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Dr. Lőrinc Márton
Dept. Electrical Engineering
Sapientia Hungarian University

of Transylvania
Soseaua Sighisoarei 1C
547367 Targu Mures
Romania
martonl@ms.sapientia.ro

ISSN 1430-9491
ISBN 978-1-84996-121-9 e-ISBN 978-1-84996-122-6
DOI 10.1007/978-1-84996-122-6
Springer London Dordrecht Heidelberg New York

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

© Springer-Verlag London Limited 2011

Matlab® and Simulink® are registered trademarks of The MathWorks, Inc., 3 Apple Hill Drive, Natick,
MA 01760-2098, USA. http://www.mathworks.com

Apart from any fair dealing for the purposes of research or private study, or criticism or review, as per-
mitted under the Copyright, Designs and Patents Act 1988, this publication may only be reproduced,
stored or transmitted, in any form or by any means, with the prior permission in writing of the publish-
ers, or in the case of reprographic reproduction in accordance with the terms of licenses issued by the
Copyright Licensing Agency. Enquiries concerning reproduction outside those terms should be sent to
the publishers.
The use of registered names, trademarks, etc., in this publication does not imply, even in the absence of a
specific statement, that such names are exempt from the relevant laws and regulations and therefore free
for general use.
The publisher makes no representation, express or implied, with regard to the accuracy of the information
contained in this book and cannot accept any legal responsibility or liability for any errors or omissions
that may be made.

Cover design: eStudio Calamar S.L.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)

mailto:lantos@iit.bme.hu
mailto:martonl@ms.sapientia.ro
http://www.mathworks.com
http://www.springer.com
http://www.springer.com/mycopy


Advances in Industrial Control

Series Editors

Professor Michael J. Grimble, Professor of Industrial Systems and Director
Professor Michael A. Johnson, Professor (Emeritus) of Control Systems and Deputy Director

Industrial Control Centre
Department of Electronic and Electrical Engineering
University of Strathclyde
Graham Hills Building
50 George Street
Glasgow Gl 1QE
UK

Series Advisory Board

Professor E.F. Camacho
Escuela Superior de Ingenieros
Universidad de Sevilla
Camino de los Descubrimientos s/n
41092 Sevilla
Spain

Professor S. Engell
Lehrstuhl für Anlagensteuerungstechnik
Fachbereich Chemietechnik
Universität Dortmund
44221 Dortmund
Germany

Professor G. Goodwin
Department of Electrical and Computer Engineering
The University of Newcastle
Callaghan NSW 2308
Australia

Professor T.J. Harris
Department of Chemical Engineering
Queen’s University
Kingston, Ontario
K7L 3N6
Canada

Professor T.H. Lee
Department of Electrical and Computer Engineering
National University of Singapore
4 Engineering Drive 3
Singapore 117576
Singapore



Professor (Emeritus) O.P. Malik
Department of Electrical and Computer Engineering
University of Calgary
2500, University Drive, NW
Calgary, Alberta
T2N 1N4
Canada

Professor K.-F. Man
Electronic Engineering Department
City University of Hong Kong
Tat Chee Avenue
Kowloon
Hong Kong

Professor G. Olsson
Department of Industrial Electrical Engineering and Automation
Lund Institute of Technology
Box 118
221 00 Lund
Sweden

Professor A. Ray
Department of Mechanical Engineering
Pennsylvania State University
0329 Reber Building
University Park
PA 16802
USA

Professor D.E. Seborg
Chemical Engineering
University of California Santa Barbara
3335 Engineering II
Santa Barbara
CA 93106
USA

Doctor K.K. Tan
Department of Electrical and Computer Engineering
National University of Singapore
4 Engineering Drive 3
Singapore 117576
Singapore

Professor I. Yamamoto
Department of Mechanical Systems and Environmental Engineering
Faculty of Environmental Engineering
The University of Kitakyushu
1-1, Hibikino, Wakamatsu-ku, Kitakyushu, Fukuoka, 808-0135
Japan



This book is dedicated to our Families.



