
Optimization-based Solutions to
Constrained Trajectory-tracking and

Path-following Problems

Dissertation
zur Erlangung des akademischen Grades

Doktoringenieur (Dr.-Ing.)

von
Timm Faulwasser

geboren am 5. Mai 1981 in Erfurt

genehmigt durch die Fakultät für Elektrotechnik und Informationstechnik der
Otto-von-Guericke-Universität Magdeburg

Gutachter:
Prof. Dr.-Ing. Rolf Findeisen
Prof. Dr. techn. Andreas Kugi

Prof. Colin Jones, PhD

eingereicht am 23. März 2012
Promotionskolloquium am 5. Oktober 2012





Shaker  Verlag
Aachen  2013

Contributions in Systems Theory and Automatic Control
Otto-von-Guericke-Universität Magdeburg

Band 3

Timm Faulwasser

Optimization-based Solutions to
Constrained Trajectory-tracking and

Path-following Problems



Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available in the Internet at
http://dnb.d-nb.de.

Zugl.: Magdeburg, Univ., Diss., 2012

Copyright  Shaker  Verlag  2013
All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
of the publishers.

Printed in Germany.

ISBN 978-3-8440-1594-2

Shaker  Verlag  GmbH  •  P.O. BOX 101818  •  D-52018  Aachen
Phone:  0049/2407/9596-0   •   Telefax:  0049/2407/9596-9
Internet: www.shaker.de   •   e-mail: info@shaker.de



Acknowledgments

This thesis is the result of my PhD studies in the Systems and Control Group of
Rolf Findeisen at the Institute for Automation Engineering, Faculty of Electrical En-
gineering and Information Technology at the Otto-von-Guericke-Universität Magde-
burg, Germany. I would like to express my gratitude to the people who have made
this thesis possible.
I am indebted to my supervisor Prof. Dr.-Ing. Rolf Findeisen for leaving large scien-
tific freedom, the opportunity to learn about the administrative aspects of academia,
and many lively discussions about scientific and non-scientific topics. Furthermore,
I would like to thank Prof. Dr. techn. Andreas Kugi from the Technische Universität
Wien, Austria, and Prof. Colin Jones, PhD from the École Polytechnique Fédérale de
Lausanne, Switzerland for their willingness to act as external reviewers of this thesis.

In the first months of my time in Magdeburg, when the lab had to be filled
with life, and many administrative issues had to be solved, scientific progress would
have been impossible without the excellent collaboration in the team of the research
assistants in the lab. In particular, I would like to thank Philipp Rumschinski and
Paolo Varutti for their excellent cooperation and teamwork not only in these early
days. Later on, as the lab grew in terms of team members, I enjoyed working with
Jürgen Ihlow, Friedrich von Haeseler, and Stefan Streif as well as with the fellow PhD
students: Benjamin Kern, Steffen Borchers, Juan Pablo Zometa, Markus Kögel, Anton
Shavchenko, Solvey Maldonado, Petar Andonov, Tobias Bäthge, Nadine Strobel, and
Michael Maiworm. The support of Ulrike Thürmer with respect to all non-scientific
issues was extremely valuable.
Aside from the persons mentioned I would like to acknowledge the fruitful discussions
with Veit Hagenmeyer (BASF), and Friedrich von Haeseler. Their willingness to dis-
cuss scientific ideas was a great help. Furthermore, I had the pleasure to learn a lot
from the cooperations with Denise Lam (University of Melbourne, Australia), as well
as Johann Dauer and Sven Lorenz (Institute for Flight Systems, DLR Braunschweig,
Germany).
It is much easier to focus on scientific problems if you can rely on your family and
friends. Thus I am indebted to my parents, to my brothers and their families, and to
Sophia Hengst for their great support and patience.

