd(z7ha 807q) = .

Grk(‘rNFEN ZNFE*17 hNFEfla Q)

Note that h are given parameters implicitly fixed by the chosen discretization
grid. In the nonsmooth ODE community, these methods are known as time-
stepping methods, cf. Section 4.1.3. In contrast to event-based methods,
they assume fixed step-sizes h,, and do not try to detect the switches. The
theoretical properties of RK methods for DI and DCS have been studied by
many authors, e.g., [83, 161, 264, 258]. It is usually impossible to obtain
high-accuracy solutions with this method, as this can only happen if active-set
changes happen coincidentally at t,,. Despite the high accuracy in this unlikely
case, the numerical sensitivities would still be wrong, cf. Section 5.2.

When active-set changes happen within a finite element, the smooth RK method
tries to approximate a nonsmooth trajectory. An example is illustrated in the
left plot in Figure 7.1. Thereby, we try to approximate a nonsmooth function
by a smooth polynomial, which results in a poor approximation. We proceed
now with extending the equations (7.4) by lettings h to be degrees of freedom
and defining the cross complementarity conditions.

7.2.2 The step-sizes as degrees of freedom

To obtain high-accuracy approximations of z(-), we allow the optimization
routine to vary the lengths h,, of the finite elements such that all switching
points coincide with grid points ¢,,. Additionally, the condition Zgig_l h,=T
ensures that we regard a time interval of unaltered length. Consequently, we
must ensure that active-set changes do not happen in the interior of a finite
element. In this case, smooth functions are approximated by smooth polynomials
within a finite element, cf. the right plot in Figure 7.1. A key assumption in
any event-based method is that there are finitely many switches in finite time.
We also assume that there are enough finite elements to capture every switch
that occurs in the time interval [0, T].

Having the step sizes as degrees of freedom in (7.4) leaves us with an under-
determined system of equations with possibly infinitely many solutions. We
proceed with introducing additional conditions that lead to a well-defined system
of equations and ensure that h,, takes correct values.
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Figure 7.1: TIllustration of the analytic solution and a polynomial solution
approximation to a PSS via an IRK Radau IIA method of order 7. The left
plot shows an approximation with a fixed step size where an active-set change
happens on a stage point. The right plot shows an approximation obtained
with FESD (based on the same IRK method) where the switch happens on the
boundary. The circles represent the stage values, the vertical dotted lines the
finite elements boundaries, and the vertical dashed line the switching time ts.

7.2.3 Cross complementarity

So far, we have considered complementarity conditions only for every stage
point:

0<6OpmLAm=>0, forallne{1,...,Npg},me {1,...,n4}. (7.5)

For brevity, we often use the equivalent formulation via C-functions
D0y, An,m) = 0. Next, we want to prohibit active-set changes on stage
points inside a finite element. To achieve this, we define additional conditions
on the variables 6, ,, and A, p,.

For ease of exposition, we assume that the underlying RK scheme satisfies
¢n, = 1 (e.g., Radau and Lobatto methods [126]). This means that the right
boundary point of a finite element is a stage point since t,,11 = t,, + cp by for
¢n, = 1. At the end of this section, we detail how to treat the case with ¢, # 1
(e.g., Gauss-Legendre methods).

Continuity of A\ and p

The additional conditions we introduce are motivated by the continuity of A
and p, cf. Section 6.2.3. Thereby, the boundary values of an approximation of
A(+) and p(-) on an interval [t,,, t,41] play a crucial role in FESD. We denote
their values at t,, and t,,41 by An0, fno and Ay ., fnn,, respectively. We
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impose continuity conditions for the discrete-time counterparts of A and p for
alln € {O,...,NFEf 1}:

)\n,ns = )\n+1,07 Hnns = Hn+1,0- (76)

In the sequel, we use only the right boundary points A, ,,, and py »_, which are
anyway degrees of freedom in the RK equations (7.4).

Remark 7.1. Note that \oo and oo are not defined via Eq. (7.6), as we
do not have a preceding finite element in this case. However, they play an
important role in the developments below, especially if the boundary point is the
only stage point, as it is the case for the implicit Fuler method. Fortunately, we
can pre-compute oo explicitly. Since xo is known, we obtain po o = min; g;(xo)
and thus we have Ao o = g(zo) — to,o-

Moving the switching points to the boundary

The function A(-) is a continuous function of time, and we consider an interval
(tn,tnt1) with a fixed active set Z,,. In the interior of the this interval its
components are either zero or positive on the whole interval. The stage values
An,i of the discrete-time counterpart should satisfy this property as well. This
is achieved by the cross complementarity conditions, which read for all n €
{0, . .,NFEfl} as

0=diag(0nm) n,m, m € {1,....,ns}, m € {0,...,ns}, m#m'. (7.7)

In contrast to Eq. (7.5) here we have conditions between all stage variables
within a finite element. We show below that the boundary point Ay,4+1,0 = Ano
of the previous finite element plays a key role in the switch detection.

Some of the appealing properties of the constraints (7.7) are given by the next
lemma. In our notation 6, ,,; is the i-th component of the vector 6,, ,.

Lemma 7.2. Regard a fired n € {0,...,Nrg—1} and a fized i € J. If any
On,m,i with m € {1,...,ng} is positive, then all Ay, s ; with m’ € {0,...,ns}
must be zero. Conversely, if any An ms; is positive, then all 0,, p, ; are zero.

Proof. Let 0, be positive, and suppose A, j; = 0 and Ay i ; > 0 for some
k,j € {0,...,ns},k # j, then 0 1 i\n ki > 0 which violates (7.7), thus all
An,mri =0, m' € {0,...,ng}. The converse is proven in a similar way. O

The results of Lemma 7.2 are illustrated in Figure 7.2. Note that in contrast to
the left plot illustrating the standard complementary conditions, in the right
plot, all stage points inside a finite element have the same active set. Moreover,
on the finite element boundary, we have A, ,,,; = 0.
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Figure 7.2:  An illustration of the standard complementarity conditions

U (O, A) = 0 (left plot) and the standard complementarity conditions augmented
by 0 = Geross(©, A) (right plot). The dots represent the stage values. The
vertical dotted line marks the finite element boundaries, and the vertical
dashed line marks the switching time ¢s. In the standard case (left plot),
an active-set change can happen at any complementarity pair. With the cross
complementarities (7.9) (right plot), an active-set change can only happen on
the boundaries of a finite element.
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Figure 7.3: Illustration of several 2D projections of the feasible set for
(M Onms Onom+1, An,m+1) for the standard complementarity conditions in
(7.5) (top plot) and with adding the cross complementarities (7.9) (bottom

plot).

In Figure 7.3, we illustrate several 2D projections of the feasible set for ® and
A with and without the cross complementarity conditions. The top figure shows
the feasible set for the standard complementarity conditions given in Eq. 7.5,
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and the bottom shows the feasible set, which is tightened due to the cross
complementarities in Eq. 7.7. This provides a geometric illustration of why the
active set does not change within a finite element.

Implicit switch detection

It is left to explain how the switch detection for the solution approximation
works. This is later formalized in Section 7.3. Note that for z2®** =z, .1 we
have from the KKT conditions of the LP(z,41) (cf. Eq.(6.9)) that

nn, = M0 G5 (Tt 1).

Moreover, if the active-set changes in the i-th component between the n-th
and n + 1-st finite element, then from Lemma 7.2 it follows that A, . ; = 0.
Therefore, we obtain from (7.3) implicitly the condition

gi(xn-i-l) = >\7L,ns,i — Hn,ng,

which is equal to

0=9gi(Tnt1) = 9j(Tn+1) = Vi j(Tnt1), (7.8)

where ; j(zn4+1) = 0 defines the switching surface between R; and R;. This
condition forces h,, to adapt such that the switch is detected exactly. Note that
the condition (7.8) appears only if active-set changes happen. Therefore, switch
detection is entirely implicit.

Equivalent formulations

The conditions (7.7) are given in their sparsest form. Due to the non-negativity
of A,, and ©,,, there are many equivalent formulations of this condition, e.g.,
all conditions above can be summed up for a single finite element or even for
all finite elements on the regarded control interval. Moreover, instead of the
component-wise products in 0, ,,, and Ay n,/, we can use the inner products of
these vectors. Thus, we use a more compact form of (7.7), where we combine
the conditions for two neighboring finite elements. The motivation for this is
that we end up, together with Zgig h, = T, with the same number of new
conditions as we have new degrees of freedom by varying h,,. The conditions
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read as:

CTVcross (G)a A) =

Ms Ns T MNs Ns T
Zm:l 77/:07 90,m/\0,7H’ + Zm:l 'm/:()7 Hl,m)\l,m’
' m ' (7.9)

Mg Ms T Ns Mg T
Zm:l m’=0, eNFE72,m)\NFE*2;m/ + Zm:l m’=0, HNFEfl,m)\NFE*Lm/
m’'#m m’'#£m

7.2.4 Step size equilibration

If no switches happen, i.e., the active sets Z,, do not change between two
neighboring finite elements, then the cross complementarity conditions in (7.9)
are trivially satisfied. This yields spurious degrees of freedom in the step-sizes
hy, and the optimizer can adapt the grid in an undesirable way and harm the
discretization accuracy. Also, the path-constraint discretization can be exploited
unfavorably, just to decrease the objective value. To resolve this problem, we
introduce step equilibration conditions.

The step size should only change if a switch occurs and otherwise be constant.
Consequently, we obtain a piecewise uniform discretization grid for the
differential and algebraic states on the regarded control interval. This decouples
the integrator accuracy from the optimizer and results in piecewise equidistant
discretization grids between the switches. To accomplish this, we derive an
indicator function that is zero only if a switch occurs, otherwise, its value is
strictly positive.

If some \;(t,,) is equal to zero and its left or right time derivative is nonzero, then
an active-set change has occurred. Instead of looking at the time derivatives, in
the discrete-time case, we exploit the non-negativity of A, ,, and the fact that
the active set is fixed for the whole finite element (due to cross complementarity,
cf. Lemma 7.2). For n € {1,..., Npg — 1}, we define the following backward
and forward sums of the stage values over the finite elements [t,_1,t,] and
[tn, tnta:

Ny
B _ DN E
o, = E /\n—l,ma o, = /\n,m-
m=0

They are zero when the left and right time derivatives are zero, respectively.
Likewise, they are positive when the left and right time derivatives are nonzero.
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Analogously, the sums for 6, ,,, are defined as:

ng ng
0,B § 0,F § :

o, = anfl,m7 o, = 9n,m~
m=1 m=1

Additionally, we define the following vectors for all n € {1,..., Npg — 1}:

7l = diag(o?B)o 0.

) = diag(0)®)or) 0

n

If there is an active-set change in the i-th complementarity pair, then at most
one of the i-th components of o}*® and o' is nonzero, hence their product,
i.e., the i-th component of ), is zero. Due to complementarity, the same holds
for 7%. For sliding modes the corresponding components of 7} are zero, and of
7%, they are positive (due to complementarity). Thus, the i-th component of

Up, = 772 + wz,
is only zero if there is an active-set change in the i-th complementarity pair at

t,. A function that has the desired properties is defined as:

ns

(0, A) = [ (vn)s.

i=1

This scalar function summarizes the effects of all components. It is zero only
if an active-set change happens at the boundary point ¢, and is otherwise
strictly positive. Finally, the constraints that remove possible spurious degrees
of freedom in h,, read as:

(h1 = ho)m (©,A)
0=Cloq(h, ©, A, T):= : . (7.10)
(hNFE—l - hNFE—Q)nNFE—l((a’A)

Since many products are involved in 7, (@, A), one can replace it by 7, (©, A) =
tanh(n,(©, A)) to have a better scaling. A numerical example illustrating the
effect of the step equilibration is given in Subsection 7.5.2.

7.2.5 The FESD discretization

Now we have all ingredients to extend the standard RK discretization (7.4) to
the FESD discretization. We use a discrete-time representation:

1= Flesa(Z), (7.11a)
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OZGfeSd(Z,h, SOanT)v (711b)

where Fiesq(X) = & Ny 18 the state transition map and Gresa (%, h, Z, ¢, T') collects
all other internal computations including all RK steps within the regarded
control interval:

Gstd(z7 h> S0, q)

Geross @, A
Gfesd(z7h78()7q7T) = ( )

Geq(h,©,A)
Zgigil hn - T

For a fixed control function ¢, horizon length 7" and initial value sy, the
formulation (7.11) can be used as an integrator with exact switch detection
for PSS (6.1). Since Filippov DIs do not always have unique solutions, one
cannot expect uniqueness of solutions for their discrete-time counterparts (7.11)
in all cases. In simulation methods, a common approach is to either pick one
local solution obtained by the solver for the nonlinear complementarity problem
(7.11) or to enumerate all possible solutions at an active-set change [6, 250]. In
this thesis, we regard only the first option.

Note that in sliding modes, we implicitly obtain differential algebraic equations
of index 2, cf. Section 6.2.2. To achieve good accuracy in practice, it is usually
required to use stiffly accurate methods, e.g., Radau ITA methods [126].

Remark on RK methods with ¢, # 1

We outline how to extend the FESD method when an RK scheme with ¢, #
1 is regarded. In contrast to the developments so far, with ¢, # 1 the
variables A, n., fnn, do not correspond the boundary values A(t,+1) and
w(tns1) anymore, since ¢, + ¢, hy, < tp+1. We denote the boundary points in
this case by Ay n 41, fn,n.+1. They are computed from the KKT conditions of
LP(zp41) for n =0,... Npg — 2:

9(Tnt1) = Anna+1 — Hnngt1€
1—e"0nn.t1 =0. (7.12)
\Ij(en,ns+la )\n,ns+1)

Next, we replace (7.6) by the following continuity conditions for the discrete-time
versions of A and p for n =0,..., Npg — 1:

)\n,ns+l - )\n+1,0> Hn,ns+1 = Un+41,0- (713)

With slight abuse of notation, we add the new variables 6,, y_41, Ann.+1 and
fn.n.+1 to the vectors ®, A and M, respectively. The vector Z is redefined
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accordingly. The cross complementarity conditions (7.9) are now modified such
that next to the stage points, we include the boundary points with the index
ne + 1:

Gcross (G)a A) =

Mg ns+1 T s ns+1 5T
Zm:l m'=0, 90,m/\0,m’ + Zm:l m’'=0, 91,m>\1¢m’

m'#m m’#m

N ns+1 T s N T
Z’rn:l m’ =0, GNFE—Q,TVL)\NFE_27mI + ZmZI m’=0, GNFE—L’rn/\NFE—Lm/
m’#m m’#m

For the whole control time, we have in total (Npg — 1)(2n; 4+ 1) new variables.

7.3 Convergence theory of FESD for Stewart’s
reformulation

In this section, we present the main convergence result of the FESD
method. First, we prove that even though the FESD system (7.11) is always
overdetermined it still has a locally isolated solution. Second, we show that
the numerical solution approximation () generated by FESD converges to
a solution z(-) in the sense of Definition 6.1, with the same order that the
underlying RK method has for smooth ODEs. Additionally, we prove that the
numerical sensitivities converge to their correct values with high accuracy. The
theoretical results are illustrated with numerical examples.

7.3.1 Main assumptions

We start by introducing some notation and stating assumptions related to the
FESD formulation (7.11), which are useful for our theoretical study in this
section.

Assumption 7.3. (Runge-Kutta method) A Butcher tableau with the entries
a;j,bi and c;, i,j € {1,...,ng} related to an ns-stage Runge-Kutta (RK) method
is used in the FESD (7.11). Moreover, we assume that:

(a) If the same RK method is applied to the differential algebraic equation
(6.15) on an interval [tq,tp], it has a global accuracy of O(hP) for the
differential states.
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(b) The RK equations applied to (6.15) have a locally isolated solution for a
sufficiently small h,, > 0.

This assumption aims to consider a broad class of RK methods, and both
assumptions are standard [126]. For an introduction to RK methods, cf. Section
3.2 and references therein.

Assumption 7.4. (Solution existence) For given parameters so,q and T, there
exists a solution to the FESD problem (7.11), such that for alln € {0, ..., Npg—
1} it holds that h,, > 0.

This assumption means that there exists a meaningful solution and that we can
compute it. If the FESD method is used in direct optimal control, non-negativity
of the step sizes can easily be achieved by adding box constraints on h,,. This is
the strongest assumption we make in our theoretical study. Ideally, one would
prove the existence of solutions. Since the system is over-determined this cannot
be done straightforwardly by applying standard existence results [89]. As we
will show below, in practice numerical solvers have no trouble computing such
solutions.

We state a technical assumption that ensures regularity of the FESD
problem (7.11).

Assumption 7.5. (Regularity) Given the complementarity pairs
U(Onms An,m) =0, for alln € {0,... Npg — 1} there exists an m € {1,...,ns}
and i € {1,...,ns}, such that the strict complementarity property holds, i.e.,
On,m,i + Anmi > 0. Moreover, for the RK equations (7.3) it holds for all
n € {0,... Nrg—1}, that at least one entry of the vector Vy,, Gy (Tnt1, Zn, b, q)
18 monzero.

Once all stage values are computed by solving (7.11), we can use some
interpolation method to construct the solution approximation candidate in
continuous time, cf. Assumption 7.3. For example, if we use collocation-
based IRK methods continuous-time approximation &, (¢; h,) on every finite
element is easily obtained via Lagrange polynomials [126, 38]. We append the
approximation for every finite element and write

2h(t)

B (t; hn) i £ € [t tnya], (7.14)

where h = max,e(o,...Npg—1} ftn- Similarly, continuous-time representations can
be found for the algebraic variables, and we denote them compactly by M (1),
0,(t) and fup(t). Similar to the definitions in Section 6.2.3, the fixed active set
in this case is denoted by Z(2,(t)) =Z,, t € (fs,n, fs,nﬂ) and the active set at
switching point & ,, by Z(24(fs.n)) = Z0.
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7.3.2 Solutions of the FESD problem are locally isolated

In this subsection, we analyze some properties of solutions of the FESD
problem (7.11). Again, for ease of exposition, we regard ¢, = 1 and give
the extensions later. For the reader’s convenience, we restate the problem but
discard the trivial state transition map $1 = Fesd(Z) = TNy

Gstd(z7 h7 50,4, T)
Gcross(®7 A)

Gfesd(zah750aq7T) = Geq(h,Q,A) =0. (715)
S =T

For ease of reading, we summarize the definitions and dimensions of the most
relevant quantities:
 Degrees of freedom: Z = (x,V,0®,A, M) € R"2 h € RVre,

o Number of degrees of freedom: nz + Nrg, with nz = (Npg + 1)n, +
NrEngng + 2ng +ny,.

e Dimension of ® and A: ng = Nygnsny.

o Dimension of M: n, = Nygns,

o Parameters: (sg,q,T) € RMetnetl

o Standard RK equations: Ggq : R"2 x RVFE x R™ x R™ x R — R"Z,

o Cross complementarity: Gepogs : R™ x R™ — RNre—1

o Step equilibration: Geq : R™re x R x R™ — RNFE—1 and

o FESD equations: Gfesq : R"Z x RVFE x R x R™ x R — Rz +2Nre—1
The vectors sg € R™ g € R™ and T € R are given parameters, hence
we have nz + Nyg unknowns and nz + 2Npg — 1 equations. Consequently,
for Npg > 1, which we always assume in FESD, the system (7.15) is over-
determined. However, we show in the next theorem that for a given active
set Ngg — 1 equations in (7.15) are implicitly satisfied, and we always end
up with a square system. As a consequence, Eq. (7.15) has under reasonable
assumptions locally unique solutions. Nevertheless, since we do not know the

active set a priori, we can also not know which equations are binding and which
are implicitly satisfied and thus must regard all equations in (7.15).

Lemma 7.6 (Corollary 6.1 in [192]). Let A; € RF*™ and Ay € R™*9, then
rank(A;) + rank(As) — m < rank(A; As) < min(rank(A;), rank(As)).
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Theorem 7.7. Suppose that Assumptions 7.3, 7.4 and 7.5 hold. Let sqy, qo
and T > 0 be some fized parameters such that Geesa(Z*, h*, so,q,T) = 0. Let
P* CR™ x R™ x R be the set of all parameters (8o, g, T) such that Z € R"=,
which is the solution of Gitesa(Z,h, 80,4, T) = 0, has the same active set as
Z*. Additionally, suppose that Giesd(+) s continuously differentiable in so,q
and T for all (sg,q,T) € P*. Then there exists a neighborhood P C P* of
(s0,q0,T) such that there exist continuously differentiable single valued functions
Z*: P — R"2 gnd h* : P — RVre,

Proof. We regard the active sets for every finite element Z, for all n €
{0..., Ngg—1} that correspond to the solution (Z*, h*). First, we look closer at
the equatlons Geross(®*, A*) = 0 and Geq(h* ©*, A*) = 0. If two neighboring
finite elements have the same active set, i.e., Z,, = =T,41, then the (n+1)-th entry
of Geross(®*, A*) is implicitly satisfied due to the point-wise complementarity
conditions ¥(©,,,A,) =0 and ¥(0,,4+1,A,+1) = 0. Moreover, by construction
we have 7,41(0*, A*) > 0 and the (n + 1)-th entry of Geq(h*, ©@*, A*,T) =0
is binding, i.e., it implies hy ,; = h;;. On the other hand, if 7, #+ 7:'”+1, we
have by construction that 7,4+1(®*, A*) = 0 and then (n + 1)-th entry of
Geq(h*,©*, A", T) = 0 vanishes, i.e., is satisfied for any h; and h;,_ ;. However,
the (n 4+ 1)-th entry of Geross(®*, A*) = 0 is now binding, cf. Lemma 7.2.

We collect the binding ny cross complementarity conditions, with 0 < n; <
Npg — 1, in the equation G}, .. (©*, A*) =0, and the Nyg — 1 — ny implicitly
satisfied into G2 (©®*, A*) = 0. Likewise, we collect the binding ny step
equilibration conditions, with 1 < ny < Npg — 1, in G, (h*, ©7, A*)=0. The
remaining Ngg — 1 — no conditions are implicitly satisfied and are collected
in Gt’(h*,©*,A*) = 0. Note that n; +ny = Npg — 1. We highlight that

Zgi‘gil hy, — T is always binding.

We can further simplify our system of equations by eliminating some degrees
of freedom using G, (h*,®*,A*) = 0. All components of this vector are of
the form 7, (hy, — hpa1) with 5, > 0. Therefore, we have ns equations of the
form of h,, = h,4+1 and can remove ny degrees of freedom. Furthermore, we can
express any h; =T — Zg\f(f;zj h, and remove another degree of freedom. In
total we removed no + 1 degrees of freedom and can regard a reduced number of
unknown step-sizes, which we denote by h* € R™ ny = Npg — ng — 1. With a
slight abuse of notation, we redefine the standard RK equations accordingly and
obtain Ggq(Z*,h*, s, q, T) = 0 with Ggq : R"Z x R™ x R™ x R™ x R — R"Z,

To summarize, for a fixed active set we can rewrite (7.15) in a reduced form as

Gstd(Z*v fl*a 50,4, T)

Cross

G?esd(Z*7B*7507an) = = 0, (716)
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with Gf4(Z*,h*, sg,q,T) € R"2T"1 . These conditions imply

res * * * — GE?ZSS(G*’ A*) P

fesd(h 7® aA ) i Grezs(h*,@*,A*) - 07 (717)
with GE,(h*, ©*, A*) € RMre—1 Thus, for a given active set we can discard
(7.17) and regard only the equivalent reduced problem (7.16), which is a square
system of equations.

Next, we show that the Jacobian matrix V(Z,H)G’f"esd(z*, h*,s0,¢,7)" has full
rank. This enables us to apply the implicit function theorem (cf. [85, Theorem
1B.1]) and establish the result of this theorem. We take a closer look at the
matrix:

V(Z,ﬁ)C;?CSd(Z*? fl*a 50,4, T)T

_ vZc;std(Z*a flja 50,4, T)T VﬁGstd(Z*v B*v 50,4, T)T

B sz:ross(Z*ah*7307q,T)T VEG* (Z*vh*aso,an)T

Cross

Under Assumption 7.4, for a fixed active set and a fixed h) the
equation Ggq(Z*,h*,s0,¢,7) = 0 boils down to the RK equations for
the differential algebraic equation (6.15). Due to Assumption 7.3 the
RK system Ggq(Z*,h*, s9,¢,7) = 0 has a locally isolated solution. A
necessary and sufficient condition for this property is the invertibility of the
Jacobian VzGya(Z*, h*,50,q,T)" [85, Theorem 1B.8]. Thus, we have that
rank(Vz G 4 (Z*,h*,50,¢,T)T) = nz. Second, due to the block diagonal
structure of VG 4(Z*, h*,s0,¢,T) and Assumption 7.5 we can deduce that
rank(VBG};Sd(Z*,ﬁ*,so,q,T)T) = ny. Third, due to the nonegativity of
(®,A) and Assumption 7.5 by direct computation it can be verified that
rank(VzGhow(©,A)T) = ny and ViGlhow(©,A)T = 0.

Cross

We introduce more compact notation and summarize the results so far with:

o My =VzGua(Z*,h* 50,q,T)" € R"2%"Z with rank(M;) = nz
o My, = VEGStd(Z*,fl*,so,q,T)T € R"z*™ with rank(M3) = ny and
o M3 =VzGeross(®,A)T € RM*"2 with rank(M3) = n.

To show that v(z,ﬁ)G}kesd(Z*a h*,s0,¢,T7)" has a rank of ngz 4 n;, we show that

the linear system
M1 M2 vy 0
M3 0 w o
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with v € R"% and w € R™ has zero as the only solution.

From the first line in this linear system, we have that v = —MflMgw. Since
ngz > n1, from Lemma 7.6, we conclude that rank(M{lMg) = ny. Next, from
the second part of our linear system, we have that —Mng_lMg’U) = 0. Again,
using Lemma 7.6, we conclude that rank(MnglMg) = n,. Hence, we have
w = 0 and v = 0 to be the only solution of the regarded linear system. This

completes the proof. O

Remark 7.8. We note that one cannot apply more general forms of implicit
function theorems for generalized and nonsmooth equations [85]. They usually
require Lipschitz continuity of the solution map to reason about local uniqueness,
but the solution map for FESD is not continuous in general, but only piecewise
continuous.

Example 7.9. To illustrate the discontinuity of the solution map, we regard the
exzample of & € 2—sign(z)+a2, with Npg = 2, T = 0.2 and vary x¢ € [—0.7,0.1].
A solution approzimation is obtained via FESD based on the Radau ITA method
of order 3. Consider an initial value xg such that no switch occurs and a
perturbed initial value xo+ € where a single switch occurs on the time interval of
interest. Clearly, in the first case, we have an equidistant grid with hg = hy and
in the second case hg jumps to fs,1- We conclude that ho(xg) is not a Lipschitz
function, see Figure 7.4 for an illustration.

Extension for the case of ¢, # 1

In the case of ¢,  # 1, we need to solve the additional LP (7.12) to obtain
the boundary points. Note that if we have g;(zn+1) = minje s g;(2n41) for
more than one i, the variables 6, ,,,+1 are not unique and the LP(z,41) has
infinitely many solutions. However, these variables are neither used in the cross

Zo Zo

Figure 7.4: Tlustration of the discontinuity of the solution map of (7.15) for
the PSS & € 2 — sign(x) + 22 for T = 0.2 and Ngg = 2.
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complementarities nor step equilibration. Therefore, we can discard 6,, ,, 41 and
simplify (7.12) to:

Mg+l = 9(Tnt1) = fnn.t16,
An,ns-‘,-l Z 07

which has ny + 1 unknowns and ny equalities and ny inequalities for a given
Zn+1. Now suppose that the first mq components of A, , 41 are zero (e.g.,
implied by cross complementarity) and the remaining ms are strictly positive,
with my + mo = ny. We have that

9i(Tnt1) = fnnat1, o= 1,...,mq, (7.18a)
)‘n,ns-‘rl,i = O7 1= 1, ey, MMy, (718b)
)‘nﬂlle,j = gj(.%'nJrl) — Mn,ng+1, j= ng —msy +1,... yIf (7.18(})

As the first m; relations all assign the same value to ft, n. 41, We can discard
m1 — 1 of them and thus we end up with a system of m; +mo +1=n¢+1
equations and ny 4+ 1 unknowns. This system has still the important property
that fin n.+1 = min; g;(Tn4+1). With this simplification for an RK method with
¢n, # 1 we have ng = Npgnsnyg, ny = ng + (Neg — 1)ny. The new variables are
determined by the square linear system (7.18). Hence, it is straightforward to
extend Theorem 7.7 for the case of ¢,  # 1.

7.3.3 Convergence and order of FESD

In this subsection, we prove that under reasonable assumptions the sequence
of approximations £ (-) generated by the FESD method converges with high
order to a solution of (6.1) in the sense of Definition 6.1. Recall that h =
maX,e(o,..Nyp—1} fn- The proof is inspired by the proof of Theorem 4.3 in
[250]. We consider also ¢ = 0 as a switching point since at this time point the
active set for the first interval (ts,%s1) is determined.

Note that for generating solution approximations with FESD it is sufficient to
consider only two finite elements at a time, i.e., Npg = 2 in Eq. (7.15), and
then to append the solutions to construct &,(t), t € [0,T] via Eq. (7.14). This
requires of course to have only one switch in the regarded time interval, which
can always be achieved with a sufficiently small h. We define the set of all
discretization grid points as G = {to,t1,...,tNpg }-

Theorem 7.10. Let x(-) be a solution of (6.1) in the sense of Definition 6.1
fort € [0,T] with x(0) = z. Suppose the following is true:
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(a) The assumptions 6.6 and 6.12 are satisfied.
(b) The assumption 7.3, 7.4 and 7.5 hold for the FESD problem (7.11).
Then x(+) is a limit point of the sequence of approzimations &,(-), defined in Eq.

(7.14) as h | 0. Moreover, for sufficiently small h > 0, the solution of (7.11)
generates a solution approximation Iy (t) on [0,T) such that:

= O(hP) for everyn € {0,..., Now}, (7.19a)

|ts,n - ts,n

|24 (tn) — 2(ta)]| = O(RP), for allt, € G. (7.19b)

Proof. The proof will be carried out by induction, where we regard the
switching events with index n € {0,..., N} and the corresponding time
intervals (ts n,tsn+1), With a slight abuse of notation where ¢5 n,,4+1 = T is not
necessarily a switching point.

Regard n = 0, where we have trivially that t; o = 0, thus
lfs.0 = tsol = 0= O(hP), [|21(0) = 2(0)]| = 0 = O(AP).
Moreover, Z(xo) = Z(24(0)) = Z3.

Now we suppose (7.19) is true for n, i.e., at ¢ = t5,. We show that the
same statements are true for n + 1. By the induction hypothesis and due to
continuity of g;(x),i € J, we have that for sufficiently small h the equality
Z(#(ts.n)) = Z(x(tsn)) = Z9 holds. Moreover, by Lipschitz continuity of f;(z)
and Vg;(z),i € J, it follows that (cf. Section 6.2.4)

MI?l (i'h(fs,n)) - MIQL (x(ts,n)) as h ] 0.

According to Theorem 6.11 the solution of the LCP (6.19) corresponding to
Mzo (x(ts,)) determines the new index set Z,, = {i € Z} | f; > 0}. Moreover,
by Assumption 6.12 this LCP is strongly stable and due to Lemma 6.15, for
sufficiently small & > 0 the solution of the LCP corresponding Mzo (Zn(ts.n))
has a solution such that Z,, = {i € Z° | 6; > 0} = {i € Z° | ; > 0} = Z,,. Thus,
we conclude that both the solution approximation and the solution predicted
the same active set Z,, in a neighborhood of tAS,n and tg 5, respectively.

It is left to verify that such an active set Z,, predicted by the solution
approximation is indeed feasible for the FESD problem. Note that by the
induction hypothesis and the reasoning above the solution approximation and
z(-) have the same corresponding active set in a neighborhood of tg . For a
fixed active set, as a consequence of Proposition 6.7 the arising DAE (6.15)
has a unique solution. Finally, under this setting with the given active sets
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in a neighborhood of ¢ ,,, according to Theorem 7.7 there is a locally unique
solution to a FESD problem, thus we can construct an appropriate &j,(-).

Note that one can make arbitrarily many integration steps with a fixed Z,
before the next switch in time is reached. Again, due to Theorem 7.7, the
corresponding FESD problem has a locally unique solution.

Now we provide an error estimate for the solution approximation until the
next switching point. First, we define Z(¢) to be the exact extended solution
of the DAE (6.15) with the fixed active set Z,, on the interval t € [ts , ], with
Z(tsn) = (tsn) and ¢ > ts 1. Obviously, it holds that x(t) = Z(¢) for all
t € [tsn,tsnt1]. Second, from the discussions in Section 7.2.3 we know that
active-set changes can only happen at boundaries of the finite elements, thus it
holds that %, € G for all n € {0, ..., Nsw}. Third, by the induction hypothesis
we have ||Z7,(fs.n) — #(fs.n)|| = O(RP). As noted above, for a fixed active set Z,,
and fixed h,, the FESD equations boil down to standard RK equations applied
0 (6.15). Thus, from Assumption 7.3 we have the estimate

120 (Esnt1) = E(Esns1) | = O(RP). (7.20)

With the help of this estimate, in the next few steps we prove that |tAs7n+1 -
ts nt1| = O(hP). We distinguish two cases (see also Table 6.2):

I) crossing a discontinuity or entering a sliding mode, i.e., Z,, C Z(z(tsn+1))
and In+1 g I(I(ts,n-l—l))-

IT) a spontaneous switch or laving sliding mode, i.e., Z, = Z(z(ts n+1)) and
Tn+1 C Z(m(ts,n-‘rl))

Within Case I we need to distinguish the two scenarios: I.a. fs,nﬂ > tspt+1 and

Lb. ts ,n+1 < ts ,n+1-

Case La. Regard the following indices j € Z,, and i € Z(z(tsn+1)) \ Zn-
t

This means that ming g (z((tsnt1)) = gi(2(tsnt1)) = g5(@(ts,n41)) = plts,n+1)
holds and one can locally regard the following switching function

i (@(1)) = gi(x(t)) — g;(2(2)) = Ai(t) = A;(8).

Note that this function is Lipschitz continuous. It must by definition become
zero when an active-set change happens.

Due to the strict complementarity assumed in Assumption 6.12 (see also part 9
of the proof of [250, Theorem 4.3], and the remarks after Assumption 6.12) we
have at ¢, ,, that A j(tsns1) =0 and Ai (tsny1) < 0. Therefore, it holds that:

Yij(@(ts,nt1)) = 0, Eiﬁi,j(x(t;nﬂ)) <0. (7.21)
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Obviously, the same assertion holds for Z(t). Moreover, due to the smoothness
of Z(t), we have v, ;(Z(t)) < 0 for ¢t € (tsn11,tsnt1 + €) for some € > 0.

Similarly, for the solution approximation we have v; ;(Z4(t)) = gi(2n(t)) —
g;(&n(t)). Since tAs7n+1 > tsnt1, due to continuity of ¢; ;(-) and &,(-) it follows
that

R d .
Yij(Zn(tsnt1)) > 0 and awi,j(xh(ts,n-ﬁ-l)) <0.

Now from Lipschitz continuity of ; ;(-) and (7.20) we can establish that

| i, (Zn (2 sn+1)) Vi (Z(t sn+1)) | < Lyl|Zn(t sn+1) (ts nt1) |,
=0 <0 (7.22)

1 (E(ts,n1))| = O(RP).

