N
=
==

Hassan Noura AIC

Didier Theilliol
Jean-Christophe Ponsart
Abbas Chamseddine

0130 [LISNPU| &
Ul s3dURADY

Fault-tolerant
Control Systems




Advances in Industrial Control



Other titles published in this series:

Digital Controller Implementation
and Fragility

Robert S.H. Istepanian and James F.
Whidborne (Eds.)

Optimisation of Industrial Processes

at Supervisory Level

Doris Saez, Aldo Cipriano and Andrzej W.
Ordys

Robust Control of Diesel Ship Propulsion
Nikolaos Xiros

Hydraulic Servo-systems
Mohieddine Jelali and Andreas Kroll

Model-based Fault Diagnosis in Dynamic
Systems Using Identification Techniques
Silvio Simani, Cesare Fantuzzi and Ron J.
Patton

Strategies for Feedback Linearisation
Freddy Garces, Victor M. Becerra,
Chandrasekhar Kambhampati and
Kevin Warwick

Robust Autonomous Guidance
Alberto Isidori, Lorenzo Marconi and
Andrea Serrani

Dynamic Modelling of Gas Turbines
Gennady G. Kulikov and Haydn A.
Thompson (Eds.)

Control of Fuel Cell Power Systems
Jay T. Pukrushpan, Anna G. Stefanopoulou
and Huei Peng

Fuzzy Logic, Identification and Predictive
Control

Jairo Espinosa, Joos Vandewalle and
Vincent Wertz

Optimal Real-time Control of Sewer
Networks

Magdalene Marinaki and Markos
Papageorgiou

Process Modelling for Control
Benoit Codrons

Computational Intelligence in Time Series
Forecasting
Ajoy K. Palit and Dobrivoje Popovic

Modelling and Control of Mini-Flying
Machines

Pedro Castillo, Rogelio Lozano and
Alejandro Dzul

Ship Motion Control
Tristan Perez

Hard Disk Drive Servo Systems (2nd Ed.)
Ben M. Chen, Tong H. Lee, Kemao Peng
and Venkatakrishnan Venkataramanan

Measurement, Control, and
Communication Using IEEE 1588
John C. Eidson

Piezoelectric Transducers for Vibration
Control and Damping

S.0. Reza Moheimani and Andrew J.
Fleming

Manufacturing Systems Control Design
Stjepan Bogdan, Frank L. Lewis, Zdenko
Kovaci¢ and José Mireles Jr.

Windup in Control
Peter Hippe

Nonlinear Hy/H ,, Constrained Feedback
Control

Murad Abu-Khalaf, Jie Huang and
Frank L. Lewis

Practical Grey-box Process Identification
Torsten Bohlin

Control of Traffic Systems in Buildings
Sandor Markon, Hajime Kita, Hiroshi Kise
and Thomas Bartz-Beielstein

Wind Turbine Control Systems
Fernando D. Bianchi, Hernan De Battista
and Ricardo J. Mantz

Advanced Fuzzy Logic Technologies in
Industrial Applications

Ying Bai, Hanqi Zhuang and Dali Wang
(Eds.)

Practical PID Control
Antonio Visioli

(continued after Index)



Hassan Noura ¢ Didier Theilliol
Jean-Christophe Ponsart « Abbas Chamseddine

Fault-tolerant Control
Systems

Design and Practical Applications

@ Springer



Hassan Noura, PhD

United Arab Emirates University
Department of Electrical Engineering
P.O. Box 17555

Al-Ain

UAE

hnoura@uaeu.ac.ae

Jean-Christophe Ponsart, PhD
Nancy-Université

Faculté des Sciences et Techniques
Centre de Recherche en Automatique
de Nancy CNRS UMR 7039

BP 70239

54506 Vandoeuvre cedex

France

jean-christophe.ponsart@cran.uhp-nancy.fr

ISSN 1430-9491
ISBN 978-1-84882-652-6

Abbas Chamseddine, PhD

Université Paul Cézanne, Aix Marseille 111

Domaine Universitaire de Saint-Jérome

Laboratoire des Sciences de 1’ Information

et des Systémes

Avenue Escadrille Normandie-Niemen
13397 Marseille cedex 20

France

abbas.chamseddine @lsis.org

Didier Theilliol, PhD
Nancy-Université

Faculté des Sciences et Techniques
Centre de Recherche en Automatique
de Nancy CNRS UMR 7039

BP 70239

54506 Vandoeuvre cedex

France

didier.theilliol @cran.uhp-nancy.fr

e-ISBN 978-1-84882-653-3

DOI 10.1007/978-1-84882-653-3
Springer Dordrecht Heidelberg London New York

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

Library of Congress Control Number: 2009928643
© Springer-Verlag London Limited 2009

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
permitted 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 publishers, or in the case of reprographic reproduction in accordance with the terms of licences
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: eStudioCalamar, Figueres/Berlin
Printed on acid-free paper

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



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 G1 1QE

United Kingdom

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 fiir Anlagensteuerungstechnik
Fachbereich Chemietechnik

Universitit 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



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

S-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

3335 Engineering 11

University of California Santa Barbara
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

Professor I. Yamamoto

Department of Mechanical Systems and Environmental Engineering
The University of Kitakyushu

Faculty of Environmental Engineering

1-1, Hibikino,Wakamatsu-ku, Kitakyushu, Fukuoka, 808-0135
Japan



To our families and parents



Series Editors’ Foreword

The series Advances in Industrial Control aims to report and encourage tech-
nology transfer in control engineering. The rapid development of control tech-
nology 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 develop-
ment work resides in industrial reports, feasibility study papers, and the re-
ports of advanced collaborative projects. The series offers an opportunity for
researchers to present an extended exposition of such new work in all aspects
of industrial control for wider and rapid dissemination.

Control system design and technology continues to develop in many dif-
ferent directions. One theme that the Advances in Industrial Control series
is following is the application of nonlinear control design methods, and the
series has some interesting new commissions in progress. However, another
theme of interest is how to endow the industrial controller with the ability
to overcome faults and process degradation. Fault detection and isolation is
a broad field with a research literature spanning several decades. This topic
deals with three questions:

e How is the presence of a fault detected?
e What is the cause of the fault?
e  Where is it located?

However, there has been less focus on the question of how to use the control
system to accommodate and overcome the performance deterioration caused
by the identified sensor or actuator fault.

One approach to all these issues is to institute a rigorous programme of
process and controller monitoring to minimize the actual occurrence of fault
situations altogether, so-called preventative maintenance. The response of the
control community to these questions has been a little diffuse with no method
promoted as a clear winner; for example, for a period the method of “reliable
control” featured in the literature and at control conferences. This approach
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relaxes the control to accommodate fault failures but the cost is degraded
performance. Another approach was that of “reconfigurable control” in which
the controller is restructured to use the remaining available sensors and actu-
ators and to use any available knowledge of the changes that have occurred
to the process or system.

However, from this diversity of approaches, the industrial control engineer
or the process engineer is quite likely to ask “But do any of these methods
work and what is the online industrial overhead for the application of these
methods?” One way to find out is to study this new volume Fault-tolerant
Control Systems: Design and Practical Applications by Hassan Noura, Didier
Theilliol, Jean-Christophe Ponsart, and Abbas Chamseddine. This monograph
is a little different from some in the Advances in Industrial Control series, for
it is a very focused study of the application of fault-tolerant control (FTC) to
three increasingly complex processes. It has the objective of showing the reader
all the steps in design, implementation, and assessment for some laboratory-
scale and industrial applications of FTC.

The monograph opens with a brief introductory chapter, but it is in Chap.
2 where all the components of FTC design are presented. Six sections of the
chapter build up the design systematically by introducing process models (lin-
ear and nonlinear), fault descriptions (both actuators and sensors), the nom-
inal tracking control design, fault diagnosis methods (using residual genera-
tion), fault effect and size estimation and controller compensation mechanisms
to accommodate the fault. All this is brought together and presented in the
final section as a generic FTC system architecture. Three extended case-study
chapters, which give this monograph its distinctive character, follow this fo-
cussed presentation of the methods to be used. The three process applications
are a laboratory-scale winding machine that characterises “simple” complex-
ity, a laboratory-scale three-tank process that represents “middle-level” com-
plexity, and finally “complex” complexity is represented by an industry-grade
automotive active suspension system. The value of these case studies lies in
their fully documented thoroughness that gives the reader a good practical
insight into how the methods work and allows the possibility of replicating
the three studies themselves.

The practical emphasis of the monograph and its case studies will appeal
to a wide range of academic researchers and industrial control and process
engineers. Academics and students will be able to repeat the case studies on
in-house laboratory equipment, whilst the industrial engineer should obtain a
better insight as to how FTC can be implemented on industrial processes.

This is a growing field and the Advances in Industrial Control series
has a number of volumes available on FTC and related subjects. It is per-
haps worth mentioning Soft Sensors for Monitoring and Control of Indus-
trial Processes by Luigi Fortuna and colleagues (ISBN 978-1-84628-479-3,
2007), Process Control Performance Assessment edited by Andrzej W. Ordys
and colleagues (ISBN 978-1-84628-623-0, 2007), Diagnosis of Process Non-
linearities and Valve Stiction by M.A.A. Shoukat Choudhury and colleagues
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(ISBN 978-3-540-79223-9, 2008), and finally Guillaume Ducard’s monograph
Fault-tolerant Flight Control and Guidance Systems (ISBN 978-1-84882-560-4,
2009). Clearly, the Advances in Industrial Control series has some very strong
entries to this growing technical field and the editors are pleased to see the
monograph Fault-tolerant Control Systems by Hassan Noura and colleagues
join the collection.