Series Editors’ Foreword

The series Advances in Industrial Control aims to report and encourage technol-
ogy transfer in control engineering. The rapid development of control technology
has an impact on all areas of the control discipline. New theory, new controllers,
actuators, sensors, new industrial processes, computer methods, new applications,
new philosophies. . . , new challenges. Much of this development work resides in in-
dustrial reports, feasibility study papers and the reports of advanced collaborative
projects. The series offers an opportunity for researchers to present an extended ex-
position of such new work in all aspects of industrial control for wider and rapid
dissemination.

Applications arising from moving vehicles and robotic arms that have in common
a requirement to follow a path invariably involve co-ordinate systems and are de-
scribed by nonlinear system models. Motivated by these common practical and the-
oretical issues, Béla Lantos and Lőrinc Márton have pursued an interesting agenda
of generic unification, drawing together a modelling framework for describing these
types of systems and then investigating the many concomitant control and appli-
cations issues. Their results are comprehensively presented in this new monograph
Nonlinear Control of Vehicles and Robots for the Advances in Industrial Control
series.

As might be expected from such a globally-oriented approach to nonlinear con-
trol systems, the authors pursue a variety of themes and readers from differing back-
grounds will be interested in following different concepts as they read the mono-
graph; however, to gain a perspective on the monograph’s contents, two themes are
considered in this Foreword, applications and control techniques.

The range of applications that the authors seek to model, analyse, and control
within a unified framework is wide, and interesting, and includes:

• Robotic-arm systems—both multi-link and SCARA systems
• Automobiles—ground travel
• Fixed-wing aircraft—aerial travel
• Helicopters – indoor quad-rotorcraft
• Marine vessels—surface ships
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x Series Editors’ Foreword

• Underwater vessels—underwater autonomous vehicles and
• Control of formations of different vehicle types

The monograph also presents some specific nonlinear system issues for mechan-
ical systems, and the reports of this work include:

• Studies of friction—static and dynamic models; and
• Studies of backlash—models and compensation

The theme of unified modelling for a wide range of vehicular and robotic sys-
tems is complemented by a second theme of nonlinear control systems design. The
approach taken is similar to a toolbox approach, for the authors describe a range
of nonlinear system control techniques and then demonstrate their use on the wide
range of applications given above. Each nonlinear control method is selected for a
particular application according to its appropriateness for that system. The suite of
nonlinear control system methods includes:

• Nonlinear system stability methods
• Input-output linearization
• Flatness control
• Sliding -mode control; and
• Receding-horizon control

To support the development of the physical system modelling there is an ap-
pendix on the kinematics and dynamic-modelling fundamentals, and for the nonlin-
ear control, there is an appendix on differential geometry that presents Lie algebra
topics and discusses other subjects related to nonlinear systems.

The relevance of nonlinear control methods for industrial applications is grow-
ing. The first applications are destined to occur where there really is no alternative as
in path following vehicular and robotic applications. Feasibility studies of the poten-
tial benefits for systems that are complex and require high control performance will
also aid the penetration of these techniques into other industrial fields. The project
of Béla Lantos and Lőrinc Márton in unifying models across a range of application
areas and the use of a portfolio of nonlinear control methods is likely to be attractive
to a wide range of readers. Typically, these will range from the industrial engineer
seeking ways of to enhance existing process control performance to the control the-
orist and the control postgraduate interested in making nonlinear control accessible
and usable.

The Series Editors are pleased to welcome this entry among a growing number
of Advances in Industrial Control monographs in the nonlinear systems and nonlin-
ear control field. Other recent entries in this field that might interest the reader in-
clude Tandem Cold Metal Rolling Mill Control: Using Practical Advanced Methods
(ISBN 978-0-85729-066-3, 2010) by John Pittner and Marwan A Simaan; Induc-
tion Motors (ISBN 978-1-84996-283-4, 2010) by Riccardo Marino, Patrizio Tomei
and Cristiano M. Verrelli; Detection and Diagnosis of Stiction in Control Loops:
State of the Art and Advanced Methods (ISBN 978-1-84882-774-5, 2010) edited by
Mohieddine Jelali and Biao Huang and Control of Ships and Underwater Vehicles:
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Design for Underactuated and Nonlinear Marine Systems (ISBN 978-1-84882-729-
5, 2009) by Khac Duc Do and Jie Pan.