Note that in contrast to v; ;(x(t)), the function v; ;(Z(t)) is smooth in a
neighborhood of ¢ 1. Thus, we regard the first-order Taylor approximation

of ¢l,]() at j(ts,n+1)~

Vi (2(t) = 11,5 (F(tsne1)) + %%,j(i(ts,n—&-l))(t tsnt1) +o(|t — s npal)-

Since ; j(Z(ts,n+1)) is decreasing, there exists some positive constant C, with
Ca < |45 j(Z(ts,n41)| such that for sufficiently small h and t € [tsn1, fsn+1]
it holds that

wi,j (j(t)) < 11[}727]' (i'(ts,n-i-l)) - Ca(t - ts,n+1)~

The arguments above are illustrated in the left plot of Figure 7.5. From
the last inequality and (7.22) at t = #,11 we have that ¥; ;(Z(tsnt1)) < 0,
)i j(Z(ts,n+1)) = 0 and conclude that

tsn+1 — tsnt1 < O(hP). (7.23)

This completes the consideration of case I.a.

Case I.b. We apply similar arguments as in I.a. Under the assumption of
tsnt1 < tsnt1, following similar lines as in the proof of [250, Theorem 4.3], we
first prove ts 41 — tsn+1 and establish subsequently the convergence rate.

Regard the set H = {h > 0 | tASynH < tsm+1}. By the assumption of case I.b
and the induction hypothesis, it holds that #s, 11 € [fsn,tsni1]. Since this
is a bounded set, there must be a subsequence H' C H with h | 0 such that
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Figure 7.5: The left plot shows an illustration of the argument of Case l.a:
tAS,n_H > tsn+1 and the right plot shows an illustration of the argument of Case
Ib: £S7n+1 < tn41, for establishing \tAS,nH —tsmt1| = O(RP).

tsn+1 — t. We show now that ¢ = £ ,,;. We regard again the function v; ;(-)
for some j € Z,, and i € Z(x(ts nt1)) \ In

i (2(t) = gi(x(t)) — g;(2(2)),

which becomes zero at an active-set change and is positive otherwise.
Similarly, active-set changes for the solution approximation happen when
)i j(Zn(tsnt1)) = 0. We remind the reader that earlier it was shown that
7, =T,.

By taking h | 0 and h € H' from (7.20) it follows that ¢, ;(z(¢)) = 0. By
the definition of a switching point, there must be a i ¢ Z,,, but i € Z(z(t)).
However, this contradicts the assumption that Z(x(t)) = Z, for ¢t € (tsn,tsnt1)

)

and we conclude that ¢ & (s n,tsni1)-

On the other hand at t¢,, due to strict complementarity in the active-
set determining LCP (cf. Theorem6.11 and Assumption 6.12), if some
i € Z(x(ts,n)) \ Zp, and j € Z,,, we know that

() = 0i(a12,)) — g5((t5,) > 0.

Due to continuity of the functions g¢;(-),7 € J, and the induction hypothesis,
there exists some € > 0 such that

d

—(9:(@n(1)) — gj(@n(t)) > 0 for t € [t n,tsn + €.
dt
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However, when a switch happens the derivative in the last line must be negative
at t (cf. Remark 6.10), thus Zs 11 > s, +¢, ie., with h | 0,h € H', £ > tsn te
This means that ¢ # ¢, and the only option that is left is ts nt1 — b =tsnt1
ash ] 0,he H.

Now we continue with establishing the convergence rate for fg nt+1 = tsnt1
From tASJH_l < ts n+1 we have from the definition of v; ;(-) that v, ;(z x(t 1)) >
0 and ; ; (:fch(tAS,nH)) = 0. Using the fact that :E(tAs_rnH) = .T(tsﬁn+1) and (7.20)
we have

W)lj( ( an+1))| Ww( ( s n+1)) - ¢i,j(§3h(£sm+l))‘
< Ly||@(ts,ns1) = Zn(Es )]l = O(RP).

We again use a first-order expansion (an illustration of the argument is given in
the right plot of Figure 7.5):

wi,j( ( )) wl,]( ( s n+1)) + wz,]( ( s n+l))(t - fs,n-‘rl) + 0(|t - Es,n-‘rll)-

Once again due to assumption 6.1?7 we have that %1/1,;7]' (z(ts,;n+1)) < 0. Note
that dt Zj(x(t;n+1)) < 0. From tg 41 — tsnt1 and continuity of ¢; ;(-) it
follows that for sufficiently small h > 0:

wm( ( bn+1)) <0.

Using similar reasoning as in case L.a., there exists some Cj > 0 such that from
the last equation at t = 5,41 it follows 0 < O(hP) — Cp(ts 1 — tAsm_H), ie.,

toms1 — tsni1 < O(hP). (7.24)

Putting (7.23) and (7.24) together, we obtain the first part of the induction
statement, i.e.,

‘ts,n-ﬁ—l - £s7n+1| = O(h;ﬂ) (725)

Case II.. Next, we consider the case of Z,, = Igﬂ, which may happen under
the assumptions of this theorem when z(-) is not unique, as discussed below.
This part of the proof follows closely (with appropriate modifications) the lines
of part 8 of the proof of [250][Theorem 4.3].

By thg induction hypothesis we have Z0 = 7:'2 and it was shown above that
I, = 1,. By Assumption 6.12 the LCP(Mz, o(%(tsn)), —e€) is strongly stable.
Let (w*,0*) € SOL(Mz, o(z(tsn)), —€) and due to Assumption 6.12 it holds

s
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that @* 4 6* > 0. From Theorem 6.11 we have Z,, = {i | 67 > 0}. Due to the
induction hypothesis, Lipschitz continuity and (7.20) we have Mz, o (25 (fs.n)) —
Mz, o(x(ts,n)) as h | 0. All assumptions of Lemma 6.14 are satisfied and it
follows that the corresponding LCPs that predict the new active set (cf. Theorem
6.11) have the same number of solutions, i.e.,

ISOL(Mz, o(x(tsn)), —€)| = |[SOL(Mz, o(21(tsn)), —€)| = Neol-

Since Assumption 6.12 holds, one can apply Lemma 6.16 to the
LCP(Mz, o(x(tsn)), —e) and conclude that for all ¢ € [tsn,tsnt1] it holds
that

|ISOL(Mz, o(x(t)), —€)| = Neor.

Since Z,, = ZPL_H at t = ts.n41 We have

n

|SOL(MI°+1,a($(ts,n+1))v —€)| = Nsar.

Recall that other possible switching cases where Z,, # Z0 41 are covered in
Case I. We must now distinguish two cases: either SOL(Mz, o (x(ts,n)), —€) is
a singleton or not. It is certainly not an empty set as all entries of the matrix
Mz, o are positive for a sufficiency large a > 0 and thus this matrix is strictly
copositive. This is a sufficient condition for the set SOL(Mz, o(z(tsn), —€)) to
be nonempty [250, Theorem 3.6].

In case LCP(Mz, o(%(ts5)), —€) has a unique solution (10*(tsn), 0* (ts.n)) with
T, = {i] 0*(tsn) > 0}, it can be deduced from Lemma 6.16 that the LCP given
by LCP(MIgH’a(x(tS,n_H)), —e) has as well a unique solution with Z,, 11 = {i |

0*(tsny1) > 0} = Z,,. This contradicts the definition of a switching point, cf.
Definition 6.1. Hence, we conclude that |[SOL(Mzo . (z(t)),—e)| > 1 for all

nt10
te [ts,'ru ts,nJrl] .

Note that, with a slight abuse from notation, it follows from the reasoning above
that any t* € [tsn,tsn+1] can be a switching point. Therefore, whenever the
active-set change in the FESD problem occurs at tAsynH, we can simply choose
t* = tASynH. Hence, we obtain |ts,4+1 — tAs,n+1| =0 = O(h?) and this completes
the considerations of Case II.

To complete the induction step it is left to prove that (7.19b) holds for ¢ = fsm_H.
For fs,41 < tsnt1 we have Z(tsni1) = #(fsnp1) and the assertion follows
directly from (7.20). Note that for any other ¢, € G that is not a switching
point (7.19b) follows immediately from Assumption 7.3.
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It is left to investigate the case of fs,n_H > tsn+1. Using Lipschitz continuity of
z(-), Z(-), the fact that Z(tsnt+1) = z(ts,nt1) and (7.25) one obtains

Hih(fs,nﬂ) - x(fs,nJrl)” < ”i'h(fs,nJrl) - *%(LtS,nJrl)” + va(ts’nJrl) - x(fs,nﬂ)”
+ ||j(£s>n+1) - JYj'(ts,nJrl)|| < O(hp) + (Lm + L:i’)|ts,n+1 - £s7n+1| = O(hp)

Moreover, from Lipschitz continuity of g¢;(-),i € J and the last inequality
for sufficiently small A > 0 we have that Z(x(ts,+1)) = Z(2(tsn+1)), which
completes the induction step for n + 1. With the use of an interpolation scheme,
from (7.19) it follows that we can make a continuous-time approximation &y, (%)
for t € [0, 7] with the accuracy O(hP), 1 < p < p for t ¢ G. Therefore, it follows
that the sequence of approximations Z,(t) generated by the FESD method
converges to a solution z(t) in the sense of Definition 6.1 for ¢t € [0,T]. The
proof is completed. O

In the proof of Theorem 7.10, we establish that both the solution approximation
Zr(t) and exact solution z(t) predict the same new active set at switching
points. Thereby, we make use of Theorem 6.11, which in turn is applicable if
Assumption 6.12 holds. As discussed in Section 6.2.3, this assumption does not
hold for the cases of a unique leaving of a sliding mode as in case (d) of Example
6.8. Consequently, we cannot apply Theorem 6.11 to predict Z,, with the data
at ts,. The solution is to construct an LCP based on higher order derivatives
of A, which enables one to predict the new active set in case of leaving sliding
mode, cf. Remark 6.10. Such an extension is beyond the scope of this thesis,
but we refer the interested reader to [251, Section 4.2].

7.3.4 lllustrating the integration order

In section 4.2.5, we investigated the order of accuracy of standard integration
methods on the example in Eq. (4.4). Now we illustrate the results of Theorem
7.10 for several RK schemes on the same example, which we restate for the
reader’s convenience:

i:{Aw,ﬂ@<L

7.26
Ay, 23> 1, (7.26)

with
1 2m 1 27
Al:{—% 1}"42:[277 1]’

and x(0) = (e71,0). Figure 4.8 illustrates the solution of this IVP. We compare
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Figure 7.6: Integration error E(T) = ||z(T) — Zn(T)|| vs. the step-step size
h for different RK methods: standard (left plot) vs. FESD (right plot). The
legend provides the name of the used RK method and its order of the global
integration error.

the results obtained via FESD to the ones obtained with the standard RK
discretization from Section 7.2.1. More information on standard RK methods
for DAE can be found in Section 3.2.1. Following Section 6.2, we can write
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Method Global error estimate
Radau ITA 721
Gauss-Legendre h2ns
Lobatto IITA ;2ns—2
Explicit RK s

Table 7.1: List of analyzed RK methods and their accuracy order for ODE [126].
Note that for Explicit-RK methods the assertion in the table is true for ng < 4,
otherwise p < ns.

(7.26) in the form of the DCS (6.8), where:
F(SC) = [Alm A2m] ’ g(l‘) = (C(.I), 76(1')3

where g(x) is obtained via Eq. (6.14). We compare the global integration
error E(T) = ||z(T) — &,(T)|| obtained with different methods. More precisely,
we regard solution approximations to this IVP obtained by standard explicit
and implicit RK methods (7.4) and FESD (7.11) with Nyg = 2 and different
step-sizes. Both integration methods are implemented in nosnoc. Table 3.1
summarize the accuracy order for few commonly used RK methods. Here, we
list in Table 7.1 the RK methods considered in the numerical example, together
with their order. In the case of explicit methods, we consider the one with
ne < 4.

Several other IRK methods are available in nosnoc, but we omit the full
comparison for brevity. The nominal step h size is obtained by dividing T’
by the number of simulation steps Ng,. We take an irrational number for
T = 7 so that {5 = 1 never coincides with a finite element boundary. Therefore,
we avoid accidental switch detection via the discretization grid for standard
discretization.

The numerical error as a function of the step-sizes for the RK and FESD
methods from Table 7.1 are depicted in Figure 7.6. We can see that the
standard discretization achieves in all cases only first-order accuracy (left plots),
which is consistent with the experiments from Section 4.2.5. On the other
hand, the FESD method recovers always the high accuracy order that the
underlying RK method has for smooth ODE (right plots). This verifies the
result of Theorem 7.10 in practice and demonstrates how FESD can be used
as an event-based integrator without an external switch detection procedure.
The saturation in the right plots of some high-accuracy methods is due to the
round-off errors in floating point arithmetic which limit the possible accuracy
on a computer.
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7.3.5 Convergence of discrete-time sensitivities

Numerical sensitivities are a crucial ingredient for computing stationary points
and verifying their optimality in direct optimal control. Here we denote them
by S¥(t;0,x0) or sometimes more compactly by S} (¢, zo).

As extensively discussed in Section 5.2, a fundamental limitation of standard
discretization methods for nonsmooth systems is that S¥(t, ) /4 S*(t, o) as
h | 0. In direct optimal control, this can cause convergence to artificial stationary
points arbitrarily close to the initialization point [203, 259]. Fortunately, the
sensitivities of solutions generated by the FESD method converge to correct
values (cf. Subsection 3.2.2). This is shown in the next theorem, but before we
state it, we make one more assumption on the time derivatives of the solution
approximation.

Assumption 7.11. (RK derivatives) Regard the RK methods from Assumption
7.3 applied to the differential algebraic equations (6.15). Suppose that the
derivatives of the numerical approximation for the same RK method converge
with order 1 < q < p, i.e., ||Zn(t) — &(t)] = O(h?), t € G.

The aim of the assumption about the convergence of the derivatives of the
numerical approximation is to cover a broad class of RK methods, and the
value of ¢ depends on the specific choice of an RK method. For example,
for collocation-based implicit RK methods for ODE in general it holds that
g = p— 1 [124, Theorem 7.10]. More specifically, methods that contain the
boundary point of a finite element denoted by ¢, that is ¢,, = 1 satisfy p = ¢.
This assertion follows directly from Lipschitz continuity and the fact that the
numerical approximations satisfy the ODE at every stage point:

[2n () — 2@ = /i@ (@) = filz@))|] < Ly (|12a(t) — z(@)[| = O(R).
Theorem 7.12 (Convergence to exact sensitivities). Suppose the assumptions
of Theorem 7.10 and Assumption 7.11 hold. Assume that a single active-set
change happens at time ts ,,, i.e., ||| — |Zn41]] < 1,n € {0,... Ngw}. Then for
h 1 0 it holds that S§(t,xo) — S*(t,x0) with the convergence rate

|SE(t, o) — ST(t, 20)|| = O(h9), forallt €gG. (7.27)

Proof. Regard partition of [0,T]: 0 < t; < -++ < f < --- < tn, < T such
that in the open interval between every two neighboring points there is a single
switching point with Ny > Ngw. Then by the chain rule, we have

S"L(T, 0, l‘o) = SI(T7 ka,w(ka)) T Sx(£k+1;t~k,$(t~k)) s Sw(fl;O,xO).
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Without loss of generality we can assume that on [0,7;] a single switch occurs
at ts € (0,#;). We show convergence of the sensitivities on this interval.
Convergence on [0, T] follows by inductively applying the same arguments on
every sub-interval [ty t41].

Regard the two smooth pieces of the approximation & (t): ) Eh.1(t, o) for
t < ts and, 2) 25, 2(f, yo (o)) where yo(z0) = Z1,2(0, yo(z0)) = ( o). With
this definition, we have for ¢ > tg

Zna(t — bs, yo(20)) = 2a(t, o). (7.28)

From Theorem 7.10 we know that |f; — ts| = O(hP). Obviously, the value of i
depends on xg and we know from Theorem 7.10 that we obtain implicitly at a
switching point the condition

Vg (@n1 (Es(20), 20)) = gi(@n,1 (Es(20), 20)) — g5 (@n,1(Es(w0), 20)) = 0, (7.29)
where i ¢ 7y, i € Z; and j € Zy.
For computing S$%(-) on [fs, ;] from Eq. (7.28) we have

Oz (t, O%p.o(t — ts(z0), . R .
Tnltozo) _ OFnalt = teleo): yo@0)) _ 4+ £ (mg), yo(0)) Vi) T
Oz Oxo

~

n 0z 2(t — ts(20), yo(zo)) v
Yo

moyO(IO)-
(7.30)
Next, we compute the expressions for the two unknowns V,,ts(zo)" and
Vzo¥o(z0). Denote by S,f’l(t; 0,79) = %w(z@“). Using the implicit function
theorem for (7.29), we can compute
Vi j(@n (Es(@0), 20)) T S7 1 (B, 20)
Vi (n1 (Es(20), 20)) T2 (Es(wo), 20)

At t = £, we exploit the fact that 21, 2(0,y0(z0)) = yo(w0) = 1.1 (ts, z0), thus

5':zzh 1( (l'o) Io)
81‘0

Vzo S(CL'O)—r = - (731)

Vaoyo(@o) = = 2p,1(Es(20), 20) Vo bs (w0) T + S 1 (Es; o).

Combing the last line with (7.31) we obtain

_ dnalls(@0),20) Ve (@na (s (@) 2o) | gz
V5 (@ (B (20), 20)) Tna (Fs(w0), 20) |

vwoyo (.’1?0) =
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We are interested in 78”5(;?0) when ¢ | f;. Note that aih'2(t7%§z°)’y°(m)) — 11
as t | ts. Thus from (7.30), (7.31) and (7.32) one obtains

Oxp(tF; o) A Oxp(t7;w0)

= Jn(@n(Ls; ith
Dirg In(Zn(ls; o)) P wi
. . L, (139
S (5, 20) — n(F7, 20)) Vb (@ (65
Jh(i'h(ts;xo)) = | T+ (Sﬂh( s 71'0) IA'h(AS_7:L'O))T§z) »]A(_xh( s IIZ'()))
Vi j(&n(ts , x0)) T Zn(ts , o)
By the chain rule, we have that for ¢ > &,
Sy(t;zo) = Sk o (615, y0) Jn (@ (fs; 20)) S 4 (85730, o). (7.34)

First, note that for a fixed active set, the FESD equations for &, 1 (¢, zo) and
Zn,2(t,y0) boil down to RK equations for the DAE (6.15) with fixed step-size
Iy, cf. Theorem 7.7. Differentiating the RK equations to obtain S;’f() results
in the same RK method applied to the variational differential equations of the
system at hand. Thus, the numerical sensitivities converge in this setting to the
continuous-time sensitivities with the same accuracy O(hP) as for the solution
of the system [7].

Second, as h | 0, due to assumption of this theorem, in jh(a?h(fs;xo)) the
functions #y,(t) converge to f(x(t)) with order ¢. Due to Theorem 7.10, all other
terms converge with order p. Thus, ||J, (&4 (ts; 70)) — J(z(ts; 0))|| = O(R).

Summarizing the last two arguments and applying them inductively for every
active-set change, we conclude that S7(t;z9) — S*(t;x0) as h | 0 with the
order ¢ = min(p, q). This completes the proof. O

The only restrictive assumption we make is that a single active-set change
happens at a time. For multiple simultaneous switches, the derivation becomes
quite involved even in continuous-time case [94]. Hence, we made this assumption
for simplicity. We proceed by illustrating the results Theorem 7.12 in a numerical
example.

7.3.6 lllustration of numerical sensitivity convergence

In Section 5.2, we showed that standard methods fail even on simple examples
due to the wrong numerical sensitivities. To demonstrate the improvements in
FESD compared to standard methods, we repeat the three experiments from
Section 5.2.5.
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Figure 7.7: Value of the objective functions Vi(z¢) for the smoothed MPCC (left),
and V;(x¢) for the relaxed MPCC (right), for several values of the homotopy
parameter o.

The goal was to numerically solve the OCP:

xoe&i{})w /0 x(t)? dt + (z(2) — 5/3)* (7.35a)
st 2(0) = o, (7.35b)
x(t) € 2 —sign(x(t)), t € [0,2]. (7.35¢)

Denote by Vi(xzg) be the objective value for the unique feasible trajectory
starting at z(0) = xo.

In the first experiment, we evaluate V(xy) by simulating the trajectory of
(7.35¢) for various xy with FESD (7.11). Same as in Section 5.2.5, we pick the
Gauss-Legendre fourth-order with ng = 2 and Npg = 20. Figure 7.7 shows the
results for using a Scholtes relaxation and smoothing approach while solving
the FESD MPCC problem. In contrast to a standard approach (cf. Figure 5.3),
both the derivatives and function values converge to the exact value, and no
artificial local minima appear.

In the second experiment, we solve the OCP (7.35) for different initial guesses
zo and different starting values of the relaxation parameter 3. The MPCCs
are solved with a relaxation homotopy approach, where three different values of
the initial homotopy parameter oy of 1, 107!, and 10~%. The initial guess for
the arising MPCC is obtained from a forward simulation of (7.35¢) with the
same method and grid as in the discretized OCP. The final o is always 1078
and the homotopy parameter is updated via the rule: 0,41 = 0.10,, and n is
the number of the problem in the sequence. Similar to Section 5.2.5, this is
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Figure 7.8: Value of the optimal solution xf against different initial values xg
for which an initial feasible solution guess was computed. The MPCC is solved
by a relaxation method for different initial values of o. The left plot is for
Nyg = 20, the middle for Ngpg = 40 and the right plot for Nyg = 100.

done for Npg = 20, Npg = 40 and Npg = 100. The results are depicted in
Figure 7.8. The few outliers correspond to problem instances where IPOPT did
not converge. Remarkably, the FESD solution matches the analytic solution
for all z(, regardless of the initial o and initialization point. In contrast to the
standard approach (cf. Figure 5.4), FESD converges to the unique true solution
and does not get stuck at artificial local solutions. This highlights that the
numerical sensitivities converge to the true ones, as shown in Theorem 7.12.

In the last experiment, we solve a sequence of NLP in a homotopy procedure,
where o is decreased via the rule 0,41 = 0.10,, and 0¢p = 1. We also compute the
solution obtained by a single NLP solve with a fixed o,,. Again, the experiment
is carried out for Nyg = 20, Ngg = 40, and Ngg = 100. Figure 7.9 shows from
left to right the results for Ngg = 20, Npg = 40 and Ngg = 100, respectively.
Moreover, we plot the solutions obtained by the standard RK discretization. In
the standard case, the homotopy approach led to slightly better results but still
with large errors, cf. Figure 5.5. With FESD, both strategies converge to the
exact solution for all step sizes, because the derivatives are correct. Nevertheless,
in practice, the homotopy strategy yields faster and more reliable convergence
than a single NLP solve.

The experiments above demonstrate the superiority of FESD to standard
discretization even in a simple example. Remarkably, Figures 7.9 and 7.8
suggest that FESD seems to be well-behaved also on the intermediate relaxed
problems, in the sense that the accuracy is high, and the numerical sensitivities
are correct. This is not covered by our theoretical analysis but might be very
useful for real-time algorithms that solve the OCPs for larger final values of
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Figure 7.9: Distance of numerically computed optimal solution xf, obtained
with FESD and the standard discretization, to the analytic solution g, for
different o. The left plot is for Ngg = 20, the middle for Ngg = 40 and the right
plot for Ngg = 100.

the homotopy parameters. Moreover, the experiments show a less surprising
fact, i.e., that a homotopy with a larger initial oy usually converges more
reliably [159, 237].

7.4 FESD for the Heaviside step representation

We follow now similar lines as in Section 7.2 and start with the RK
discretization for the step reformulation DCS. We subsequently introduce
the cross complementarity and step equilibration conditions also for this
formulation. The section finishes with a summary of the FESD method for the
step reformulation.

7.4.1 Standard Runge-Kutta discretization

As a starting point in our analysis, we regard a standard RK discretization of
the DCS (6.44), which we restate for the readers’ convenience:

&= F(z,u)0, (7.36a)

Ny

148 (20, — 1 ,
0 =] ( 73(20‘3 )), forall i € J, (7.36b)

Jj=1
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P(z) = AP = A%, (7.36¢)
0< A" 1L a>0, (7.36d)
0<ANWle—a>0. (7.36¢)

For ease of notation, we work with the nonsmooth DAE formulation of the DCS
(6.46), which restate for convenience

&= F(x,u)0, (7.37a)
0=G(z,0,a, P, \") (7.37b)

In the sequel, one should keep in mind that (7.37b) collects all algebraic equations
including the complementarity conditions (6.44d)-(6.44e).

We regard a single control interval [0,7] with a constant externally chosen
control input g € R™, i.e., we set u(t) = ¢ for ¢t € [0,T]. In Section 7.5, we will
treat the discretization of OCPs with multiple control intervals. Let x(0) = s
be the initial value. The control interval [0, T is divided into Npg finite elements
[tn, tnt1] via the grid points 0 =ty < t1 < ... < typy = 7. On each of the finite
elements we regard an ng-stage Runge-Kutta method which is characterized
by the Butcher tableau entries a; j,b; and ¢; with ¢, € {1,...,ns} [126]. The
step-sizes read as h, =tp,4+1 —t,, n=0,..., Ngg — 1. The approximation of
the differential state at the grid points ¢,, is denoted by x,, ~ x(t,).

We regard the differential representation of the Runge-Kutta method. Thus,

the derivatives of states at the stage points ¢, ; = t, + cihp, ¢ = 1,..., 04,
are degrees of freedom. For a single finite element, we summarize them
in the vector V,, == (vp1,...,0nn,) € R™". The stage values for the
algebraic variables are collected in the vectors: O, == (05 1,...,0p.n,) € R™7F
Ap = (s np,) € R™™e AP = (A} ,...,Ah, ) € R™™ and
AL = (A gse 5 A, ) € R

We collect all internal variables in the vector Z, = (24, O, Ap, AL AL V,).
The vector z2¢*" denotes the state value at ¢, 1, which is obtained after a single
integration step. Now, we can state the RK equations for the DCS (7.37) for a
single finite element as

0 = Guc(23™ Zp, hny q) = (7.38)
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Un,1—F(2n + hy, Z}il a1,jVn,j,4q)0n 1

Ng
Unn, = F(@n + hn 30524 G, j0n,55q)0n,n,
G(zp + hn 32520 a1,j0n5, 00,15 G 1, Ay 15 A 1)

s n
G(xp+hy, Ej;lans,jvmh Onnes Onyngs AR s /\n,ns)
next n
ot —xpy — hp Y00 bivn

1=

Next, we summarize the equations for all Ngg finite elements over the
entire interval [0,7] in a discrete-time system format. To make it more
manageable, we use some additional shorthand notation and group all variables
of all finite elements for a single control interval into the following vectors:
X = (20, s TNp) € RIVFEFDR W — (Vi . V1) € RNFB™Te and
h := (ho,...,hnps—1) € RVFE. Recall that the simple continuity condition
Tpt1 = o2 holds. We collect the stage values of the Filippov multipliers
in the vector ® = (Og,...,Onpz—1) € R™ and ng = Npgnsnyg. Similarly,
we group the stage values of the algebraic variables specific to the step
representation in vectors A, AP, A" € R"> where n, = Npgnsn.. Finally,
we collect all internal variables in the vector Z = (x,V,0, A, AP, A") € R"Z,
where nz = (Npg + 1)ng + Nrgnsng + ng + 3nq.

All computations over a single control interval of the standard discretization
(denoted by the subscript std in the corresponding functions) are summarized
in the following equations:

$1="Fista(Z), (7.39a)
0=Gsa(Z,h, so,q), (7.39b)
where s; € R™ is the approximation of z(T") and
Fia(Z) = Nep,

o — So
Grk($17 ZO? h07 q)
Gstd(z7ha 807q) = .

Grk(:CNFEm ZNFE717 hNFE*l? q)

In (7.39), h is a given parameter and implicitly fixes the discretization grid. In
contrast to standard RK discretizations, we will now proceed by letting h be
degrees of freedom and introduce the cross-complementarity conditions for the
step reformulation.



FESD FOR THE HEAVISIDE STEP REPRESENTATION 221

7.4.2 Cross complementarity

For ease of exposition, suppose that the underlying RK scheme satisfies ¢, = 1,
e.g., this holds for Radau and Lobatto schemes [126]. This means that the right
boundary point of a finite element is a stage point, since t,,4+1 = t,, + cp hpn. We
provide extensions for ¢, # 1, at the end of the section.

The goal is to derive additional constraints that will allow active-set changes
only at the boundary of a finite element. Moreover, in this case, the step-size h,,
should adapt such that the switch is detected exactly. Recall that for the step
reformulation at every stage point we have the complementarity conditions:

0<\m L anm=>0, n=1,...,Negg,m=1,...,ng, (7.40a)

0<Ah . Le—anm >0, n=1,...,Npg,m=1,... ng. (7.40Db)

As a first step, we exploit the continuity of the Lagrange multipliers AP and
A" cf. Section 6.3.4. We regard the boundary values of the approximation of
AP and A" on an interval [t,,t,11]. They are denoted by A} o, Ap o (which we
define blow) at ¢, and AP AR at tyag.

n,ng’ ‘n,ng
Next, we impose a continuity condition for the discrete-time versions of AP and
A" for all m € {0,..., Nyg — 1}:

p __\p n __\n
A +1,0 — /\n,ns7 )‘n+170 =A

n n,ns*

(7.41)

Note that Aj, and Af, are not defined via Eq. (7.41), as we do not have a
preceding finite element for n = 0. Nevertheless, they are crucial for determining
the active set in the first finite element. They are not degrees of freedom
but parameters determined by a given zy. Using equation (6.35) we obtain

Abo = max(¢(z0),0) and Af o = —min(¢(x0), 0).

We have seen in Section 6.3.4 that, due to continuity, A\’ (¢) and A?(¢) must be
zero at an active set change. Moreover, on an interval ¢ € (t,,, t,+1) with a fixed
active set, the components of these multipliers are either zero or positive on
the whole interval. The discrete-time counterparts, i.e., the stage values A} |,
and AP should satisfy these properties as well. We achieve these goals via the

n,m

cross complementarity conditions, which read for all n € {0,..., Npg—1} as:
0 = diag(\}) ../ )Qnym, m=1,...,ng, m =0,...,n5, m#m’, (7.42a)

0 =diag(\  )(e—anm), m=1,...,n,m =0,...,ns, m#m'. (7.42b)

n,m’

In contrast to Eq. (7.41), here we have conditions relating variables
corresponding to different RK stages within a finite element. Eq. (7.42) extends
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the complementarity conditions for the same RK-stage, i.e., for m = m/, which
are part of the standard RK equations, cf. Eq. (7.40).

Some of the claims about the constraints (7.42) are formalized by the next
lemma. Recall that in our notation o, ,, ; is the j-th component of the vector

Qpom-
Lemma 7.13. Regard a fizxed n € {0,..., Npg—1} and a fized j € C. If any
Qnm,; With m € {1,...,ng} is positive, then all Aomrj With m' €{0,...,ns}

n

must be zero. Conversely, if any Ay, .., ; is positive, then all a, m,; are zero.

Proof. Follows from similar lines as the proof of Lemma 7.2. O
An analogous statement holds for A}, and (e — ap ).

It is now left to discuss why the boundary points X} . ; o = A gand Xp ) 5 = Al
of the previous finite element are included in the cross complementarity
conditions (7.42). It turns out, they are the key to switch detection. A
consequence of Lemma 7.13 is that, if the active set changes in the j-th
component between the n-th and (n + 1)-st finite element, then it must hold

that ), - =A), 10, =0and A, = A}, =0. Since )™ = 41, We
have from (7.38) the condition
1/}] ('1:”'1'1) = Oa

which defines the switching surface between two regions. Therefore, we have
implicitly a constraint that forces h, to adapt such that the switch is detected
exactly.

For clarity, the conditions (7.42) are given in their sparsest form. However,
the nonnegativity of o, m, A} ,,, and A} . allows many equivalent and more
compact forms. For instance, we can use inner products instead of component-
wise products or we can even summarize all constraints for a finite element, or
for all finite elements in a single equation. In the sequel, we use a formulation
where, together with the constraint Zgigfl h, =T, we have the same number
of new equations as new degrees of freedom by varying h,,. Thus, we combine

constraints of two neighboring finite elements and have the compact formulation
Geross(A, AP, A™) =0 (7.43)
whose entries are for all n € {0,..., Npg — 2} given by

n+1 Ng Ng

Geross,n(A, AP, A") = Z( Z Z akT,m II;,m’ + (e — O‘k,m)T)‘Il;,M’)'

k=n m=1m’'=0,
m’'#m
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We remind the reader that we use this seemingly complicated form only to obtain
a square system of equations. This simplifies the study of the well-posedness of
the FESD equations later. However, in an implementation one can use any of
the equivalent, more sparse, or dense formulations. Many possible variants are
implemented in NOSNOC [206], and the user can control the sparsity.

7.4.3 Step size equilibration

To complete the derivation of the FESD method for the step reformulation
(7.37), we need to derive the step equilibration conditions. Here, step is referred
to the integration step size and is not to be confused with the set-valued step
function.

If no active-set changes happen, the cross complementarity constraints (7.42)
are implied by the standard complementarity conditions (7.40). Therefore, we
end up with a system of equations with more degrees of freedom than conditions.
The step equilibration constraints aim to remove the degrees of freedom in
the appropriate h,, if no switches happen. This results in a piecewise uniform
discretization grid for the differential and algebraic states on the considered
time interval.

We achieve the goals outlined above via the equation:

(h1 — ho)m (A, AP, A")
0= Guq(h, A, AP, A") = ; L (7.44)
(h]\/vFE*1 - hNFE*2)nNFE71(A7 A-p7 An)

where 7, is an indicator function that is zero only if a switch occurs, otherwise
its value is strictly positive. This provides a condition that removes the spurious
degrees of freedom. In the remainder of this section, we derive a possible
expression for n,.

The derivations below are motivated by the following facts. Let ¢, be a
switching point with 1,(x(t,)) = 0 for some j € C. Consequently, it holds
that A7(t,) = Ni(t,) = 0. If, for example, a switch occurs at s, such that
Y(x(ts,)) < 0and ¢(x(tf,)) > 0, we have that Xllj(t;n) <0, ij(t;n) =0 and
that An;(tF,) = 0, An;(tf,) > 0. The symmetric case is possible as well. The
absolute values of these directional derivatives help us to encode the switching
logic. This state of affairs can be seen in Figure 6.3.

Now, instead of looking at the time derivatives, in the discrete-time case, we
exploit the non-negativity of A .., A} ., and the fact that the active set is

n,m?

fixed for the whole finite element. For n € {1,..., Ngg — 1}, we define the
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Switching case o) B gAE T gATE G AT AT 7rg‘p Up,
No switch 1 1 0 0 1 0 1
Crossing 1 0 0 1 0 0 0
Entering sliding mode 1 0 0 0 0 0 0
Leaving sliding mode 0 0 0 1 0 0 0
Spontaneous switch 0 0 0 1 0 0 0

Table 7.2: Overview of switching cases for the step size equilibration

following backward and forward sums of the stage values over the neighboring
finite elements [t,,_1,t,] and [t,, thi1]:

Ng Ng

E : )\n 1,m> E )‘n m>
s
E ANFE E n
)‘n 1,m» On - An,m
m=0

They are zero if the left and right time derivatives are zero, respectively. Likewise,
they are positive when the left and right time derivatives are nonzero.