Industrial Control Centre M.J. Grimble
Glasgow, Scotland, UK M.A. Johnson
2009



Foreword

As technological systems become more and more complex, the dependence on
their control systems has also increased significantly. This is particularly true
in safety-critical applications where either the success of a mission or ultimate
protection of human lives, property, and environment becomes a paramount
goal. For any practical control systems, no matter how ingenious the design is,
and how immaculate the manufacture process is carried out, things will break.
It is a matter of time, sooner or later. One way to ensure reliable operation
of a system for intended purposes, despite those undesirable circumstances,
such as failures, is to rely on fault-tolerant control strategies.

A fault-tolerant control system is a control system specifically designed
with potential system component failures in mind. Clearly, a fault-tolerant
control may not offer optimal performance in a strict sense for normal system
operation, but generally it can mitigate effects of system component failures
without completely jeopardizing the mission or putting the users/public at
risk. Clearly, the philosophy of fault-tolerant control systems design is different
from other design methodologies. Consequently, their behavior under system
component failures will also be different.

Design of control systems to achieve fault-tolerance for closed-loop control
of safety-critical systems has been an active area of investigation for many
years. It becomes more and more clear that there are certain trade-offs between
achievable normal performance and fault-tolerance capability. A fault-tolerant
control system design has essentially become a decision on manipulation of
such trade-offs.

Despite the efforts in control system community, the field of fault-tolerant
control systems is still wide open. Most of the contributions so far are theo-
retical in nature. It is important to emphasize that when a failure occurs in a
system, either in sensors or actuators, the characteristics of the entire system
can undergo significant change, i.e., degradation. The actuators may not be
able to provide the same level of driving power, while the sensors may not
supply dependable measurements. Without full understanding of those prac-
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tical constraints and respecting the failure induced limitations, fault-tolerant
control system design based purely on theory will be bound to fail in practice.

In the past decade, most of the work in this area has been theoretical in
nature. It is refreshing to read this book which has put the emphasis on the
practical applications. This book will certainly be an important addition to
the library on fault-tolerant control systems. It is one of very few books in this
area that considers practical aspects of fault-tolerant control. It is certainly a
welcome addition and valuable reference for anyone working in this area.

The basic concepts of fault-tolerant control systems are introduced in
Chap. 1. Classification of fault-tolerant control strategies is presented in
terms of fault severity levels. Fault-tolerant control system design and analysis
against actuator and sensor failures have been treated in detail in Chap. 2 for
linear and nonlinear systems. All the important concepts have been presented
using physical system examples by comparing normal system performance
against those under component failures. Both partial and complete failures
of sensors and actuators have been considered. In this chapter, techniques
for fault diagnosis and fault estimations have also been presented. Finally, a
general architecture of a fault-tolerant control system is developed.

Chapter 3 is devoted to the application of fault-tolerant control strategies
on a physical lab-scale winding machine. The authors have provided basic
control objectives for this system with sufficient detail. The performance of
the system under normal conditions is analyzed first to provide a baseline
benchmark for fault-tolerant control system design and analysis. Subsequently,
various actuator and sensor failure scenarios have been dealt with. In this
chapter, both linearized and nonlinear system models are considered. The
book has clearly shown that the effects of faults can be compensated with
properly designed fault-tolerant control systems.

A well known three-tank system is used in Chap. 4 to illustrate design and
analysis techniques for fault-tolerant control systems. An advantage of choos-
ing this system is that the physical relationships among key system variables
can be easily obtained. Using the dynamic models obtained, the detailed pro-
cedure for fault-tolerant control system design and analysis can be clearly
demonstrated. The authors have also included some MATLAB® scripts to
guide the readers through the process and to encourage readers to try by
themselves. Both linear and nonlinear system models have been utilized in
the design and analysis process.

Finally, fault-tolerant control system design and analysis against sensor
failures in an active suspension of a full vehicle system have been considered.
Detailed mathematical description of the suspension is derived first. Based on
this model, fault-tolerant control systems performance against several com-
monly encountered sensor failures have been investigated. The originality of
the work in this chapter is the breakdown of the entire suspension system into
several interconnected subsystems. Each subsystem has its own local controller
and its own fault diagnostic module. A higher level control system coordinates
the information issued from these local modules.
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In summary, the authors have successfully presented some most important
concepts and procedures in fault-tolerant control system design and analysis.
The authors have done this with elegance of mathematics, as well as in-depth
physical understanding of the limitations of handicapped actuators and sen-
sors. This is a must read book on the subject of fault-tolerant control systems.

The logical introduction and the easy to understand styles of presentation
have made this book particularly suitable for graduate students and practising
engineers who are looking for some guidance in applying active fault-tolerant
control methods in their own fields of interests.

London, Ontario, Canada, Professor Jin Jiang
March 2009
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1

Introduction to Model-based Fault Diagnosis
and Fault-tolerant Control

The automation of a process consists in providing a quasi-optimal solution to
obtain the best possible quality of the final product and consequently an in-
crease in profits. Automated system control theory has been widely developed
and applied to industrial processes. These techniques ensure the stability of
the closed-loop system and yield a pre-defined performance in the case where
all system components operate safely. However, the more the process is au-
tomated, the more it is subject to the occurrence of faults. Consequently, a
conventional feedback control design may result in an unsatisfactory perfor-
mance in the event of malfunctions in the actuators, sensors, or other compo-
nents of the system. This may even lead the system to instability. In highly
automated industrial systems where maintenance or repair cannot always be
achieved immediately, it is convenient to design control methods capable of
ensuring nominal performance when taking into account the occurrence of
faults. This control is referred to as fault-tolerant control (FTC) which has
become of paramount importance in the last few decades. The design of an
FTC system requires obviously quick fault detection and isolation (FDI) for
adequate decision making. Hence, to preserve the safety of operators and the
reliability of processes, the presence of faults must be taken into account dur-
ing the system control design.

1.1 Fault Diagnosis

Process monitoring is necessary to ensure the effectiveness of process control
and consequently a safe and a profitable plant operation. Sensor or actuator
failure, equipment fouling, feedstock variations, product changes, and seasonal
influences may affect the controller performance. Such issues apparently make
up to 60% of industrial controllers problems [61]. FDI refers to the task of
inferring the occurrence of faults in a process and finding their root causes
using the following various knowledge-based system strategies: quantitative
models [128], qualitative models [126], and historical data [127].
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The diagnosis of such problems from raw data trends is often difficult.
However, quantitative or qualitative model-based FDI techniques are consid-
ered and combined to supervise the process and to ensure appropriate re-
liability and safety in industry. Short historical review of model-based FDI
can be found in [43,70,86] and current developments are reviewed in [44].
Among quantitative models, FDI for linear/nonlinear systems remains a chal-
lenge due to the problem of discriminating between disturbances and faults
through a wide range of operating conditions. Model-based FDI methods have
been developed for exact and uncertain linear/nonlinear mathematical de-
scription of systems based on observer schemes, parameter estimation algo-
rithms, or parity space techniques. Several books are dedicated to these topics
such as [22,24,53] or more recently [31]. For fault isolation, various techniques
based on an exact knowledge of the nonlinear model allow us to generate
residuals sensitive to specific faults and insensitive to others using decoupling
methods [49,80] or geometric approaches [60,101].

Based on the large diversity of advanced model-based methods for auto-
mated FDI, the problem of actuator or/and sensor fault detection (which
is one of the main targets of this book) is of basic importance. Nevertheless,
due to difficulties inherent in the on-line identification of closed-loop systems,
parameter estimation techniques are not always suitable. The parity space
technique is suitable to distinguish between different faults in the presence of
uncertain parameters, but is not useful for fault magnitude estimation. How-
ever, the observer-based method is more appropriate to achieve this objective.
Classical decoupled techniques, such as unknown input observer or dedicated
filter devoted to detect and estimate faults (considered as unknown inputs),
can be synthesized for solving the FDI problem in certain cases. It should be
highlighted that the fault magnitude estimation is necessary to ensure an ac-
curate fault monitoring in order to provide an efficient maintenance operation
and to ensure the safety of the environment.

Moreover, many accidents with airplanes or in nuclear power plants have
dramatically illustrated the very important step of FDI to inform the opera-
tors about the system’s status. However, it appears clear that detecting and
isolating a fault is not sufficient if no subsequent action occurs once a fault
has been identified.

As recently proposed by [14,59], an FTC system, based on fault isolation
and magnitude estimation, can be envisioned to maintain control objectives
despite the occurrence of a fault.

1.2 Fault-tolerant Control

Much effort has been made in the field of FTC in the presence of faults in the
functioning of the nuclear and avionics industries, chemical or petrochemical
plants, etc. The various studies dealing with this problem are based on hard-
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ware or analytical redundancy. Hardware redundancy is necessary in systems
where the safety of people could be affected (airplanes, nuclear plants).

In other industrial processes, hardware redundancy is rare or non-existant,
because of its expensive financial cost. Redundant sensors, usually much eas-
ier and less expensive than actuators, are generally installed. Thus, in the
presence of a major actuator failure, it is impossible to maintain the dam-
aged system at some acceptable level of performance. It becomes of prime
importance to lead it to its optimal operating order, with respect to desir-
able performances and degree of priority. Therefore, the main feature is to
minimize the loss in productivity (lower quality production) or/and to op-
erate safely without danger to human operators or equipment. The system
can continue its operation with decreased performance as long as it remains
within acceptable limits. The use of analytical redundancy makes possible the
reduction in instruments cost and maintenance.

The topic of fault-tolerance has attracted the interest of many researchers
worldwide. Recently, a very interesting bibliographical review of fault-tolerance
was performed by Zhang and Jiang [140]. Various books on FTC have also
been published recently [13,14,17,59,69,92].