M.J. Grimble
M.A. Johnson

Industrial Control Centre
Glasgow
Scotland, UK



Preface

Control techniques are indispensable in the design of robots and modern vehicles.
Using feedback control the safety and efficiency of these mechanical systems can
considerably be improved. In order to achieve good control performances, the math-
ematical model of the controlled mechanical system has to be taken into considera-
tion during control algorithm design. The dynamic model of vehicles and robots are
nonlinear.

First the book briefly outlines the most important nonlinear control algorithms
that can be applied for the control of mechanical systems. The very first requirement
of each control system is the closed loop stability. It is why the stability analysis
methods for nonlinear systems are presented in detail. Basic nonlinear control meth-
ods (feedback linearization, backstepping, sliding control, receding horizon control)
that can be applied for mechanical systems are also reviewed.

For efficient controller design it is inevitable the knowledge of the dynamic
model of controlled mechanical system. A framework for the modeling of vehi-
cles and robots are introduced. Staring from the dynamic model of rigid bodies, the
mechanical model of robotic manipulators, ground, aerial and marine vehicles are
presented. The nonlinear effects that appear in the model of different mechanical
systems are discussed.

The control of robots and different type of vehicles are discussed in separate
chapters. The model based tracking control of robotic manipulators is addressed in
different approaches. Firstly it is assumed that the parameters of the mathematical
model of the robotic system are known. For such systems the classical robot control
methods are presented such as cascade control, nonlinear decoupling and hybrid
position/force control. For the control of robots with unknown parameters selftuning
adaptive control is proposed. If the robot prescribed path include sharp corners,
backstepping control techniques are suggested.

The ground vehicles generally move in unknown environment with stationary or
moving obstacles. Some control algorithms are proposed for these systems that take
into consideration the static and dynamic obstacles based on input–output lineariza-
tion and receding horizon control techniques.

xiii
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Receding horizon control is also applied for the control of aircrafts. This con-
trol algorithm is extended with a robust disturbance observer. For the control of a
quadrotor helicopter, backstepping control techniques are applied.

For nonlinear ship control the acceleration feedback can be combined with non-
linear PID control. Adaptive control techniques can be applied for ships with un-
known parameters. The control of 6 degree of freedom ships is solved using back-
stepping control techniques.

For simultaneous control of a group of vehicles, formation control techniques
can to be applied. In this work two approaches are suggested for vehicles that move
on a surface: potential field method and passivity theory.

Non-smooth nonlinearities such as friction and backlash severely influence the
control performances of mechanical systems. To solve the problem of friction com-
pensation and identification in robotic systems, efficient friction modeling tech-
niques are necessary. A piecewise linearly parameterized model is introduced to de-
scribe the frictional phenomenon in mechanical control system. The behavior of the
control systems with Stribeck friction and backlash is analyzed in a hybrid system
approach. Prediction and analysis methods for friction and backlash generated limit
cycles are also presented. A friction identification method is introduced that can be
applied for robotic manipulators driven by electrical motors and for hydraulic actu-
ators as well. The piecewise linear friction model is also applied for robust adaptive
friction and payload compensation in robotic manipulators.

The appendixes of the book are important for understanding other chapters. The
kinematic and dynamic foundations of physical systems and the basis of differential
geometry for control problems are presented. Readers who are familiar with these
fundamentals may overstep the appendixes.

The reader of this book will become familiar with the modern control algorithms
and advanced modeling techniques of the most common mechatronic systems: ve-
hicles and robots. The examples that are included in the book will help the reader to
apply the presented control and modeling techniques in their research and develop-
ment work.

Béla Lantos
Lőrinc Márton

Budapest
Târgu Mureş (Marosvásárhely)
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