Moreover, for all n € {1,..., Npg — 1} we define the following variables to
summarize the logical dependencies:

N = diag(o) B)o) T e R™,

T

P . 1 p
Y = diag(o) B)o}F € R,

and

Up = 71'2n + ﬂ,);p e R"¥.
The switching cases and sign logic is summarized in Table 7.2. For readability,
we put in the table a one if a variable is positive and a zero if it is zero. Let
us discuss how the variables above encode the switching logic, and for this
purpose, we regard the j-th switching functions ¢;(z). If no switch occurs,
and for example, we have that ;(x(t)) < 0 during the regard time interval, it
follows that A}(t) > 0 and /\p( ) = 0 during this time interval. In the discrete

ANB F'>0and U>‘ B A 0. This means that

n,j 0. — Yn,j
L ni >0, 7T ny = 0and vy ; > O It can be seen that the symmetric case with
w]( (t)) > 0 leads also to v, ; > 0, hence we do not enumerate all symmetric
cases in Table 7.2.

time setting, we have o
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On the other hand, if we have a switch of the crossing type (cf. top plots in
Figure 6.3 with ¢;(x(t)) < 0 for t < t5,, and ¥;(z(t)) > 0 for t > £, ,, it follows
that A}(t) < 0,A7(t) = 0 for ¢ < ts, and A}(t) = 0,AJ(t) > 0 for t > t5,,. In
the discrete-time setting we obtain the sign pattern as in the second row of
Table 7.2, with v, ; = 0.

In general, if there is an active-set change in the j-th complementarity pair,
then at most one of the j-th components of o))" and ¢}"'F, or \"'B and o\"F
is nonzero. In these cases, we obtain that v, ; = 0, and if now switch happens

we have that v, ; > 0.

In other words, vy, ; is only zero if there is an active-set change in the j-th
complementarity pair at ¢,,, otherwise, it is strictly positive. We summarize all
logical relations for all switching functions into a single scalar expression and
define

T

nn(Aa Apv An) = H(Un)i~

=1

It is zero only if an active-set change happens at the boundary point t,,, otherwise,
it is strictly positive.

7.4.4 The FESD discretization

We have now introduced all extensions needed to pass from a standard RK
discretization (7.39) to the FESD discretization for the step reformulation. With
a slight abuse of notation, we collect all equations in a discrete-time system
form:

S1 :Ffesd(z); (745&)
O:Gfesd(zaha 807(]5T)a (745b)

where Fiesa (X) = & Npy 18 the state transition map and Giesa (%, h, Z, ¢, T') collects
all other internal computations including all RK steps within the regarded time
interval:

Gstd(Z7 h7 50,4, T)

G(Cross (Aa Ap, An)

Geq(h, A, AP A™)
S Neely —T

n=0

Gfesd(z>h750aQ7T) = (746>

Here, control variable ¢, horizon length T, and initial value sy are given
parameters.
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Remark on RK methods with ¢,  # 1. The extension for the case of an RK
method with ¢, # 1 follows similar lines as in Stewart’s formulation [213].
We have that ¢, + ¢, hn < tni1. Hence, the variables A} | ~and A7, do not
correspond to the boundary values A\"(t,+1) and AP(¢,41) anymore. We denote
the true boundary points by ) , ., and A}, ;. They can be computed
from the KKT conditions of the step reformulation LP (6.33). For all n €
{1,..., Ngg — 2} we have

w(anrl) - Ag,ns+1 + /\g,ns—&-l
\D()‘g,ns+17 O4n,ns+1> =0. (7.47)

lIl()\SL,nS-&-la € — an,ns—i-l)
These equations are appended to the FESD equation in (7.46).

However, to make the switch detection work, we must update the continuity
conditions for the discrete-time versions of the Lagrange multipliers and adapt
the cross-complementarity conditions accordingly. For all n = {0, ..., Nyg — 1},
Eq (7.41) is replaced by:

p _ \b n __\n
/\n,ns-i—l - )‘n+1,07 )‘n,ns-‘rl - ‘n+1,0° (748)

We append to the vectors A, AP and A" the new variables o, n 11, )\%nﬁ_l and

Apn.+1 accordingly. For the whole control interval, we have in total 3( Npg—1)n.
new variables. It is only left to state the modified cross complementarity
conditions, including the expressions’ ng + 1-st points. More explicitly, the n-th
component of (7.43) reads now for all n € {0,..., Npg — 2} as

n+l ns ns+l1
_ E E E T THyP
Gcross,n(A7 Apa An) - ak,mAz,m/ + (6 - ak,m) /\k,m"
k=nm=1m’'=0,
m'#m

The theoretical analysis of the FESD method for the Heaviside step reformulation
follows similar lines as the developments in Section 7.3. For brevity, we omit
restating all assumptions and theorems explicitly and refer the interested reader
to [207].

7.5 FESD in direct optimal control

In Sections 7.2 and 7.4, we have developed the FESD method for Stewart’s and
the step reformulation, respectively. Thereby, all developments focus on a single
control interval with a given control input. We show how to use the FESD



FESD IN DIRECT OPTIMAL CONTROL 227

method in direct optimal control, i.e., in a first-discretize-then-optimize approach.
For the sake of simplicity, our discussion is based on Stewart’s reformulation.
However, it is easy to extend the method to the step reformulation. We
consider the following continuous-time optimal control problem on a control
horizon [0, Tetn):

Tetr
i / Leag (5(8), u(£))dt + Lona (2(Te)) (7.492)
st. 2(0) = o, (7.49D)
(1) = F(z(t),u(t)d(t), t € [0, Tornt], (7.49¢)
0= g(x(t)) — A(t) — u(t)e, t €0, Ton], (7.49d)
1=e'0(t), t €0, Teent], (7.49)
0.<0(t) L A(t) >0, te [0, Tont], (7.49f)
0 < Giueala(t), u(t)), tE [0, Tu], (749)

(
0< Gend(x(Tctrl))y (749h)
where zg is a given initial value, u(t) € R™ is the control function, z(t) =
(A(1),0(t), u(t)) € R+ collects the algebraic variables. The function Ly :
R™ x R™ — R defines the stage cost (the Lagrange objective term), and
Leng : R™ — R is the terminal cost (the Mayer term). The path and terminal
constraints are collected in the functions Gipeq : R™ x R™ — R™s' and

Geng : R? — R™92 respectively.

7.5.1 A multiple shooting-type discretization

We discretize the OCP (7.49) with N > 1 control intervals indexed by k.
The control function approximation is taken to be piecewise constant on an
equidistant grid. This is the usual choice in direct multiple shooting [44] and
is required by many practical applications of feedback control but could be
easily generalized to any other local control parameterization. The constant
controls are collected in q = (qo, - -.,qn_1) € RV™. All internal variables of
every control interval are additionally equipped with an index k. On every
control interval k with a fixed duration of T' = Tj\;“, we apply the discretization
outlined in equation (7.11) with Npg internal finite elements. The state values
at the control interval boundaries are collected in the vector s = (sg,...,Sn) €
RWV+Dna  Additionally, the following vectors collect all internal variables of
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every discretization step: H = (hyg,...,hy_1) and Z = (Zg,...,Zy—_1). The
FESD discretization of the OCP (7.49) together with the aforementioned control
discretization reads as:

N-1

s,g,l?i-tr}z kz::l ﬁstg(sk,xk, qr) + ﬁend(sN) (7.50a)
s.t. 80 = o, (7.50Db)
ski1 = Frosa(Z), k=0,...,N—1,  (7.50c)

0 = Gresad (Zi, Dy, 81, @iy T ) k=0,...,.N—1, (7.50d)

0 < Gineq(Xk qr) k=0,....,N—1,  (7.50e)

hmine < hy < hpaxe, k=0,....,.N—1, (7.50f)

0 < Gena(sn)- (7.50g)

where Ly : R x RVPEFD % o RPw 5 R and Lepg @ R™ — R are the
discretized stage and terminal costs, respectively. The scalars hpyi, and Apax
are the lower and upper bounds for the step sizes. The box constraint (7.50f)
prohibits negative step sizes and bounds the variability of the step size. Note that
within this formulation, at every control interval the constraint ZnN:f hpw=T
is imposed as part of (7.50d), cf. Eq (7.10). It is easy to see that with the step
representation we obtain an NLP very similar (7.50) after discretization.

Recall that Eq. (7.50d) contains complementarity constraints. Therefore, the
NLP (7.50) is a Mathematical Program with Complementarity Constraints
(MPCC). As discussed in Section 2.4, MPCC can often be solved efficiently via
reformulations and homotopy approaches. Several relaxation, smoothing, and
penalty homotopy approaches are implemented nosnoc [206].

7.5.2 A numerical optimal control example

In this section, we illustrate in an optimal control problem several features
developed in this chapter: FESD for Cartesian Products of Filippov systems
(Section 6.2.5), handling multiple sliding modes, step equilibration (Sec. 7.2.4
and 7.4.3), and equidistant control discretization grids (Section 7.5.1). We also
include a benchmark where we compare the accuracy and computational time
of the standard and the FESD method.
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We regard the following optimal control problem:

s
I(H)llun() /0 u(t) Tu(t) +v(t) To(t) dt+; (7.51a)
st. z(0) = (%ﬂ, g,o,()), (7.51b)
(1) = {Sjgn(c(zgg)) o] 0,4, (7.51¢)

e <u(t) <2, te0,4], (7.51d)

—10e < u(t) < 10e, t€ [0,4], (7.51e)

4(4) = grinal, (7.51f)

with ¢ € R?, v € R?,u € R? and o = (g, v). The switching functions are defined
as cl(z) = q1+0.15¢3, ¢3(z) = —0.05¢5 +¢2 and the function c(z) = (c}(z), c3(z))
defines the region boundaries. Note that we have two subsystems, cf. Section
6.2.5. It can be seen that for v(t) = 0 the vector fields of ¢ point in all regions
towards the origin in the (g1, ¢2) plane. Setting the control functions to zero,
results in trajectories going to the origin with sliding modes on the surfaces of
discontinuity defined by ¢(x) = 0. On the other hand, by increasing the value of
v(t) via the control functions u(t), the vector fields can change their direction,
and sliding modes can be left or not achieved at all.

The goal in the OCP is to reach gfna = (—§, —7) with a minimum control
effort. The trajectory has to: (1) first reach ¢1(z) = 0; (2) slide towards
M = {q € R? | ¢(x) = 0}; (3) stay there for some time; (4) exit M and slide
on pa(x) = 0; (5) and then leave the sliding mode as late as possible to reach
Qfinal- The seemingly simple example comprises several difficult switching cases
in its solution. The described solution is illustrated in Figure 7.10, and the
optimal controls u(t) and state v(¢) are depicted in Figure 7.11. The OCP is
discretized with the FESD Radau ITA method of order 3 (i.e.,, ng =2), N =6
control intervals and with Npg = 6 finite elements on every control interval.

This solution comprises four switches and different sliding modes on nonlinear
manifolds, including twice sliding on co-dimension one manifolds and once on the
co-dimension two manifold M, and additionally leaving the sliding mode twice.
One can see in Figure 7.11 that the control is discretized on an equidistant grid
despite the variable length of the finite elements. This illustrates the multiple
shooting-type discretizations described in the previous section.

In the first experiment, we demonstrate the effects of step equilibration for a
solution of the OCP (7.51). The left plot in Figure 7.12 depicts the indicator
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Figure 7.11: The left plot shows the solution trajectories for v(t). The right
plot shows optimal controls obtained via the FESD discretization of the OCP
(7.51). The vertical dashed lines highlight the control discretization grid.

function n. The function is only zero if a switch occurs, cf. the right plot of
Figure 7.10. The resulting step sizes hy,, with and without step equilibration
are depicted in the middle and right plots, respectively. For the right plot we
discard the step equilibration conditions Geq(h, ®, A) = 0. Obviously, without
them, the optimizer varies the step size in a somewhat random way. On the
other hand, with step equilibration, we obtain a piecewise equidistant grid,
where the step-size changes only when a switch happens.

In the second experiment, we compare the accuracy of an OCP solution obtained
with the standard and FESD method as a function of the CPU time. We take
the optimal controls and perform a high-accuracy simulation of the system
dynamics in (7.51), which we denote by zin(t). As a metric, we take the
terminal constraint satisfaction of the high accuracy solution, i.e., E(T) =
|Zint (T) — Zfinal]|. We set N = 6, and vary the number of finite elements
per stage Npg from 1 to 7, and the number of stage points ng from 1 to
4. The experiment is performed for the following RK methods: Radau IIA,
Gauss-Legendre, Lobatto IIIC, and Explicit-RK.

For Radau ITA-FESD and Lobatto IIIC-FESD we solved the arising MPCC
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Figure 7.12: The left plot depicts the switching indicator function 7(:) at the
solution of the OCP (7.51). The middle plot shows the step size h,, , with step
equilibration. The right plot shows the step sizes without step equilibration.
The horizontal dashed lines correspond to the minimum, maximum, and nominal
step size. The vertical dotted lines correspond to control interval boundaries.

with an elastic mode homotopy approach [16], cf. Section 2.4.3. In the other
scenarios, we were not able to solve all problems to convergence with the elastic
mode approach. Therefore, the MPCC was solved with a Scholtes relaxation
homotopy approach, cf. Section 2.4.2. The second approach is slightly slower
than elastic mode but more robust, and all problems were solved successfully.
The terminal error as a function of the total CPU time is given in Figure 7.13.
The source code of all examples is available in the repository of the open source
tool nosnoc [2].

We can draw several conclusions from the experiments. The FESD method
outperforms the standard approach in all experiments. For example, for a
CPU time of ~ 1 second with FESD, we achieve five orders of magnitude more
accurate solutions than with the standard approach. A better solution than
the most accurate one of the standard approaches can be achieved with FESD
by an order of magnitude faster CPU time. The Radau ITA and Lobatto IIIC
are the most efficient methods in this benchmark, whereas the Gauss-Legendre
and Explicit-RK methods perform poorly. This is no surprise since the solution
trajectories contain sliding mode arcs which require solving nonlinear DAE
of index 2. Radau ITA and Lobatto ITIC usually perform well and have good
theoretical properties for higher index DAE, whereas Gauss-Legendre and
Explicit RK even loose the high accuracy orders that they have for ODE, cf.
Section 3.2.
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Figure 7.13: Terminal constraint satisfaction vs. CPU time for the Standard
and FESD method. The size of the marker indicates the number of stage points,
the smallest corresponds to ng = 1 and the largest to ny = 4.

7.6 Conclusions and summary

This chapter presents the Finite Elements with Switch Detection (FESD)
method, which enables direct optimal control of a broad class of nonsmooth
dynamical systems with high simulation accuracy. The method is developed for
both Stewart’s and the Heaviside step reformulation of Filippov systems into
dynamic complementarity systems, which were discussed in Chapter 6.

With FESD, we can:
1) precisely determine the time of reaching or leaving the region boundaries,
which is crucial for the high accuracy of integration methods,

2) exactly compute the sensitivities across regions to correctly address the
nonsmoothness,
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3) and appropriately handle the possible evolution on region boundaries that
occurs in sliding modes.

It is important to note that it is not known beforehand whether an ODE or
a DAE needs to be treated on a specific time interval with a fixed active set.
Both cases are handled using Runge-Kutta methods within FESD to provide
high-accuracy solutions. A key component of FESD is the automatic detection
of the active set and switching time, which allows for the unified treatment of
sliding modes and crossings of region boundaries.

We have established a solid theoretical foundation for FESD and have proven that
it has the same accuracy as the underlying RK method for smooth differential
equations. Additionally, we demonstrate that FESD delivers correct numerical
sensitivities, which overcomes the fundamental limitations of time-stepping-
based direct methods discussed in Chapter 5. An implementation of the
FESD method described here is available in the open-source package nosnoc.
Compared to standard discretization methods, FESD typically yields solutions
that are several orders of magnitude more accurate for a similar amount of CPU
time.

Another significant advantage of the new approach for direct optimal control
is that guessing of the number or order of switches is not required. FESD can
handle multiple or simultaneous switches and sliding modes. With time-freezing
that we introduce in the two subsequent chapters, several classes of nonsmooth
dynamical systems with state jumps can be recast into a piecewise smooth
system, allowing for a unified treatment of various classes of nonsmooth systems
in direct optimal control.

Future work includes relaxing some of the possibly restrictive assumptions in the
theoretical analysis, and exploring open questions such as the following: Are all
limit points of the solution approximations indeed solutions to the Filippov DI?
What are the conditions under which the FESD problem has a nonempty and
possibly compact solution set, and if unique Filippov solutions imply a unique
solution to the corresponding discrete-time FESD problem? It has been shown
in [137] that discrete-time optimal control problems with linear complementarity
systems (which are MPCCs) are quite regular (i.e., all stationary points are
strongly stationary points, cf. Definition 2.29). A natural question is if MPCCs
obtained via the FESD discretization have any special properties and are they
more regular than generic MPCCs?






Chapter 8

The Time-Freezing
Reformulation for Nonsmooth
Mechanical Systems

In this chapter, we regard rigid bodies subject to unilateral constraints and
friction. They are one of the largest and most studied class of problems with
state jumps, whit many practical applications in robotics. When two bodies
collides, due to the rigidity assumption, the velocities must jump to avoid
interpenetration and deformation. This greatly complicates formulating and
solving optimal control problems with such systems.

These difficulties motivate the development of the time-freezing reformulation
in this chapter. With time-freezing, we reformulate nonsmooth rigid body
models into equivalent ODEs with a discontinuous right-hand, whose solutions
do not have state jumps anymore. The main idea is to introduce an auxiliary
differential equation to mimic the state jump map in the part of the state space
that is infeasible for the original system. Additionally, we introduce a clock state,
which does not evolve during the runtime of the auxiliary system. The pieces of
the trajectory where the clock state evolves recover the solution of the original
system with jumps. The resulting time-freezing system is a nonsmooth ODE
with a discontinuity in the first time derivative of the trajectory, rather than in
the trajectory itself. This enables us to seamlessly apply the FESD method from
Chapter 7. Furthermore, this helps to overcome the fundamental computational
limitations of time-stepping-based direct methods. In summary, it allows for a
unified algorithmic treatment of several different classes of nonsmooth dynamical
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systems in direct optimal control.

Outline. The chapter is structured as follows. Section 8.1 defines
Complementarity Lagrangian Systems (CLS) and discusses related work. Section
8.4.1 illustrates the main ideas of time-freezing on a guiding example. In Section
8.3, we develop the time-freezing reformulation for elastic impacts, and in
Section 8.4 for inelastic impacts with friction. Next, in Section 8.5, we formulate
an Optimal Control Problem (OCP) subject to time-freezing systems, and relate
it to the OCP subject to the initial CLS. Section 8.6 provides several numerical
optimal control problems with time-freezing and FESD. This chapter is mainly
based on the articles [202] and [212].

8.1 Introduction

The moment of contact between two bodies happens at such a short time
scale that the modeling of all physical circumstances that lead to these fast
dynamics is difficult. An accurate model of elastic body deformation requires
partial differential equations. However, estimating all relevant parameters can
be difficult in practice. The short time scale involved in impact events leads to
very stiff systems, which makes their numerical treatment just as challenging as
using a nonsmooth model. Moreover, compared to other motions, the duration
of an impact is often beyond the resolution of practical sensors [49, 129].

A practical and successful approach is to assume rigidity, meaning that the
bodies cannot change their shape. Consequently, when a rigid body collides
with another body or an obstacle, the normal contact velocity must change
instantaneously to maintain geometric feasibility. This is often a good modeling
approximation that fits the needs of most applications such as robotic locomotion
and manipulation, the study of human and animal gait, and granular matter [49,
255].

Remarkably, the macroscopic event of an impact is fully described by only two
parameters: the coefficients of restitution and friction. The value of the post-
impact velocity is determined by restitution laws, i.e., algebraic point-wise state
jump laws. We distinguish between elastic impacts, i.e., the normal velocity
after impact is positive, and inelastic impacts where the post-impact normal
velocity is zero. Another crucial aspect of nonsmooth mechanics models is dry
friction. The most widely used is Coulomb’s friction model [49, 198, 255], which
introduces another discontinuity. In a simple planar case, the friction force is
always directed opposite to the tangential velocity. When the body is at rest,
there is a set of possible forces.
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Complementarity conditions offer an effective way of expressing all described
nonsmooth effects. When combined with the equations of motion for an
unconstrained rigid body, they give rise to a specific type of dynamic
complementarity system known as a Complementary Lagrangian System (CLS).
Since the velocity of a body changes due to the action of forces, an instantaneous
change in velocity is a consequence of an impulsive force. This complicates the
mathematical study of nonsmooth mechanical systems as the forces become
distributions or measures [49, 198, 255]. Accordingly, the equations of motion
are no longer ODEs but measure differential inclusions, which are discussed in
Section 4.3.2.

It is generally unknown when and how often state jumps will occur, making the
simulation or incorporation of these models into optimal control challenging.
Section 5.3 has already revealed that standard time-stepping methods for
these systems have fundamental limitations. The previous chapter introduced
numerical methods for efficiently handling ODEs with a discontinuous right-
hand side but these methods cannot be applied to systems with discontinuous
solution trajectories. In this chapter, we introduce an exact reformulation of
CLS into piecewise smooth systems, such that we can apply FESD.

Notation summary

We recall some of the most important notation conventions used in this chapter
for the reader’s convenience. Key symbols and definitions used in this chapter
are summarized in Table 8.1. Time derivatives of a function z(t) w.r.t. to the

physical time ¢ are compactly denoted by #(t) = dzg), and of a function y(7)
w.r.t. to the numerical time 7 by y/(7) := d%(:). For the left and the right
limits, we use the notation z(tf)= lim =z(¢) and z(t;) = lim x(t),

tosts, t>ts t—rts, t<ts
respectively.

Table 8.1: Key symbols used throughout this chapter.

Symbol Description First appearance
Ny dimension of the differential state x Sec. 8.1.1

Ng dimension of the states ¢ and v Sec. 8.1.1

Ny dimension of the controls Sec. 8.1.1

Ny dimension of the time-freezing state Sec. 8.4.1

Ty dimension of the tangent space Sec. 8.1.1

T differential state Sec. 8.1.1.

q position state Eq. (8.1)

v velocity state Eq. (8.1)
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Vg tangential velocity at contact points Sec. 8.4.3
u control function Eq. (8.1)
An Lagrange multiplier, normal contact force Eq. (8.1)
At Lagrange multiplier, friction force Eq. (8.1)
Y extended state of time-freezing system Secs. 8.3.1, 8.4.1
t physical time Secs. 8.3.1, 8.4.1
T numerical time Secs. 8.3.1, 8.4.1
an constant of the auxiliary dynamics Prop. 8.8
ay constant of the auxiliary dynamics Eq. (8.43)
AP dual variables in step reformulation Eq. (8.56)
! selection of set-valued step function Eq. (8.56)
1 coefficient of friction Eq. (8.1f)
€t relaxation parameter in friction model Eq. (8.52)
5 speed of time control variable Eq. (8.58)
folq,v,u) all forces that act on the body Eq. (8.1)
folg,v,u) vector field of the velocity state Eq. (8.1)
n(q) normal to the CLS constraint surface Eq. (8.1)
M(q) inertia matrix Eq. (8.1)
felq@) constraint function in the CLS Eq. (8.1)
B(q) matrix whose column span the tangent Eq. (8.1)
space at contact points
b;(q) j-th column of B Eq. (8.1)
fope(z,u)  unconstrained dynamics when f.(q)>0 Sec. 8.3.1,
Eq. (8.18)
D(q) Delassus’ matrix/scalar Eq. (8.25a)
oz, u) determines if contact persists Eq. (8.25Db)
foar(z,u)  dynamics equivalent to the DAE (8.20) Eq. (8.27)
(constrained dynamics when f.(q) = 0)
ci(y) time-freezing PSS switching functions Sec. 8.3.1,
Eq. (8.28) and Sec.
8.4.3, Eq. (8.44)
fauxn(y) auxiliary dynamics Defs. 8.2 and 8.6
v(x, u) time-rescaling factor of the time-freezing Eq. (8.32)
sliding mode
St (Y) auxiliary dynamics for tan. directions Eq. (8.43)
Jstip(z, 1) dynamics for slipping motion in contact Eq. (8.40)
phases
fstick(z,u)  dynamics for sticking motion in contact Eq. (8.42)
phases
D(q) generalization of D(q) Eq. (8.41)
o(z,u) generalization of ¢(x, u) Eq. (8.41)
gr(0, ) expression for relating 6 and « Eq. (8.57)
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U(z(T)) terminal cost Eq. (8.53)
g(z,u) path and terminal constraints Eq. (8.53)
r(x) terminal constraints Eq. (8.53)
% switching surface Sec. 8.4.1
Fre(y,u) Filippov set for the time-freezing system  Def. 8.3, 8.7 and
8.13
Q region where all auxiliary dynamics are Eq. (8.44)
defined

8.1.1 Complementarity Lagrangian systems

There are various ways to represent nonsmooth Lagrangian systems, e.g., as
second-order sweeping process [49, 198, 199], measure differential inclusion [49,
255, 258], hybrid system [156, 186], differential variational inequality [255, 258]
or dynamic complementarity system [4, 49, 258]. The cited literature provides
comprehensive theoretical and computational results for these systems. Here
the focus is on the DCS formulation of nonsmooth mechanical systems, which
is more specifically called a Complementarity Lagrangian System (CLS). The
nonsmoothness in CLS is explicitly available through the complementarity
constraints, and not hidden in more abstract set-valued mappings. This
facilitates the development of the time-freezing reformulation and numerical
methods.

The complementarity Lagrangian System equations with friction read as:

q =, (81&)
M(q)o = fu(g,v,u) + Y (ni(@) i + Bi(@) i), (8.1b)
i=1

0<A, Ll fcq) >0, (8.1c)

if fc,i(Q(ts)) =0 and ni(q(ts))—rv(ts_) < 0 then
(8.1d)

0= n’b(q(ts))—r(v(t:) - Erv(ts_))’ i = 17 sy e
At € arg _min —UTBZ»S\W» (8.1e)

Ag,i ER™t

st il < pdng, i=1,..., 7. (8.1f)

We express the state of the rigid body through generalized coordinates ¢(t) € R™«
and generalized velocities v € R™s. The matrix M(q) is the inertia matrix and
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is assumed to be symmetric positive definite. The function f, : R x R™s x
R™ — R™ collects all generalized forces that act on the body. For ease of
notation, in the development of the time-freezing reformulation, we multiply
the velocity dynamics by M (q)~! and introduce the shorthand f,(g,v,u) =

M)~ fulg v, w).

Equation (8.1c) is the Signorini contact condition. We denote by n;(¢) =
Vo fei(q) the contact normal of the i-th contact and collect all contact normal
in the matrix N(q) = [n1(q),...,nn.(¢)] € R"*". If the i-th constraint is
active, meaning f.;(¢) = 0, a Lagrange multiplier A, ; is introduced to ensure the
constraint remains feasible. The multiplier A, ; represents a generalized normal
contact force that acts in the direction of the contact normal n;(¢) and maintains
fe,i(q) > 0. We assume that the contacts do not involve adhesion, i.e., there is
no gluing between bodies. If f.;(q) > 0, there is no contact force and A, ; = 0.
The contact forces are grouped in the vector Ay = (Ay1,- .-, Ann,) € R™.

Furthermore, when a constraint becomes active, due to the rigidity hypothesis,
the negative normal velocity n;(q) " v must become instantaneously nonnegative.
At this point, there are infinitely many choices for the post-impact velocity. This
ambiguity is resolved with a restitution law, which computes the post-impact
velocity as a function of the pre-impact velocity. Here Newton’s impact law is
used, which is given in Eq. (8.1d), where ¢4 is the time of impact and €, € [0, 1]
is the coefficient of restitution. If €, € (0, 1], we have (partially) elastic impacts
and the constraint becomes inactive after the impact, i.e., f.;(g(t)) > 0 for
t > ts. On the other hand, for ¢, = 0 we obtain f.;(q(t)) = 0 for ¢t > ¢s; and
the dynamics are subject to f.;(¢) = 0 and thus we obtain locally a DAE.
These two cases lead to qualitatively different behavior and the corresponding
time-freezing reformulations are somewhat different.

The last ingredient in the CLS model is the nonsmooth Coulomb friction model,
which is given in (8.1e)-(8.1f). Before we explain the model, we define the
functions used in it. In the three-dimensional case, the tangent space at the
i-th contact point {g € R™ | f.,(¢) = 0} is spanned by the columns of the
matrix B;(q) = [bs,1(q) bi2(q)] € R"*™, with ny = 2. In two dimensions, it
is spanned by a single vector, which we also denote by B;(gq) € R™*™ with
ny = 1. We denote the tangential velocity at the i-th contact by v ; = Bi(q) Tv.
The scalar p; > 0 is the coefficient of friction for the i-th contact.

The optimization problem (8.1e)-(8.1f) expresses that the dissipation of the
kinetic energy between two objects in contact is maximized. Consequently, the
friction law has the following features:

o the friction force has the opposite direction to the tangential slip direction
vy,; and
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Figure 8.1: Illustration of the three-dimensional friction cone FC;(q) for slip
motions (left figure) and stick motions (right plot).

o the maximal magnitude of the friction force Ay ; is p; (the coefficient of
friction) times the normal contact force Ay ;.

The set of all possible contact forces at the i-th contact is called the friction
cone and is defined as

FCi(q) = {ni(@)Ani + Bi(@)Mei | Aei > 0, [[Acill2 < phni}

The total friction cone is the sum of all friction cones generated by each contact:

FC(q)= > FCig).

i€{ilfe.i(q)=0}

In the presence of friction, a rigid body can be either in slip or stick mode.
During slip mode, the friction force takes its maximal magnitude but is still
less than (or equal to) the magnitude of the sum of all other forces acting in
the same plane. In stick mode, the friction force is greater or equal to the sum
of the other forces acting in the same plane, and the body has a zero tangential
velocity w.r.t. the regarded contact. Figure 8.1 illustrates friction cones for
both the case of slip and stick motions.
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8.1.2 Related work

To address the challenges posed by state jumps, various transformations have
been proposed in the literature to achieve the same outcome as time-freezing.
Two widely used methods are: (a) Coordinate transformations (as in [164, 294]),
and (b) Smoothing/penalization (as in [263]) or compliant impact models [49].

Coordinate transformations can be effective for specific situations. For example,
the Zhuravlev-Ivanov transformations [49, Sec. 1.4.3] are limited to mechanical
systems with a single unilateral constraint. A more comprehensive approach
involves using ”gluing functions” within the hybrid systems framework [164],
but this method only applies to systems with a single constraint and no generic
method for finding the required gluing function exists.

Smoothing or penalization can lead to realistic approximations, but simulating
the resulting stiff differential equations can be difficult. Compliant models
may result in unrealistic effects or underestimated velocities [49, Sec. 2.2].
Smoothing leads to very stiff ODEs and standard numerical methods can
perform similarly as if they were directly applied to the original nonsmooth
system, cf. Section 4.2. To obtain more accurate solutions and maintain stability
in numerical integration for smooth ODEs, prohibitively small step sizes are
necessary. Sometimes artificial damping and changes in the inertia matrix are
introduced to keep the integrator stable. However, all these model changes
introduce additional errors, which might not be easy to quantify [199].

The time-freezing reformulation was initially introduced in [212] for rigid
bodies with partially elastic impacts, and it was subsequently extended to
the inelastic case in [202]. Remarkably, this very same idea was independently
introduced later by Halm and Posa in [129]. In their research, the time-freezing
reformulation is used to obtain a differential inclusion with a bounded right-
hand side. This enabled the application of standard solution existence results
for differential inclusions, cf. Section 4.3.2. They address the nonuniqueness
in simulating rigid body models with multiple frictional impacts through a
stochastic approach by randomly varying auxiliary dynamics parameters and
considering multiple possible outcomes. However, [129] was not focused on
developing numerical methods for the whole time-freezing systems, which is a
nontrivial task. They simulate the auxiliary dynamics to compute the different
outcomes that may happen during simultaneous impacts. In contrast to their
work, the focus in this thesis is on developing high-accuracy numerical simulation
and direct optimal control methods for time-freezing systems that are equivalent

to CLS.

Due to the nonsmoothness and presence of inequality constraints standard
numerical methods for smooth ODEs and DAEs cannot be applied directly
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to a CLS. Instead, tailored time-stepping methods for are necessary. Most
time-stepping methods for CLS are based on the (semi-)implicit Euler method
and require solving a Linear Complementarity Problem (LCP) at each time step.
These methods are known for their stability, ease of use, and ability to handle
a large number of contacts [4, 154, 153, 198, 199, 15, 255]. However, they are
limited to first-order accuracy, even in the absence of contacts. One of the first
nonsmooth numerical methods in this class is the Jean-Moreau time-stepping
scheme [154, 153, 198, 199]. It treats the unilateral constraints on velocity level
and uses Newton’s impact law. The Schatzman—Paoli [221, 222] scheme deals
directly with the inequality constraints at the position level. Similar widely
used methods are the Anitescu-Potra method (at velocity level) [15] and the
Stewart-Trinkle method (at position level) [260]. A general convergence result of
time-stepping methods was provided by Stewart in [254]. Several modifications
have been made to these methods, such as those to handle stiff systems [14]
or to improve computational efficiency by solving convex quadratic programs
instead of LCPs [13]. A comprehensive review of time-stepping methods for
CLS can be found in [261]. Event-driven methods, which are less commonly
used in the simulation of rigid bodies, are surveyed in [4]. However, they are
not practical for direct optimal control problems due to their external switch-
detection procedure. For an overview of direct methods for optimal control
problems subject to CLS, cf. Section 5.1.

8.2 The time-freezing reformulation

In this section, we introduce a guiding example on which we illustrate the main
ideas in the time-freezing reformulation.

8.2.1 A guiding example

Example 8.1 (Guiding example). Consider a frictionless point mass in two
dimensions above a horizontal table. The mass is m = 1 kg and g = 9.81 m /s>
is the gravitational acceleration. Denote by q(t) = (q1(t), q2(t)) and v(t) =
(v1(t),v2(t)) its position and velocity, respectively, and let \,(t) be the normal
contact force. The dynamics are given by the CLS:

q(t) = v(®), (8.2a)

mi}(t)_{ 0 ]+ m Alt) + [ul(iﬂ (8.2b)
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0 < Au(t) L ga(t) >0, (8.2¢)
va(th) = —eua(ty), if ga(ts) = 0 and wva(t] ) < 0. (8.2d)

where u = (uy,us) € R? is an externally chosen thrust force, which shall
be found, e.g., by solving an optimal control problem. The complementarity
condition (8.2c) states: the point-mass is either not in contact (g2 > 0) and
there is no reaction force (A, =0), or there is contact (¢ = 0) and a normal
reaction force (Ay, > 0). If the particle hits the table (q2(ts) = 0) with a negative
normal velocity (va(ty) < 0), then the normal velocity must jump to a positive
value (elastic impact, with €, > 0) or become zero (inelastic impact, with e, = 0)
to not violate the constraint go > 0. The point-wise state jump law (8.2d)
determines the velocity after an impact, with €. € [0, 1] being the coefficient of
restitution.