The analytical fault-tolerant operation can be achieved either passively by
the use of a control law designed to be insensitive to some known faults, or
actively by an FDI mechanism, and the redesign of a new control law. The
active methods are more realistic because all the faults that may affect the
system cannot be known a priori.

Unlike the fault diagnostic field, where definitions and classification of
methods have been clearly given in the literature, FTC is still missing standard
definitions and classifications. In this book we propose a classification of FTC
techniques. This classification is illustrated by the control system performance
vs the severity of the failure (Fig. 1.1). As previously stated, for a priori known
faults, a controller with fixed parameters could be set up with the objective of
controlling the nominal system as well as the system affected by these known
faults (passive methods). This strategy can be achieved using the simultaneous
stabilization methods or methods based on robust control (Hs, disturbance
rejection, etc.). These techniques are also known as reliable control techniques
where the controller must be insensitive to the occurrence of specific faults.

However, it is obvious that passive methods are very restrictive because all
the expected faults and their effects on the plant cannot be known a priori.
Active approaches are preferable to deal with an increasing number of faults.
These methods consist of adjusting the controllers on-line according to the
fault magnitude and type, in order to maintain the closed-loop performance
of the system. If it remains possible to preserve the faulty system performance
close to the nominal one, active methods correspond to reconfiguration. For
more critical failures (a complete loss of an actuator), the nominal perfor-
mance cannot be maintained anymore, the current performance are reduced
as shown in the shaded area of Fig. 1.1. In such cases, a restructuring strat-
egy consisting of modifying the system structure or the control objectives is
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Fig. 1.1. FTC strategies

used. For instance, the number of controlled outputs has to be reduced, or
the nominal reference inputs cannot be reached anymore, and other references
have to be redefined. The objective is to lead the system into a degraded op-
erating mode. Moreover, for a certain type of failure, it is impossible to keep
the system operating even in degraded mode. In this case, the aim is to shut
down the system safely.

In general, an FTC strategy must include an FDI module and an upper
level of supervision module aiming at:

Dealing with various kinds of faults affecting the plant
Providing information about the system behavior, the degradations pro-
duced by the fault and the new performance reached by the degraded
system

e Deciding if an FTC method has to be switched on, or if the system must
shut down

In the literature, FTC methods are developed considering that the FDI is
already achieved. FDI techniques are rarely integrated into FTC systems. It is
very often assumed that the model of the faulty system is known, which is not
always realistic for unexpected faults. In order to eliminate the actuator fault
effect which occurs on the system, various methods have been proposed to
recover, as close as possible, the performance of the pre-fault system accord-
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ing to the considered fault representation. Two main approaches have been
developed. One is based on a model matching principle where the control gain
is completely re-computed on-line, and the other method is based on adding
fault compensation to the nominal control law. In the first approach, the con-
trol system can be designed so that the faulty system performance is recovered
and the new system behaves as originally specified. Gao and Antsaklis [47]
suggest a basic approach based on what they called the pseudo-inverse method
(PIM). Rather than the ezact model matching method proposed by [48,117]
has recently proposed an extended PIM method to develop an admissible
model matching approach. These gain redesign methods are not considered in
this book which is completely dedicated to the method based on the additive
control law. From a general point of view, one objective of this book is to show
the development of complete FTC methods where the control law is modified
once a fault has been detected, isolated, and estimated. Another objective
is to show the application of these methods to real laboratory-scale systems
taking into account the constraints of the real applications.

In Chap. 2, the study is developed showing the various steps of active
methods according to the severity of the faults and the ability of the system
to tolerate them. First, actuators and sensors are considered to operate badly
but they are still able to achieve part of the original system performance.
Then a complete loss of a sensor and an actuator are analyzed. The complete
loss of an actuator is a major failure which leads to a large decrease in sys-
tem performance. Thus, it is necessary to restructure the control objectives
with degraded performance. It is shown that, according to the classification
described previously, the strategy to adopt and the level of performance to
recover depend on:

The process itself

The degree of the available (hardware and/or analytical) redundancy in
the system

The severity of the fault or the failure

The level of desired performance

In this chapter, linear and nonlinear systems are considered. A nominal
control law is described for both cases. For the case of linear or linearized
systems, the notion of an operating point is detailed. Actually, this notion
is not always very well understood and needs to be highlighted. Nominal
tracking control and model-based fault diagnostic techniques are described in
detail and used in the design of the FTC. These methods will be illustrated
by applying them to different systems as will be detailed in the following
chapters.

Chapter 3 is dedicated to the application of the FTC methods described
in Chap. 2 to a laboratory-scale system representing a winding machine. This
electro-mechanical system is a nonlinear system and its model and parameters
are not easy to obtain. Therefore, a model linearized around an operating point
is obtained experimentally as a black box model. Later, a multiple model
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technique is described to allow the system to range over the whole operating
region.

In Chap. 4, the well known three-tank system is used to illustrate FTC
methods and results. For this system, the physical equations are easily ob-
tained allowing us to write a nonlinear model of the system. This model is
first linearized around an operating point and used in the design and the ap-
plication of FDI and FTC methods. Later in this chapter, the nonlinear model
is used to deal with the case of major actuator faults such as actuator loss.
In this case, the system is driven outside the linearized zone and the linear
model is no longer valid, yielding a bad performance of the control system.

Chapter 5 considers a nonlinear complex system represented by a car active
suspension. Unfortunately, a real active suspension system is not available,
but the physical model is described according to papers from the literature
and validated on real systems. This system is considered to be complex due
to its large number of variables. The originality of the work presented in this
chapter is in the breakdown of this system to interconnected subsystems. Each
subsystem has its own local controller and its own fault diagnostic module.
A higher level module coordinates the information issued from these local
modules. Simulation results are performed to illustrate the performance of an
FTC method in the presence of sensor faults for complex systems. Moreover,
as the number of state variables is large, the number of sensors to use for such
systems is analyzed and existing sensors in industry are discussed.



3

Application to a Winding Machine

3.1 Introduction

Web transport systems allow the operations of unwinding and rewinding of
various products including plastic films, sheets of paper, sheets, and fabrics.
These operations are necessary for the development and the treatment of
these products. Web transport systems generally consist of the same machine
elements in spite of the diversity of the transported products.

A reduced pilot-plant of an industrial web transport system allows study-
ing of the different operations. The characteristics of this pilot-plant and its
control device are presented in the following. The control of these systems is
not simple because their dynamic characteristics change throughout unwind-
ing. Moreover, quality standards of rewinding and the requirements of manu-
facture are often very constraining. The FTC system associated with the fault
diagnosis module should improve the control performance without leading to
undesirable consequences such as faults or catastrophic breakdowns [124].

A web transport system can be divided into several subsystems (Fig. 3.1).
Among them, generally an unroller and a roller are respectively laid out at
the beginning and at the end of the process. The other subsystems such as
the free rollers dancers, engines tractors, rollers, or the accumulators are used
and laid out according to the process of treatment.

The unroller is the starting point of a web transport system. The qual-
ity of the reel to be unrolled will influence the behavior of the web during
its unwinding. A reel reforming into an oval during storage or badly wound
generates disturbances.

A dancer roller downstream from the unroller is used on one hand to im-
pose the unwinding web tension and on the other hand to filter the variations
of web tension due to the defects of the reel.

The web is involved and guided by rollers which can be motorized or free.
The traction of the web is generally ensured by three rollers: a central roller
motorized on a controlled surface and two rollers of smaller sizes, placed so
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Fig. 3.1. Industrial web transport system

as to obtain a great contact angle web /roller and to support the adherence of
the web with respect to the roller tractor.

The accumulator is used to store the web during the normal operations of
the system and to restore the web during a change of wind. Consequently it
allows a continuous drive.

The step of rolling is the most important among the various operation
steps. This step gives the quasi-final aspect to the material and conditions its
final quality. The process of rolling in successive layers without appearance
of defects is far from easy. Indeed, some folds, some wavelets, or some air
pockets can appear and consequently compromise the quality of the product.
The causes of these defects are on the one hand, the conditions of rolling
(web tension, speed winding, forces support, etc.), and on the other hand, the
properties of the rolled product (surface topography, homogeneity of elasticity,
etc.).

The process of web transport must respect several criteria according to
the quality of the rolled product. The product should not worsen during its
transport because of:

Elongation
Crumple
Folding
Tear

Shift

The control of such a system must take into account the characteristics of
the product to be transported.

Moreover, web transport systems are multi-variable and coupled systems,
the process parameters of which vary during operation. The parameter vari-
ation is due to the reels radius variation during unwinding.

The variation of the reels radius significantly modifies the dynamic behav-
ior of the system during the complete process of unwinding. So, the control
performances deteriorate. The strategy of industrial control consists in leav-
ing a margin of sufficient stability by reducing the required performances, and
more particularly by decreasing the linear velocity of the web.
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In this chapter, the objective is to apply the methods described in Chap.
2 to a laboratory-scale winding machine. A complete design of an active FTC
system is proposed and analyzed in the presence of minor faults and more
critical failures. This is done around an operating point and for a complete
unwinding process. The originality of this work is reflected in the description
of the effect of various kinds of faults or failures which may affect the system
and the classification of FTC techniques according to the severity of these
malfunctions.

This study takes into account minor faults and major failures. Minor faults
could be biases or drifts on actuators or sensors, a decrease in the actuator
effectiveness, or even a complete loss of a sensor under some conditions. Major
failures, which involve drastic and discontinuous variations in the plant dy-
namics, correspond, for instance, to an actuator blocked or out of order. In the
presence of such faults, the nominal system performance cannot be reached
anymore. Thus, restructuring control objectives with a degraded performance
must be set up or the system has to be shut down immediately and safely.