December 2012 Timm Faulwasser





Contents

Abstract V

Deutsche Kurzfassung VII

Index of Notation IX

I Basics and Introduction 1

1 Set Point Stabilization, Trajectory Tracking, and Path Following 2

1.1 Stabilization, Tracking, Path Following, and Predictive Control . . . . . 4
1.2 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Brief Review of Model Predictive Control for Set Point Stabilization 10

2.1 Principle of Model Predictive Control . . . . . . . . . . . . . . . . . . . 10
2.1.1 Mathematical Formulation of Predictive Control . . . . . . . . . 11
2.1.2 Approaches to Nominal Stability . . . . . . . . . . . . . . . . . 14
2.1.3 Explicit Stability Conditions . . . . . . . . . . . . . . . . . . . . 16

2.2 Open Issues and Challenges . . . . . . . . . . . . . . . . . . . . . . . . 18
2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

II Predictive Trajectory Tracking 21

3 Predictive Control for Trajectory-tracking Problems 22

3.1 The Constrained Trajectory-tracking Problem . . . . . . . . . . . . . . 22
3.2 Existing NMPC Approaches to Trajectory Tracking . . . . . . . . . . . 23
3.3 NMPC Schemes for Output Trajectory Tracking . . . . . . . . . . . . . 24

3.3.1 Challenges of Predictive Output Tracking . . . . . . . . . . . . 27
3.3.2 Output Tracking via Zero Terminal Constraints . . . . . . . . . 28

3.4 Trajectory Tracking in the State Space . . . . . . . . . . . . . . . . . . 30
3.5 Tracking of Asymptotically Constant References . . . . . . . . . . . . . 32

3.5.1 Stabilization of the Linearized Error System . . . . . . . . . . . 33
3.5.2 Positive Invariant Time-varying Level Sets . . . . . . . . . . . . 36
3.5.3 Approximative Computation of Time-varying Level Sets . . . . 39

I



Contents

3.5.4 Terminal Regions and End Penalties . . . . . . . . . . . . . . . 42
3.5.5 Example: Trajectory Tracking of a Chemical Reactor . . . . . . 49

3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

III Predictive Path Following 55

4 Path Following and Path Followability 56

4.1 The Constrained Output Path-following Problem . . . . . . . . . . . . 56
4.2 Existing Approaches to Path-following Problems . . . . . . . . . . . . . 57

4.2.1 Problem Analysis and Path Followability . . . . . . . . . . . . . 58
4.2.2 Controller Synthesis . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3 Path Followability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.3.1 Geometric Approach to Unconstrained Path Followability . . . . 65
4.3.2 Example: Geometric Ship Course Control . . . . . . . . . . . . 78

4.4 Constrained Path Followability of Flat Systems . . . . . . . . . . . . . 84
4.4.1 Optimal Exact Feedforward Path Following . . . . . . . . . . . 89
4.4.2 Example: Feedforward Path Following for a Reactor . . . . . . . 96

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

5 Predictive Path-following Control 101

5.1 Predictive Path Following in the State Space . . . . . . . . . . . . . . . 101
5.1.1 Model Predictive Path Following . . . . . . . . . . . . . . . . . 102
5.1.2 Stability of Predictive Path Following . . . . . . . . . . . . . . . 104
5.1.3 Stabilizing Terminal Path Constraints . . . . . . . . . . . . . . 106
5.1.4 Example: Path Following for an Autonomous Robot . . . . . . . 109

5.2 Predictive Output Path Following . . . . . . . . . . . . . . . . . . . . . 113
5.2.1 Sufficient Convergence Conditions . . . . . . . . . . . . . . . . . 115
5.2.2 Example: Predictive Robot Control . . . . . . . . . . . . . . . . 118
5.2.3 Example: Predictive Ship Course Control . . . . . . . . . . . . . 122

5.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

6 Conclusions and Perspectives 126

6.1 Trajectory Tracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
6.2 Path Following . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
6.3 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

Bibliography 131

II



Contents

IV Appendices 145

A Proof of Theorem 2.1 146

B Lyapunov Stability 151

C Time-varying Sets 153

D Riccati Differential Equations 157

E Existence of Optimal Controls 159

F Terminal Region and End Penalty for the Robot Example 161

III