It is important to note that the jump discontinuities are state-dependent, i.e.,
they occur at time points that are not known a priori. In the sequel, we take a
closer look at the qualitative difference between elastic and inelastic impacts.

Elastic impacts

For partially elastic impacts, we have e, € (0,1], which means that the
post-impact velocity is strictly positive if the pre-impact velocity is nonzero.
Consequently, the particle does not stay on the table but bounces back. For
fe(q) = g2 > 0, we have no contact force, and the particles’ time evolution is
described by the ODE:

i(0) = o),
mit) = | ]

—mg

which we compactly denote by & = fopr(x) (free flight). If f.(q) = 0, then A,
is a Dirac impulse that ensures vo(t7) = —€v2(¢;). We can summarize the
dynamics of the particle in the case of elastic impacts as:

i(t) = foor(x(1)), if fe(q(t)) >0,
UQ(t;—) = _EFUQ(ts_)7 if fC(Q(ts)) =0, Vfc(q(ts))v<ts_) <0.

The plots in the left column of Figure 8.2 show an example geometric trajectory,
velocities, and a phase plot for the elastic impact case.



THE TIME-FREEZING REFORMULATION

q2

0.8

0.6

0.4

0.2

-0.2

U2

245

0.5

2.5

z(0)

-0.5

q2

0.8

0.6

0.4

0.2

-0.2

U2

0.5 1.5 2 2.5 3
q
—ui(t)
vy (t)
|
|
|
|
0.5 1 1.5 2 2.5 3
t
z(T)
z(0)
-1 -0.5 0 0.5 1 1.5

Figure 8.2: The left plots are for the elastic impact case and the right plots
are for the inelastic case. The first row shows the geometric trajectories of the
particle in the (q1,¢2) plane. The second row shows the velocities as a function
of time. The last row illustrates the phase plots in the (g2, v2) plane. The red
shaded area corresponds to the infeasible region for the particle (g2 < 0).

Inelastic impacts

With e, = 0, we speak of inelastic impacts and obtain qualitatively different
trajectories. In this case, after the particle hits the table, it stays on it, and
the time evolution continues in the horizontal direction, i.e., the particle slides
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on the table. The particles’ post-impact motion is described by the DAE of
index 3:

—mg

0 = qg(t)

By taking two times the total derivative of the constraint ¢o(t) = 0, one can
explicitly compute the normal contact force and obtain A, = mg. Using this,
instead of a DAE, we can regard an equivalent ODE, which we denote by
& = fpar(z). The dynamics of this system can be summarized as follows:

i(t) = fopr(x(t)), if fe(q(t)) > 0,
UQ(t;r) =0, if fC(Q) =0, vqu(Q)U <0,
#(t) = foae(z(t)), if fe(q(t)) = 0.

Compared to the elastic impacts, here we have a more complicated switching
behavior. Moreover, in the presence of external forces or more complicated gap
functions f.(q), switches from the DAE (constrained mode) to the unconstrained
ODE mode are also possible, cf. Section 8.4. The plots in the right column of
Figure 8.2 show an example trajectory for the inelastic impact case.

8.2.2 Main ideas behind time-freezing

The time-freezing reformulation transforms dynamic systems with state jumps
(NSD3) into piecewise smooth systems (NSD2), where no state jumps are present.
It builds upon two main ideas:

1. The state jumps are mimicked by an auxiliary dynamical system
& = faux(x) in the infeasible region, i.e., f.(q) < 0. The trajectory
endpoints of the auxiliary ODE satisfy the state jump law on some
finite time interval.

2. We introduce a clock state t(7) that stops counting whenever the auxiliary
dynamical system is active, i.e., t'(7) = 0 for f.(q) <0, and ¢/(7) =1 for
felq) > 0.

Consequently, by taking the pieces of the trajectory when the clock state was
active, we can recover the solution of the original system with discontinuous
trajectories.
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Figure 8.3: The phase plot of the time-freezing systems (8.3) in the (g2, v2)
plane.

We illustrate this idea on the guiding example for the case of elastic impacts.
Inelastic impacts are slightly more complicated, and we treat them in detail
in Section 8.4. The auxiliary dynamics in the example are defined in ¢, < 0.
We extend the state space by the clock state ¢, which results in the differential
state vector y = (z,t) € R"*1, The unconstrained dynamics are augmented
by the clock state and read as:

Lyr) = hily) = [fODEf(T))} |

An auxiliary ODE for the example system is given by:

0
Uy (1)
%y(ﬂ = fa(y(1)) = 0 ,
—kay (T)O— cvy(7)

where k,c > 0 are appropriately chosen constant, such that the endpoints of its
trajectory between two switches on the interval [7, ;] satisfy the state jump
law: vo(7y) = —€,v2(7s). In Section 8.3, we will provide constructive ways to
select auxiliary dynamics. Therefore, the overall time-freezing system reads as:

d {f1<y<7>>, if fo(q(r)) > 0,

T =\ ), i L) <o. (8:3)
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Figure 8.4: The top plot shows the evolution of the clock state ¢(7) and the
red-shaded area indicates time intervals when the time is frozen. The middle
plot show the states ¢2(+) and va(+) as a function of the numerical time 7 and
the bottom plot as a function of the physical time ¢.

The time of the time-freezing system 7 is called numerical time. Figure 8.3
illustrates the phase plot of the time-freezing system. Note that in contrast
to the bottom left plot in Figure 8.2, the trajectory evolves also in the red
prohibited region. The top plot in Figure 8.4 show the evolution of the clock
state ¢(7). The intervals with ¢'(7) = 1 are referred to as physical time and those
with t/(7) = 0 as virtual time. The red shaded area indicates the intervals when
the time is frozen. In the middle plot, the trajectory of the time-freezing system
in numerical time 7. Note that the trajectory is now a continuous function of
numerical time 7. The bottom plot shows not the trajectory of the time-freezing
system but is plotted over physical time ¢(7). With this simple transformation,
we recover the discontinuous trajectory of the original system with state jumps.
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8.3 Time-freezing for elastic impacts

In this section, we present the time-freezing reformulation for elastic impacts
for one impact at a time and without friction. The main ideas were already
introduced in Section 8.2.2. Here we provide constructive ways to select auxiliary
dynamics for a given coefficient of restitution €, € (0,1]. Moreover, we show the
equivalence of solutions between the CLS and the time-freezing system.

8.3.1 The time-freezing system

We regard a CLS without friction, with a single unilateral constraint, i.e., n, = 1,
and drop the subscript ¢ for notational convenience. In this case, from (8.1) we
obtain the CLS:

q(t) = v(t), (8.4)
o(t) = fo(q(t), v(t), u(t)) + M(q(t) " "n(q(t)) An(t), (8.5)
0 < Au(t) L felg) >0 (8.6)

0 =n(q(t:)) " (v(t) + &v(ty)),

if f.(q(ts)) = 0 and n(q(ts)) Tv(t) < 0.

(8.7)

Such systems are sometimes called vibro-impact systems [49]. It can be seen
that if f.(¢) > 0, then the dynamics reduce to the ODE:

U(t) = fv(q(t)vv(t)7u(t))7

which we compactly denoted by #(t) = fopr(z(t),u(t)). When the
constraint f.(¢) > 0 becomes active, and the normal velocity is negative,
i.e., n(q(ts)) Tv(ty) < 0, the velocity is reinitialized according to the state jump
law

0=n(q(ts))" (v(tS) + ev(t])) (8.8)

If initialized with a nonzero normal velocity, the system is mostly in the ODE
mode, and the velocity is reinitialized whenever contact takes place. There are
two cases in which the regarded CLS can have an active constraint. Either it
is initialized with f.(¢(0)) = 0 and n(q(0)) "v(0) = 0, or when after infinitely
many jumps, with e, € (0,1), the normal velocity shrinks to zero, cf. Section
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4.2.1. Here we focus on the interchange between the free flight phase modeled
by @(t) = fopr(z(t),u(t)) and the state jumps.

In the general case, the time of impact t5 is not known a priori. Simulating and
incorporating such models with additional algebraic conditions into optimal
control problems is difficult. To alleviate all these difficulties, we propose the
following approach. First, we relax the constraint f.(¢g) > 0 and define an
auxiliary dynamical system on f.(¢) < 0 to mimic the restitution law (8.8);
Second, we introduce a clock state t(7) that evolves according to t'(7) = 1. The
time 7 denoted as numerical time is now the time of the differential equation.
Third, we "freeze” the time whenever x(7) is the infeasible region, i.e., t'(7) = 0.

The state space is augmented with the clock state

y(r) = |v(r)| € R™,

with n, = n,; + 1 and we regard all functions now over the numerical time 7.
We define ¢(y) = f.(q) as the switching function of the PSS we wish to obtain.
This splits the state space into the following two parts:

Rope = {y € R™ | f.(q) > 0}, (8.9)
Raux = {y € R" | f(q) < 0}, (8.10)

where Ropg is the feasible region and R,.x is the prohibited region. To mimic
the restitution law, we define the auxiliary ODE, whose endpoints satisfy the
restitution law on a finite time interval.

Definition 8.2 (Auxiliary ODE for elastic impacts). An auziliary dynamical,
for elastic normal velocity jumps, y'(T) = fauxn(Y(7)) satisfies for every initial
value y(7s) = (s, s, ts), with f.(gs) = 0 and n(gs) "vs < 0, a well-defined
and finite time interval |75, 7v], with the length Tjump = T — 75, the following
properties:

(i) fe(q(T)) <0 and t'(7) =0 forall T € |15, 7],
(“) n(Q(Tr))TU(Tr) = _ern(Q(Ts))T'U(TS)’ and

(Z”) fc(q(Tr)) =0.

The introduced ideas are collected in the definition of a time-freezing system
for elastic impacts.



TIME-FREEZING FOR ELASTIC IMPACTS 251

Definition 8.3 (Time-freezing system for elastic impacts). Let 7 € R be
the numerical time and y(7) = (x(7),t(7)) € R™ the differential states and
u(t) € R™ a given control function. The time-freezing PSS for a given is
fauxn(y) is a PSS defined over the regions Ropg and Raux in (8.9) and:

/ lfODE(Lu)} , if y € Ropg,
y = 1
faux,n(y)7 lf y 6 Raux-

The corresponding Filippov system, which we call the time-freezing system, is
defined as

y' € Pre(y, u) = { 01 (fope(w, 1), 1) + 02 fawen(y) | €T0=1,620},  (8.11)

with 0 = (01, 92)

Observe that we got rid of the conditional algebraic restitution law (8.8). The
resulting time-freezing system is a nonsmooth ordinary differential equation
where the discontinuity is in the first-time derivative of the trajectory rather
than in the trajectory itself.

8.3.2 Auxiliary dynamics for elastic impacts

To make further use of Definition 8.3, we must specify how to construct an
appropriate auxiliary ODE. We start with the simpler case of a linear constraint
of the form of f.(q) = n'q and a constant inertia matrix M(q). Afterwards, we
extend this formulation to general nonlinear constraints and inertia matrices
that are not necessarily constant.

The next proposition provides a constructive way of selecting the auxiliary ODE
from Definition 8.2 for linear scalar constraints.

Proposition 8.4 (Auxiliary dynamics). Suppose that f.(q) = n'q, where n
is the constraint normal and the inertia matriz M(q) is constant. Regard an
initial value y(7s) = (s, Vs, ts) such that f.(qs) = 0 and nTvs < 0 holds. The
ODE is given by

nn'q

yl = faux,n(y) = M(Q)_ln(—kan - chQ) (812)
0

with k > 0 and

¢ =2|In(e)] (8.13)

(In(er)? +72)°
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is an auziliary dynamical system from Definition 8.2 with

S AT o2

Proof. Without loss of generality, we assume that 7, = 0. In the linear case,
the contact normal n is constant for all ¢q. As the velocity jumps happen along
the constraint normal n, the main idea is to project the position and velocity
onto the normal (corresponds to the multiplication by n' in (8.12)), use a two-
dimensional linear spring-damper model and embed the result back (correspond
to the multiplication by n and M (q)~'n in (8.12))). Let us introduce the change
of variables § = n'q, o = n' v and regard the two-dimensional ODE:

~ ~
q =",

¥ = —k{ — cb,

with the initial conditions G(0) = n"q(0) = f.(0) = 0 and ©(0) = n'v(0) < 0.
The analytic solution of this ODE is given by

o(r) = 5(0)e 2 ( - i sin(wT) + cos(wr)),

with w = 7““;*62. Using this analytic expression, one can compute, that for a
given k > 0 and ¢ > 0 computed via (8.13), we have that

(1) = —€,9(0),

i.e., the state jump law is satisfied. Using the analytic solution, we can compute
that 7, — 7y = Tjump is given by (8.14). Moreover, it can be seen that f.(¢(7)) =
G(1) <0 for all 7 € |1, 7y]. All conditions of Definition 8.2 are satisfied, and
the proof is complete. O

The use of spring-damper systems to model mechanical impact is an old idea,
which is discussed in Chapter 2 of [49]. However, to accurately represent rigid
body impact dynamics, the system must become infinitely stiff, making it
impractical for numerical computations. Additionally, spring-damper models
may produce negative contact forces, as noted in Remark 2.3 of [49].

Here these difficulties are circumvented by introducing a clock state and freezing
it. This allows us to use even relatively small values for the spring constant,
represented by k, while still recovering the exact impact law in (8.8). We only
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use the endpoints of the trajectory produced by (8.12) and discard all other
pieces of the trajectory, thus avoiding the problems associated with standard
compliant models. In the case of activation of multiple perfect frictionless
constraints, the negative reaction force is in the normal cone to the feasible set
at this point [4], and hence the auxiliary dynamic has to evolve in this part
of the state space. In case the constraints are orthogonal, the desired vector
field is simply the sum of the neighboring fields, otherwise, the analysis is more
involved.

An example of a time-freezing system from Definition 8.3 with an auxiliary ODE
from the last proposition was already derived in Subsection 8.2.2. The blue
line in Figure 8.3 shows parts of the trajectory corresponding to ¥’ = faux.n(y)
and the green line corresponding to y' = (fopr(z,u),1). The trajectories as
functions of time are given in Figure 8.4.

8.3.3 Auxiliary dynamics for nonlinear constraints

We can extend the auxiliary ODE from Proposition 8.4 to handle general
nonlinear constraints. However, in this case, the constraint normal, represented
by n(q) = V4fc(q), and the inertia matrix represented by M (g), are no longer
constant, since ¢(7) # ¢ holds for 7 € (73, 7). Moreover, if the contact happens
close to the intersection point of surfaces defined by the zero level sets of
two or more constraints, ¢(7) might dive into the wrong region and make the
reformulation invalid, cf. Figure 8.3.

As a result, we cannot use a two-dimensional spring-damper model and embed
it back into the full space. To overcome this difficulty, we propose introducing
an auxiliary one-dimensional state, denoted by p(7), which takes on the role
of n(q) "q. Whenever y € R,.x, we freeze the evolution of ¢(7). This freezing
ensures that n(q(7)) and M(q(7)) remain constant for 7 € |7, 7,]. As a result,
we can use a modified version of the auxiliary dynamics from Proposition 8.4.

The extended state space of the time-freezing system is now given by §(7) =
(y(7),p(1)) € R*%*2 Let #(7) := (q(7),v(r),p(7)). For y € Ropr we keep
y' (1) = (fopr(z,u),1) and set p'(7) = 0 and p(0) = 0, since p(7) is not needed
in this region. For y € R,,x the auxiliary dynamics mimic the state jump in
n(q) "v, but now in the space spanned by [Vp V(n'v)] € R"*?2 instead of
[Vf.(q) V(nTv)] € R"a*2. The state jump is emulated in p < 0 (and f.(g)) < 0).
The evolution of ¢(7) in this region is frozen, i.e., ¢’(7) = 0. Next, in the space
spanned by [Vp V(nTv)], we use a 2D damped linear oscillator to mimic the
state jump. The result is then embedded back into R™*+2. This behavior is
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modeled by the following vector field

an,l
M(q)~'n(=kp — en(q) Tv)

n(q) v

0

Fawen (9) =

It is left to define a vector field in the region p > 0 and f.(¢) < 0. The solution
does not enter this region, and the problem should not be initialized there.
However, we define a vector field that points outwards of it, in case the trajectory
enters this region due to numerical errors

() = [MDe]

where a is a positive constant. Bringing these two modes together we have the
piecewise smooth auxiliary ODE

Fou@), ify € Rax N{Y € R™=T2|p >0},

z}/ — faux’n(lg) — { aux,n

8.15
auxn (D), iy € Rae N {7 € R™+2 | p < 0}, (8.15)

By extending the definition for the ODE in y € Ropg by §' = (fopr(z,u),0,1),
we can extend Definition 8.3 accordingly.

An illustration of a solution of the time-freezing system with the novel auxiliary
ODE for the example in Eq. (8.15) is depicted in Figure 8.5. The solution
trajectory of the old auxiliary ODE evolves in the g3 — vy plane (blue (dashed)
curve) and g2 < 0, 7 € (75, 7). In contrast to that, the solution trajectory of the
novel ODE evolves in the p — g2 plane (orange (dotted) curve), and it does not
enter go < 0. Therefore, it holds that ¢(7) = ¢ for all 7 € [r, 7] and thus the
constraint normal n(q) and inertia matrix M (q) stay constant during this time
interval. Consequently, nonlinear constraints f.(g) can be treated naturally
with the novel auxiliary ODE.

8.3.4 Solution relationship

In this section, we show how the solutions of the initial nonsmooth differential
equation with a state jump law (8.4) and the corresponding time-freezing system
(8.11) are related. Note that the function ¢(7;x¢) is monotone by construction.

Theorem 8.5 (Solution relationship - elastic impacts). Regard the initial value
problems corresponding to:
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Figure 8.5: The green (solid) and orange (dotted) curve show a solution to the
time-freezing system corresponding to the illustrative example in Eq. (8.2) but
with the novel auxiliary ODE (8.15). The blue (dashed) and green (solid) curve
show a solution with the auxiliary ODE from Proposition 8.4.

(i) the time-freezing system in Eq. (8.11) with a given y(0) = (qo, vo,0) € R™v
and f.(qo) > 0 on a time interval [0, 7¢], and

(ii) the CLS from Eq. (8.4) with the initial value x(0) = (qo,v0) € R™ on the
time interval [0, t¢] == [0,t(7¢)], with f.(q(t¢)) > 0.

Assume that an auziliary dynamics fauxn(y) from Definition 8.2 exists and
that there is at most one time point ts = t(7s) where f.(q(ts)) = 0 and
n(q(ts)) Tv(ty) < 0 on the time interval [0,t], Then the solution of the two
IVPs: x(t;x0) and y(T;y0) fulfill at any t # ts

x(t(1)) = Ry(r), with R = [I,, 0n,.], (8.16)

Proof.: Let y1(7;y0) denote the solution of the IVP given by (8.11) and y for
7 € (0,7). Similarly, let z1(¢(7);zo) denote the solution to (8.4) and xz for
t(r) € (0,t(7)). Note that if there is no t; € (0,¢) such that f.(xz(ts)) = 0
on this interval, then t(7) = [ dmy = 7. Then setting 7 = 7, it follows that
(8.16) holds, since we have that 1 (t; o) = x(¢; xo) and y1(7;20) = y(7; yo) and
y € RopE.

If we have some tg € (0, %) so that f.(z(ts)) = 0, then from the first part of the
proof we have that (8.16) holds for all 7 € (0, 7,) and hence for all ¢(7) € (0,¢;),

S
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with tg = 75. It is only left to prove that (8.16) holds for 7 € (7;f, 7)) and
the respective ¢(7). By definition the solution of an auxiliary ODE y'(1) =
fauxn(y(7)) satisfies the restitution law and we have that n(q(r))Tv(r) =
—en(q(1s)) Tv(rs). We denote by ys = y(r,). Observe that ¢/(7) = 0 for
T € (75, 7¢), hence t(1;) = t(75) = ts holds. Using this, we have that y; (7 —
T, Ys) = y(7,90) for 7 € (7, 7r) and with denoting zy = Rys, we see that
21 (8(7) — ts;zs) = x(t(),x0) for t(r) € (t,¢). Since the intervals (i, tr)
and (7, 7¢) have the same length and zy = Rys, from the definitions of the
corresponding IVPs, we conclude that relation (8.16) holds. This completes the
proof. O

The assumptions that we have at most one state jump on the time interval
(0, %) can always be satisfied by shortening the regarded time interval and can
be generalized inductively. Furthermore, we avoid the analysis of the case with
infinite switches in finite time (Zeno behavior). For a desired physical simulation
t¢ we always have to take a longer pseudo simulation time 7¢ = ¢ + NjTjump,
where Nj is the number of state jumps on (0, ¢) for the original system. We do
not know a priori the number Nj. Note that 7jump has the same value for all
state jumps.

8.4 Time-freezing for inelastic impacts

In this section, we extend the time-freezing reformulation to the case of inelastic
impacts, i.e., the coefficient of restitution ¢, is zero. Rigid body models with
friction and inelastic impacts are indispensable in modern robotic control
applications, as any complex task requires exploiting contacts and friction [49,
129, 142, 225, 263, 255]. We regard again a single unilateral constraint, but
now with friction. Moreover, we outline some ideas on how to extend the
developments here to the case of multiple and simultaneous impacts. We discuss
how to construct auxiliary dynamics and formalize the relationship between the
time-freezing system and CLS. For simplicity and ease of exposition, we first
focus on the case without friction. Extensions with frictional impacts are given
in Section 8.4.3.

8.4.1 The time-freezing reformulation

From Eq. (8.1), we have that a CLS without friction and inelastic impacts
reduces to

¢g=w, (8.17a)
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0= fuo(q,v,u) + M(q) " 'n(q) M, (8.17Db)

0< A L fulg) >0, (8.17¢)

(8.17d)
if fe(q(ts)) = 0 and n(q(ts)) "(ty) <0,

Different modes of the CLS

We start by investigating different possible modes of the CLS (8.17). Afterwards,
the time-freezing reformulation with its needed ingredients is introduced. For
the CLS (8.17) we can distinguish two modes of operation:

(i) the system is not in contact (unconstrained case, free flight), i.e., f.(¢) > 0,
which implies A\, = 0,

(ii) the system is in contact, i.e., f.(¢) =0 and A, > 0.

In the first case, the system evolves according to the ODE:
g =, (8.18)

0= fv(q,v,u). (8.19)

We write this ODE compactly as & = fopr(z,u) = (v, fy(g,v,u)). We call an
active-set change from \,(t5) =0, fo(q(t5)) >0 to M\y(tF) >0, fo(q(th)) =0,
which triggers a state jump, an impact.

After an impact, it holds that 0 = n(q(t)) "v(t). Subsequently, the system
evolves according to a DAE of index 3:

qg=m, (8.20a)
v = fo(q,v,u) + M(q) " 'n(q)\n, (8.20Db)
0= fe(q)- (8-20c)

Note that f.(g(t)) needs to be differentiated twice w.r.t. to time until A, (¥)
appears explicitly. The next question to be answered is: Will the system stay
in contact (dynamics defined by (8.20) with f.(q) = 0) or will the contact break
(dynamics defined by (8.18) with f.(q) > 0)? The answer can be found by
looking at the contact Linear Complementarity Problem (LCP) [49, Section
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5.1.2]. Under the standing assumptions, during contact on some time interval
[t1, 2] the consistent initialization conditions hold

0= fulat), (3.21)
0= 5 1:(alt)) = Vafula()o(0) (322

Consequently, A,(t) > 0,t € [t1,t2]. Due to the continuity of q(t), f.(q(t))
and & £.(q(t)), for contact breaking (i.e., f.(q) becomes strictly positive) it is

required that %fc(q(t)) > 0 for t € [ta, ty + €), for some € > 0. Therefore, from
(8.17¢) we deduce that
d2
0< @fc(q(t)) LA (t) >0, t € [ty,ta]. (8.23)

Then, by computing ;—;fc(q(t)) and using the r.h.s. of (8.20b), we obtain the
contact LCP in A, (¢):

0 < D(Q)An + @(z,u) L Ay >0, (8.24)

with
D(q) = Vofe(a) " M(q)"" Vo felq), (8:25a)
o(x,u) = Vofe(q) " fo(g,v,u) + Vo(Vofe(q) 'v) v, (8.25b)

where D(q) > 0. The solution map of the LCP (8.24) is given by
An = max (0, —D(q) "o (x, u)). (8.26)

From the last equation, we deduce that contact breaking or sticking depends
on the sign of the function ¢(z,u).

In the case of p(x,u) <0, from Eq. (8.24) and (8.26) it follows that A,(¢) >0
and % fe(q(t)) = 0. Therefore, we have a persistent contact, and the system
evolves according to the DAE (8.20). Using index reduction and the solution
map (8.26), we can derive an ODE that is equivalent to the DAE (8.20):

g=w, (8.27a)

0= fulg,v,u) = M(q)"'n(g)D(q) " p(x,u). (8.27b)
We compactly denote this ODE by & = fpag(z,u).
In the second case, p(z,u) > 0 implies A\y(t) = 0 and Ci‘%fc(q(t)) > 0. Therefore,
the contact breaks, and the system evolves according to the ODE (8.18).
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To summarize, if the system switches from the ODE mode in (8.18) to the
DAE mode in (8.27), a state jump must occur, except if the active-set changes
happen with n(q(t;) Tv(t;) = 0. Now the system evolves on the boundary of
the feasible set with f.(q) = 0 according to the DAE (8.20), or equivalently
according to the ODE defined by (8.27). On the other hand, if we switch from
DAE to ODE mode, we have a continuous transition without state jumps, i.e.,
contact breaking occurs.

Main ideas and auxiliary dynamics

The arguments above reveal that the CLS (8.17) switches between an ODE and
a DAE of index 3. This already bears similarity to a piecewise smooth system,
but the main obstacle to completing this transition is the state jumps. Note
that large parts of the state space, namely f.(¢) < 0, are prohibited for the
solution trajectories of the CLS.

As in the previous sections, we first relax the constraint and allow f.(q) < 0. We
define an auxiliary dynamical system in this infeasible region whose trajectory
endpoints satisfy the state jump law (8.17d) on some finite time interval. Second,
we introduce a clock state t(7) that stops counting (i.e., ¢'(7) = 0), when the
auxiliary ODE is active (for f.(q) < 0). By taking the pieces of the trajectory
when the clock state was active, one can recover the solution of the original
system with discontinuous trajectories. The extended state of the time-freezing
system reads as y = (z,t) € R™, n, = n, + 1. The properties of the auxiliary
dynamics are summarized in the following definition.

Definition 8.6 (Auxiliary dynamics). An auziliary dynamical system, for
the normal velocity state jumps, y'(T) = faux.n(yY(7)) satisfies for every initial
value y(7s) = (gs, Vs, ts), with f.(qs) = 0 and n(gs) "vs < 0, for a well-defined
and finite time interval (7s,7;), with the length Tjump = T — Ts, the following
properties:

(Z) fc(q(T)) < Oat/<7—) =0 fOT all T € (Tsa'rr);

(”) n(Q(Tr))TU(Tr) = 07 and
(Z”) fC(Q(Tr)) =0.
To construct the time-freezing system, we take several steps. First, observe
that the post-impact velocity (8.17d) is equal to the total time derivative of

the constraint f.(q) =0, i.e., % f.(q) = n(q) "v = 0. We choose these functions
as switching functions, i.e., ¢;(y) = f.(q) and co(y) = n(q) "v, and define the



260 THE TIME-FREEZING REFORMULATION FOR NONSMOOTH MECHANICAL SYSTEMS

following regions:

Rope={yeR" [c1(y) >0}U{yeR™ |c1(y) <0, c2(y) >0}, (528
8.28
Raux:{y e R™ | C1 (y) < 0702(3/) < 0}

Second, we associate with the region Ropg the unconstrained dynamics y' =
(fopr(z,u),1) and with Ra,x the auxiliary dynamics from Definition 8.6. We
formally define the time-freezing system and its Filippov extension in the next
definition.

Definition 8.7 (Time-freezing system - the inelastic case). Let 7 € R be
the numerical time and y(7) = (x(7),t(7)) € R™ the differential states and
u(T) € R™ a given control function. The time-freezing PSS for a given faux.n(y)
is the PSS:

/ {fl(y)7 if y € Ropg, (8.29)

Yy = .
fQ(y)a ny S RauX7

where f1(y,u) = (fopr(z,u),1) and fa(y) = fauxn(y). The corresponding
Filippov system, which we call the time-freezing system, is defined as

y' € Fre(y,u)= {elfl(y) +02f2(y) | e 0=1, 920}7 (8.30)

with 0 = (91, 92)

Figure 8.6 shows the phase plot of the time-freezing system. Note that the
region Raux consists of the set {y € R™ | f.(q) > 0} (green area), that
corresponds to the feasible set of the unconstrained dynamics (8.18) and the set
{y € R™ | ¢1(y) < 0,c2(y) > 0} (yellow area). The solution trajectories never
flow in the latter set and the system should not be initialized there. However,
as we show later, it is crucial for sliding modes and contact breaking. Region
R.ux (red shaded area) contains the auxiliary dynamics that mimic the state
jump.

To make further use of Definition 8.7, let us specify how to construct an
appropriate auxiliary ODE. The next proposition provides a constructive way of
selecting the auxiliary ODE from Definition 8.6 for any smooth scalar constraint

fe(g) = 0.

Proposition 8.8 (Auxiliary dynamics). Suppose that y(7s) = (gs, vs, ts) s given
such that f.(qgs) =0 and n(gs) "vs < 0 holds. Then the ODE given by

an,l
Y = fawen(y) = | M(g)"'n(g)an (8.31)
0
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p(z) <0 e ) (7), 1 > 0 ——= fauxn
— my(7),t' =0 —=Ve(y)
—= fopr — Ve (y)

\

ca(y) = n(q) v

\\&e_K/

— — —> —a

a(y) = fe(q)
Figure 8.6: Illustration of a phase plot of the time-freezing system from Definition
8.7. The red and yellow shaded areas are infeasible for the CLS (8.17). The
trajectories of the auxiliary dynamics (the blue dashed line) flow in the red-
shaded area.

with an, > 0 is an auziliary dynamical system from Definition 8.6 with Tjymp =

_ n(Qs)T Vs
D(gs)an

Proof. According to (8.31) we have ¢'(7) = 0,1, V7 > 75, which implies ¢(7) =
gs and f.(q(7)) =0, V7 > 75. This means also that M (q(7)) = M(gs), V7 > 7.
Second, regard the dynamics of v/ = M(q) " 'n(q)an = M(gs) 'n(gs)a, and
rewrite this equation in integral form. By multiplying it from the left by n(gs) "
we obtain:

n(gs) "v(T) = n(gs) "vs+n(gs) " M(gs) ™ n(gs)an (T — 75).

Since the first term on the r.h.s. is negative and the second strictly positive,

we deduce that n(g(r))Tv(r) = 0 and f.(¢(y)) = 0 with Tjump = 7o — 7s =
T

—%. Hence, all conditions from Definition 8.6 are satisfied and the proof

is complete. O

Next, we discuss which mode of the time-freezing system matches the persistent
contact dynamics of the CLS (8.17). We observe that the set ¥ = {y | c1(y) =
fe(q@) =0,co(y) =nTv =0} is defined by the same equations as the consistent
initialization conditions (8.21) (but now in R™» instead of R™ due to the clock
state). A sliding mode of the time-freezing PSS evolves on ¥ just as the solution
of the persistent contact DAE (8.20). Therefore, its dynamics should match the
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dynamics of the DAE (8.20). We detail In the next two subsections that this is
indeed the case.

To summarize, for f.(¢) > 0 (which is a subset of Ropg) the time-freezing
system and CLS have the same dynamics. In R,.x the auxiliary dynamics
mimic the state jump and the sliding mode y € ¥ should match the dynamics
of the CLS in contact mode. To illustrate the developments so far, we derive a
time-freezing PSS for the guiding example.

Example 8.9. (Guiding example as time-freezing PSS) The state space is
y = (q,v,t) € R® and the switching functions read as c1(y) = y2 and ca(y) = v.
The two PSS regions are Rope = {y € R® | g2 > 0} U {y € R® | g2 < 0,v2 > 0}
and Raux = {y € R® | g2 < 0,v9 < 0}, ¢f. Fig. 8.6. The dynamics in Ropg are
given by f1 = (v1,v2,u1,—g + ua,1). The constraint normal is n = (0,1) and
by applying Eq. (8.31) we find that fo = (0,0,0,a,,0). Therefore we have the
PSS:

Y = (vi,v2,u1, —g +uz,1), if y € Ropg,
(07 0’ 07an’ 0)7 ify 6 Raux’

Persistent contact and sliding mode

Depending on the sign of the function ¢(z, u), a solution y initialized at ¥ should
either stay at ¥ (sliding mode, persistent contact) or leave it (contact breaking).
In this subsection, we study the case when a solution of the time-freezing system
satisfies the conditions y(7) € ¥ and ¢(z(7),u(r)) < 0 for some 7 € [y, 7]
(persistent contact). During contact, the CLS system satisfies the consistent
initialization (8.21) which corresponds to ¥ without the clock state. It is
desired that under these conditions y(7) stays on ¥ and that the corresponding
sliding mode dynamics match the DAE dynamics (8.27). For a solution to
stay in the sliding mode, the surface ¥ must be stable, i.e., all neighboring
vector fields point toward ¥. Since Vei(y) T f1(y,u) = 0, Vei(y) T f2(y) = 0 and
Vea(y) T fi(y,u) = o(z,u) <0, Vea(y) T f2(y) = D(q)an > 0, we see that this
is indeed the case, cf. Figure 8.6. We show next that the sliding mode of the
time-freezing system is unique and that it matches the dynamics of the DAE of
index 3 after the state jump, as required.

Theorem 8.10 (Unique sliding mode). Regard the time-freezing system from
Definition 8.7 with the auxiliary dynamics from Proposition 8.8. Let y(7)
be a solution of this system with y(0) € ¥ and 7 € [0,7¢]. Suppose that
o(x(1),u(r)) < 0 for all T € [0,7¢] (persistent contact), then the following
statements are true:

(i) the Filippov multipliers 61,02 > 0 in Eq. (8.30) are unique,



TIME-FREEZING FOR INELASTIC IMPACTS 263

(ii) the dynamics of the sliding mode are given by y' = v(x,u)(fpar(z,u), 1),
where y(x,u) € (0,1] is a time-rescaling factor given by
D(g)an

D(q)an — ¢(z,u)

Y(z,u) = (8.32)

Proof. To compute the multipliers ; and 6> we use Definition 8.7 and the fact
that y € 3. This results in the conditions:

c(y) =0, c2(y) =0, 61 + 0, =1.

Since 6 does not explicitly appear in the first two conditions, we differentiate
them w.r.t. to 7 and use Eq. (8.30). We have two unknowns and three conditions,
hence the system is over-determined. However, we have by assumption that

ca(y) = Vye1(y) "o = 0 and by direct evaluation, we conclude that dcéiiy) =0is
satisfied for every #; and 65. The conditions that are left are dcgiiy) =0 and
01 + 62 = 1. Since V,ca(y) = V,(Vyer(y) Tv) = Vyei(y) and % =0 we
obtain from dcjiiy) = 0 the following equations

0= d%iy) =01 [Vgea(y) " Voea(y) '] [fv(q,vv,U)}

+ 6y [chg(y)TVvCQ(y)T] [M(q)—lvoqcl(y)an} ’

0=06; Vq(vqfc(q)v)T’U + vqfc(Q)va(Qv v, u)

=¢(z,u)<0

+ 92 vqfc(Q)TM(Q)_lvqfc(Q) Q-

=D(q)>0

Thus we obtain a system linear in 6

57 2] f)

and by solving it we have that 6; = %
—p(z,u)

Pla o) Since D(q)an — ¢(z,u) > 0 and ¢(x,u) < 0, we have always
unique 61,605 > 0. This completes the first part of the proof.