3.2 System Description

3.2.1 Process Description

The winding machine (Fig. 3.2) is composed of three reels driven by DC
motors denoted My, Mo, and Ms, gears reduction coupled with the reels, and
a plastic strip (300 m length, 5 ¢m broad and 0.2 mm thickness)(Fig. 3.3).
The radius of the unwinding reel varies from 210 to 70 mm for the totality of
the unwinding operation which lasts approximately 40 min.

Fig. 3.2. Winding machine
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Motor M; corresponds to the unwinding reel, M3 to the rewinding reel,
and M to the traction reel. The angular velocity of motor My (£22) and the
strip tensions between the reels (11, T5) are measured using a tachometer and
tensiometers, respectively. Each motor is driven by a local controller. Torque
control is achieved for motors M; and Ms, while speed control is realized for
motor Ms.

Strip Tersion
7

Strip Tension
T

-

-

Angular Velocity
i2

Fig. 3.3. System description

The control inputs of the three motors are Uy, Uy, and Us. U; and Us
correspond to the current set-points I; and I3 of the local controller as shown
in Fig. 3.4. Us is the input voltage of motor M. In winding processes, the main
goal usually consists of controlling tensions 77 and T3 and the linear velocity
of the strip. Here the linear velocity is not available for measurement, but
since the traction reel radius is constant, the linear velocity can be controlled
by the angular velocity (2.

3.2.2 Connection to dSPACE®

For the application of a multi-variable control law, a real-time develop-
ment environment (MATLAB® /Simulink® and Real-Time Workshop® and
dSPACE®) is used. The dSPACE® board is the DS1102 based on a Texas
Instrument DSP TMS320C31. This board has four analog inputs and four
analog outputs. The inputs are the measurements of the strip tensions be-
tween the reels (T and T3), and the angular velocity of motor My (£22). The
outputs are the three control inputs Uy, Us and Us described in Fig. 3.5.

A first study is conducted to illustrate the linear methods developed in
Chap. 2. As previously stated, in nominal operation, the objective is to con-
trol the strip tensions and velocity. From theoretical point of view, the ten-
sion control principle of winding processes seems to be very easy. However, in
practice some disturbances such as the vibration, the interaction between the
tensions, and the slipping problems make the design of the strip tension con-
trol difficult. This winding machine presents one more difficulty: the physical
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parameters of the system which are time-variant due to the variation of the
unwinding and rewinding reel radii. To design a control law for this winding
machine, a model describing the nominal behavior is required. This will be
described in the next section provided that some assumptions are fulfilled.

Velocity reference

Traction reference 1 Traction reference 3
DACI A DAC3
PC with
ADCA DSPACE board ADC3
ADCI DAC2 ADC2
v y y

Motor 1 Motor 2 Motor 3

Fig. 3.5. Real-time environment
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3.3 Linear Case

3.3.1 System Modeling

Winding processes are generally continuous and nonlinear processes. In prac-
tice, the system modeling phase is a tedious and time consuming task and re-
quires a good knowledge of the physical parameters which are often unknown
and unmeasurable. Several studies have dealt with the modeling problem of
winding systems. Since this is not the main objective of this book, an “aver-
age” linear model of the system identified with a nominal working conditions
in a small operating zone is considered. For a detailed study of the modeling
of this winding machine, the reader can refer to [10].

In the first step, the aim is to consider a linear model around an operating
point. Then a multi-linear approach will be considered.

For the linear case, an operating zone is taken around the middle of the
strip, i.e., the radius of the unwinding reel is almost equal to the radius of
the rewinding. The experiments are then conducted in less than 2 min. This
is enough to illustrate the control, FDI, and FTC methods while the model
can be still considered as linear.

A “black-box” identification of the winding pilot-plant is used considering
a model for each output as a multiple-input single-output (MISO) model. The
corresponding analytical model is obtained using an auto-regressive with ex-
ternal inputs (ARX) structure. This model describes the dynamical behavior
of the system in terms of input/output variations (u, y) around the operating
point (Uy, Yp):

Up=[-0.15 055 0.15]"; ¥, =[06 0.5 0.4]". (3.1)

To get this model and to identify the system parameters, pseudo-random
binary sequence (PRBS) signals, considered as variations of the control inputs
around the operating point, are applied to the system at a sampling period
T, = 0.1 s (Fig. 3.6). The magnitude of these signals should be taken such
that the system is still operating properly within the operating zone where it
is considered as linear. Using the dSPACE® board, the collected signals are
given in the interval [—1 +1] corresponding to [—10 V' +10 V'].

The response of the system to these input signals is shown in Fig. 3.7.

After removing the mean value of these signals, and considering the ARX
structure, the model for each output is given as

Ti(k+1) =annTi(k) + a13T5(k) + briui (k) + biaua(k) + bisus(k)
2o(k +1) = a1 T1(k) + agn2:(k) + aos3Ts(k) + barui (k)

+ bogua (k) + basus(k)
Ts3(k + 1) = as1T1(k) + assT5(k) + bsru1 (k) + bagua(k) + basus(k)

. (3.2)
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Then, gathering these equations into a discrete-time state-space represen-
tation, the linearized model of the winding machine around the operating
point (Uy, Yp) is given by

x(k+1) = Az(k) + Bu(k) (3.3)
y(k) = Cu(k) ’ '
with
T Uy 0.4126 0 —0.0196
c= |2l u=|Uy|: A= 00333 05207 —0.0413];
T Us —0.0101 0 0.2571
and

—1.7734 0.0696 0.0734
B = 0.0928 0.4658 0.1051
—0.0424 —0.093 2.0752

C is the identity matrix I3. The reader can easily check that the system
described by these matrices is completely observable and controllable.

The next step before going on to the design of the control consists of
validating this model. To achieve this task, another experiment should be
conducted around the same operating point. Then a cross validation is done
and the model given by (3.2) and (3.3) is declared to describe the linear
behavior of the system around the selected operating point.

3.3.2 Linear Nominal Control Law

The nominal control law is set up according to a tracking control design
described in Sect. 2.4. The tracking control problem requires that the number
of outputs that have to follow a reference input vector y, must be less than
or equal to the number of control inputs. This is the case for the winding
machine: three control inputs Uy, Us, and Us are available, thus the three
outputs 11, 22, and T3 can be tracked. There is also no need to break down
the output vector, we have y; = y. The feedback controller to set up has to
cause the output vector y to track the reference input vector in the sense that
in steady-state:

yr(k) —y(k) = 0. (3-4)

Figure 3.8 shows the real-time implementation of the designed control law
around the selected operating point using Simulink® and dSPACE®. When
the program is compiled and runs in real-time, it is driven in open-loop until
reaching the operating zone close to the selected operating point. Then, the
closed-loop is switched on using the trigger “g;.”

The block “Reference vector” corresponds to the reference vector y, that
the system outputs have to track. Actually, this reference vector contains
variations of the real references around the operating point Y. The block
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Fig. 3.8. Implementation of the nominal tracking control

“Measurements” corresponds to the data acquisition of the three measure-
ments T}, 25, and T3 via the analog inputs of the dASPACE® board (the
ADC unit). These three measurements correspond to the output vector Y.
These data are filtered using a first order digital filter to reduce the noise
level. Then the variations of these measurements around the operating point
Yy are calculated (Fig. 3.9). These variations correspond to the output vector
Yy = Y — YQ.
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Fig. 3.9. Data acquisition from the sensors

The variations of the control inputs u around the operating points are
calculated according to

b =[x 1) [71)]. 5)

where z is the integral of the tracking error vector

2(k+1) = z(k) + Ts(yr (k) — y(k)). (3.6)

The variations of the control law u (3.5) are added to the operating point
values Uy in order to get the global control law U = u + Uy. The saturation
of the global control inputs U must be considered before applying it to the
actuators via the analog outputs of the dSSPACE® (the DAC unit) (Fig. 3.10):
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If Uy > 1, then Uy =1, and if U; < —1, then U; = —1
If Uy > 1, then Uy =1, and if Uy <0, then U =0
If U3 > 1, then U3 =1, and if U3 < —1, then U3 = —1
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Fig. 3.10. Application of the control inputs

Remark 3.1. The negative values of U mean that the motor is rotating in the
opposite sense so Us is always equal to zero in our application. The negative
values of Uy and Us correspond to a resistant torque.

Remark 3.2. The block “Saturations” and the block “Control inputs” could
be combined into one block, but separating them highlights the fact that the
saturations should not be forgotten.

Calculation of the Feedback Control Gain Matrix K

After defining the augmented matrices A and B described by (2.32), K =
[K 1 Kz] is computed using the LQ technique such that the following cost
function is minimized:

oo

J= ; S (XT(K)QX (k) + u” (k) Ru(k)) (3.7)
k=0

Weighting matrices ) and R are respectively nonnegative symmetric and
positive definite symmetric matrices, ¢ = 0.05lg and R = 0.113. Using
MATLAB®, the feedback gain matrix for the augmented system can be cal-
culated as follows.
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A bar = [A zeros (3); —Ts*xC eye(3)];
B bar = [B; zeros (3)];

Q = 0.05xeye(6);

R = 0.1xeye(3);

[K,s,e] = dlqr (A bar,B bar,Q,R);
Kl =K(:,1:3);

K2 = K(:,4:6);

The application of this control law to the winding machine for a given reference
vector close to the operating point leads to the following results illustrated by
Figs. 3.11 and 3.12.
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Fig. 3.11. Outputs response of the closed-loop system
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3.3.3 Fault-tolerant Control for Actuator Faults

After the design of the nominal control law, the performances of the FTC
methods developed in Chap. 2 are tested by simulating actuator and sensor
faults according to the description given in Sects. 2.3.1 and 2.3.2. The sim-
ulation of the sensor faults consists of modifying the data acquired from the
sensors in the Simulink® program, while the simulation of the actuator faults
consists of modifying the control inputs to apply to the actuators.

Loss of Effectiveness

As described in Sect. 2.3.1, an abrupt loss of the effectiveness occurring on
the i*" actuator can be simulated by multiplying the global control input U;
by a constant coefficient a; € } 0;1 [

Remark 3.3. To simulate an actuator fault, the global control input U; should
be considered rather than the variation of the control input around the oper-
ating point u;.

Here, an abrupt decrease of 70% in the effectiveness of motor M3z which is
the third actuator has been considered: the control input Us is multiplied by
a3 = 0.3. Figure 3.13 shows how to simulate this fault in the block “Satura-
tion” of the Simulink® program.
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Fig. 3.13. Abrupt loss of the effectiveness of motor M3

The fault is not considered from the beginning of the experiment. This
means that ag is equal to 1 at the beginning and when the fault occurs at
time ¢y, g is switched to 0.3. In the following experiments, the fault occurs
at ty = 32 s.

The actuator fault acts on the system as a disturbance. Thus, in the nom-
inal tracking control law considered in this application, the presence of the
integrator in the controller compensates for the fault effect in steady-state:
the output vector will reach its reference value in steady-state. However, it is
obvious that the dynamical behavior of the system will be affected and the
system responses will be slower than those in the nominal case.

In order to compensate for this actuator fault effect, the fault magnitude
should be estimated and then a new control law u,qq added to the nominal
one. In the following, the application of the fault estimation based on the
SVD technique described in Sect. 2.6.3 is presented. Let us recall the system
equations in the presence of an actuator fault:

] - Lie ][]+ o] o
! {23133] vr (k) + {oFfL } folk). (38)
y(k) = [C 03] [wgm

It is possible to consider F, = B; then f, will be a vector composed of
three components. The i** component corresponds to the fault on the "
actuator.

These equations can be rewritten in the following form:

EoXo(k+1) = Ay Xo(k) + BoU(K) + Gayy (), (3.9)

where
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I; 0 —F, A 00 B 0
Eq=|0 13 0 |; A= |-T.C I3 0|; Ba= [0 0 |;
cC 0 0 0 00 0 I3
0 (k)
Go= T |;  Xak)=| z206) | U(k):[ (1/:@1)]
0 fa(k_l) Y

The following lines show a section of the MATLAB® program that calcu-
lates the necessary matrices to solve the fault estimation problem as described
in Sect. 2.6.3.

% Actuator Fault Estimation

A bar a=[A zeros (3) zeros (3,3)
—TsxC eye(3) zeros (3,3)
zeros (3) zeros (3) zeros (3,3)];

B bar a=[B zeros (3)
zeros (3) zeros (3)
zeros (3) eye(3)];

G bar a=[zeros(3)
Tsxeye(3)
zeros (3)];

Ea=[eye(3) zeros(n,p) —Fa

zeros (3) eye(3) zeros (3)];
Ha=[C  zeros(3) zeros (3)];

[pea,nea]=size (Ea);
[mea,nea]=size (Ha);

EHa=[Ea;Ha];
[neha ,meha]=size (EHa);
% neh =n +p +p, % meh =n + p + nd

[Tla,Sla,Mla]=svd(EHa);
%  EHa=Ti1xS1xM1’ % But we need T’xFEHxM=S1

Ttransa=inv(Tla); Ma=inv(Mla’);

if Sla(:,meha)==zeros(neha,l)
fprintf(’attention’)

end

Sa=Sla (1:meha,l:meha);

[nTa,mTa]=size ( Ttransa);
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Tlla=Ttransa(l:nea,l:pea);
T12a=Ttransa(1l:nea,pea+1:mTa);
T2la=Ttransa(nea+1:nTa,1:pea);
T22a=Ttransa(nea+1:nTa,pea+1:mTa);

[nauga mauga]=size(Aauga); SM la=inv (Saxinv(Ma));
Atild a=SM lax[Tlla T12a]x A bar a;

Btild a=SM lax[T11aT12a]*B bar a;
Gtild a=SM lax[T1lla T12a]*G bar a;
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Once these matrices are calculated, the actuator fault f, can be estimated
by solving the system equations given in (2.98). The real-time actuator fault
estimation is added to the Simulink® nominal control program as shown in

Fig. 3.14. The additive control law is then calculated according to (2.107).

O[]
u  Unit Delay

y

G———> aiid

yr

Unit Delay1

Gtild

Atild

Fig. 3.14. Real-time actuator fault estimation

Application and Results: Actuator Bias Fault

Biild >
@—> Xa_bar
Bid f]—».—» fa_hat @

out_1

The global actuator FTC is then built as illustrated by the Simulink® program
(Fig. 3.15). The complete program is then compiled and executed in real-time

for the abrupt actuator fault described above.

The FTC approach enables the compensation for this loss in the dynamical
performance of the system outputs corrupted by this fault as illustrated in
Fig. 3.16. This fault depends directly on the accommodated input usz (Fig.

3.17).
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Fig. 3.16. Time evolution of the system output 73

Figure 3.18 shows the estimation of the faults components associated with
each actuator. It can be easily seen that the third component associated with
the faulty actuator is only different from zero after the fault occurrence. The
estimation of this fault is also compared to its theoretical value after the fault
has occurred: f, = (g — 1)Us.

In addition to the visual analysis of the results, the norm of the tracking
error e = y, —y (Table 3.1) can be calculated and analyzed. The norm em-
phasizes the performances of the FTC method for actuator faults. It can be
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Fig. 3.18. Actuator fault magnitude estimation
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easily noted that the norm of the tracking error for the strip tension T3 after

fault compensation is much less than that without fault compensation.

Table 3.1. Norm of the tracking error

|N0minal control|Without compensation|With compensation

ller, II| 0.3451 | 0.3453 | 0.3506
llea, || 0.1187 | 0.119 | 0.1196
llers || 0.4127 | 0.7913 | 0.4692

Application and Results: Actuator Ramp Fault
Then a drift fault is assumed to occur on the third actuator Mj:

Uss (k) = Us(k) — 0.01kT. (3.10)

This fault can be easily simulated as shown in Fig. 3.19.

in_1 Saturation2 out_1

O

Saturation3
0.01
ki  Integrator

Fig. 3.19. Ramp actuator fault

Although the nominal control law is able to compensate for a constant
abrupt fault in steady-state, the presence of a ramp fault leads to a nonzero
steady-state error on strip tension 735. This shows the necessity of the FTC
to allow the strip tension to reach its reference value as soon as the fault is
detected (Fig. 3.20). However, it is obvious that the compensation for a ramp
fault is still possible while maintaining the control input within its physical
limits which are —1 and +1, corresponding respectively to —10 V' and +10 V.
In this case, the objective of the FTC system is to avoid stopping the sys-
tem immediately after the fault detection. The fault magnitude estimation is
presented in Fig. 3.21.
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3.3.4 Fault-tolerant Control for Sensor Faults

Let us now examine the influence of sensor faults on the winding machine and
the way to compensate for their effect. The sensor faults can appear as a bias,
a drift, or a complete loss of the sensor.

Bias Sensor Fault

A first experimentation has been conducted and corresponds to a negative
bias on the sensor measuring strip tension T3 (Fig. 3.22):

Ts¢(k) = T5(k) —0.1. (3.11)
-
T1 YO
>
ADC | - X
Omega2 Unit > @
o
T3 |
> >
DS1102ADI1 i
Filter Sum]

sensor_fault

Fig. 3.22. Sensor fault on T3

The value of the sensor fault is initialized to zero and is switched to —0.1
on-line. In this experiment, the fault occurs at time instant t; = 32 s.

In the presence of this fault, the controller receives the faulty measurement
while the true value is still equal to its reference value. The tracking error
between the measurement 73y and its reference value is no longer equal to
zero. Therefore, the nominal control law tries to bring back the steady-state
error to zero. The variation of the control input causes the strip tension T3 to
increase by the same value of the bias on the faulty sensor as it can be seen
in Fig. 3.23.

If the bias is larger than 0.1, the real strip tension will be larger which
means that the strip may be broken. This shows the importance of taking
into consideration the potential sensor fault while designing the control law.
Therefore, the control law is computed according to the method presented in
Sect. 2.7.2 aiming at preventing the nominal control law from reacting in the
presence of this fault. This method is based on the sensor fault estimation
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Fig. 3.23. Time evolution of the strip tension T3 without fault compensation

which is taken into account in the calculation of the control law in order to
prevent it from reacting when a sensor fault occurs.

In the presence of sensor faults, the integral error vector z is also affected
by the fault:

z(k+1) = 2(k) + Ts(yr (k) — y(k))
= Z(k‘) + Ts(yr(k) - O$(k) - sts(k))

The sensor fault magnitude can be estimated in a way similar to the ac-
tuator fault, by rearranging the augmented system in the form

(3.12)

EsXs(k + 1) = AsXs(k) + BSU(k) + Gsyr(k)a (313)
where
Is 0 0 A 0 0 B 0
E,=|0 I3 0|; As=|-T,C I3 —T,F;|; Bs=|0 0|;
C 0 F; 0 0 0 0 I3
0 z(k)
_ . _ | u(k)
Gs - TSI3 3 Xs(k) - Z(k) ) U(k) - {y(k + 1):| .
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The estimation of the fault magnitude fs is then obtained using the SVD
of matrix F,.