= v(z,u) and 0y =

For the second part, we evaluate

v

Y =01f1(y,u) + 02f2(y) = v(z,u) | folg,v,u)
1
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_(P(.’L' ’LL) O"qxl
D(q)an — ¢(z,u) M{q) vac(Q)an -D(q)”" D(q).

In the second term we use that A\, = —D(q)¢(x,u) (cf. Eq. (8.26)) and the
expression for v(z,u) in Eq. (8.32). By comparing the last expression to Eq.
(8.27) we obtain y' = y(z, u)(fpar(z,u), 1). O

This theorem shows that the sliding mode of the time-freezing system on X is
unique and equal to the dynamics of the CLS in the persistent contact mode
given by Eq. (8.27) but slowed down by the factor v(x,u). Note that for larger
values of a,, the factor y(z,u) comes closer to one, which reduces the slow-down,
cf. Example 8.11.

However, by plotting z(-) over ¢(7) the solution with a speed of time of one is
recovered. We briefly discuss the intuition behind the time slow down by ~(z, w).
To achieve the sliding mode on ¥, the vector fields from R,,x and Ropg (the
yellow part in Fig. 8.6) must push toward ¥. The resulting dynamics is a convex
combination of the two vector fields, and since the speed of time in Ropg is
one and in R,y zero we obtain a slow down equal to 61 = v(x,u). Moreover,
the vector field fopg(+) in the yellow area “stops® the trajectory coming from
R.ux and thus enables the sliding mode. This shows the significance of having
the vector field (fopg(+),1) in the yellow area {y | c1(y) < 0,c2(y) > 0}, even
though by construction the solution never flows there.

Contact breaking

It is left to study the case when y(m) € ¥ but ¢(z(7),u(r)) > 0 for 7 €
[11,72]). In the CLS for ¢(z,u) > 0 the contact breaks. In the time-freezing
system, we expect the trajectory to leave the sliding mode from . Since
Vei(y) " fi(y,u) = 0, Ver(y) " f2(y) = 0 and Veo(y) ' fi(y,u) = ¢(x,u) > 0,
Vea(y) T f2(y) = D(q)ay > 0, the surface ¥ is not stable anymore. This scenario
is illustrated in Fig. 8.7. We conclude that under these conditions y leaves
and enters Ropg (into the green region with f.(¢) > 0). In this case § = (1,0),
hence y' = fi(y,u) = (fopr(z,u),1), which matches the unconstrained CLS
dynamics (8.18) augmented by the clock state.

Effectively, the time-freezing system switches between the DAE and ODE modes,
just as the CLS and the state jump is performed by the auxiliary dynamics
while the time is frozen. For ¢(x,u) < 0 (persistent contact) the solution of the
time-freezing system stays on 3, just as the solution of the CLS. It leaves the



TIME-FREEZING FOR INELASTIC IMPACTS 265
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Figure 8.7: Illustration of a phase plot of the time-freezing system from Definition
8.7 with ¢(z,u) > 0. Compared to Figure 8.6, the vector field in Ropg is
changed and ¥ is not stable anymore, thus leaving Y into R,,x is possible.

sliding mode when ¢(x,u) > 0, which corresponds to contact breaking in the
CLS. This relationship is formalized in the next subsection. To illustrate the
developments of the last two subsections, we revisit the guiding example and
provide a simulation that encompasses all effects discussed so far.

Example 8.11. (Speed of time and sliding modes) Let us consider the time-
freezing PSS from Example 8.9. We choose a, = g. It follows that D(q) =1
and p(x,u) = —g + us. We choose a control function

) (7,0), t<1,
ult) = {(7, 2g(t(r) — 1)), t>1.

Let us make a simulation of the time-freezing system with y(0) = (0,1,0,0,0)
for T €0,3.5]. The result is depicted in Fig. 8.8. The particle hits the ground,
slides horizontally on it, and lifts off when the control force us(t) is stronger
than gravity, cf. the top plot. We see that when the particle hits the ground,
the time is frozen and the auziliary ODE is active (red strips). The vertical
velocity vo becomes zero with the rate a,,. The system is then a sliding mode with
a time slow down factor of v(x,u) = ar(g?ﬁuz) = g,(,ggﬂ)) =05 fort <1
(Tt < 2), cf. bottom left plot. At t =1, which corresponds to T = 2 the vertical
control force becomes nonzero and y(x,u) = 25]‘%@ grows. For 7 > 2.8 we have
o(x(1),u(r)) = —g + u2 > 0 and X is not stable anymore. The particle lifts off
and the contact breaks. Note that the solution of the time-freezing system y(-) is
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Figure 8.8: Trajectories of the time-freezing system corresponding to the example
CLS. The top plot shows the position of the particle. The middle left plot
shows the continuous velocities v; and vs in numerical time 7 and the middle
right plot shows the discontinuous velocities v; and vy in physical time ¢. The
bottom left plot shows the speed of time g—j and the bottom right plot the
control function u(t).

continuous in numerical time T (middle left plot) and discontinuous in physical
time t (middle right plot).

8.4.2 Solution relationship

We formalize now how to recover the solution of the initial value problem
corresponding to the CLS (8.17) from the solution of the time-freezing system
from Definition 8.7.

Theorem 8.12 (Solution relationship). Regard the initial value problems
corresponding to:
(i) the time-freezing system in Eq. (8.30) with a given y(0) = (qo,vo,0) € R™
and f.(qo) > 0 on a time interval [0, 7¢], and
(i) the CLS from Eq. (8.17) with the initial value x(0) = (qo,v0) € R™ on a
time interval [0, t¢] := [0,t(7¢)], with f.(q(tt)) > 0 and n(q(ts)) Tv(te) > 0.

Suppose the following assumptions hold:
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(a) the auziliary dynamics fauxn(y) from Proposition 8.8 is used in the time-
freezing system in Definition 8.7,

(b) there is at most one time point ts = t(15) where f.(q(ts)) = 0 and
n(q(ts)) Tv(ty) < 0 on the time interval [0, ],

Then, the solutions to the two problems are related as follows:

1. fort #tg:
z(t(7)) = Ry(t), with R = [I,, Opn, 1], (8.33a)
A(tr)) = {D(q(tm))w(x(t(f))), ify(r) €%, (8.33b)
0, otherwise.
2. fort=t
) ts+e Ty
%r}rg) - An(t)dt = /TS andr. (8.34)

Proof. The idea of the proof is to consider the different modes, in which the CLS
and the time-freezing system can be and to compare the solutions to establish
the result of the theorem. A solution of the initial value problem given by the
time-freezing system in Eq. (8.30) with y(0) = yo is denoted by yso1(7; o) for
7 € [0,7]. Similarly, for the CLS in Eq. (8.17) and z(0) = z for ¢(7) € [0, ¢(7)]
we use Tsol (¢(7); zo). We must distinguish all possible cases, hence we split the
proof into several parts.

Part T (Unconstmmed case). Regard the case f.(q(r )) > 0,7 € [0,7]. This
means that y € Ry, v = fi(y,u) = (fODE(x u),1),7 € [0,7]. It holds that
t(r) = [, ds = 7 and by settmg # = 1t we have t(1¢) = t;. Note that
Ry = Rfi(y,u), is equivalent to 2’ = fopgr(z,u). Since [0, 7¢] = [0, ], this
ODE has the same solution as & = fopg(x,u), therefore relation (8.33a) holds
for t € [0,¢;]. This means that f.(q(t)) > 0 and A,(¢t) = 0 for ¢ € [0, t¢]. For the
time-freezing system this means that y(7) ¢ X for 7 € [0, 7¢], hence equation
(8.33b) is also satisfied.

Part II (Sliding mode/persistent contact). Regard the case f.(¢(0)) = 0 and
n(q(0))Tv(0) = 0, i.e., y(0) € ¥. Assume that ¢(x(7),u(r)) < 0, 7 € [0,7].
This means that y(7) € &, 7 € [0, 7], cf. Section 8.4.1. From Theorem 8.10
we have that vy = v(z,u)(fpar(z,u),1) for 7 € [0,7¢] and ¢ (1) = y(z,u) >
0,7 € [0, 7¢], thus t(Tf) =ty > 0. On one hand, from w = %% we have
that Rdy = Ry (.T u)(fpar(x,u),1) = fpar(z,u). On the other hand,
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for the CLS we have for f.(q(0)) = 0, n(q(0)) "v(0) = 0, z(t) > 0, t € [0,%].
Consequently, the CLS reduces to the ODE & = fpag(z,w). Similar to the part I,
we conclude that (8.33a) holds. Since f.(q(t(7))) = 0 and n(q((7))) Tv((7)) = 0
for 7 € [0, 7¢], the relation for \,(¢(7)) in Eq. (8.33b) follows from Eq. (8.26)
and (8.27).

Part IIT (Leaving sliding mode). Now we consider a similar scenario as in part
II, with yo € &, @(z(7),u(r)) <0 with 7 € [0,7) ,7e < 7% (sliding mode) and
o(x(7),u(r)) > 0 for 7 € [7e, 7] (leaving sliding mode). Relations (8.33a) and
(8.33b) hold for 7 € [0,7,) by the same arguments as in part II. For 7 > 7o,
following the arguments in Section 8.4.1, y(7) leaves X and y(7) € R; for
7 € [0,7.). We can apply the arguments of part I and establish the result of
the theorem.

Part IV (State jump). This part regards the case of 75 € [0, 7¢], i.e., ts € [0, t¢].
For 7 € [0,75) and t € [0,¢(75s~)) we can apply Part I of the proof by simply
setting ¥ = 75 and deduce that (8.33a) and (8.33b) hold. For 7 = 75 we have
fe(q(7s)) = 0 and n(q(7s)) "v(7s) < 0. Consequently, y € Ry amd ¢ = faux.n(¥).
The assumption f.(q(7r)) > 0 and n(q(t¢)) "v(tf) > 0 ensures that the time
evolution of ¥/ (7) = faux.n(y(7)) is finished in [7y, 7¢], i.e., 7o < 7¢. From the proof
of Proposition 8.8 we know that by construction ¢(7) = q(75) = ¢s, T € [7s, 7).
Consequently, f.(¢(7)) =0, 7 € [15,7:]. For v(7), from (8.31) we obtain that:

v(r) = v(7) + /“ M(q(r)) " n(q(r))andr. (8.35)

Multiplying both sides with n(gs)' from the left and noting that
M~Y(q(7))n(q(7)) is constant since q(7) = gs, T € [7s, 2], we have

n(gs) To(7e)—n(ge) To(m) =n(ge) ™M (g) "n(as) / “andr,

%/_/ S
=0 —D(q.) —
:2./\1
n(gs) " ()
AN=—""""2>0.
! D(qs)

Next, we look at the post-impact states of the CLS and compare it to the
solution of the time-freezing system. Since in CLS, v(t) is a function of
bounded variation [49], we have that ¢(t) is a continuous function. Thus,
q(t) = q(t7) = q(ts). Furthermore, notice that q(t;) = g5 which implies
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n(q(ts))" M~ (q(ts))n(a(ts)) = D(gs). Examining,

ts+e
o(th) = olt7) +lim [ fulg(t),o(t)dt

e—0
e>0 Vts—e

=0 (8.36)

ts+e€
Flim [ M(g(®) na®)Ma(b)dt,
€20 ;.
e>0 "'
and multiplying both sides with n(g;)" from the left, introducing Ay =

limeﬁg f:‘f: An(t)dt, we conclude that
€> s

py = -MAEN o) _ ) (8.37)

D(Qs)

By comparing (8.35) and (8.36), due to the last relation we conclude that
v(1y) = v(tf) = vs. Furthermore, by Proposition 8.8 we have f.(q(y)) = 0
and n(q(r))"v(r) = 0. Since /(1) = 0 with 7 € [r, 7], it follows that
t(m) = t(7s) = t5. Consequently,

felq(ts)) = fe(q(m)) = 0, (8.38a)
n(q(ts) To(t]) = n(q(m)) To(r) = 0. (8.38Db)

Let ys :== (gs, vs, ts). Note that yso1 (7 — 7, ys) = y(7,yo) for 7 € |1, 7¢]. Likewise,
Zsol(t — s, xs) = x(t,x0) for t € (ts,t¢], with xs = Rys. The two initial value
problems are initialized with the same initial condition. Since (8.38) holds we
can apply Theorem 8.10 for y € X. Therefore, by using the arguments of parts
IT or TIT (depending on ¢(z(7),u(7))), we deduce that (8.33a) and (8.33b) hold
on [r, 7¢]. Additionally, for 7 € (75, 7;) we have t = t; and Eq. (8.34) follows
directly from (8.37).

Part V (Summary). Parts I-IV cover all possible modes of the CLS and the
time-freezing system: evolution according to fopr (Part I), evolution on X
according to fpagr without leaving it (Part II), leaving ¥ and continuing to
evolve according to fopr (Part IIT), and the state jump (Part IV). To regard any
other possible sequence of mode on [0, 7¢], the time interval is simply split into
sub-intervals with the different mode, and we apply subsequently the arguments
from Parts I-IV to verify that (8.33a) and (8.33b) hold for ¢ # t5 and (8.34) for
t = ts. This completes the proof. O

Equivalence for several subsequent impacts is trivially obtained by sequentially
applying the argument of the last theorem. Time-freezing enables one to make
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the state jump in ”slow motion”. By plotting the state as a function of physical
time we make the "slow” transition ”infinitely fast” and recover the discontinuity
in time. More formally, this is encapsulated in (8.34), which shows that the
integral of a Dirac impulse A, (¢) is the same as the integral of the v-state of the
auxiliary ODE over a finite time interval 75, 7;] of nonzero length. To simulate
a time-freezing system with Zeno’s effect, the numerical time horizon would
have to be infinitely long, as every state jump requires Tjymp > 0. In this thesis,
we assume to have a finite number of impacts. In practical robotics applications,
one is usually interested in solutions with a finite number of impacts.

Possible extensions

In this thesis, we consider a single unilateral constraint. To extend the same
ideas for multiple and/or simultaneous impacts one must take care of the
chosen impact model [49]. The extension can be made in several ways, e.g.,
time continues to flow when the first normal velocity component reaches zero
or when all of them reach zero. Some multiple impact models suffer from
nonuniqueness of solutions [49, 255] and how to proceed is a modeling decision.
In the special case when the constraints, e.g., f.:(¢) and f. ;(¢q) are orthogonal
in the kinetic metric, i.e., fe;(¢) " M(q)~1 f. ;(q) = 0, the impacts can be treated
independently [49]. In this case, one would take for every constraint the auxiliary
dynamics from Prop. 8.8 and the time would continue to flow when all normal
velocity components reach zero. Stochastic approaches with multiple outcomes
are also possible, e.g., within the binary collision law as shown in [200] or within
a stochastic version of Routh’s impact model [129].

8.4.3 Frictional impact

If friction is present at the contact point, frictional impulses cause state jumps in
the tangential directions. This section extends the time-freezing reformulation
for CLS with frictional impacts. Appropriate auxiliary dynamics for the state
jumps in the tangential directions are introduced. The time-freezing system
covers both stick and slip motions. We regard the CLS with friction from (8.1),
but with a single unilateral constraint.
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Stick and slip dynamics of the CLS

For a given A, the solution map of the convex optimization problem (8.1e)-(8.1f)
is given by [198]:
— g T, if > 0,
A\ € {~ H Jmnz} 1 [[vell2 (8.39)
(A [Adlz < pAa, i flugll2 = 0.

In the 2D case, this solution map simplifies to Ay € —pAysign(vy). When the
system is in contact, it can be in slipping motion, i.e., it has nonzero tangential
velocity vy # 0, or in sticking motion with vy = 0. Similar to the frictionless
case, we derive equivalent ODEs which model the stick and slip dynamics during
contact phases. If the system is in slip motion and A, > 0, it follows from (8.39)
that A\ = —,u)\n”fﬁ and we have the DAE of index 3

q=v,

o = fulg,v,u) + M(q)™" (n(q) - B(Q)/‘”Uvﬁ)%’

0= fe(q),

Similar to Eq. (8.27), we perform index reduction to obtain an equivalent ODE:

i (8.40a)
o o) n(a) — Bt
b= Favu) = Mg n(q)TM(q)1<n<q>—uB<q)|Jf|2>< @ = Big ;)

(8.40D)

The r.h.s. of this ODE is compactly denoted by fsip(x,u).

If the system is in sticking motion we have v = BTv = 0 and n'v = 0.
By differentiating these equations w.r.t. time we can explicitly compute the
multipliers A := (An, A¢) by

— —D(q) B, u), (8.41a)

~ Dy, p D, B
Dla) DBm((?J)) DB,B(((;))}

_ [n(Q)TM(Q)_I”(Q) n(q)" M(q)™ B(q)
B(q)"M(q)'n(q) Blq)"M(q)™B(q)
(8.41b)

@(z,u) = [n(q) B(q)]—rfv(q,v,u)—i—vq([n(q) B(q)]Tv)Tv. (8.41c¢)
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The ODE describing the sticking motion reads as

q=v, (8.42a)

0= folg,v,u) = M(a)"* [n(a)  B(@)] D(a)™ @z, ). (8.42b)

TIts r.h.s. is compactly denoted by fstick(x,u). The transition from the stick
to the slip mode occurs when the other tangential forces are greater than the
maximal friction force A, cf. [49, Chapter 5].

Time-freezing for frictional impacts in the 2D case

Denote the single column of B(q) by b(q). Depending on the sign of v, we
define an auxiliary dynamical system to mimic the state jump in the tangential
direction b(g). For the n(g)-direction we use the dynamics from Proposition 8.8.
For the tangential direction and b(¢) v < 0 we define the tangential auxiliary
dynamics analogously:

an,l
Y = faws(¥) = | M(0)" b(q)ac | - (8.43)
0

To account for the sign of the tangential velocity, for b(¢)Tv > 0 we use
Y = fihet() = —fauxs(y). Depending on the sign of v, one of these ODE
is active for the same numerical time interval of the length Tjump as v’ =
faux,n(y). Furthermore, we know from Eq. (8.34) in Theorem 8.12 that the
impulse bringing the normal velocity n(q)"v < 0 to zero after an impact is
proportional to anTjump. Thus, by settings a; = pa,, we conclude that the
integrals of the auxiliary dynamics satisfy the maximum dissipation principle,

i.e.7 atTJ‘ump = _ManTjumpSign(b(q)Tv)'

State jumps in both the normal and tangential directions are treated
simultaneously with different auxiliary dynamics. They should be active
whenever y € Q = {y € R™ | c1(y) < 0,c2(y) < 0}, cf. Fig. 8.6. To
treat different signs of the tangential velocity we introduce the switching
function c3(y) = b(q)"v. Hence, we have in total ny = 3 regions, one for
the unconstrained dynamics and two to mimic the state jumps. We extend the
definition of the regions in Eq. (8.28) as follows:

Rope ={y € R™ | ¢1(y) >0} U{y € R™ | c1(y) < 0,c2(y) > 0}, (8.44a)
Rin=Qn{yeR™ [c(y) >0}, (8.44b)

R =QN{y eR™ |c3(y) <0}. (8.44c¢)
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Figure 8.9: Two projections of a phase plot of the time-freezing system from
Definition 8.13. The red shaded areas are infeasible for the CLS (8.1) and show
the vector fields of the combined auxiliary dynamics. The trajectories of the
auxiliary dynamics (red lines) flow in the red-shaded area.

The sum of the corresponding auxiliary dynamics accounts for the simultaneous

state jumps, i'e'7 fQ(y) :faux7n(y)+ ;;x,t(y)v f3(y) :faux,n(y)+ a_ux,t(y)' The
time-freezing system for the CLS (8.1) is given in the next definition.

Definition 8.13 (Time-freezing system with friction). Let 7 € R be the
numerical time, y(7) = (x(7),t(T)) € R™ the differential states and u(r) € R™
a given control function. The time-freezing PSS is defined by the regions in Eq.
(8.44) with

fl(y7u) = (fODE(xau)71)7 fO’f’y S RODE
faly) = fauxm(y) + ;uc,t(:‘/), fory e R;_uw

f3(Y) = fauxn(y) aux,t (y), fory € R

The corresponding Filippov system, which we call the time-freezing system, is
denoted by

y' € Fre(y,u) = {01 f1(y,u) + O2f2(y) + 03f3(y) | 0 > 0,e "6 =1}.  (8.45)

It is assumed that appropriate dynamics fauwxn(Y), fanes(y) and fo (y) emist.

Figure 8.9 shows two projections of the state space of the extended time-freezing
system. Note that sliding modes can happen on vy = 0, which corresponds to
the stick mode. As in the frictionless case, we are interested in the relation of the
CLS in contact mode and the corresponding sliding mode of the time-freezing
system on X.



274 THE TIME-FREEZING REFORMULATION FOR NONSMOOTH MECHANICAL SYSTEMS

Theorem 8.14 (Slip-stick sliding mode). Suppose that the auziliary dynamics
from Proposition 8.8 and Eq. (8.43) are used in the time-freezing system from
Definition 8.13. Let y(1) be a solution of this system with y(0) € X and
7 € [0, 75]. Suppose that o(x(7),u(T)) <0 for all 7 € [0, 7¢] (persistent contact),
then the following statements are true:
(i) If vy # 0 (slip motion), then the sliding mode dynamics are given by
Y = siip(z, w)(foup(z,u), 1), where

(Dinn(q) — sign(ve) D (q))an
(@) — sign(ve)uDn B(q))an — @(x,u)

Ystip (T, u) = D (8.46)

(ii) If vy = 0 (stick motion), then the sliding mode dynamics are given by
y = VSlip(x, u)(fstiek (2, u), 1), where

(DB,BDn,n - DB,nDn,B)an

" Dp.p$1 — Dnp@s — Dp.Dpnan + DpnDp pay
(8.47)

“YStick ((E, u) =

The functions ysiip (2, w), Ystick (T, w) € (0,1] are time-rescaling factors.

Proof. In the slip mode in the 2D case, we have that vy is either strictly positive
or negative. We start with the case of v; = b(q) v > 0. This means that
y ¢ R, and it follows that 65 = 0. We follow similar lines as in the proof of
Theorem 8.10. From the conditions ca(y) = n(q) v =0 and 0; + 0 = 1 we can
compute #; and 5. By using %cz(y) = 0 and Definition 8.13 we compute that

v

0= [Vy(n(@)"v) n(a)] (01 [fv(q,v,u)} o [M(q)‘l(n(qo) —ub(Q))aJ )

0=01Vy(n(a) v) "v+nla)" folg,v,u) +02n(q) " M(q)~ (n(q) — pb(q))an.

=p(z,u)<0

Using the notation from (8.41b) we can write a linear system in 6

[@(? u)  (Dnn(q) _,thDn,B(Q))an:| {Zﬂ _ m ,

and by solving it we have that

(Dn,n(Q) — MDn,B(Q))a'n
Yt (z, u)

= @Y oy (8.48)

91: 1/}+(x,u)7 3 —
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where Y7 (z,u) = (Dnn(q) — pDn B(q))an — ¢(x,u) is an auxiliary function
introduced for rotational compactness. Next, we plug in these expression into
(8.45), compare to (8.40) (for vy > 0) and obtain

’_ (Dnn(q) = #Dn (q))an UU w

y' = ) fv(q717 )|+

g ) | ot | Dan(@) = #Dan(@)
) | MOl bl S D (a)

Y =6 (fstip(z,u), 1).
By following the same steps for b(q) "v < 0 we have that

(Dn,n(q) + MDnﬁB(Q))an (p(x,u)
Y (2, u) P~ (v,u)’

where ¢~ (x,u) = (Dpn(q) + pDn B(q))an — @(x,u). Following the same steps
we conclude that and y’ = 61 (fsip(x,u),1). By combining these two cases and
the expressions for 67 in (8.48) and (8.49) we obtain the formula for g, (2, u)
in Eq. (8.46). This completes the first part of the proof.

0, = 0y =0, 03 = — (8.49)

In the second part, we have vy = b(q) "v = 0. Together with the assumption
that y € % it follows no 6; can be set to be zero a priori. As in the previous
cases, we compute the analytic expressions for the convex multipliers 6. First,
we introduce the change of variables 51 = 0 + 03 and By = —6s + 63. This
allows us to rewrite (8.45) in the following compact form:

an,l
v =t | flav) | + @7 0 vl 4|3 50
1 0
where A = ﬁ)n ,u(c)z } Using this equation and <= [n(q)" b(g) "] v =0 one
obtains: '
0= [Tl b 107 (o) b)) (|l
0. (8.51a)
M@ o) ) A ],

0
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0 = 3(z,u)0, + D(q) A {gl] (8.51b)
2,
In summary, we obtain the linear system:
1 1 0 0, 1
P1(w,u)  anDnn(q) panDnp(q)| [B1| = [0
P2(w,u)  anDpn(q) panDpp(q)] [Pz 0

The solution of this linear system reads as:

_a(DB.B(9)Dnin(9) — D.n(q)Dn,B(q))

91 = ,(/)O (x’ u) = VStiCk(‘T, U),
B, = Dg B(q)¢1(x,u) — Dy g(q)P2(z,u)

o YO(z,u) ’
ﬁ _ _DB,n(q)¢1(xau) - Dn,n(Q)¢2(73,U)

o VO (z,u) '

where ¢°(z,u) = Dp p(q)¢1(z,u) — Dy p(q)d2(x,u) — Dp,p(q)Dn,n(q)an +
Dg.n(¢)Dn,B(q)an. Next, we compute the sliding mode vector field of the

time-freezing system gy’ = Zle 0;f;. Using the last line in (8.51) we have that

] = b et

By plugging this into (8.50) we obtain that ¥ = ystick (¢, ©)( fstick (2, u), 1). Since
Ystip (2, 1) and vsgick (2, u) correspond to the multiplier 6; in sliding modes, it
follows that they take values in (0, 1]. This completes the proof. O

The time-rescaling factors yggick (2, ©) and vsip(z, u) have more complicated
algebraic expressions than ~y(z,u) in (8.32). However, under a simplifying
assumption, they have all the same expressions, e.g., when the inertia matrix is
diagonal. This assumption holds in the guiding example. We state an immediate
consequence of the previous theorem.

Corollary 8.15 (Simplifed time rescaling factors). Suppose that the assumptions
of Theorem 8.1/ are satisfied. Furthermore, assume that the unit normal
n(q) and tangential vector b(q) are orthogonal in the kinetic metric, i.e.,
n(q)M(q)~tb(q) = 0, then the conclusions of Theorem 8.14 hold with

Vsnp(l‘, u) = Ystick (T, ) = y(x,u).

These results generalize Theorem 8.10, and one can see that the sliding mode
dynamics match the slip or stick dynamics of the CLS. Finally, we show that
CLS with planar contacts, friction, and impacts are equivalent to Filippov
systems.
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Theorem 8.16 (Solution relationship). Regard the initial value problems
corresponding to: i) the time-freezing system in Definition 8.13 with a given
y(0) = (qo,v0,0) € R™ and f.(q0) > 0 on a time interval [0, 7¢], i) the CLS
from Eq. (8.1) with the initial value x(0) = (go,vo) € R™ on a time interval
[0,t¢] = [0,t(7¢)], with fe(q(ts)) > 0 and n(q(te))Tv(ts) > 0. Suppose the
following assumptions hold:

(a) the auziliary dynamics fauxn(y) from Proposition 8.8 and f, .\ ,(y),
at(y) from Eq.  (8.43) are used in the time-freezing system in

Definition 8.183,

(b) there is at most one time point ts = t(75) where f.(q(ts)) = 0 and
n(q(ts)) Tv(ty) < 0 on the time interval [0, ],

Then, the solutions to the two problems are related as follows:

1. Fort # tg:
z(t(1)) = Ry(7), with R=[I,, Oy, 1],
Astip(t(7)), if ye X, v #0,
AE(7)) = < Aspick(E(7)), if y€X, v, =0,
0, otherwise.
with

Aslip = — = plzu) - [ .1 }
n(q) " M(q)~ (n(q) — ub(g)sign(v)) [—psign(vy)

)‘Stick = 7D(Q)71¢(I7 u)

2. Fort=1ts:
ts+e Tr
lim An(t)dt = / andr,
ts+e Ty
lim [Ae(t)]|dt = / pandr,
€20 ts—e T
e>0 v s s

Proof. Theorem 8.14 is applied for y € 3. Otherwise, the proof follows similar
lines as the proof of Theorem 8.12. The absolute value in the last equation
accounts for the sign of . O
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Time-freezing for frictional impacts in the 3D case

This case is more difficult since we cannot treat different directions of v; with
different auxiliary dynamics as in the planar case. The solution map of (8.39)
depends discontinuously on ||vg|la. Hence, we must take it as a switching
function. Because the set ||v¢]|2 = 0 has no interior, we cannot use the Filippov
extension from Eq. (6.3), which assumes regions R; with nonempty interior.
More general definitions without multipliers 6 as in Eq. (6.2) can treat this case,
but they are not computationally useful for in this case, as we see in the next
section. To alleviate this difficulty, we propose an approximation for (8.39):

VUt :
A = {—“An i ez > e (8.52)

Vg, 1f ||’Ut||2 < €t,

with a small parameter ¢, > 0. This expression is exact for ||vi]l2 > e,
thus we can make it arbitrarily accurate. For ||vg]l2 < €, the vector field
drives the tangential velocity towards ||vi||2 = €, see Fig. 8.10. In a Filippov
setting, a convex combination of the two cases in (8.52) keeps the velocity at
|lve]]2 = €. Hence, in the sticking mode, we have a velocity drift of ¢;,. By
taking c3(y) = ||vt]|2 — €& as a switching function, we can define regions with
nonempty interiors and the corresponding auxiliary dynamics. The auxiliary
dynamics mimicking the behavior of (8.52) read as:

Ol’nq,l 071:;71
fawee )= | =M (@) B(@as iy |+ fauxs (W)= | M(q)" ' Blg)ve
0 0

The regions for the time-freezing system are defined as in (8.44) and the matching
time-freezing system is defined analogously to Definition 8.13. Furthermore,
one could derive stick-slip dynamics corresponding to the solution map

NN\ VT 777
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@‘\\\\l//”‘— =

S—v’///'\\\\s S
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zZZ7 11t ANANN

bi(q)

Figure 8.10: The exact friction force Eq. (8.39) (left) and its approximation in
Eq. (8.52) (right).
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Figure 8.11: Trajectories of the time-freezing system from Example 8.17.

approximation (8.52) and relate it to the time-freezing system by following
similar lines as in Theorems 8.14 and 8.16, but we omit the details here. We
conclude this section by revisiting Example 8.11, but now with adding friction.

Example 8.17. (Frictional impact) The time-freezing system model from
Example 8.9 is extended by adding friction with a coefficient p = 0.6. In
the planar case, we have ny = 1, and the tangent at the contact point is
b(q) = [1,0]. We have the switching functions c1(y) = g2, c2(y) = v2 and
c3(y) = b(q)Tv = vy. Following Eq. (8.44), the regions of the time-freezing
system are Ry = {y | g2 > 0} U{y | g2 < 0,v2 > 0}, Re = {y | ¢2 < 0,02 <
0,v1 >0} and R3 = {y | g2 < 0,v3 < 0,v1 < 0}. The dynamics of the PSS are
fi = (v1,v2,u1, =g + u2,1), fo = (0,0, —pan, an,0) and f3 = (0,0, pan, an,0).
The results of the simulation are depicted in Figure 8.11. Note that due to
friction there is now also a state jump in the tangential velocity vi, cf. middle
plots. Afterwards, the acceleration of vy is during contact phases smaller due
to the friction force. Howewver, the tangential acceleration is increasing over
time as the normal contact force becomes weaker because of us. At T = 2.8, the
particle lifts off as in the previous example.
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8.5 Numerical optimal control of time-freezing
systems

In this section, we demonstrate how to use time-freezing systems in optimal
control and show that its solutions are also optimal for the initial OCP with a
CLS. Furthermore, we introduce time transformations and constraints to achieve
the desired control grid discretization and final time despite the nonsmooth clock
state. All methods and examples from this paper, including a fully-automated
reformulation of the CLS into a PSS, are implemented in the open-source tool
nosnoc [2, 206]. We start by stating the continuous-time optimal control
problem (OCP) we wish to solve. Afterwards, we derive an equivalent OCP,
now subject to the time-freezing system.

8.5.1 Continuous-time OCP with a CLS

We regard the following continuous-time optimal control problem subject to
CLS:

Lo W(a(T) (8.53a)
s.t. z(0) = Zo, (8.53b)
Eq.(8.1), for a.a. t € [0,7] (8.53¢)

0 < g(z(t),u(t)), t € 0,T], (8.53d)

0 < r(z(T)), (8.53¢)

where ¥ : R"* — R is the terminal cost of the OCP, Zg is a given initial value.
The functions g : R™ x R™ — R™ and r : R™ — R"" are the path and
terminal constraints, respectively. The CLS dynamics in Eq. (8.53¢) (resp. Eq.
(8.1)) make this OCP nonsmooth and nonconvex. Without loss of generality, we
only consider a terminal cost term here and remind the reader that the integral
of a running cost L : R™ x R™ — R over [0,T] can be treated via a terminal
cost term by introducing a quadrature state £(t)

%6(7&) = L(z(t),u(t)),t € [0,T], £(0) =0, (8.54)

and adding ¢(T") to the objective.
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8.5.2 Continuous-time OCP with a time-freezing system

Using the results from the previous sections, we derive now an OCP subject to
a time-freezing system. The new OCP is regarded in numerical time 7 € [0, T].
We take four steps in this transformation:

(1) we modify the quadrature state in Eq. (8.54) so that the cost integrated
over both numerical and physical time remains unchanged;

(2) we reformulate the time-freezing system into an equivalent dynamic
complementarity system to make it possible to apply FESD;

(3) we introduce a time-transformation to ensure that the terminal physical

time ¢(7T") matches the true control horizon of Eq.(8.53), i.e., t(T) = T;

(4) we express the remaining constraints in terms of numerical time.

We start with adapting the objective. This is achieved by replacing the
quadrature state (8.54) by:

8.55
dr 0, otherwise. ( )

d L(z(r),u(r)), ifye R ,
M;{(U (), ify € Ropp
When the time is frozen the cost integral is zero and there are no contributions
to the overall objective, i.e., the cost is unchanged when the time is frozen.