The estimation of the fault affecting the sensor measuring the strip tension
T3 is shown in Fig. 3.24.

— . — reference

. estimation

0 WWWWW‘W; J'«ﬁﬁ 1

-0.05 - .

Fault magnitude

ol i N

0 20 40 60 80
Time [s]

Fig. 3.24. Time evolution of the fault magnitude

The compensation for the sensor fault effect makes use of the sensor fault
estimation fs3. Figure 3.25 shows the nominal control law without taking the
fault into account and the new control law able to maintain the real strip
tension to its reference value as shown in Fig. 3.26.
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Fig. 3.26. Time evolution of the strip tension 73 with fault compensation
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Ramp Sensor Fault

Incipient faults may also affect the sensors in industrial systems which are
mainly due to ageing. These faults cannot always be easily detected because
of their slow development. They can be detected when their effect on the
system becomes visible. Sometimes this is unacceptable.

The presence of the integrator in the nominal tracking control law leads to
a constant nonzero steady-state error between the measurement issued from
the sensor and the reference value. At the same time the real measurement
deviates slowly from its reference value until the control input reaches the
physical limits of the system. In this case the system should be stopped im-
mediately.

An experiment has been conducted by emulating a drift of slope 0.01 on
the sensor measuring the strip tension 73. Figure 3.27 shows the behavior of
the strip tension T3 in the presence of the fault.

06 - 4

=
.

Tension T

o —-- reference p— .
measured System stopped _’
real
-0.2 T L L
0 20 40 60 80

Time [s]

Fig. 3.27. Strip tension T3 with ramp fault

Using the method presented previously, while taking into account the ramp
fault sensor, allows the estimation of the sensor fault magnitude (Fig. 3.28).
This estimation is used in order to prevent the control input Us from moving
face to the fault occurrence as can be seen in Fig. 3.29, which keeps the real
value of the strip tension close to its reference value (Fig. 3.30).
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Fig. 3.30. Strip tension T3 with ramp fault accommodation

3.4 Nonlinear Case

3.4.1 System Modeling
Modeling

During the process of unwinding and rewinding, the radius and inertia of the
reels vary. In order to take into account these variations, the system model is
defined according to the unwinding reel radius (denoted R) which is a time-
varying parameter.

In this case, the dynamic behavior of a winding machine cannot be de-
scribed using a MIMO linear state-space representation as is done around a
particular radius [99,111]. Indeed, if a complete rolling is performed, the ra-
dius variation should be considered and the linear assumption is no longer
satisfied.

So the system model can be described by the following nonlinear repre-
sentation:

§(k +1) = f(E(K)) + g(&(k))u(k), (3.14)
where f(.) and g(.) represent the nonlinear functionsand § = [T1 22 T3 R] T
Only state variables [Tl 2 Tg} depend on the control input vector wu.

The radius is governed by the following equation:
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R(k) = 0.55(R(k — 1) — 1.22025(k)). (3.15)

Therefore, the system (3.14) can be broken down into two independent
T
subsystems when a specific operating point y'¢/ = [T7% Q5¢/ T5¢/]" is
considered. State variable {25 is then considered as an input for radius evolu-
tion described by (3.15).
Then a discrete linear time-varying (LTV) model, where the time-varying

parameter is the unwinding reel radius R (not measured), is obtained such as

{ o(k +1) = A(R)z(k) + B(R)u(k) (3.16)

y(k) = (k) ’
where y =z = [Tl 25 Tg}T
the sampling period.

If an operating point is considered for the unwinding strip, it can be noted
that this operating point depends on the nonlinearity introduced by the radius
R. The effect of the radius can be considered with the nominal control input
(Fig. 3.31a), as well as with the nominal output (Fig. 3.31b).

cu=[ur ug U3]T, and z(k) = x(kTs). Ts is

uy(R) Yo Uy YoR)

a b

Fig. 3.31. Representation of the operating point

The aim is to control the system outputs, i.e., to control this system around
a constant yg. Thus the representation given in Fig. 3.31a is chosen since the
evolution of the outputs does not depend on the radius R.

In order to obtain a model as in (3.16), an identification procedure is
established.

Identification

The identification methodology used in this application is composed of four
steps:

e The division of the strip into various operating zones (as represented in
Fig. 3.32)
An open-loop identification

e A closed-loop identification

e A polynomial interpolation synthesis
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The LTV model (3.16) is obtained after considering 240 operating zones
(as represented in Fig. 3.32), where each operating zone can be modeled with
an LTI model. Experiments of 45 s for each operating zone are used in order
to consider an LTT representation; ¢.e., the radius is considered to be constant
(variation between 1 and 4 mm) and is manually measured (no sensor is
available), with a sampling period Ts = 0.1 s.

The second step, dedicated to the open-loop identification of each oper-
ating zone, following the same methodology as presented in the linear case,
allows to obtain 240 analytical models using a classical ARX structure [90,99].
In order to identify each LTI model parameter, a PRBS is added as an ex-
ternal input to the nominal control input unem = [—0.05 0.4 0.15}T (the
system inputs and outputs are given in the interval [—1 —|—1} corresponding
to [—10 vV +10 V])

The measured outputs vary with the radius R of the strip roll over the
whole operating range as shown in Fig. 3.33.

The final goal is to design a control law for angular velocity {2, and strip
tensions 77 and T3. Therefore, the system must be characterized for constant
measured outputs as proposed in Fig. 3.31a. Thus, an elementary and classical
LQ with integrator control law [45] is synthesized and implemented for each
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LTI model identified above (i.e., for each operating zone). Since there is an
integrator in the control law, the measured outputs are constant and equal to
the reference inputs which are chosen to be equal t0 y,0m = [0.2 0.4 O.S]T.

The third step consists of a closed-loop identification of an LTI model for
each operating zone by means of a direct solution [30]. It can be noted that the
results are biased since the plant input signal u is correlated with the output
noise disturbance and because no noise model is specified. But this solution
is kept in the first approach. It can also be noted that since the controller
is completely known for each LTI model, an indirect solution could also be
applied.

The last step is the acquisition of one LTV model. The 240 LTI models
are considered and a polynomial interpolation, dependent on the radius R, of
each component of matrices A and B has been synthesized to approximate the
dynamic behavior of the LTV system. Then, each coefficient in these matrices
is expressed in the following form (V i,5 = 1,---,3):

{aij bi}R(k) = pij + pij (R(K)) + pi; (R(K))* + pi (R(K))*

+p5; (R(k)* + p3; (R(k))® + 3 (R(K))°, (3.17)

where pf; (0 =0, -+ ,6) are constant values of polynomial form.
An LTV model described by (3.16) was established and is considered in
the following. Each coefficient of A(R) and B(R) matrices is defined by an
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optimal sixth order polynomial function of the radius R. Figures 3.34 and 3.35
validate the previous results.
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Fig. 3.34. Evolutions of model coefficients a11 and b11 vs radius R

Figure 3.34 compares the measured and approximated evolutions of two
coefficients of the model according to the radius R (coefficient a;; of matrix
A and coefficient b1 of matrix B). Note that the polynomial approximation
is very close to the measurements.

Figure 3.35 represents the evolution of the eigenvalues of the system ac-
cording to the radius (one real and two complex conjugate eigenvalues). The
crosses represent the eigenvalues associated with each of the 240 identified
models and the curve represents the eigenvalues of the variable system ac-
cording to R. The eigenvalues are very close in both approximations.

3.4.2 Controller Gain Synthesis

The winding process model presented previously is linear with a variable pa-
rameter and is available around the operating point (Uy, Yp). Moreover, the
number of measured outputs is equal to the number of control inputs. This
model is completely suitable to design a control law using nonlinear techniques
by linearization presented in Sect. 2.4.2. In this section, the input-output lin-
earizing control, developed within the framework of the continuous systems is
considered in discrete-time.
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Fig. 3.35. Representation of the eigenvalues of the system as function of R

The definitions and the theorem of Sect. 2.4.2 can be applied to the LTV
model of the winding machine (3.16) with f(x) = A(R)z(k), g(z) = B(R),
and h(z) = Cz(k) [102].

According to the methodology described in Sect. 2.4.2; the first step cor-
responds to the calculation of the relative degrees. All are equal to 1. The
linearizing state-feedback is thus written as

u(k) = —B~Y(R)A(R)z(k) + B~ (R)v(k). (3.18)

Note that this feedback is nonlinear since it depends on R. B~*(R) can be
verified off-line in order to guarantee the stability of the system. The linearized
system is then decoupled and three SISO subsystems can be considered for
the description of the input-output behavior, each one being equivalent to an
exact delay such as

yi(k+1) = v;(k), Viell,...,3. (3.19)

Such a closed-loop system requires a second state-feedback, built using
linear control theory. A proportional output feedback v; is set up for each
decoupled subsystem to perform this task. Consequently, each discrete input-
output z-transfer function is given by

vi(z) _ (1—Ky)z

- , viell,...,3], 3.20
yreﬁi(z) zZ— Ki [ ] ( )



72 3 Application to a Winding Machine

where K; allows adjustment of the stability dynamic and y,.y ; is the reference
input.

The closed-loop system can be represented by Fig. 3.36. In this study,
all the states are available through the measurements; thus no observer is
required to estimate the states.

y?‘éf Linear Stabilized v NonLinear u NonLinear Y

Feedback I Feedback Process

£ F.