Our goal is to apply the FESD method from Chapter 7 to the time-freezing
systems. To do so we follow the approach of Chapter 6 and rewrite the
time-freezing Filippov systems from Definitions 8.3, 8.7 or 8.7 as dynamic
complementarity system. For sake of illustration, we perform this for the time-
freezing system from Definition 8.13 and use the step reformulation from Section
6.3. We define ¢(y) == (c1(y), c2(y), c3(y)). Following the steps from section 6.3
we can derive from y’ € Frp(y, ) in Definition 8.13 the equivalent dynamic
complementarity system:

y' = F(y,u) 0, (8.56a)
0=gr(0,a), (8.56b)
0= c(y) — AP + A", (8.56¢)
0<a LA >0, (8.56d)

0<e—al XP>0. (8.56¢e)
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The matrix F(y,u) = [f1(y,u),... fn,;(y)] € R™>"/ collects the modes of the
PSS and 0 = (01,...,0,,). The last three lines are the KKT conditions of
(6.33), where A", \P € R? are the Lagrange multipliers for the lower and upper
bounds in (6.33), respectively. We group all algebraic variables of the DCS in
the vector z = (0, a, AP, \*). The function gg relates the Filippov multipliers 6
with the evaluations of the step functions a:

0y — o1 + (1 — ar)ag,
gr(f,a) = |0 — (1 —a1)(1 —a2)(1 —a3)]| . (8.57)
93 — (1 — 011)(1 — 042)(053)

These expressions correspond to the signs of ¢;(y) in the definitions of the
regions Ropg, B, R, cf. Section 6.3.

aux’ aux’

The time-freezing system evolves over 7 € [O,T]. During state jumps the
physical time evolution is stopped. As a consequence, we have that t(T) <T,
i.e., the terminal physical time in the time-freezing problem does not match the
desired time T'. To resolve this, we introduce a time-transformation variable
5(7) € R and impose the terminal constraint on the clock state t(T) = T.
Consequently, we obtain ¢ = s and s > 1 speeds up the physical time and
allows us to catch up and reach the desired time T', cf. Example 8.19. Such
time transformations are very common in optimal control when one wants to

optimize over the terminal time, cf. Section 3.3.

It is left to impose the path (8.53d) and terminal constraints (8.53¢) in numerical
time for z(7) and u(7). Finally, the OCP subject to the time-freezing system
reads as:

1(52(;)), U (z(T)) (8.58a)
s.t. 2(0) = Zo, t(0) =0, (8.58b)

Y (1)=s(T)F(y(r),u(r)8(r), 7€ [0.T], (8.58¢)

0= gr(0(1),a(r)), T € 0,77, (8.584)
0=c(y(1)) — AP(7) + A\"(7), T € [0,T), (8.58¢)
0<a(r) LA(r)>0,7€[0,T], (8.58f)
0<e—a(r) LAP(1)>0,7€[0,T7, (8.58g)

0 < g(x(7),u(r)), t €[0,T], (8.58h)
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0 <r(z(T)), (8.581)

HT)=T. (8.58))

Tt is important to note, that when the time is frozen (¢ = 0) the control u(7)
does not influence z(7), since the auxiliary dynamics do not depend on the
control, cf. Eq (8.31). Therefore, we could even omit the path constraints
whenever ¢’ = 0, but we keep it for notational simplicity. Additionally, the
integral of the stage cost remains unchanged, since d%f(T) = 0 in this case,
cf. (8.55).

Next, we show that the optimal controls obtained by solving the initial OCP
(8.53), with appropriate modifications, are also optimal for (8.58). Let u*(t),t €
[0,T] be an optimal control of (8.53). We construct an @*(7), t € [0,T] as
follows. It can be seen that, when the physical time is evolving (¢’ > 0), we can
find the inverse function 771(¢) to find the corresponding numerical time 7. We

construct a control function for the time-freezing system:

() = {U(T (1)), for t(r) >0

a(r), for t(r)' =0, (8.59)

where 4(7) is any function such that g(z(7),@(7)) > 0 holds, whenever /(1) = 0.
Recall that 4(7) does not change the objective nor it changes x(7), its only
purpose is to extend wu(t) to intervals when the time is frozen. For example, we
can choose a constant value that does not violate the path constraints. With
(8.59) we can extend u*(t) for the time interval where the physical time is
frozen. Conversely, given an optimal control @*(7) of Eq. (8.58), then we expect
u*(t(7)) to be optimal for (8.53).

Proposition 8.18. Let @*(7), 7 € [0,T] be an optimal control obtained by
solving the OCP (8.58). Then u*(t) = 4*(t(7)), t € [0,T] is an optimal control
of the OCP (8.53). Conversely, let u*(t), t € [0,T] be an optimal control of the
OCP (8.53), then the control function @* (1), T € [0,T)] obtained via Eq. (8.59)
is optimal for (8.58).

Proof. For a fixed control function u(7) and s(7) such that (7)) = T, the time-
freezing system (8.58¢)- (8.58g) and the CLS (8.1) with u(t(7)) are equivalent
in the sense of Theorem 8.16. Thus, a feasible y(7) in (8.58) results in a feasible
z(t) in (8.53). Due to equation (8.55), both OCPs have the same objective
value. Consequently, given a @(7) = @*(7) + d@(7) that improves the objective
(8.58a), the corresponding @(t(7)) would also improve (8.53a). Conversely, for
every modified u(t(7)) = u*(¢(7)) + du(t(7)) that improves the objective (8.53a),
we can construct an appropriate control function u(7) via (8.59) that improves
(8.58a). Thus, u*(t) = @*(¢(7)) is optimal for (8.53). The converse is proved by
similar arguments. O



284 THE TIME-FREEZING REFORMULATION FOR NONSMOOTH MECHANICAL SYSTEMS

8.5.3 Discrete-time OCP with the time-freezing system

In principle, one can discretize the OCP (8.53) by using any time-stepping
integration method for CLS [4, 49, 255] e.g., the Stewart-Trinkle method [252].
Such an approach for direct optimal control was used in [225]. As discussed in
Chapter 4, standard time-stepping methods for CLS with friction (8.1) have at
best first-order accuracy [4, 255]. Moreover, the numerical sensitivities obtained
from such a discretization are always wrong and the NLP solvers converge
to spurious solutions, cf. Chapter 5. Therefore, for a moderately accurate
solution usually, a large computational effort is needed. However, FESD for
Filippov systems does not suffer from these limitations. In conclusion, the
fundamental limitations of standard direct optimal control methods are resolved
by combining time-freezing and FESD. This enables one to find a more accurate
solution approximation for the continuous-time OCP (8.53) by solving (8.58).

We proceed by introducing the discrete-time version of the OCP (8.58) with
a multiple shooting-type discretization [44]. The numerical time horizon
[0,7] is split into N control intervals [, 7,41] of equal length [213]. The
controls are assumed to be constant over every interval, i.e., u(7) = ug, 7 €
[Tky Tkt1), & = 0,...,N — 1, and yx = (zk,tx) € R™ is the discrete-time
approximation of the time-freezing state, i.e., xy =~ x(7;) t ~ t(7x). The
vectors zj collect all algebraic and internal integration variables for the k—th
control interval. The vector w = (yo, 20, U0, S0, - « - y YN—15 ZN—1; UN—15 SN—1, YN )
groups all optimization variables.

Our goal is to have an equidistant control grid, as this is typically required in
feedback control applications. It is important to note that, due to intervals with
frozen physical time evolution (¢ = 0), an equidistant grid in numerical time

{70,...,7n} does not imply an equidistant grid in physical time {to,...,tx}.
To address this issue, we propose to use a piecewise constant discretization of
the time-transformation variable s(7), i.e., we have s, € R,k =0,...,N — 1.

Additionally, we introduce the constraints t; = k%, k=0,...,N, cf. Eq.
(8.60f) below. It is worth noting that for k = N, we have the discrete-time
versions of the terminal clock constraint (8.58j). The steps above result in
an equidistant control discretization grid in physical time, i.e., u(t) = uy for
t € [t trr1] with tg = 0 and ¢ = tx—1 + T/N. This is further illustrated in
Example 8.19.

The discretization of (8.58) reads as:

muijn U(zN) (8.60a)

s.t. o = fo, (860b)
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Figure 8.12: Solution to the guiding optimal control example.

Yrt+1= Py (Y, 2k, uk, Sg), k=0,... . N—1, (8.60c)
0=Pint(yx, 2k, ux), k=0,...,N—1, (8.60d)
0< Ber(21) LBeo(zr) >0, k=0,....N—1, (8.60c)
T
te =k, k=0, N, (8.60f)
1<s, <5 k=0,...,N—1, (8.60g)
0<g(xp,ug), k=0,...,N—1, (8.60h)
0 <r(xy). (8.60i)

It is common in direct optimal control to write discretization method equations
in a compact discrete-time system manner, e.g., as done in Chapters 3 and 7).
We do here in Eq. (8.60c)-(8.60e). The function @ : R" xR™: x R™* xR — R"=
is the discrete-time state transition map which approximates y(7). The function
Dy 1 R xR™ xR™ — R™® collects all internal computations of the underlying
integration scheme. The constraints (8.60¢) arise from the discretization of
the complementarity conditions (8.58f)-(8.58g). These functions are obtained
via the FESD discretization, cf. Chapter 7. The constraint (8.60g) bounds s,
where 5 is its maximal value that has to be sufficiently large to ensure feasibility
of (8.60f). We finish this section with a simple OCP derived from the guiding
example.
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Example 8.19. (OCP Ezample) We solve an OCP of the form of (8.53) with
the guiding example. The initial value is unchanged, i.e., yo = (0,1,0,0,0).
The particle should reach at t(T) = 2, with T = 2, the position q¢(T) = (3,0)
with zero terminal velocity v(T) = (0,0). We bound the horizontal thrust force
|ui] < 10 and set for simplicity us = 0. The ball should reach the goal with
minimum control effort, which is modeled with the stage cost L(z,u) = u?. We
take N = 20 control intervals and discretize the OCP equivalent time-freezing
OCP with a third-order FESD-Radau ITA scheme with three integration steps
on every control interval, cf. Chapter 7. The solution is depicted in Fig. 8.12.
We can see that mazxzimum force is applied before the impact since there is still
no friction and the motion is cheaper. After the impact, a smaller control force
is applied just to reach the target. Note that the sy (yellow line in the bottom
right plot) is higher during the control interval when the state jumps happens
(to catch up the frozen time) and sy = 2 during contact to compensate for the
slow down due to y(x,u). The resulting speed of time is always one (bottom
left plot), except when the state jump happens where a speed-up is needed to
compensate for the frozen time. This ensures an equidistant control grid (as
intended with the constraint (8.60f)) and t(T) = 2 as desired.

8.6 Numerical examples with time-freezing

In nosnoc’s repository [2, 206], there are several simulation and optimal
control examples with time-freezing. For brevity, we have selected three
numerical optimal control examples to illustrate the theoretical and algorithmic
developments presented in this chapter. In all examples, we initialize the controls
with zero, and for the states, we take the provided initial value for all discrete
time points. Despite non-instructive starting points, the optimizer finds creative
solutions after solving only a few NLPs in the homotopy loop.

8.6.1 Ball inside a box - elastic impacts

In this example, we regard a two-dimensional ball inside a box without gravity.
The model equations are given in Example (8.1), and the impacts are fully elastic,
i.e., ¢, = 1. The goal is to track a reference, which moves on a circle centered
at the origin with a radius R = 1, with the angular velocity w, and initial
angle ag = 7. The box is not concentric with the circle and is defined by four
gap functions, which model the bottom, right, top, and left side, respectively:
fe(@) = (g2 — 1.05R, —¢q1 + 1.1R, —g2 + 1.1R, ¢1 + 1.15R). For every constraint,
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Row of S Description Dynamics

1 unconstrained dynamics (v1,v2,u1, uz,0)

2 impact with the bottom wall Joottom (Y)

3 impact at the bottom right corner Joottom (Y) + frignt (V)
4 impact with the right wall frignt (¥)

5 impact with the top right corner Jrignt (¥) + frop(y)

6 impact with top wall Jrop ()

7 impact with top left corner Jrop(¥) + frett (y)

8 impact with left wall with freft (y)

9 impact with the bottom left corner  fiest (¥) + foottom (Y)

Table 8.2: Summary of the time-freezing system for the ball in a box problem.

we can find the auxiliary dynamics via Proposition 8.4 and obtain:

Foottom (¥) = (0,v2,0, k(g2 + 1.05R), 0),
frop(y) = (0,v2,0, —k(g2 — 1.15R), 0),

frett(y) = (v1,0,—k(q1 + 1.15R),0,1),
)

fright(y) = (’U],O, _k(ql - 11R>7070 .

We set k& = 100, and for fully elastic impacts we have ¢ = 0. Moreover, we need
the auxiliary dynamics for the impacts at the four corners. Since the constraint
defining the corners are orthogonal, the corresponding auxiliary dynamics are
simply the sum of the two neighboring ones. In total, we have nine regions:
one for the unconstrained dynamics and eight for the auxiliary dynamics. The
regions can be encoded via the sign matrix S € R9*4 (cf. Section 6.2):

1 1 1 1]
-1 1 1 1
-1 -1 1 1

1 -1 1 1

S=]1 -1 -1 1],

1 1 -1 1

1 1 -1 -1

1 1 1 -1
-1 1 1 -1

The dynamics are summarized in Table 8.2. We collect all modes in the matrix
F(y,u) € R%*Y and use Stewart’s reformulation (cf. Section 6.2.1) to obtain a
DCS. The initial value is:

y(0) = (Rsin(ayp), R cos(ap), Rw cos(ag), —Rw sin(«y), 0).
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We introduce a least square objective with the running cost:
L(y(1),u(r)) = (q1 — Rsin(wt(1) + a9))? + (g2 — Rcos(wt(7) + ap))?.
The norm of the thrust force is bounded via the inequality constraint
u'u< R2,

with R, = 50. The control horizon is taken to be two periods, i.e., T = 2%.
We use N = 40 equidistant control intervals and use a FESD Radau ITA method
of order 3 with Ngg = 4 on every control interval. Therefore, we have all

ingredients formulate an optimal control problem of the form (8.60).

The optimal control problem is solved for w = —27 and w = —3w. The final
results are depicted and compared in Figure 8.13. In the first case, the reference
is slow enough, and the thrust force is sufficient for perfect tracking. In the
second case, the reference is too fast, and the optimizer discovers that making
impacts with the walls can help to reduce the tracking error.

Next, we compare the clock states and speed of time variables s(7) for the two
cases. This is depicted in Figure 8.14. The vertical dashed lines in the left plots
show the boundaries of the control intervals. We can see that an equidistant
control grid is obtained, as discussed in Section 8.5. In the slower reference
case (top plot), the auxiliary dynamics do not become active, and the physical
time is equal to the numerical time. The speed of time variable s(7) is constant
and equal to one, as no frozen time needs to be compensated. In the faster
reference case, we have in total eight impacts. The speed of time takes a larger
value during all intervals with impacts to catch up for the frozen time intervals.

1 1
0.5 0.5

s 0 Starpoint s 0 ] Starpoint

Endpoint £ Endpoint
-0.5 -0.5
-1 -1

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
a1 a

Figure 8.13: Illustration of the solution trajectories for the ball in box optimal
control problem. The left plot is for w = —2m, and the right is for w = —3.
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Figure 8.14: The left plots show the clock state as a function of the numerical
time ¢(7). The right plots the speed of time variables s(7). The top plots are
for w = —27 and the bottom for w = —3x.

Figure 8.15 shows the state and optimal controls for this case. We can see that
the velocity state is continuous in numerical time and discontinuous in physical
time. Note that the reference stops during time-frozen periods since it is a
function of ¢(7).

8.6.2 A hopping robot - inelastic impact with friction

We consider a hopping robot that must jump over three holes to reach a desired
target. We derive an OCP formulation for synthesizing dynamic motions of the
single-legged 2D robot Capler [63]. The robot is described by four degrees of
freedom g = (g, 9z, Pknee, Pnip)- Here, (¢u, g-) are the coordinates of the robot’s
base at the hip, and ¢inee, Pnip are the angles of the hip and knee, respectively,
cf. left plot in Fig. 8.16. It is actuated by two direct-drive motors at the hip
and knee joints. The robot’s dynamics are compactly described by the CLS
in the form of (8.1). The torques of the two motors u(t) = (Uknee (%), Unip(t))
are the control variables. A detailed derivation of the model equations and all
parameters for the robot can be found in [109, Appendix A].

Denote by pfoot(Q) = (pfoot,m(Q)apfoot,z(Q)) and pknee(Q) = (pknee,z (q)vpknee,z(q»
the kinematic position of the robot’s foot and knee, respectively. For the
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Figure 8.15: A solution to the ball in a box optimal control problem for w = 2.
The left plots are in numerical time 7 right in physical time ¢. The first row
shows the positions ¢, the second the velocities v, and the third the optimal
controls u.

unilateral constraint function we take f.(q) = pioot,z(¢). For a planar robot,
we need just one tangent, i.e., b(q) = VProot,»(¢) and the friction model is
exact. The coefficient of friction is ¢ = 0.8 and the auxiliary ODE constant is
a, = 200.

The objective of the OCP is to minimize the integral of the squared control
torques, i.e., we have the running cost L(z,u) = u(7) Tu(7). The robots should
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Figure 8.16: Ilustration of the robot kinematics (left), several frames of the
solution of the discretized OCP (right).

reach a given target position giarget = (3,0.4,0,0) starting from the initial
position ¢ = (0,0.4,0,0) with zero velocity vop = 04,;. The initial value is
Yo = (qo, vo, 0) and the prediction horizon is Tet;1 = 2.5 s. We add the following
constraints on the states and kinematic positions:

—0.05e < (q2(1), Proot,z(q(t)) s Prnee,x (¢(1))),

0.2 < g.(t) <0.55,

3T 3
~ o i t S o
™ ™
_5 >~ ¢ktlee(t) S 57

0.05 < pknee,z(Q(t))v
—0.005 < pfoot7z(q(t)) <0.2, t€[0,7T].

Their goal is twofold. On the one hand, they should avoid unnatural and
too extensive bending of the joints. On the other hand, they serve as guiding
constraints during the early phases of the homotopy procedure. In the early
iterations, the physics are relaxed, and we want to prohibit the optimizer to go
to undesired regions. The control bounds read as

—60e < u(t) < 60e, t € [0,T].

On the way to the target, the robot must overcome three holes in the ground.
Instead of using very complicated expressions for f.(g), we model the holes as
regions that the robot should not enter. This is achieved by constraints inside
the OCP requiring that pgot is outside n, = 3 ellipsoids:

(pfoot,x - xc,k>2 + (pfoot,z — Zc.k

2
) >1k=1,... n,.
ag bk
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Figure 8.17: The optimal control input u(t) in physical time ¢ obtained by
solving the discretization of the optimal control problem.

By appropriately picking ax, by, 2cx and z. the desired shapes are trivially
selected. In this example, we pick 2z, = 0, ax, = 0.5 (width of the hole), by = 0.1
(kept low, should not enforce unnecessarily high jumps). For the centers of the
holes, we pick z¢1 = 0.5, ¢ 2 = 1.5, z¢3 = 2.5. We collect all path constraints
(for the holes, on the kinematics, control, and state bounds) into the function
g(z,u) > 0.

Remark 8.20. Note that the constraints g(x,u) > 0 cannot become active if the
corresponding normal velocity is nonzero, as opposed to activating a constraint
fe(q) > 0, since no state jump law is associated with path constraints in an
OCP. This is one of the main differences between constraints that are part of
the dynamics (equipped with a state jump law) and path constraints in the OCP.

We have now all ingredients to formulate an OCP in the form of Eq. (8.53).
nosnoc automatically reformulates the CLS into a time-freezing system and
discretizes the OCP, such that we obtain a discrete-time problem in the form of
(8.58). The resulting mathematical program with complementarity constraints
is solved in a homotopy procedure with IPOPT [281] equipped with the MA57
linear solver [143]. The source code for this example is available in nosnoc’s
repository [2]. The OCP is discretized with a FESD Radau IIA scheme of
order 5 [213]. We consider N = 20 control intervals with Npg = 3 intermediate
integration steps on every interval.

For the initialization of the differential states, we take yg at every discretization
node. All discrete-time control variables are initialized with zero. Hence, no
information about the order, number, or timing of the nonsmooth transitions
and jumps is provided. The results of the optimization are shown in the right
plot of Fig. 8.16. The approach finds an intuitive dynamic movement by solving
only smooth NLP, without providing any hints about the order and number of
nonsmooth transitions. The optimal torques are depicted in Fig. 8.17.
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8.6.3 Manipulation task - inelastic impacts

In the last example of this section, we regard a manipulation task. We regard
two balls that lie in a two-dimensional plane. Only one ball can be controlled by
a thrust force, whereas the second can only be moved by making inelastic contact
with the first one. The goal is that the balls swap their position with minimal
control effort. We model this with the following optimal control problem:

T
min / () = a:llg + u(®)IF dt + [|l2(T) — 2[5,
() A ()u(),  Jo

s.t.  x(0) = Zo,

q(t) = v(t), t € [0, T,

u(t) = Ct e
U

Mo(t) =
( ) 0271 o ||1)2—&2-ef||

+ n(q(t))An(t), t €[0,T],

0 < Au(t) L felq) 20, t €[0,T],

t0 = n(q(t) "v(ty) fela(ts) = 0 and n(q(t)) "o (t;) <0,
—10e < g(t) > 10e, t € [0,T],
— 5e < w(t) > 5e, t €[0,T],
— 30e < u(t) > 30e, t € 0,77,

0 < [l = (rob +11)*, ¢ €[0,T1,

0 < [lg2(B)]|* = (rob +12), t € [0, 7],

The states are the positions ¢1 = (¢1,1,¢12), g2 = (g2,1, g2,2) and velocities
v1 = (v1,1,v1,2), V2 = (V2,1,V2,2), respectively. The initial positions are ¢;(0) =
(—2,0) and ¢2(0) = (2,0), and the initial velocities are zeros v1(0) = v2(0) =
02,1. The reference is z, = (g2(0),¢1(0),v1(0),v2(0), i.e., the balls should
swap their positions and be at rest, and the control effort should be minimal.
This is modeled with least squares running and terminal objective terms with
the weighting matrices: @ = diag(10, 10,10, 10,0.01,0.01,0.01,0.01)), R =
diag(0.1,0.1) and Q7 = 100Q. The control forces v = (u1 2,us2,1) acts only on
the first ball. Moreover, we model constant friction force in the plane with ¢f = 2
and e = 0.1 to regularize the norm at zero and the contact between the balls
is frictionless. The constant inertia matrix is M = diag(mq, m1,ma, ma) with
my = 2 and my. The gap function reads as f.(q) = ||q1(t) — q2(#)[|* — (r1 +72)?,
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where the radii of the balls are r; = 0.3 and 7o = 0.2. We introduce guiding
box constraints on the position and velocity and bound the control in every
direction. The last two constraints model the obstacle which is a ball with a
radius of r,p, = 1 and located at the origin.

We transform this OCP into a discrete-time time-freezing OCP as described in
Section 8.5. The control horizon is T' = 5 we take N = 25 control intervals and
use a FESD implicit Euler method with Ngg = 3. The problem is reformulated,
discretized, and solved with nosnoc. Figure 8.18 shows ten frames of the
optimal solution. The optimizer finds a creative solution without any hints
or sophisticated initial guesses. The first ball goes to the second ball, makes
contact with it, pushes it around the obstacle, and brings it to its final position.
It breaks the contact and returns to the final position. Figure 8.19 shows the
states and optimal controls as a function of physical time. One can see that
the second ball is at rest until the first ball touches it and creates a velocity
jump. At ¢t =4, the contact breaks, and the first ball slides slowly toward the
goal position.

8.7 Conclusions and outlook

This chapter introduced the time-freezing reformulation for transforming
complementarity Lagrangian systems (CLS) with state jumps into piecewise
smooth systems. The main idea is to define an auxiliary dynamical system
in the region that is infeasible for the original system and a clock state. The
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Figure 8.18: Several frames of the optimal solution. The first ball is marked
with blue, the second with red, and the obstacle with black.
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Figure 8.19: The trajectories and optimal controls of the manipulation problem.

endpoints of the trajectory of the auxiliary ODE satisfy the state jump laws,
while the evolution of the clock state is frozen during its runtime. By taking only
the pieces of the trajectory when time is flowing, we can recover the solution
of the original system. To the best of the author’s knowledge, this is the first
reformulation technique that establishes a strong link between a wide range of
practical nonsmooth mechanics problems and Filippov systems, enabling the use
of the rich theoretical and computational tools developed for Filippov systems.
For example, this enables the seamless application of the FESD method from
Chapter 7.

We provide constructive ways for selecting auxiliary ODEs and prove the
equivalence of solutions between the original and time-freezing systems.
Furthermore, we demonstrate that solving the OCP with time-freezing systems
can provide a solution to an OCP with a CLS. We illustrate the practicality
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Figure 8.20: Several frames of time-freezing system simulation where a pile of
19 stacked balls is hit by another ball. The tower slowly collapses, and many
intermediate contacts take place.

of the discussed methods with several OCP examples. All of the methods
described here are implemented in the open-source package nosnoc [206].

Several questions need to be addressed in future work. First, a natural and
necessary extension is to consider cases with multiple and simultaneous impacts,
i.e., models with vector-valued gap functions. In such cases, one also needs to
decide which impact model to use. Furthermore, we want to avoid defining
separate auxiliary dynamics for every combination of simultaneous or single
impacts, as this would result in exponential complexity. A possible solution
is to exploit the additive nature of the CLS, where the total contact force is
the sum of all contact forces at every contact. This can also be applied to
the time-freezing system, for example, by using the sum of Filippov systems
concept discussed in Section 6.2.5. The first implementation of this approach is
already available in nosnoc. However, deriving all the details and developing
the equivalence theory is beyond the scope of this thesis. Nevertheless, the first
numerical experiments appear to be very promising. Figure 8.20 shows several
frames where a pile of 19 balls is hit by another ball. This example has in total
210 gap functions, and the simulation result appears to be physically reasonable.
The second question to be addressed is whether there exists a unified time-
freezing reformulation for both elastic and inelastic impacts. Currently the two
models are somewhat different as they do not use the same number of switching
functions. It would be desirable to have a single formulation that depends
only on the coefficient of restitution €,. On the one hand, if one tries to create
an inelastic impact model from the elastic time-freezing system, the auxiliary
dynamical system must become infinitely stiff. Additionally, incorporating
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friction in the current elastic case seems to be more difficult. It is not obvious
how to define tangential auxiliary dynamics that are compliant with the normal
auxiliary dynamics and that enable both stick and slip modes. On the other
hand, the inelastic approach was easier to extend to frictional and multiple
impacts. However, it is not clear how to treat elastic impacts with the ideas
developed for the inelastic case.

Furthermore, to make this approach even more practical, good initialization
heuristics and more sophisticated homotopy procedures for the MPCCs would
be useful. Exploiting some knowledge and structure in the system might be
beneficial. For example, when the system enters R,,x, by construction it will
leave it or end on its boundary after Tjump. Hence, the second switch may
be encoded explicitly and not discovered implicitly via the complementarity
conditions.






Chapter 9

The Time-Freezing
Reformulation for Nonsmooth
Systems with Hysteresis

In this chapter, we extend the time-freezing reformulation to a class of hybrid
systems with a hysteresis. Hysteresis is a rate-independent memory effect that
results in severe nonsmoothness in the dynamics. These systems are not simply
piecewise smooth systems but a more complicated form of hybrid systems. This
class is not closely related to complementarity Lagrangian systems. However,
we build upon the same core ideas: introducing auxiliary dynamics in infeasible
regions to mimic state jumps and freezing the time during their evolution. After
the time-freezing reformulation, we end up again with a Filiipov system. From
a theoretical standpoint, this reformulation paves the way for studying systems
with hysteresis using the sophisticated tools developed for Filippov systems.
From a practical perspective, it allows for the use of FESD, which facilitates
highly accurate numerical optimal control of hybrid systems with he a hysteresis.
To illustrate this, we provide an example of a time-optimal control problem
and compare our approach to mixed-integer formulations found in the existing
literature. Here a single hysteresis characteristic is considered. An extension to
a cascade of such systems was developed in [274].

Outline. Section 9.1 gives some basic definitions of the hybrid systems with
a hysteresis. In Section 9.2, we develop the time-freezing reformulation for a
class of hybrid systems with hysteresis and provide a simple tutorial example.

299
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Section 9.3 formalizes the relation between time-freezing PSS and hysteresis
systems. Finally, Section 9.4 contains a numerical example, and Section 9.5
concludes the chapter. This chapter is mainly based on the article [205].

9.1 Hybrid systems with hysteresis

9.1.1 Introduction

Hysteresis occurs in many physical systems, e.g., ferromagnetism, plasticity,
superconductivity, and phase transitions, but also in feedback control, e.g.,
thermostats [186]. Hysteresis effects in dynamic systems are modeled with
nonsmooth differential equations. Here we focus on transforming some classes of
systems with hysteresis into the piecewise smooth system (PSS) and numerically
solving OCPs subject to such systems. A hybrid system with hysteresis can
be represented as a finite automaton [186], which has two modes of operation
described by fa(z) and fg(x), cf. Figure 9.1 (left). If the system operates in
mode A with & = fa(x) and if ¢p(x) > 1, it switches to mode B with @ = fg(z).
On the other hand, if it operates in mode B and if ¥(z) < 0, it switches to mode
A. This is a typical hysteresis behavior given by the characteristic in the right
plot of Figure 9.1, which is often called the delayed relay operator [51]. The
dynamics of the system depend on the value of w(t) and the scalar switching
function (x). Notably, for ¢(z) € [0, 1] the function w(t) can be 0 or 1.

There are several other related characteristics, e.g., the dashed lines in Figure 9.1
could be solid, or the resulting polygon in the middle of the plot might be tilted.
In all these cases, the characteristic can be readily represented via a linear
complementarity problem [275] and the nonsmooth dynamic system recast into
a Dynamic Complementarity System (DCS). However, it is an open question if
such DCS is a PSS. Another widely used model is the Duhem hysteresis [280].
It can be straightforwardly transformed into a PSS [51, Section 2.6.3] and
numerically treated with FESD. In control theory, systems with hysteresis
are often studied via the hybrid systems framework, which uses integer state
and control variables [186, 31, 20]. Hence, in an optimal control context, this
requires solving Mixed-Integer Optimization Problems (MIOP). They can be
solved efficiently in the case of discrete-time linear hybrid systems [31]. However,
as soon as the junction times need to be determined precisely or nonlinearity
is present, e.g., in time optimal control problems, solving MIOP can become
arbitrarily difficult. On the other hand, the nonsmoothness can be modeled
with complementarity constraints [203], and one must solve only nonsmooth
NLPs.
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Figure 9.1: Hybrid system with hysteresis.

The time-freezing reformulation transforms systems with state jumps into PSS
and was first introduced in [212]. This chapter introduces a time-freezing
reformulation to transform systems represented with the finite automaton in
Figure 9.1 (left) into PSS. Here, the main idea is to regard w(t) as a continuous
differential state. However, w(t) exhibits jump discontinuities in time at (0, 1)
and (1,0), which can be interpreted as a state jump law. Similar to the approach
of the previous chapter, we introduce auxiliary dynamical systems and a clock
state. The auxiliary ODE evolves in regions, which are prohibited for the initial
system, and their trajectory endpoints satisfy the state jump law. Additionally,
the evolution of the clock state is frozen during the time evolution of the
auxiliary systems. By regarding only the parts of w(-) when the clock state
was evolving, we recover the original discontinuous solution. Note that the
resulting time-freezing system is now a PSS, since the only remaining jump
discontinuities are in the system’s dynamics but not in the state anymore. For
high-accuracy numerical optimal control of PSS, we use the FESD method from
Chapter 7.

The contributions of this chapter are as follows. We present a time-freezing
reformulation for a class of hybrid systems with hysteresis, which transforms
them into PSS. Constructive ways for finding the auxiliary dynamics needed in
time-freezing are provided. Solution equivalence between the initial hybrid and
time-freezing PSS is proven. From the theoretical side, this contribution enables
one to treat hybrid systems with hysteresis with the tools for PSS and Filippov
systems [94]. From the practical side, the highlight of this chapter is that we
can solve OCP with systems with hysteresis with high accuracy and without
the use of any integer variables. A time optimal control problem of a hybrid
system with hysteresis and illustrates theoretical and algorithmic developments.
We compare the continuous optimization-based FESD method to mixed-integer
solution strategies.
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9.1.2 Model equations

We consider dynamic systems represented with the finite automaton the left
plot of Figure 9.1:

= flz,w) =1 —w)fa(z) +wfp(z), (9.1

where the (w, v (z)) characteristic is illustrated in the right plot in Figure 9.1.
For a uniformly continuous function x(¢) on ¢ € [0, 7] and a smooth #(-), there
can be only finitely many oscillations between 0 and 1. Consequently, the
function w(t) is piecewise constant and has only finitely many jumps between 0
and 1 [280].

The system in (9.1) has two modes of operation denoted by A and B. In order
to be able to simulate (9.1) for ¢ € [0, T] with a given (0) = z¢, we must know
w(0) as well. This property is typical for systems with a hysteresis. Furthermore,
w(+) jumps between 0 and 1, hence we can describe it by an ODE with the state
vector z := (x,w) € R"%*+1 which is associated with a state jump law.

z = (f(z,w),0), (9.2)

accompanied by a state-jump law for w(-) at time-point 5, which covers two
scenarios:

1. if w(ty) =0 and ¥(z(ty)) =1, then z(tJ) = z(t;) and w(ty) =1,
2. ifw(ty)=1and Y(x(t;)) =0, then x(t7) = z(t7) and w(tF) = 0.

Clearly, due to the state jump law, the ODE (9.2) is not simply a PSS.
Throughout this chapter we assume, given x(0) and w(0) that there exists
a solution to the Initial Value Problem (IVP) associated with (9.2). A way to
define a meaningful notion of solution for a hybrid system as (9.2) is given in
e.g., [186, Section 5.4] and sufficient conditions for well-posedness are provided
[186, Theorem 5.4].

9.2 The time-freezing reformulation for hybrid
systems with hysteresis

This section introduces the time-freezing reformulation for the system (9.2). We
define step-by-step the corresponding regions R; of the time-freezing PSS and
give constructive ways to find vector fields associated with them. The section
finishes with a tutorial example.
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9.2.1 The time-freezing system

The main idea is to transform the state w(¢) which is a piecewise constant
function of time into a continuous differential state on a different time domain.
We call this new time domain the numerical time and denote it by 7. Instead
of ¢, 7 will now be the time of the time-freezing PSS. Moreover, we introduce
a clock state ¢(7) in the time-freezing PSS which we call physical time. It
grows whenever the systems evolves according to fa(z) or fg(x), i.e., we have
in these cases %(7) = 1. Otherwise, the physical time is frozen, i.e., we
have that $£(7) = 0. In other words, the time is frozen whenever w ¢ {0,1}.
Consequently, the w(-) takes only discrete values in physical time, i.e., when
t(7) is evolving.

The time-freezing PSS has the following state vector y = (x,w,t) € R™, n, =
ny + 2. In the sequel, we define its regions R; C R™ and the associated
vector fields f;(y). Some key observations can be made from Figure 9.1. First,
everything except the solid curve is prohibited for the system (9.2) in the
(1, w)— plane. We use this prohibited part of the state space to define auxiliary
dynamics. Second, the evolution happens in a lower-dimensional subspace since
w = 0. This corresponds in Filippov’s setting to sliding modes, cf. Chapter 6.
Hence, we define the regions such that the evolution of the initial system (9.2)
corresponds to sliding modes of the time-freezing PSS, i.e., it happens on region
boundaries 9R;.

A suitable partition of the (¢, w)— plane can be achieved with Voronoi regions.
The regions are defined as

Ri={z|llz—al®<llz =zl j=1,....4,5 # i},

where z = (¢(z), w). We select the points: z; = (3,—1),20 = (3, 1),23 = (2, 2)
and z4 = (%, %) An illustration of the regions is given in Figure 9.2, where

the black solid lines denote the region boundaries. This choice of z; defines
regions such that their boundaries correspond to the feasible set of the original
system (9.2). Moreover, the space is split by the diagonal line between Ry and
R3 such that we can define different auxiliary dynamics for the state jumps in
both directions. One can make other choices for the points z; with the same
properties. The proposed choice partitions the space symmetrically, cf. Figure
9.2. The figure illustrates also the vector fields in the regions R; whose meaning
is detailed below. It is important to note that the original system can only
evolve at region boundaries:

Ry = {y e R™

w = 0, ¢($) S 1} = 8R1 ﬂ@Rg,

Rp = {y c R™ | w=1, ¢($) > O} = 0R3NORy.
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Figure 9.2: Tllustration of the partitioning of the state space in (1(x), w)-plane
for the time-freezing PSS via Voronoi regions with the corresponding auxiliary
and DAE-forming dynamic’s vector fields. The Voronoi points z;,71 = 1,...,4,
are marked by the crosses.

We exploit the interior of the regions R;, ¢ = 1,...,4 to define the needed
auxiliary ODEs. In what follows, in the regions Ry and R3 we define auxiliary
dynamic systems whose trajectory endpoints satisfy the state jump law of (9.2).
In the regions R; and R4 we will define so-called DAE-forming ODE, which
makes sure that we obtain appropriate sliding modes on Rp and Rg, which are
described by index 2 DAE [94] and which match the dynamics of the original
system. The next definition formalizes the desired proprieties of an auxiliary
ODE.

Definition 9.1 (Auxiliary ODE for hysteresis systems). The auxiliary ODE in
regions Ro and Rs are denoted by y' = faux,a(y) and ¥y’ = fauxB(Y), respectively.
For every initial value y(7s) = ys such that (w(7s), ¥(z(7s)) = (1,0), for ys € Rp,
(and (w(7s), Y(x(75)) = (0,1) for ys € Ra, respectively) and for a well-defined
and finite time interval Tiump ‘= (Ts, 7x) with the length Tjump = T — Ts, the
auxiliary ODE satisfy the following properties:

(i) w(t) € (0,1), for all T € Tiump,

(it) x(1s) = x(1y) and
(iii) w(r) =0 (or w(r) =1).
In other words, we define an ODE whose trajectory endpoints on 7 jump satisfy
the state jump law associated with Eq. (9.2), cf. Figure 9.2. The next

proposition provides a constructive way to find an ODE with the above-described
properties.
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Proposition 9.2 (Auxiliary ODE for hysteresis system). Given an initial value
y(7s) = ys such that w(rs) =1 and Y(x(7s)) =0, the ODE given by

y/(T) = faux,A(y) = (Onm,la —7(¢(£) - 1)’ O)v (93)

where v : R — R and v(x) = 1‘?;2 with a > 0, is an auziliary ODE defined in

Ry. Similarly, for y(1s) = ys with w(rs) = 0 and ¢(x(75)) = 1, the ODE

V(1) = fauxB(v) = (On, 1,7(¢(2)), 0). (9-4)

is an auziliary ODE in R3. In both cases Tump = 5= -

Proof. We prove the assertion for (9.3), since the second part follows similar
lines. Since z'(7) = 0,,, 1 and /(1) = 0 these two variables do not change their
value, thus ¢ (z(7)) = ¥(x(75)) = 0 and t(7) = t(7s) for 7 > 75. Hence, we
have w'(7) = —y(—1) < 0. By explicitly solving the ODE we obtain w(r;) =0
for 7 = 75 4 Tjump, Where Tjump = W(il). All conditions of Definition 9.1 are
satisfied thus the proof is complete. O

We briefly discuss some of the proprieties of such an auxiliary ODE, since there
are several ways to construct a similar ODE. Loosely speaking, in Figure 9.2
in Ro the vector field should point in the negative w-detection and in R3 in
the positive w-direction, and be zero in all other directions. Note that for
Y(z) € (0,1) the vector fields of the auxiliary ODE in both cases point away
from the manifold defined M = {y € R™ | w+¢(z)—1 = 0}. In such scenarios,
there is usually locally no unique solution to the associated Filippov DI, as
the trajectory can leave M at any point in time [94]. However, the system
should never be initialized in this region, since this state is infeasible for the
original system. We show later that it can never reach this undesired state if
initialized appropriately. Furthermore, the auxiliary ODE from Proposition 9.2
have by construction the favorable property that they do not point away in
both directions from M at the junction points (0,1) and (1,0). This is why the
function () was introduced in the auxiliary ODE. Another favorable property
is if the system is initialized with the wrong value for w(-) for ¢(z) ¢ (0, 1) the
auxiliary ODE will automatically reinitialize w(-) while the physical time is
frozen, cf. Fig 9.2.

We still need to define DAE-forming vector fields for the regions Ry and Rjy.
These vector fields should be such that, together with the auxiliary dynamics in
their respective regions, they result in sliding modes on R and Rp which match
the dynamics of the initial system (9.2). In a general PSS, the vector fields are
not defined on the region boundaries, thus we use Filippov’s convexification



306 — THE TIME-FREEZING REFORMULATION FOR NONSMOOTH SYSTEMS WITH HYSTERESIS

[94] and denote the Filippov set associated to the time-freezing PSS by Frr(-).
The next proposition gives a constructive way to find the desired vector fields.

Proposition 9.3 (DAE-forming ODE). Suppose the regions Ry and Rs are
equipped with the vector fields faux a(-) and faux,s(-) from Proposition 9.2,
respectively. Let the region Ry be equipped with the ODE

y' = foraly) =2(fa(2),0,1) = faux,a(y), (9:5)

then fory € Ra it holds that (fa(x),0,1) € Frp(y) = €onv{ faux,a(Y), for.a(y)}-
Stmilarly, let the region Ry be equipped with the following ODE

y' = fors(y) =2(f8(2),0,1) = fauxB(Y), (9-6)

then fory € Ry it holds that (fg(x),0,1) € Fryr(y) = conv{ fauxB(Y), forB(Y)}

Proof. We prove the assertion for Eq. (9.5) and the second part follows similar
lines. Note that for y € Ry = {y | ¢(y) = w = 0,¢(z) < 1} we have that
Ve(y) T fauxa(y) <0 and Ve(y) T fora(y) > 0. Hence, we have a sliding mode
on w =0 with 42 = 0 [94]. From the definition of a Filippov set, we have that
FTF(y) = {91(2(fA(x)707 1) - faux,A(y)) + 92faux7A(y> | 01+ 0> = 1a91792 > 0}
From this relation and w’ = 0 we obtain that 68; — 05 = 0. Thus we can solve for
01 and 6o, i.e., 61 = 0 = 1, which yields (fa(z),0,1) € Frg(y). This completes
the proof. O

Note that by construction the two sliding modes on Rx and Rp agree with the
r.hs. of Eq. (9.2), augmented by the dynamics of the clock state. Now we have
defined vector fields in all regions of the time-freezing PSS which corresponds
to the original system (9.2). Another favorable property of the chosen auxiliary
and DAE forming ODE is: since w’(7) is bounded by a > 0 it cannot make the
sliding mode DAE arbitrarily stiff, especially if constraint drift happens.

9.2.2 A tutorial example

To illustrate the theoretical development we construct a time-freezing PSS
for a thermostat system with hysteresis. The source code of the example is
available in the repository of nosnoc [2]. The system has a single state z(-)
which models the temperature of a room that should stay inside the interval
x € [18,20]. As soon as the temperature drops below x = 18 the heater is
switched on and when the temperature grows above x = 20 it is switched off.
The two modes of operation are given by @ = fa(z) = —0.2z 4+ 5, when the
heater is on and & = fg(z) = —0.2z, when the heater is off. One can see that for
¥(z) = 0.5(x — 18), we have a hybrid system that matches the finite automaton



THE TIME-FREEZING REFORMULATION FOR HYBRID SYSTEMS WITH HYSTERESIS _______ 307

20 - — e — |- - —_I-1]
E 18 = -F— .--x—l 8
5 16 4"
14 | | |
0 1 2 3 4
L T T T ] = ; —
< S
s 05| — 3 0.5 |- -
0 | | L 0 | |
0 1 2 3 4 0 1 2
o[ T T w/_g o [ T "
T LT =
I R T ]
0 | | | 0 | |
0 1 2 3 4 0 1 2
7 [numerical time] t [phyisical time]

Figure 9.3: Trajectories of the time-freezing PSS for a thermostat example in
numerical time 7 (left plot) and physical time ¢ (right plot).

in Figure 9.1. For a time-freezing PSS, we define the regions R; via the Voronoi
points as in the previous section. The auxiliary ODE’s r.h.s. according to
Proposition 9.2 read as faux,a(y) = (0, —y(0.5(z — 18) — 1),0) and faux,B(y) =
(0,7(0.5(z—18),0) with a = 1. Similarly, the DAE-forming ODE r.h.s. according
to Proposition 9.3 read as fpra(y) = (—0.4z + 10,7(0.5(z — 18) — 1), 2) and
faux,B(y) = (—0.42, —y(0.5(z — 18)),2).

We simulate now the time-freezing PSS with a FESD Radau ITA integrator of
order 3 with 2(0) = 15 and w(0) = 0. The left plot in Figure 9.3 illustrates the
evolution of the time-freezing PSS in numerical time. The red shaded areas
indicate the phases when the auxiliary ODE is active with w ¢ {0, 1} while the
time is frozen, cf. bottom left plot. In the middle left plot, we can see that w(7)
is now a continuous function in numerical time. The right plot in Figure 9.3
shows the differential state in physical time (7). We can see in the middle right
plot that w(¢(7)) is now a discontinuous function, hence the state jumps are
successfully recovered in physical time.
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9.3 Solution equivalence

From the developments in the last section, the solution equivalence is nearly
apparent. We formalize it in the next theorem.

Theorem 9.4. Regarding the IVP corresponding to:

(i) the Filippov DI of the time-freezing PSS equipped with the vector fields
from Proposition 9.2 and 9.8 with an initial value y(0) = (z0,0) with
zo = (o, wo) and wo € {0,1}, on a time interval [0, 7¢],

(ii) the ODE with state jumps from Eq. (9.2) with z(0) = 2o on a time interval
[0,t¢] = [0,¢(7¢)]. Suppose solutions exist to both IVP.

dt
Then the solutions of the two IVPs z(t; z0) and y(7;y0) fulfill at any =

=
t'(r) #0:

2(8(7); 20) =My (t(7); yo), with M = [In, 41 Op,11.1]- (9.7)

Proof. Denote the solution of IVP (i) by y1(7;y0) for 7 € (0,7) and for (ii)
and t(7) € (0,t(7)) by z1(t(7);20). For a given w(0) = 0 (or 1) we have
from Proposition 9.3 that ¢y = (fa(x),0,1) (or ¥’ = (f(z),0,1)). Note
that if there are no 7 € (0,7) for the IVP (i) such that an auxiliary ODE
becomes active, then ¢(r) = [/ dr = 7. Since (fa(z),0) = M(fa(z),0,1),
(fe(x),0) = M(fg(x),0,1) and zg = Myg by setting 7 = 7y, it follows that (9.7)
holds.

Suppose now that we have a 75 € (0, 7¢) such that for w(7s) = 1 the auxiliary
ODE ¢’ = faux,a(y) becomes active (or similarly for w(7s) =0, ¥ = faux,5(¥)
becomes active). From the first part of the proof we have that (9.7) holds for
7 € (0,7s) and hence for all ¢(7) € (0,t; ), where t; = ¢(75). From Proposition
9.2 we have that the solution satisfies z(75) = z(7) and w(7r) = 0 (or w(r) = 1)
with ¢/(7) = 0 for 7 € [75, 7). Hence, we have also t(7;) = tJ = t(75). Denote
by ys = (z(7), w(ry),t(rr)). Using this we have y1(7 — 71, ys) = y(7,y0) for
7 € (13, 7) and denoting z; = Mys we see that z1(¢(7) — ts; 25) = z(t(7), 20)
for (1) € (tF,7). Assume that a single activation of an auxiliary ODE takes
place and set ¥ = 7¢. Since the intervals (t¢s,t¢) and (7, 7¢) have the same
length and zg = Mys from the definitions of the corresponding IVP, we conclude
that relation (9.7) holds. If the auxiliary ODE becomes active multiple times
we simply apply the same argument on the corresponding sub-intervals. This
completes the proof. O
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The last theorem opens the door to study the regarded hybrid system with
hysteresis as a Filippov system and to apply their rich theory e.g., solution
existence results [94]. From the practical side, we can use numerical methods
for Filippov systems, which allows us to avoid using integer variables.

9.4 Numerical example: time-optimal problem of a
car with turbo charger

In this section, we apply the theoretical developments in a numerical example
of a time optimal control problem of a car with a turbo from [20]. We consider
a double-integrator car model equipped with a turbo accelerator that follows
a hysteresis characteristic as in Figure 9.1. This makes the seemingly simple
model severely nonlinear and nonsmooth. The source code of the OCP example
is available within nosnoc.

The car is described by its position ¢(t), velocity v(t), and turbo charger state
w(t) € {0,1}. The control variable is the car acceleration u(t). The turbo
accelerator is activated when the velocity exceeds v > 15 and is deactivated
when it falls below v < 10. If on, it makes the nominal acceleration wu(t)
three times greater. One can see that ¢(z) = “Z1%. In summary, the state
vector reads as z = (¢, v, w) € R3 with two modes of operation described by
fa(z,u) = (v,u,0) and fp(z,u) = (v,3u,0). The acceleration is bounded by
|u] <@, uw =5 and the velocity by |v] < v, v = 25.

In the OCP we consider the time-freezing PSS associated with the car model on
a numerical time interval 7 € [0, 7¢]. The car should reach the goal q(¢(7¢)) =
gr = 150 with v(¢t(7¢)) = v¢ = 0, whereby z(0) = zp = 03,;. The auxiliary and
DAE-forming dynamics are chosen according to Propositions 9.2 (with a = 1)
and 9.3, respectively. The OCP reads as:

v may ) (9:8a)
st y(0) = (20,0), (9.8b)

y' (1) €s(m)Fre(y(r), u(7)), 7 €[0, 7], (9.8¢)
—a<u(r)<a, relomn) (9.8d)

51 <s(r) <5, 70,1, (9.8e)

—v<v(r) <o, T €07, (9.8f)
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(q(7t),v(7e)) = (s, ve)- (9.8g)

The objective consists of minimizing the final physical time. Since a time
optimal control problem is considered, we introduce the scalar speed-of-time
control variable s(-) which introduces a time-transformation and enables to
have a variable terminal physical time Tt = ¢(7¢), cf. Section 8.5. It is bounded
by (9.8¢) with § = 10.

The OCP is discretized with a FESD Radau ITA scheme of order 3 with N = 10
control intervals and Nyg = 3 additional integration steps on every control
interval, with 7+ = 5. The controls are taken to be piecewise constant over the
control intervals. The OCP discretization and MPCC homotopy is carried out
via nosnoc, which has IPOPT [281] and CasADi [9] as a back-end.

Additionally, we compare our approach to the mixed-integer formulation of [20].
We take the same control and state discretization as in nosnoc, which results
in 56 binary variables. Switches in the integer formulation are allowed only
at the control interval boundaries, as a switch detection formulation requires
significantly more integer variables and introduces more nonlinearity.

The problem is solved with the dedicated mixed-integer nonlinear programming
(MINLP) solver Bonmin [45]. Observe that the only nonlinearity in the MINLP
is due to the time transformation for the optimal time 7¢. Therefore, in a second
experiment, we fix Tt and solve the resulting MILP with the commercial solver
Gurobi. We make a bisection-type search in 7;. The MILP with the smallest
Tt that is still feasible, delivers the optimal time T¢. In this experiment, 22
MILPs were solved for an accuracy of 107%. To determine the solution quality,
we additionally perform a high-accuracy solution with the computed optimal
controls and obtain gy, (t). We compare the terminal constraint satisfactions:
E(Tt) = ||xsim(Tt) — (gt, v¢)||2. The source code for the simulation and the two
MIOP approaches are provided in nosnoc’s repository [2].

The results are summarized in Table 9.1. All three approaches provide a similar
objective value. Gurobi is the fastest solver, nosnoc is only slightly slower
and Bonmin is significantly slower. The smallest terminal error is achieved
via nosnoc, which is due to the underlying FESD discretization. Gurobi and
Bonmin have the same discretization without switch detection and result in
the same terminal error. On the other hand, Gurobi provides the most robust
approach, as nosnoc(i.e., IPOPT as underlying NLP solver) fails to converge
in some variations of the discretization. The results computed by nosnoc is
depicted in Figure 9.4. One can see an intuitive behavior as the car uses the
turbo accelerator as much as possible to reach the goal time optimally, with
Tr = 10.26.
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Figure 9.4: Solutions of the OCP (9.8) in physical time. The top left and right
plots show the velocity v(¢) and optimal controls u(t), respectively. The bottom
left and right plots show the hysteresis state w(t) and the solution trajectory in
the (v, w)-plane, respectively.

Solver T% CPU Time [s] E(T})

nosnoc 10.26 8.87 9.49e-02
Gurobi with bisection | 11.21 5.31 7.88e+01

Bonmin 11.28 1481.58 7.88e+01

Table 9.1: Comparison of nosnoc to mixed-integer formulations.

9.5 Conclusion

In this chapter, we extend the time-freezing reformulation to a class of hybrid
systems with a hysteresis. It transforms the systems with state jumps into
PSS, for which we leverage the FESD method from Chapter 7. Thus, we can
avoid the use of computationally expensive mixed-integer strategies in numerical
optimal control and obtain quickly good and accurate nonsmooth solutions. In
the theoretical part, constructive ways to find auxiliary and DAE-forming ODE
are provided and solution equivalence is proven. In the future time-freezing
for other types of finite automata and hysteresis systems, as e.g., described in
the introduction should be investigated as well. A first step in this direction
was already taken in [274], where the ideas from this chapter are extended to a
cascade of hysteresis systems.






Chapter 10

The Advanced Step Real-Time
Iteration for Nonlinear Model
Predictive Control

This chapter is thematically isolated from most of the content of this thesis
since it regards optimal control problems subject to smooth dynamical systems.
The standard definitions, discretization methods, and solution strategies for this
class of problems are treated in Chapter 3. In this chapter, we develop fast and
accurate numerical methods for Nonlinear Model Predictive Control (NMPC).
NMPC is an advanced feedback control strategy that requires the repeated
solution of discrete-time parametric OCPs in real-time. At every sampling time,
the first control input is passed to the system and given the next state estimate,
then next OCP is solved.

In this chapter, we introduce an algorithm for the fast (approximate) solution
of such OCPs. We introduce the Advanced Step Real-Time Iteration (AS-RTT)
scheme, which is an extension to the well-known Real-Time Iteration (RTT)
scheme introduced by Diehl [75, 76]. We combine algorithmic ideas of the RTI,
Advanced Step Controller (ASC) [290] and Multi-Level Iterations (MLI) [42],
and obtain thereby a family of new algorithms. The AS-RTT allows one to trade
control performance for computational efficiency in a flexible way. The main
idea is to improve the linearization point for a new iteration by making cheap
iterations with a new initial parameter prediction.

313
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Outline. In Section 10.1, we provide an introduction to the problem we wish
to solve. We review related work and present the algorithmic building blocks,
which are needed for the AS-RTT scheme. Section 10.3 presents the AS-RTI
method. Afterwards, we study the convergence properties and error bounds of
the proposed methods in Section 10.4. Section 10.5 shows a numerical example,
and Section 10.6 concludes this chapter. This chapter is based on [214, 215, 204].

10.1 Introduction to real-time NMPC

Nonlinear Model Predictive Control (NMPC) is increasingly becoming a
standard tool in academia and industry [229]. NMPC enables one to incorporate
nonlinear system dynamics and constraints directly into an Optimal Control
Problem (OCP). When using NMPC to control a system, one has to solve online
a sequence of parametric OCPs with different initial states. In each of these
OCPs, the latest information about the system state is incorporated.

Solving optimization problems online is generally a computationally intensive
task. However, in the last two decades, progress both in software [81, 82, 140,
278] and numerical algorithms [78, 170, 204, 226] made it possible to achieve
computation times in the range of milli- and micro-second time scales for various
kinds of applications.

In NMPC, at every sampling time, we have to solve the following OCP:

mui)n Nz_:lLi(si,ui) + Ly (sn) (10.1a)
=0

s.t. so—x =0, (10.1b)
Si+1 — Y(si,u;) =0, 1=0,...,N—1, (10.1¢)
9p(8i,ui) <0, 1=0,...,N—1, (10.1d)
gt(sn) <0, (10.1e)

where N is the horizon length, the vectors s; € R", and u; € R"
are the predicted states and inputs of the controlled system. The vector
w = (wo, w1, ... wy) with w; = (s;,u;), ¢ = 0,...,N — 1 and wy = sy,
collects all optimization variables. The objective terms L; : R™ x R™ — R
and Ly : R? — R are the running and terminal costs, respectively. The
function ¥ : R™s x R™ — R™s describes the discrete-time system dynamics,
cf. Section 3.1. The functions g, : R™ x R™ — R"» and g; : R™s — R™ define
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the direct-time path and terminal constraints, respectively. The parameter x
represents the initial state of the system. We assume that all functions are twice
continuously differentiable. We denote the optimal solution of the parametric
OCP as w(x), which can be interpreted as an implicit function of the parameter
x. In NMPC, at every sampling instant a new state estimate 2* corresponding
to time t* is received. Then, after (approximately) solving the OCP, the first
control input ug(x*) is passed to the system and held constant for a sampling
time T5.

Since feedback delays can degrade control performance, in many online
algorithms, the computations are divided into an expensive and long preparation
phase, where calculations can be performed without the knowledge of the current
measurement, and a short feedback phase [78]. In the feedback phase, just a
few calculations are performed to take into account the new measurement, such
that the feedback delay can be reduced. Moreover, to reduce the computation
times, many NMPC algorithms seek approximate solutions. These algorithms
aim to closely track w(z) with a high sampling rate in real-time, cf. [78] for a
survey.

The key to the success of real-time NMPC algorithms is that the OCP does not
have to be solved to convergence but to keep the numerical error bounded over
time [287, 289]. Examples of real-time NMPC algorithms are the Advanced
Step Controller (ASC) [290] and the C/GMRES algorithm [216]. Among
others, Sequential Quadratic Programming (SQP) based algorithms are the
Real-Time Iteration (RTI) scheme [75], the Multi-Level Iteration (MLI) [42].
Many other variants of the RTT and MLI schemes can be found in the literature,
cf. [204, 286, 238]. An augmented Lagrangian tracking scheme is presented in
[289], and general predictor-corrector algorithms for sampled-data NMPC are
described in e.g., [17].

In this chapter, we present a new variant of the RTI, which we denote as the
AS-RTI. The main idea is to do inexact Newton steps, or only predictor steps
on an OCP with a predicted initial value to improve the linearization point for
the next RTT. We provide a convergence analysis and sufficient conditions for
the boundedness of the numerical error for the AS-RTI. The benefits of the new
methods are illustrated in a numerical example.

10.2 NMPC and continuation methods

The NLP (10.1) can be written in the following compact form:

muin o(w) (10.2a)
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st. b(w) + Az =0, (10.2b)
c(w) >0, (10.2¢)
where A = [—1,0,...]7 is a suitable matrix that embeds the parameter z € X

linearly and X is the set of all possible parameter values. The function b(-) and
¢(+) collect the equality and inequality constraints in (10.1), respectively. The
function ¢(w) collects the objective terms. The Lagrangian of the NLP (10.2)
reads as

L(w, A, p) = p(w) = N b(w) = ATAz — " e(w), (10.3)
where A € RWV+Dne and 4 € RN™ 7 denote the vectors containing the
Lagrange multipliers.

The NLP (10.2) can be solved to local optimality with a standard NLP algorithm,
cf. Chapter 2. The AS-RTT is based on Sequential Quadratic Programming
(SQP), hence we recall some basic algorithmic ingredients. Assuming we start
with a primal-dual guess (w°, A%, u°) close enough to the solution, a full SQP
step is performed as

whtt = w* + Awk, ARFL = AIEZP? /LkJrl = MIEZP? (10'4)

where (AwF, )\gp, ugp) corresponds to the primal-dual solution of the QP:

rgin %AwTAkAw + (™) T Aw (10.5a)
st. B¥Aw + b(w*) + Az =0, (10.5b)
C*Aw + c(wk) >0, (10.5¢)

where AF € R™» > is a symmetric matrix representing the exact Hessian of the
Lagrangian (10.3) or an approximation of it at the current iterate (w®, \F, %),
a* = V,¢(w*) is the gradient of the cost function and B¥ and C* are the
Jacobians of the constraints b(-) and c(+) at the current iterate w”.

10.2.1 Predictor-corrector path-following methods

Let us take a closer look at the parametric NLP parametric (10.2). For ease
of exposition, we assume in this section to have only equality constraints.
Generalizations can be found in e.g., [85]. The KKT conditions (cf. Theorem
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2.14) of this problem can be written in compact form as a parametric root-finding
problem:

F(z,2) = F(2) + Az = 0, with F(z) = [Vwi((tl‘fu’)%ﬂ)] A= {Onui,nm] ,

(10.6)

and where z := (w, \) € R™* collects the primal-dual variables. A solution for a
given parameter x will be denoted as zZ(x). A full exact Newton step for this
problem reads as:

oF -1

AL = gk {G—(Zk,x)} (F(2%) + Ax). (10.7)
z

Next, we regard the case where the parameter x changes with every iteration.

Following the presentation in [269], if the parameter x enters F' linearly, which

can always be achieved via an intermediate variable [77], one step of the path-

following predictor-corrector method reads as

Skl ok [%(zk’xk)}_l(p(zk) + Az + [%(zk’xk)}_lA(xk+l — b
—2k — [Z—Z(zk,xk)] B + A,

(10.8)

where 2#*! &~ zZ(2¥*+1) is now an approximate solution for the new parameter
value ¢! given zF ~ Z(x*). This corresponds to a standard Newton step
with the new parameter 2!, Note that if we keep the parameter fixed, i.e.,
2F*t1 = zF the last equation reduces to a standard full Newton step (10.7),
often referred to as corrector step, and if z*¥ = z(z*) holds, then equation (10.8)

reduces to
OF -1
Rl =k [— zk,xk)} Az — k), (10.9)
z

which is denoted as a predictor step, i.e., a first-order approximation of z(x*+1),
where the sensitivities are in general obtained via the implicit function theorem.
Therefore, equation (10.8) has predictive and corrective capabilities. If we
consider the inequality constraints in (10.2), the map z(x) is nonsmooth but the
solution manifold has smooth parts where the active set does not change and
nondifferentiable points whenever the active set changes [118]. Furthermore, a
generalized tangential predictor can be obtained by solving the QP (10.5). Such
a predictor is piecewise linear, i.e., the QP can “jump* over active set changes,
cf. [75, 269).
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10.2.2 Algorithmic ingredients

In this section, we review the three algorithmic approaches that are the basis
for the new algorithm presented in this chapter.

Real-time iterations

A widely used algorithm based on the predictor-corrector method in the SQP
framework is the RTI scheme, first introduced by M. Diehl in [75]. The RTI
does not distinguish between OCPs with different parameters = and iterates
while the problem changes. Only one full SQP iteration is done per sampling
time so that the algorithm never iterates to convergence for a fixed value of =z,
which ensures that it always works with the most recent state estimate and does
not lose time by working on outdated information. Stability and convergence
for a stable active set have been proven in [76, 79] and with active-set changes
in [181, 288].

In general, the value of the current state x will not be equal to the optimization
variable s, but since (10.5b) is linear in sg, the constraint is satisfied after the
first full Newton step. The idea to linearly embed the initial value into the NLP
is known as initial Value embedding [75]. Moreover, in the RTT framework, each
SQP iteration is divided into a longer preparation phase and a shorter feedback
phase. This reordering of the computations does not create any additional
overhead per iteration. In those two phases, the following calculations are
performed:

o Preparation phase: Functions and derivatives are evaluated at the available
linearization point z¥ = (w*, A\¥, u*). Sometimes the linearization point for
a new iterate is adapted, e.g., with a shifting strategy [78]. Since the new
measurement x enters the OCP linearly, the Hessian of the Lagrangian A*,
the gradient of the cost function a*, and the Jacobians of the constraints
B* and C* do not depend on z, hence they can be evaluated before a
new measurement is available.

o Feedback phase: When the current state of the system z is available,
the possibly condensed QP (10.5) is solved and the new control input
u§+1 = uf + Auk can be passed to the system. Thereby, the feedback
delay is reduced to solving a single QP.
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Multi-level iterations

Diehl and coworkers introduced in [42] the MLI scheme, which is an extension of
the RTI. The main idea is to update the matrices and vectors of the QP (10.5)
at different time scales since different calculations have different computational
loads. The fixed reference values for the constraint vectors and Jacobians and
the objective terms at some level are provided by higher levels of the MLI. The
modes or levels of the MLI can be run in parallel, and the levels can exchange
information in various ways, cf. [286]. The feedback rate is determined by the
fastest level. We briefly explain the original version presented in [42], and its
extensions from [204].

Level A iterations. For the lowgst leAvel, c}enoted as level A, we assume that a
reference QP (10.5) with fixed A, a, B,b,C and ¢ is given. At every iteration,
the following QP is solved:

1 .
rRin §AwTAAw +a Aw (10.10a)
st. BFAw+b+4 Az =0, (10.10b)

CFAw +¢ >0, (10.10c)

The iterations start from a reference solution (w, ;\, fi), where the reference QP
is provided by higher levels of the MLI. The goal of the lowest level of the MLI
is to provide feedback as fast as possible and to take at least the active set
changes into account. All matrices and vectors of the reference QP are held
unchanged, only a new initial value x is embedded, and the feedback 7y + Auf is
sent to the system. In a predictor-corrector setting this level has just a predictor
part and is equivalent to linear Model Predictive Control (MPC) [75, 116]. In
combination with higher levels of the MLI scheme, the reference QP changes
and level A can be interpreted as an adaptive linear MPC [42].

Level B iterations. In this level, all constraint vectors in the QP (10.5) are
updated, namely b, ¢é. That is, new function evaluations are performed, and &
is possibly updated in an approximate fashion:

a" = a + A(wk — w). (10.11)

These iterations converge to a suboptimal, but feasible solution of the original
NLP (10.2).
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Level Necessary evaluations Update formula for QP data
b* cF aF BF.CF AP | b, ¢ a B,C A
D2 v v v VR aF BF CF AF
D1 v v v oL bRk ak Bk CF A’éN
DO Va4 v X | bF ko ab BF Ck Ak /A
C V4 v X | bk cd o (1012)  B,C A
B VAR | X X | bk (011) B, C A
A X X X X | be a B,C A

Table 10.1: Computations and update formulas for the QP data for the different
MLI levels.

Level C iterations. In addition to the level B computations, here, the objective
gradient a® is updated as well. Level C iterations are based on an adjoint SQP
algorithm [42] and a* is calculated via

af = Vo, LWk NF 1P+ BTAF 4 CT k. (10.12)

Here, the Jacobians of the constraints do not need to be evaluated,
VwL(wk, AF| uF) can be computed efficiently with the reverse mode of automatic
differentiation with a cost approximately five times higher than for the evaluation
of (10.3) [115]. Level C iterations can be shown to converge to optimal
solutions [42].

Level D iterations. This level is essentially the RTI, where all QP data (except
possibly the Hessian) is updated. We distinguish between DO iterations where
new constraints Jacobians (or their approximations) are computed, and the
Hessian is kept constant. For a quadratic cost function, which is usually the
case in tracking NMPC formulations, the Gauss-Newton approximations result
in a constant Hessian matrix, hence the GN-based RTI variant falls also in
this level. In D1, we update the Hessian matrix via a quasi-Newton update
formula, e.g., SR1 or BFGS [201]. In level D2, we compute the exact Hessian.
The different MLI levels are summarized in Table 10.1. This table is inspired
by [239]. Thereby, we use the compact notation b* = b(w*), c=c(w*), B* =
Vo(w*)T,C* = Ve(wk)Ta* = Vo(wF) and AF = V2 L(w* \F, uF). The
matrix A’éN denotes a Gauss-Newton approximation of the Hessian (if possible)
and A’éN a quasi-Newton Hessian approximation.
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The advanced step controller

To avoid the possible convergence issues of a predictor-corrector algorithm
performing just one iteration, in the Advanced Step Controller (ASC) by Zavala
and Biegler [290] the NLP (10.2) is solved to convergence with an interior-point
method. This is computationally more expensive but yields an accurate locally
optimal solution. To take the feedback delay into account, this online algorithm
solves an advanced problem in the preparation phase with a predicted state
Z as the initial value. Furthermore, the solution is not applied directly to
the system, but an additional linear system solution based on the last Newton
iteration’s matrix factorization is performed in the feedback phase. This provides
a tangential predictor to correct for the mismatch between the predicted & and
actual measurement x. While such a tangential predictor can not “jump® over
active set changes solving a linear system is often cheaper than solving a QP.
Jaschke et al. [152] introduce an extension for the ASC, to handle active-set
changes and nonunique Lagrange multipliers within a path-following algorithm.

10.3 The advanced step real-time iteration

The RTT and MLI schemes perform a single (inexact) SQP iteration per sampling
time, which might lead to convergence issues and larger numerical errors. The
ASC solves an OCP to local optimality, which might be computationally too
expensive for a given sampling rate. The MLI scheme contains all the ingredients
one needs to refine a solution while still keeping the computational burden low.
Instead of solving the advanced problem to convergence, we propose to use some
level of the MLI to iterate on this problem to obtain an improved guess zF*1.
We call this method the Advanced Step Real-Time Iteration (AS-RTT).

The AS-RTI enables one to trade off computational load for controller
performance in a flexible way. This approach is computationally more expensive
than the standard RTI but alleviates the possible convergence issues and
suboptimality of solutions and delivers a predictor that can “jump® over active
set changes. The limiting cases would be: (a) doing just one level A iteration in
the preparation phase and (b) the full convergent SQP as explained above. In
between, there is a wide family of possible algorithms as we can now assemble
the preparation phase differently. We call the last QP to solve outer iteration
and the calculations in the preparation phase inner iterations. This approach is
summarized in Algorithm 2. It is reasonable to assume that, if Z**! is close
to 2Ft1, we might have fewer active set changes between the corresponding
parametric NLPs. Hence, with AS-RTI we determine the active set of the
advanced problem, so QP solvers that can be warm-started as gpOASES [90] or
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Algorithm 2 Single Advanced step real-time iteration

1: Input: z*, QP data at iteration k, state estimate 2**! Output: zF+!
Preparation Phase:

2: Predict #F*1 with 4! = f(2F uk)

3: Predict optimal solution (approximation) z¢*1 for #%+! by iterating with
some mode of the MLI on (10.2) parameterized by #*+!

4: Evaluate all functions and derivatives at 25! needed for the QP (10.5)

5: Possibly condense the QP (10.5)
Feedback phase:

6: Embed current state estimate z**! into the QP (10.5)

7: Solve QP, compute next iterate z**! via (10.4) and send first control u
to the system

k+1
0

first-order methods as 0SQP [22] will have a better initial guess and the feedback
delay is reduced.