Fig. 3.36. Block diagram of the nonlinear control

The control law described above is valid if and only if the model of the con-
sidered process is exact. In the presence of modeling errors, which is generally
the case in practice, some steady-state errors will appear on the controlled
outputs. The modeling errors can be considered as a disturbance input d.
Thus, (3.16) can be written in the following form:

{ 2k +1) = A(R)z(k) + BR)(u(k) + d(k)) (3.21)

y(k) = (k)

In order to reject modeling errors, a disturbance rejection control is used
as proposed in [103]. In the presence of this disturbance input d, and with the
linearizing state-feedback (3.18), the subsystem ' will not be strictly equiva-
lent to r;. A component vg4q,;, which will be added to v, must be determined
in order to verify (3.19). Theoretical output y(k) obtained in the presence of
an exact decoupling, is considered and estimated. For the winding system,
this estimation is obtained via a classical Luenberger observer of a system
equivalent to an exact delay, such as

yi(k) = vi(k — 1) + L(yi(k — 1) — gi(k — 1)), (3.22)

where L is the observer gain.
The observation error vector obeys the relation

gi(k+1) = —Lei(k) — vaqa,i(k), (3.23)

where ¢;(k) = y;(k) — 9;(k), Vi € [1,...,3].
So, each component of v,qq is defined by

Vada,i(k) = —(ei(k + 1) + Lei(k)). (3.24)
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Equation (3.24) associated with the disturbance rejection depends on the
future values at time instant (k + 1). Consequently, a delay is introduced to
establish this recurrence.

The complete control law can be illustrated by Fig. 3.37.

}.' ; -
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Linear System <
Vadd Observer
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iy
Disturbances
Rejection

Fig. 3.37. Complete control scheme

Figure 3.38 shows the Simulink® program of the designed nonlinear con-
trol law. In order to implement it and test it using dSPACE® software, the
“Winding Machine” block must be replaced by input and output ports con-
nected to the input-output card.

reference
v
u |>1L ——
Stabilisation > Y measures
3 MNonLinear
—* control Winding Machine
law
Disturbance
Rejection
|
Radius
B‘{Esﬁmatinn

Fig. 3.38. Implementation of the nonlinear control law

Figure 3.39 shows the details of the disturbance rejection block associated
with (3.22)—(3.24).

In the following tests, the various signals are only represented on part of
the complete unwinding strip for legibility.
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Fig. 3.39. Details of the disturbance rejection implementation

First, the decoupling control law (3.18) is validated in simulation (as pre-
sented in Figs. 3.40-3.42 using the discrete-time LTV model estimated in Sect.
3.4.1. Steps of magnitude 30% are added successively to the reference inputs.
It can be noticed that the outputs follow the reference inputs and that they
are decoupled from each other.
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Fig. 3.40. Simulated output 77 based on the linearizing control law
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Figures 3.43—-3.45 check the integral action added to the control of the real
system. Indeed, it can be verified that the steady-state errors are canceled.
Moreover, the outputs are decoupled. Nevertheless, a significant noise affects
the measurements.
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Fig. 3.43. Real output T based on the linearizing control law

The experiment illustrated by Figs. 3.46-3.48 highlights the exact decou-
pling approach associated with the reduction of the noise level (compared
to Figs. 3.43-3.45, respectively). This result is obtained using a Kalman fil-
ter [55]: the control law is computed with these estimations instead of sensor
measurements.



Angular speed €2, (%)

Tension 73 (%)

3.4 Nonlinear Case
65 T
60 —= - e
1 ] i 1 ] A
) ] / ] / )
55 ] ' ! f ] \|
\ h I ' 1 / [
h I | ] \ ]
& \ { I ! | 1
50 h I | 1 | i
\ i F : 1 !
L |' ‘ \ l '
"‘ ' "‘ \ !
10 |t Na e LS | I
35 .
30 reference
= = output
25 1 Il
950 1000 1050 1100

Time[s]

Fig. 3.44. Real output {22 based on the linearizing control law

65 T
—— reference
60 ananann Output

S5 b (vt W | ey i

r

45 1

25 1 I |
950 1000 1050 1100
Time[s]

Fig. 3.45. Real output 73 based on the linearizing control law

T



78

Tension 7, (%)

3 Application to a Winding Machine

80 T T T T T

)

50

45

40

35

reference
= = output

30 1 L 1 i
550 580 590

600
Time[s]

610

L g

L s L

620 630 640

650

Fig. 3.46. Control law performances with a Kalman filter: measured output 7T

Angular speed €2, (%)

Fig.

T
———
——
-

30 i 1 i Il Il

1
\
|
1
\
|
\
|
\
|
\
\
A
]

—— reference

= = output

580 590 600 610
Time[s]

Il
620 630 640

650

3.47. Control law performances with a Kalman filter: measured output {22



3.4 Nonlinear Case 79

B0 T T T T T T T T

75 T 1

Tension 75 (%)

45 1

i
40 - S

—— reference
35 - 7
amaman output

30 1 1 1 1 1 1 | 1 |

S50 S60 570 580 590 600 610 620 630 640 650
Time[s]

Fig. 3.48. Control law performances with a Kalman filter: measured output T3

3.4.3 Fault-tolerant Control for Actuator Faults

In order to detect actuator faults with the detection filter (2.84) presented in
Chap. 2, the winding process model (3.16) becomes

(3.25)

{ z(k +1) = A(R)z(k) + B(R)u(k) + F f1(k)
y(k) = x(k) ’

where F' = B(R).

For the winding machine, the fault detectability indexes are equal to one
for all faults and regardless of the value of radius R.

The linear detection filter (2.84) is extended and applied to the LTV model
(3.25).

In order to facilitate the parametrization of the FDI module, a bank of
detection filters is considered. Each filter is dedicated to detect and to isolate
a unique actuator fault. Equation (3.25) is rewritten as

: (3.26)
y(k) = (k)
where F; is the i*® column of matrix B(R).
Let us define the matrices for each detection filter in the case of the con-
sidered application. From (2.85) and (2.86), the gains of the detection filters
(2.84) are defined as

{ z(k+1) = A(R)x(k) + B(R)u(k) + F; f;(k)
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= wi(R) = A(R)F,
Zi(R) = (CF)" . (3.27)
w(R) = 3 (I - (CF) (CF)")

The gain K is synthesized by a common eigenstructure assignment such
that (A(R) — K) is stable.

The fault detection is directly established with the fault magnitude esti-
mation vectors f;(k) from the 7(k) component of the projected residual vector
p(k) as presented in (2.89). Each residual is associated with each fault mag-
nitude estimator. Then residuals have directional properties in response to a
particular fault. This kind of residuals is an attractive way for enhancing fault
isolation.

The actuator fault compensation is implemented according to the method
described in Sect. 2.7.1. Thus, for the Winding Machine, (2.107) becomes

-
iy

taad(k) = — (B~ (R)) F; fi(k). (3.28)

As in nominal case, B~!(R) should be checked off-line in order to guarantee
the stability of the closed-loop.

Figure 3.49 illustrates the Simulink® diagram allowing the validation of
the presented method on the Winding Machine model. Each block corresponds
to the differential equations developed previously such as “actuator isolation
filter,” “fault estimation,” and “actuator fault compensation.”

First, FDI and fault estimation modules effectiveness are considered in
both simulation and real experiment. Then, FTC results will be illustrated by
considering a significant fault on actuator Ms.

To show the efficiency of the FDI module, actuator faults are carried out
starting from levels of magnitude 2% added to the inputs of the system which
is controlled with the nonlinear and decoupling control law. These faults are
biases which appear and disappear after a short period. The first one concerns
the input of motor 1 (U;), the second one affects the input of motor 2 (Us)
and the last fault occurs on the input of motor 3 (Us).

First, FDI module is validated in simulation. Noise was added on the
system outputs.

In the case of an exact LTV model, the fault detection, isolation and
estimation module indicates which actuator is faulty and estimates accurately
the fault magnitude. The estimated faults are decoupled from each other and
they have the same magnitude as the faults applied to the system. In fault-free
cases, residuals have an average value close to zero.

The results are presented in Figs. 3.50-3.52 around R = 210 mm and are
identical for the whole unwinding strip regardless of the value of the radius.

The results for bias type faults in a complete unwinding process on the
real system are presented in Fig. 3.53 (the unwinding reel is initialized with
a radius of 210 mm and then with 70 mm). The three actuator faults have
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83

the same magnitude as for the simulations presented above and are applied
to the process with a square form during all the unwinding process.

Actuator fault estimations (%0)

10

-6 [

-8

E=210mm

500

1000

Time[s]

1
1500

2000

250)

R=T0mm

Fig. 3.53. Estimated actuator faults for a complete unwinding

For legibility, Figs. 3.54-3.56 represent the results displayed on Fig. 3.53
around the radius value equal to 157 mm.
As for the simulation test presented above, it can be noted that actuator
faults are well detected and isolated. When there is no fault, the fault esti-
mation has a constant average value close to zero. From a practical point of
view, this knowledge should be taken into account in the residual evaluation

part.
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Fig. 3.56. Estimated actuator 3 fault (R = 157 mm)

In order to illustrate the FTC results, another test is carried out in a second
experiment. The effectiveness of the second actuator My acting on the strip
velocity is reduced by 50% and appears abruptly for a radius equal to 150 mm
at time instant 1175 s. During complete unwinding, steps of magnitude £0.1
are added successively to the reference inputs.

The system outputs are displayed in Fig. 3.57 without accommodating the
control law and with the accommodation.

The actuator fault acts on the system as a disturbance. Since there is
an integral action (via the disturbance rejection module) associated with the
nonlinear control law, the fault effect in steady-state can be compensated for:
the output vector will reach its reference value in steady-state. However, it is
obvious that the dynamical behavior of the system will be affected and the
system responses will be slower than those in the nominal case.

In order to compensate for this actuator fault effect, a new control law
Uqdd is added to the nominal one as specified in (3.28) and in Fig. 3.49.