We proceed with analyzing the simplest case of Algorithm 2, namely performing
just another QP solve (level A iteration) with respect to the standard RTIL.
Note that in this variant of the AS-RTI, two QPs are solved per sampling time.
The next proposition shows that in the simplest variant of the AS-RTT with
a perfect prediction of the parameter, the RTT and this AS-RTI variant have
the same linearization points. However, the AS-RTT achieves better tracking of
the solution manifold. Of course, a perfect prediction will never be available
in practice, but we want to show that the reordering of calculations brings us
closer to the solution manifold. To simplify the analysis, we assume a fixed
active set.

Proposition 10.1. Suppose a single level A iteration is carried out at line 3
of Algorithm 2 and a perfect prediction of the parameter x is available, then the
standard RTI and 2 have the same linearization points.

Proof. A perfect prediction means #* = z¥, for all k > 0. Let 2* be the
linearization point at iteration k, then the output of the feedback phase of the
AS-RTT obtained via a predictor-corrector iteration (10.8) reads as

(F(Z%) + Ak — [%‘:(zk, xk)} TUA@EE = o)

(10.13)

i.e., we have just the corrector step since the prediction is perfect. At the
next iteration (k + 1), in the preparation phase of Algorithm 2 we have the
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Figure 10.1: Tangential predictors and solution manifold tracking with the RTI
(left plot) and AS-RTT (right plot). The linearization point is due to the inner
iterations refined.

linearization point prediction (line 3) using (10.9)

OF -1
sk+1 _ k _ sk ok skl _ ok
2T =2 [8z(z,x )] Az x")

-1
0 b [0 k)] T () 4 A oty

0z
F -1
S e LA C U N CO R e}
0z
which is a standard RTI. Using induction, this holds for all £ > 0. O

When we iterate on a problem with a fixed parameter z* we equip the variables
with a second index zf , j = 0, which counts the number of iterations for a
fixed z*. Figure 10.1 illustrates the linearization points, outputs, and tangential
predictors of the RTT (left plot) scheme and the AS-RTT (right plot) with an
extra QP solve in the preparation phase, respectively. In the AS-RTT case, we
use the tangential predictor from the previous iteration and compute z(z*+1!)
as the new linearization point for the output iteration. Observe that z§ is
on the same tangent as the previous output z*~!'. When implementing this,
one has to take care not to add the same corrector twice. The QP solution
(Awk, )\’ép, ng) has both predictor (moving along the tangent) and corrector
(getting closer to the manifold) properties. Now in the AS-RTI solving an
extra QP (10.5), with #**1 one obtains (AwF*+?, 5\1(5?1, ﬂg?l). This should be
added to (wk=1, Ak=1 k=1) and not to (w”*, A\¥, u*), otherwise we add the same
corrector twice. Doing further iterations with optimality-improving levels of
the MLI will bring the solution approximation closer to z(z**1).
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10.4 Contraction theory for the AS-RTI

In this section, we study how the numerical errors evolve depending on how
many iterations are carried out. To make the analysis more general, we consider
now parametric NLPs with inequality constraints. To carry out the convergence
analysis we first introduce some tools using generalized equations. Afterwards,
the AS-RTI-specific results are presented.

10.4.1 Contraction estimate for abstract real-time algorithms

We rewrite the parametric NLP (10.2) in the following more abstract form

min  P(w) (10.14a)
st. b(w)+ Az =0, (10.14b)
w e Q, (10.14c)

with w € R™ and where Q = {w | ¢(w) > 0} is a nonempty, closed and convex
set. Note that set 2 can always be made convex by introducing slack variables
and isolating the nonconvex parts into the equality constraints.

Following [269], the KKT conditions of the NLP (10.14) can be written as
Vip(w) + Vb(w) " A 4+ Na(w) 3 0, (10.15a)

b(w) + Az = 0. (10.15b)
The set-valued function Ng(w) is the normal cone to  at w, cf. Definition 2.6.

Now, introducing z := (w, A), K = Q x R", we have that

_ [Vi(w) + Vb(w) TA

F(z): b(w) ,

and equation (10.15) can be rewritten as a generalized equation
F(z)4+ Az + Nk (z) 2 0. (10.16)

We define its solution mapping as

Z(x) = {z| F(2) + Az + Nk (2) > 0},
which is the set of KKT points of (10.14) for a given z. We define the following

concept, which somewhat generalizes the condition of invertibility of the Jacobian
of single to set-valued maps [85].
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Definition 10.2 (Strong Regularity [231]). Let z(z) € Z(x) and let VF(2) T
be the Jacobian of F(z). We say that (10.16) is strongly reqular at z(x), if there
exist neighborhoods B(0,7s5) and B(0,7,) such that the linearized generalized
equations

F(z(z)) + VF(2(2)) " Az + Az + Nk (2(x) + Az) 2 6,

with unknown variable Az, has a unique solution in B(0,7,) and its solution is
Lipschitz continuous in B(0,7s) with a Lipschitz constant o:

1AZ(6") — Az(9)|| < ol0" = dll, V', 6 € B(0,7s).

In the context of optimization, a point z(z) is strongly regular if it satisfies the
LICQ and the strong second-order sufficient condition, cf. [149, Proposition
1.28]. More details about this concept can be found in the seminal paper
of [231], and its application in real-time optimization can be found in e.g.
[17, 269, 287, 289]. We make the following regularity assumption.

Assumption 10.3. The set Z(x) is nonempty, and the corresponding
generalized equation (10.16) is strongly regular at z(x) for all x € X.

The following lemma provides conditions under which the solution manifold
Z(x) is Lipschitz continuous.

Lemma 10.4 (Lemma 3.3, [269]). Let Assumption 10.3 hold. Then, for any
x in X, there exist neighborhoods B(x,7,) of x and B(zZ(x),7.) of Z(x), such
that the generalized equation (10.16) has a unique solution in B(z(z),7,) for
any ©' € B(x,7,). Moreover, there exists a positive constant v > 0 such that
the following holds:

|z2(z") — z2(2)|| < 7|2’ — ||, V', € B(x, 7). (10.17)

Denote by zF := z(2*), and the associated error by e* := z* — zF. When we

solve repeatedly (10.16) for some fixed z*, we will equip the iterations with a
second index z]k, j >0, which counts the number of iterations for a fixed 2*. In
AS-RTT scheme this corresponds to the inner iterations and the corresponding

error reads as eé? = zf — ZF. If we use a predicted parameter #*t!, we denote
the corresponding iterate as 2;-”1 and the error as éf“ = 2;?“ — Z(FF),
i>0.

We recall some results from [287], which we use to analyze the contraction
properties of the AS-RTT when using Q-linearly convergent algorithms. We can
analyze real-time methods for the parametric NLP (10.14) independently of
the concrete numerical scheme used to solve it. For this, we require the use of
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algorithms that calculate an element of Z(x) for some x that have at least local
Q-linear convergence. The properties of a Q-linearly convergent algorithm are
summarized in the following assumption.

Assumption 10.5 (Q-linear Convergence). There erists a radius 7, such that,
Jor any given Z(z¥F) € Z(a*), any 2* € X, and any 2§ in B(Z(z*),7.), the
algorithm used to solve (10.16) can produce z}j_l such that

w
lekiall < (n+ SlebN) ek (10.18)
for some positive constants 0 < k <1 and 0 < w < cc.

From now on, we denote a? =(k+ %Hef”), and analogously for the predicted

parameter we adapt the notation dé’? = (k+ %Héf”) This assumption covers
many standard algorithms for solving the NLP (10.14).

The next lemma provides a bound on the numerical error due to performing a
single iteration of a Q-linearly convergent algorithm for solving (10.16) for each
new parameter xF.

Lemma 10.6 (Lemma 1, [287]). Suppose Assumptions 10.3 and 10.5 hold.
Then there exist some constants r, > 0 and r, > 0, such that, for any z* in
B(z*,r.), and any x*+1 in B(x*, r,), the following inequality holds

k k k k k k
1™ < lle®l| + exlle® 2" = 2*|| + calle”]”

(10.19)
+ ezl|la™—aF || + gl —aF||2,
with 1 = wy, cg = %7 C3 ‘= R7, C4 = UJ;2 .

Now we have all the tools to state sufficient conditions for a bounded numerical
error for tracking the optimal solution manifold z(x).

Theorem 10.7 (Theorem 1, [287]). Suppose that Assumptions 10.3 and 10.5
hold. There exists a positive constant 0 < r2 < r, (same as in Lemma 10.6),
such that, if |28t — 2F|| < rS for all k >0 and ||€°]| < 7., then

|| < 7., VE >0, (10.20)

where

% if ca >0, (10.21)

(1—rk—car;)r. . _
T if c4 = 0.

\/(63+’l"261)274(;4(%717627‘2)7“2 —(c3+r.c1)
Ty =
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10.4.2 Contraction properties of the AS-RTI scheme

We have now introduced all tools to present the main theoretical results of this
chapter. We derive sufficient conditions for the contraction of the iterates of the
AS-RTT scheme if the inner and outer iterations are carried out with Q-linearly
convergent algorithms. Furthermore, we provide sufficient conditions for the
boundedness of the numerical error.

First, we will assume the initialization of a Q-linearly convergent algorithm.
This will ensure that the numerical error eé? for a fixed ¥ gets smaller if we
perform further iterations of the algorithm. This is needed in the proof of the
next theorem.

Assumption 10.8. (Initialization) Suppose that the following condition holds
at an initial point 2° and a solution Z°:

20 = 20 <7, <7 =21 — k) Jw. (10.22)

Furthermore, we assume to always have a reasonably good parameter prediction,
so that we can use the results of Theorem 10.7.

Assumption 10.9. (Predicted Parameter) In all iterations of Algorithm 2 the
parameter predictions TF+1 satisfy:

[a* L — FF <72 and |2 — 2| <2, VK >0, (10.23)

where the positive constant r; is the same as in Theorem 10.7.

When we use different Q-linearly convergent algorithms for inner and outer
iterations, we equip the corresponding constants from Assumption 10.5 or
Lemma 10.6 with a superscript in and out, respectively. For example, in
Assumption 10.5 we distinguish between x™ and x°" for inner and outer
iterations, respectively. With the next theorem, we provide a general contraction
estimate for an iteration of the AS-RTI scheme.

Theorem 10.10. Suppose that Assumptions 10.3, 10.5, 10.8 and 10.9 hold.
Moreover, assume that we make j > 0 inner iterations on the NLP (10.14)
parametrized by Tt in the preparation phase of AS-RTI and that r, =

min(ro%, ). Then, for the sequence of errors {e*}, the following inequality
holds:
M+ < (@Y R leF] + CHIE — M) + ot - 2, (10.24)

where we have defined the positive constants %, v*, ¢*. nk, respectively, as:

DR = RO e[ — R gyt (len (10.25)
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v = DR (T 4 e 3R — 2R+ drle)), (10.26)
¢k =R (el + clr|ER T - 2)), (10.27)
nt = c§ut 4 cqut||oh Tt — 2R (10.28)

Proof: To use the same r, for inner and outer iterations we set r, =
min{ro" 7"} For the first inner iteration, due to Assumptions 10.3 and
10.5 there exist some constants r, > 0 and r, > 0, such that, for any z* in
B(z*,r.). Moreover, due to Assumption 10.9, it holds that #**1 in B(z*,r,).
Using Lemma 10.6, it holds that

Il < (5 + PR+ — 2] + et ]
10.29)
(et — R R - 2,

Due to Assumption 10.9 and Theorem 10.7, it holds that [|e&™|| <7, < 7..
Assuming we made j > 0 iterations, due to Assumptions 10.5 and 10.8 the
following holds

(10.18)
dllc-i-l _ Km +Cm||ek+1|| < /€ _|_clln O~ék+1H€k+1H < Km +Clln||~k+1||_ dlg—&-l'

<1

Moreover, applying this inductively, we have
15 < (ag™) lles™ || < 7= (10.30)

Furthermore, due to the last inequality it holds that Z ~k+1 € B(z(z**1),r,) and

21 in B(z**1,r,) (holds due to Assumption 10. 9) Therefore, we can use
Lemma 10.6 for the outer iteration which yields

eI (00 4 gt — 284 4 e ) ek |

+ ( out =+ CZutH.’L‘k—H ~k+1H)||l‘k+1 _ jk—HH'

(10.28)

Using the estimate for Hé?+1 || from (10.30), from the last equation we get

||ek+1H S (K:out +C?ut||{£k+1 k+1|| +Cout( g—&-l) ||~k+1H)

(10.25) ,
2ok

~ Ji~ ~
(@Y 5 + ol — 3
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Plaxt
0

Now, if we replace ||é;" || with its upper bound (10.29), we obtain

leMH || < (@Y oF [(K™ + e |F — 2| + 2 fle® ) [1e¥]
+ (A | — 2P ) F = 2]+ nF |l — )

Using the definitions of v* in (10.26) and ¢* in (10.27), the inequality (10.24)
follows from the last inequality. This completes the proof. O

Similar to Theorem 10.7, we give sufficient conditions for the boundedness of
the numerical error of the AS-RTI.

Proposition 10.11. Suppose that Assumptions 10.3, 10.5, 10.8 and 10.9
hold. Moreover, assume that we perform j > 0 inner iterations on the NLP
(10.14) parametrized by #%*+1 in the preparation phase of AS-RTI. Then there
exists a positive constant 0 < r2 < r, (same as in Theorem 10.7), such that, if
|z**t — 2F|| <7 for all k >0 and ||€°|| < 7., then

|| < 7., Vk >0, (10.31)

where ¢ is given by (10.21) and r, = min(r2%, rin).

z 1z

out rin) we can use the same 7, for both inner and

Proof: Taking r, = min(r"®, r}

outer iterations. Since the assumptions of Theorem 10.7 are satisfied, for the
first inner iteration corresponding to the NLPs (10.14) parametrized by 2° and
#! we conclude that ||&}|| < r, < #,. Using this inequality and Assumptions 10.5
and 10.8, we conclude that for a fixed parameter (further inner iterations) 07]1» <1
for all j > 0 (the errors shrinks), i.e., it holds that [|&}| < r., Vj > 0. For the
outer iteration corresponding to the NLPs (10.14) parametrized by #! and !,
since ||&}|| <r. and [|z' — Z'|| <73, by applying Theorem 10.7 we obtain that
let|| < r.. Applying this argument inductively, we conclude that (10.31) holds
Yk > 0. O

From the results of Theorem 10.10 we can make several observations regarding
a new iterate z*+1:

1. having a better parameter guess, i.e., having smaller |z**! — Fk+1||,

decreases the distance to zFt1,

"I,

2. being closer to the solution in the previous iterate, i.e., smaller ||e*||, also

improves the solution,

3. increasing the number of inner iterations j further decreases the error
k+1
€ )
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4. the distance between the two parameters also ||z*T! — 2¥|| affects the
numerical error,

5. the value of the constant s for the inner iterations affects the solution
since for smaller ™ the term (a5"')7 shrinks faster.

Several inner iterations will make the first term on the r.h.s of (10.24) become
very small, which implies a smaller error. Furthermore, having 5 — oo in the
limit and ¥t = z¥*1 we obtain ideal NMPC in the nominal case.

10.5 Numerical example

In this section, we investigate the performance of the AS-RTI method on a
numerical example. Further and more excessive numerical comparisons on
the example of electric microgrids and wind turbine control can be found
in [204, 210, 211].

Problem description

We consider a diesel generator (DG), which is connected with a power line to a
time-varying load. A similar example, with an additional photo-voltaic source,
was considered in [239]. A typical DG consists of a synchronous generator (SG)
with a governor (GOV) and an automatic voltage regulator (AVR), as depicted
in Figure 10.2. We consider an SG model with five differential and 11 algebraic
states [173]. The goal of the GOV is to control the power generation P; of the
DG by controlling the diesel engine. The input of the GOV is the generator
frequency w, as well as the reference power P,r. We use a standard IEEE
DEGOV1 model, which consists of 8 differential and 2 algebraic states. The
AVR controls the terminal voltage of the generator through the field winding
voltage E¢q from the exciter. The inputs to the AVR are the reference voltage
Viet and the DG voltage V. For the AVR, we use the standard IEEE AC5A
model, which consists of 5 differential and one algebraic state. For further
details on DG and general microgrid modeling, we refer to [211].

The DG has a nominal power of Sy = 325 kVA and the control
variables are u(t) = (Pret(t), Viet(t)). The admittance of the power line is
Yis = 137.93 — 344.83; Q7 !, and it connects the DG at node 1 with the load at
node 2. The load is modeled as a time-varying parameter. The DG, the power
line, and load, where the connection is modeled via power-flow, cf. [173], result
in a Differential Algebraic Equation (DAE) of index-1 with 17 differential states
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Figure 10.2: Outline of a DG model. It consists of a synchronous generator
(SG), automatic voltage regulator and exciter (AVR), and a diesel engine (DE)
and governor model (GOV).

x(t) and 18 algebraic states z(t). Our goal is to regulate the voltage at the load
Vs and the electric frequency w of the DG at 1 per unit (p.u.). We express this
with the objective

L(w(t), 2(t), u(t)) = w(t) - 1> + [Va(t) - 1] (10.32)

Moreover, we require the voltages at the DG (V1) and load (V3), and the
frequency w to be in specific ranges:

09 pu.<V;<1llpu, i=1,2 (10.33a)
0.95 p.u., < w < 1.05 p.u.. (10.33b)

Additionally, the production of active and reactive power by the DGs is limited
by its nominal power

P+ Q3 < S%. (10.34)

Together with the objective (10.32), the discretized DAE model of the DG,
and the constraints (10.33) and (10.34) evaluated at the discretization grid we
obtain an OCP of the form (10.1). To discretize the continuous time dynamics,
we use direct multiple shooting [44] with the Gauss-Legendre Implicit Runge-
Kutta scheme of order four with a fixed step-size h = T/N. For the NMPC
prediction horizon, we chose T"= 10 s. We perform the numerical benchmark
with two different discretization grids, where the trajectories are discretized
using N = 50 and N = 40 multiple shooting nodes, which results in a sampling
time of Ty = 200 ms and T = 250 ms, respectively. We use a time-varying load
profile at node 2 with P, = 300kW and @5 = 100, kVAr with a scheduled load
increase at t = 4 s to P, = 305 kW and @2 = 100 kVAr, which is also in the
NMPC prediction. At ¢ = 1 s an unforeseen load drop to P, = 30kW and
Q2 = 10 kVAr occurs until the scheduled load increases. After noticing the load
drop, the prediction is adapted to the new value after one sampling time.
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Figure 10.3: Frequency of the DG (top) and voltage at the load (bottom) for
two different schemes with Ts = 250 ms: 1) AS-RTI with one inner iteration
(blue), 2) RTT (red).

Simulation results

We implement the AS-RTTI in acados through its MATLAB interface [278]. We
use HPIPM [105], an interior-point-based QP solver for the SQP subproblems. In
all experiments, we use a Gauss-Newton (GN) Hessian approximation. In the
simulation, we compare the following different schemes: 1) AS-RTT with k inner
GN-SQP iterations denoted as AS-RTI-k and, 2) the RTI. We observed that the
solution does not improve with further inner iterations, even when solving the
advanced problem to convergence. The simulation results for the two schemes
with Ty = 250 ms are depicted in Fig. 10.3. Both schemes can stabilize the
system and bring w and V5 to 1. Observe that the overshoot at t = 1 s remains
the same for all schemes since the load drop is not predicted, and the NMPC
controller can react only after noticing it, i.e., after the time Ty has passed. The
load changes both unpredicted (¢ = 1s) and predicted (¢ = 4 s) for more than
90% compared to the initial load value. Compared to the AS-RTI, the voltage
oscillations with the RTT last long after the predicted load change. The CPU
times of all schemes in this experiment are provided in Table 10.2. We compare
the schemes by the resulting running cost, defined as

Tsim
J(Tm) = / L (), 2(8), ufgpo (1)) dt,

where upc(t) is the resulting NMPC closed-loop input fed back to the system
over the simulation time Ti;,,. All considered schemes are real-time feasible,
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Algorithm| N J Preparati'on phase Feedba(.:k phase
max min mean | max min mean

RTI 50 | 8.04 | 16.01 11.00 12.19 | 4.00 1.96 2.50
AS-RTI-1 | 50 | 7.69 | 40.97 24.03 26.85 | 4.00 1.97 2.53
AS-RTI-2 | 50 | 7.69 | 58.99 37.00 4142 | 3.02 2.00 2.61
AS-RTI-3 | 50 | 7.69 | 67.03 50.98 55.18 | 4.00 1.97 2.55
RTI 40 | 12.28 | 12.03 8.03 9.94 | 296 0.99 1.76
AS-RTI-1 | 40 | 11.76 | 23.04 19.00 20.30 | 2.04 097 1.70
AS-RTI-2 | 40 | 11.77 | 41.01 29.99 32.44 | 3.23 0.98 1.85
AS-RTI-3 | 40 | 11.77 | 54.02 38.99 43.20 | 2.03 0.93 1.68

Table 10.2: CPU times of different NMPC schemes in milliseconds.

however, with the AS-RTI with few additional computations we improve the
running cost J(+) and the improvement is larger with a larger sampling time.
With more inner iterations, the computational load in the preparation phase is
increasing, however, in the feedback phase we still solve only a single QP and
thus the feedback delay stays small. All simulations are run on an HP Z-book
equipped with an Intel i7-6820HQ CPU with 2.70 GHz and 16 GB RAM under
Windows 10. The computation times for the two experiments are reported in
Table 10.2.

10.6 Conclusion

In this chapter, we have presented a new family of algorithms for real-time
Nonlinear Model Predictive Control(NMPC). Thereby, the algoritmic ideas
of the Real-Time Iteration [77], Multi-Level Iteration [42], and the Advanced
Step Controller [290] are combined. We prove in Theorem 10.10 contraction of
the new algorithms under standard assumptions. Our result holds for general
algorithms with at least Q-linear convergence, including the setting where
different algorithms for inner and outer iterations are used. Furthermore, we
provided sufficient conditions for the boundedness of the numerical error of the
AS-RTI. Numerical examples confirm our theoretical results, and it shows that
with few and cheap additional iterations, we get significantly closer to ideal
NMPC behavior.

In future work, it would be interesting to investigate theoretically and
numerically the influence of suboptimality iterations, such as level B, which
improve feasibility, but not optimality, on the overall performance of the AS-RTI
scheme. Moreover, it would be useful to have an efficient implementation of the
AS-RTT scheme within an open-source package such as acados [278].






Chapter 11

Conclusions and Future
Research

The last chapter of this thesis summarizes the results and proposes several
future research directions.

11.1 Summary and conclusions

This thesis has proposed several new algorithms and reformulations for
numerically solving optimal control problems subject to nonsmooth dynamical
systems. This resulted in a toolchain for solving several classes of nonsmooth
optimal control problems in a unified way. Furthermore, a detailed theoretical
analysis of the novel algorithms is provided. For a given accuracy, compared to
standard direct methods, smoothing approaches, and mixed-integer formulations,
we have achieved computational speed ups to several orders of magnitude. All
algorithms developed in thesis are implemented in the open-source software
package nosnoc. Moreover, this thesis introduced a family of new algorithms for
real-time and accurate nonlinear model predictive control for smooth dynamical
systems.

We summarize some of the main insights and new ideas introduced in this thesis.
A detailed overview of the specific contributions is given in Section 1.2.

First, in Chapter 5, we highlighted some fundamental limitations of standard
direct methods, including time-stepping discretizations, smoothing, mixed-

335
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integer reformulations, and mathematical programs with complementarity
constraints reformulation. All these approaches led to nonsmooth optimization
problems, where the nonsmoothness is possibly smoothed explicitly or implicitly,
before or after the time-discretization. If algorithms do not treat the
discontinuities explicitly by detecting switches, they will all suffer from the same
limitations, namely, they achieve only first-order accuracy and the discrete-time
numerical sensitivities do not converge to the correct values. Consequently, the
algorithms might converge to spurious solutions or make almost no progress
from a given initial guess. These insights are inspired by [259], where it
was shown that with a time-stepping discretization numerical sensitivities are
wrong, no matter how small the step size is, and that smoothing works only
if the step size is sufficiently smaller than the smoothing parameter. We have
shown that in a smoothing homotopy approach, the methods can still make
reasonable progress towards optimality, as the sensitivities are correct in the
early iterations. Moreover, these methods still converge to feasible (even though
not even locally optimal) solutions, which explains their occasional practical
success. Nevertheless, to obtain an accurate solution with a standard approach,
an enormous computational effort is needed. We concluded that it is necessary
to develop new tailored algorithms that treat nonsmoothness more explicitly.

Second, this thesis developed high-accuracy discretization methods for Piecewise
Smooth Systems (PSS). In Chapter 6, we investigated Stewart’s and the
Heaviside step reformulation to pass from a Filippov convexification of the
PSS to an equivalent Dynamic Complementarity System (DCS). It turns out
that these DCSs have favorable properties, e.g., the Lagrange multipliers in the
DCS are continuous functions of time even across active set changes. The ODEs
and DAEs obtained for a fixed active set have unique solutions under mild
conditions. We exploited the properties of the DCS, which enabled us to derive
the method of Finite Elements with Switch Detection (FESD) in Chapter 7.
The FESD method is based on three main ideas. Starting with a standard
Runge-Kutta (RK) discretization for the DCS, inspired by [28], one first lets
the integration step sizes be degrees of freedom. Exploiting the continuity of
the Lagrange multipliers, we introduced the cross complementarity conditions,
which enabled implicit and exact switch detection. Finally, to remove spurious
degrees of freedom when no switches occur, we introduced the step equilibration
conditions. We have provided a detailed theoretical analysis of the FESD
method and have shown that it is superior to time-stepping methods in terms of
computation times and accuracy. FESD enabled us to generalize time-stepping
methods and to overcome fundamental limitations of first-order accuracy and
wrong numerical sensitivities.

Third, we introduced the time-freezing reformulation in Chapters 8 and 9. It
enabled us to transform systems with state jumps into PSS. In particular,
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we regarded complementarity Lagrangian systems with frictional impacts and
hybrid automata with hysteresis. The main ideas of time-freezing are to define
an auxiliary ODE in the prohibited regions of the state space of the initial
system and a nonsmooth clock state. The trajectory endpoints of the auxiliary
ODE satisfy the point-wise state jump law of the initial system. Moreover, the
clock state’s evolution is frozen during the runtime of the auxiliary ODE. By
taking only the piece of the trajectory when the time was evolving, one can
recover the solution of the original system with state jumps. We studied the
theoretical properties of time-freezing systems and provided constructive ways
to build auxiliary dynamics. Interestingly, it turned out that the dynamics
of the initial system after a state jump often correspond to a sliding mode
of the Filippov embedding of the time-freezing system. Time-freezing opened
the possibility to apply the rich theoretical tools and numerical methods for
Filippov systems to systems with state jumps.

Fourth, the reformulation of piecewise smooth systems into dynamic
complementarity systems via Stewart’s or the Heaviside step approach, the FESD
method (and all its variations), fully automated time-freezing reformulations
of systems with state jumps, and homotopy methods for solving MPCCs are
all implemented in the open-source software package nosnoc. This makes the
results of this thesis reproducible and accessible to other researchers.

Finally, in Chapter 10, we introduced several new real-time algorithms for
nonlinear MPC. We extended the well-known Real-Time Iteration (RTI) [75],
which computes only one Sequential Quadratic Programming (SQP) step per
sampling time. Moreover, we added new variants (called levels) to the Multi-
Level Tterations (MLI) [42], which essentially consist of different inexact SQP
variations of the RTI. To improve the current linearization point in an RTI
setting, we proposed using an MLI variant to iterate on an advanced problem with
a predicted state while waiting for the next state estimate. This idea of solving
an advanced problem is an essential ingredient of the Advanced Step Controller
(ASC) [290]. When the new state estimate becomes available, we performed
the final SQP step to generate a new control input. This algorithm is called
the Advanced Step Real-Time Iteration (AS-RTI). The AS-RTI bridges the gap
between two well-established algorithmic paradigms: the ASC that solves the
OCP to convergence at every sampling time, and the RTI that performs only
one Newton-type iteration. We studied the convergence properties and error
bounds of the proposed methods.

In summary, this thesis highlighted some fundamental limitations of the standard
methods, proposed new methods with a sound theory that overcomes these
limitations, making it possible to treat several classes of nonsmooth optimal
control problems in a unified way.
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11.2 Future research directions

Next, we comment on some limitations of our toolchain’s key parts and discuss
future research directions.

Mathematical Programs with Complementarity Constraints (MPCCs). The
main computational burden in solving a nonsmooth optimal control problem
is solving the MPCCs. Currently, we solve a sequence of Nonlinear Programs
(NLPs), parameterized by a homotopy parameter o and obtained from relaxation,
smoothing, elastic mode or ¢; penalty reformulation of the initial NLP, cf.
Section 2.4. We solve the NLPs for a fixed o to convergence with IPOPT [281].
However, to solve the overall MPCC, it may not be needed to solve the NLPs
in the early phases of the homotopy loop always to convergence. A reasonable
approach is to update the barrier parameter 7 in the interior-point method
and o simultaneously, as done in [227]. A similar approach was taken in the
non-interior point method by Lin and Othsuka [183]. Moreover, we do not
exploit the specific block diagonal sparsity structure in the discretized OCP.
Using a tailored Riccati recursion [183] instead of an off-the-shelf linear solver as
in IPOPT would likely speed up the computations. Next, a solver further tailored
to MPCCs, with a specialized globalization strategy is also an interesting future
research direction [180]. It would be also interesting to consider combinatorial
MPCC methods that identify the active set of the complementarity conditions
at every step [70, 71, 169, 180]. Note that due to the cross complementarity
conditions, the active sets are the same over the whole finite element, which
reduces the combinatorial complexity. Furthermore, one should exploit problem
structure in an active set strategy. For example, the trajectory can only enter
into neighboring regions, which already limits the possible number of active set
changes. Similarly, in time-freezing systems, it is clear that once the system
enters the auxiliary ODE mode, it must leave this region by construction.

Furthermore, we do not provide any specific initial guess. The homotopy starts
with a rather large o, and one could make computationally cheap simulations
of systems smoothed with the same o to get at least a dynamically feasible
initial guess. We observed often in practice that even in very early phases of the
homotopy the solver seems to find solutions with the correct switching sequence.
It would be interesting to find a projection method to extract the active set
of the complementarity conditions from these approximate solutions. Such
an approach was studied [247]. After fixing the active set, the FESD MPCC
reduces to a smooth discrete-time multi-stage OCP with variable stage lengths.
Thus, after only a single further NLP one would obtain a very accurate solution.

We observed in practice that the homotopy loop usually converges to S-stationary
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points of the MPCC, cf. Definition 2.29. From a theoretical point of view,
it would be interesting to rigorously establish conditions on the discrete-time
OCP that lead to convergence to S-stationary points. A starting point could be
the analysis in [137], where it was proven that all stationary points of MPCCs
originating from discrete-time OCPs with linear complementarity systems are
S-stationary points.

Finite Elements with Switch Detection. The FESD method has superior
theoretical properties over standard time-steeping problems. However, having
the step size as degrees of freedom introduces another nonlinearity and
nonconvexity to the problem. We observed in numerical experiments that
the time-stepping discretization with a fixed h usually converges faster (however
to spurious solutions and only with low accuracy). In the early phases of the
homotopy when h < o, time-stepping methods still have correct sensitivities.
We could solve the time-stepping problems in the early homotopy iterations
to generate a good initial guess and switch to the FESD problems in later
iterations.

In this thesis, we have developed FESD for two different types of DCS
reformulations. One of the crucial steps was to exploit the continuity of the
Lagrange multipliers in the complementarity conditions and to formulate the
cross complementarity conditions to make the switch detection possible. A
natural question is: can FESD be extended to DCS formulations of projected
dynamical systems and first-order sweeping processes if the variables entering
the complementarity conditions have similar properties?

In complementarity Lagrangian systems, studied in Chapter 8, one has
complementarity conditions between gap functions and normal contact forces,
ie., 0 < fo(q) L Ay > 0. The gap functions f.(¢) are continuous function of
time, which resembles the structure and continuity properties of the multipliers
in the DCS obtained with Stewart’s or the Heaviside step reformulation. Using
similar ideas as in Chapter 7, we developed in [209] a FESD method for
complementarity Lagrangian systems, which is called FESD-J. It would be
interesting to extensively compare FESD-J to FESD applied to time-freezing
systems.

Currently, we use either Stewart’s or the Heaviside step reformulation for a given
PSS. It would be interesting to explore alternative convex or linear programming
formulations for computing 6, which may be even more efficient.

Another useful development would be a FESD tailored to smooth approximations
of nonsmooth systems, which does not suffer from the usual fundamental
limitations in terms of accuracy and convergence of sensitivities. We have
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observed in Section 7.3.6, that with FESD the sensitivity converges to the
correct value even if h > o, but depending on the relaxation and smoothing
strategy, the solution of the smoothed subproblems may not always be unique.
Such a method would be useful for algorithms using smooth approximation of
nonsmooth systems or in the context of stochastic optimal control, as discussed
below.

Time-freezing. Time-freezing enables an exact reformulation of systems with
state jumps into Filippov systems. This enabled us to treat this class of systems
directly with FESD. Several questions should be addressed in the future. First,
it would be interesting to derive a time-freezing reformulation that treats both
elastic and inelastic impacts with friction in a unified way. Second, a natural
extension to be considered are systems with multiple and simultaneous impacts,
i.e., models with vector-valued gap functions. This is partially done, and the
working version with promising results is implemented in nosnoc. We described
some details in Section 8.7. It is left to perform a detailed theoretical analysis of
the proposed approach. Third, it would be interesting to extend time-freezing
to more general hybrid automata than the one from Chapter 9. The first step
would be identifying usual guard functions, state jump laws, and infeasible
regions in the state space for general hybrid automata [188, 245]. Ideally, one
would end up with a set of rules that enable an automatic reformulation for
every well-posed hybrid automata.

Stochastic nonsmooth optimal control. In control applications, the model
parameters and initial states are never known exactly. To account for these
uncertainties, in practice, robust and stochastic optimal control problem
formulations are used. It would be interesting to derive robust and stochastic
optimal control problem formulations for nonsmooth dynamical systems, and to
develop tailored numerical methods for these problems, possibly by relying on
some of the ideas used in this thesis. In a recent study by Messerer et al. [194],
it was shown that the mean dynamics of a bimodal PSS resembles the smoothed
dynamics of such a system. It would be interesting to extend this to general
PSS and time-freezing systems. An interesting question is: how to interpret in a
stochastic time-freezing system the scenario when, at a given point in numerical
time, some trajectories are in the auxiliary dynamics mode and others are in
the nominal mode? What can we conclude about the initial system?

Real-time NMPC. Real-time NMPC for smooth systems is already a very
mature field. One drawback of the AS-RTI with full Newton steps is that if the
inner iterations use an MLI level with a smaller contraction radius than the MLI
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level in the outer iterations, then the inner iterations might diverge and increase
the error. This can be overcome by using globalization strategies [163]. It would
be interesting to investigate further algorithmic variations of the AS-RTI, e.g.,
where the focus is on having at least feasible outer iterations. From a practical
point of view, it would be nice to have a proper open-source implementation of
the AS-RTI, e.g., in acados [278].
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