Figure 3.58 displays the component (k) of the projected residual vector
p(k) (2.89) which corresponds to the estimation of the fault magnitude of
actuator 2.
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Fig. 3.58. Estimated fault magnitude without and with reconfiguration

The display of measurements during a short period of time presented in
Fig. 3.59 allows the comparison of the system responses to the faults with-
out and with fault compensation. These figures clearly demonstrate the FTC
method’s ability to compensate for such actuator faults.

The results obtained clearly show the ability of the residuals to detect and
isolate faults. Once the fault is isolated with a time delay, the corresponding
fault estimation and compensation module is switched on to reduce the fault
effect on the system through the additive control input wqqq.

It is shown that, without FTC, the velocity reaches its corresponding ref-
erence input about 20 s after the fault occurrence, whereas it takes only about
2 s using the FTC method.

These results can be confirmed by examining the control inputs (Figs. 3.60
and 3.61) applied to the system: without the FTC method, it increases slowly
due to the integral error trying to compensate for the fault effect, whereas the
FTC method makes this control input increase quickly and enables the rapid
fault compensation, even if a coupling effect can be noted on control input
U;.
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3.4.4 Fault-tolerant Control for Sensor Faults

Based on the capability to represent a sensor fault as a pseudo-actuator fault
(see Chap. 2), the previous filter allows us to compute a magnitude estima-
tion of sensor faults. Before using the filter, a preliminary work consists of
rewriting LTV faulty model using Park et al. developments [100] as detailed
in Sect. 2.5.1. The fault detection is directly established with the magnitude
fault estimation vectors. Each residual is associated with each fault magni-
tude estimator. Then residuals have directional properties in response to a
particular fault. This kind of residuals is an attractive way for enhancing
fault isolation.

A first experiment is considered with software sensor faults to each sensor
except {29 which is considered to estimate the radius R(k) as presented in the
previous paragraph. A bias with a magnitude of 10% appears and disappears
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on the real process during all the unwinding strip. For legibility, results for
a radius value close to 180 mm are presented in Figs. 3.62 and 3.63 where
the real and estimated fault magnitudes highlight the capabilities of the FDI
module. Actually, based on LTV model, the fault detection, isolation, and
estimation module indicates which sensor is faulty and estimates accurately
the fault magnitude. In a fault-free case, residuals have an average value close
to zero.
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Fig. 3.62. Estimation and real sensor T; fault magnitude

The next experiment considers a sensor fault only on the measured output
Ti. A bias with a magnitude of 0.05, which corresponds to step changes of
the reference inputs equal to 50%, is applied throughout all the unwinding
strip. For legibility, magnified images for a radius value around 150 mm are
presented.

Based on the LTV model, the fault detection, isolation, and estimation
module indicates which sensor is faulty and estimates accurately the fault
magnitude as presented in Fig. 3.64.

Without sensor fault masking, the control law tries to cancel the steady-
state error created by the corrupted output. Consequently, the real output
is different from the reference input (Fig. 3.65). As illustrated in Fig. 3.66,
the synthesized nonlinear control law provides decoupled outputs despite the
occurrence of a sensor T fault.
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However, with the developed sensor fault compensation method, the real
output follows its reference input as illustrated in Fig. 3.67. The fault esti-
mation is used to track the reference input. The dynamic behavior of the real
and measured outputs shows clearly that the compensated output behavior
is closer to the nominal one than the faulty output without compensation
as illustrated in Fig. 3.68. As presented in Fig. 3.69, the real output is only
affected by the fault according to the fault isolation time delay. In this case
the time delay is very small due to the considered fault magnitude compared
to the noise level. The sensor fault compensation avoids faults developing into
failures and minimizes the effects on the system performance and safety. The
proposed FDI strategy represents an efficient tool in the operator’s decision
winding process. This sensor fault monitoring should be associated with the
sensor F'TC system to provide alarms about the new dynamic behavior of the
system concerning, for instance, the measured outputs.
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Fig. 3.67. Real system outputs around R = 150 mm with sensor fault masking
method in the presence of a bias on T}
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3.5 Major Fault

In the previous two sections, biases or drifts affecting the actuators or the
sensors have been considered. In the sequel, the FTC of the winding machine
will be studied when a major fault occurs. A complete loss of an actuator or a
sensor are considered as a major fault. It is easily understood that, without an
FTC law, the winding machine cannot continue operating: system shutdown
is necessary.

Next, the situation of a major actuator fault will be studied in the linear
case according to Sect. 3.3. Then, in the nonlinear case, the complete loss of
one sensor will be considered according to Sect. 3.4.

3.5.1 Actuator Failure in Linear Case

For bias or drift faults, it was shown that it is still possible to track all the
outputs of the system, because the latter is supposed to remain controllable
in the presence of an actuator fault. This was achieved using another control
law, added to the nominal one, in order to compensate for the faults. This
additive control law is based on the estimation of the fault magnitude. The
reconfiguration strategy employed here allows us to maintain the performance
of the faulty system in closed-loop close to the performance of the nominal
system; the tracking control objectives remain achieved. However, the limits
of this method are reached in case of a stuck or completely lost actuator. Now,
the possibility to continue operating with degraded performance is analyzed
in the presence of a critical failure such as the complete loss of an actuator.

In the winding machine, the strip has to be rolled up in a correct way, i.e.,
strip tensions 77 and T3 have to be maintained to a given reference level. In
this application, this is achieved by maintaining a negative (resistant) torque
on motor M; and a positive torque on motor Ms. Due to the strong coupling
in this system, the angular velocity (2o of the traction reel M, influences the
strip tensions.

Here motor M, is supposed to be out of order at time instant ¢y = 49.5 s;
i.e., motor M runs as if its control input U; = 0. This failure leads to a
large decrease in strip tension 77 which can no longer be controlled. With the
nominal control law, the coupling in the system causes angular velocity {25 to
increase trying to compensate for T3; (25 increases about 20%. Not only is it
impossible to compensate for 77, but this also has the opposite effect on strip
tension T3, which decreases almost 20% from its reference value. That makes
the strip roll up incorrectly. Figures 3.70-3.73 illustrate the failure effect on
the system inputs and outputs.

For this specific failure where the motor M is lost, the system operates
badly in terms of the product quality but not in terms of the system stability
or security. It is also easy to understand that if this failure occurs on one of the
other motors Ms or M3, the system will no longer be able to run and should be
stopped safely. That is to say that it is not always possible to accommodate



3.5 Major Fault 97

0.6 T T T
. X gy
.\‘ ——r 4 — - R - -"- JRSSOS J== S = - -
04 - N
— [:[1
— UZ
= 02 - N
= — w8 o  em— —
T e e e e o — /
0 L
-0.2 ' ' L
0 20 40 60 80 100
Time[s]
Fig. 3.70. Control inputs when M is lost
08 , ,
06 —-— reference | |
real
=
o
204
-
=}
02- L 4
0 L !
0 20 80 100

Fig. 3.71.

40 60
Time[s]

Strip tension 77 when M is lost



98 3 Application to a Winding Machine

0.45

=+ = reference
— real

0.4

Output T;
<
brs

0.3

0.25 L I | L
0 20 10 60 80 100
Time[s]
Fig. 3.72. Strip tension T3 when M; is lost
0.52 T T T
= - = relerence
— real

PEV PR T T
il i

Output 2,
=
%

0.46

0.44

60 80 100
Time[s]

Fig. 3.73. Angular velocity 2> when M; is lost



3.5 Major Fault 99

for all failures occurring on the system. It always depends on the available
hardware or analytical redundancy.

We have seen that, if motor M; is lost, it is still possible to continue
operating but the performance is reduced. Now the question is: is it possible
to do something to preserve the main performance and keep a good quality
of the product despite the loss of this motor.

This is a severe failure because it leads to a large loss in the closed-loop
system performance. As one of the system control inputs is out of order, it
becomes impossible to track the three system outputs because the tracking
control requires the number of control inputs to be greater than or equal to
the number of outputs to be tracked. Hence, according to the system opera-
tion requirements, these outputs have to be divided into priority outputs to
keep equal to their reference inputs to the detriment of other secondary out-
puts. From the knowledge of the system operating conditions, although one
control input is no more available (namely M), the system is still control-
lable. Analyzing the behavior of the system, it is easy to select the output to
take off. Strip tension T3 should be controlled to roll up the strip properly.
Angular velocity {25 is the image of the linear velocity of the strip and needs
to be kept controlled, while there is no loss in the quality or the productivity
if strip tension 77 is no longer controlled. Thus, the priority outputs will be
T3 and (25, while T} will be considered as a disturbance. The system control
inputs are Us and Us.

There is no hardware redundancy available in the winding machine. One
can easily understand that it is very difficult, if not impossible, to design a
hardware redundancy for such a system. Moreover, if the nonlinear model
of the system was available, it would have been possible to calculate a new
equilibrium state of the system the closest possible to the nominal system,
but the nonlinear model of the winding machine is very difficult to get. This
point will be illustrated in the next chapter for the three-tank system.

In the case that the nonlinear model of the system is not available, one
way to cope with these critical failures is to get a model of the faulty system.
For these kinds of critical failures, the number of faulty models is limited.
From the knowledge that one has of the system, it is easy to define which
failures could be compensated for and which require the shutdown of the
system immediately and safely.

In the winding machine there are three actuators driven by control inputs
Uy, Uz, and Us. Motor M, has to impose the velocity of the strip. If this
motor is out of order, it is obvious that the strip cannot be rolled up and the
system must be shut down immediately. It is also the case if motor M3 is out
of order, because strip tension T3 can no longer be maintained to its reference
value. Thus, the only critical failure to deal with in this system is the loss of
motor M.
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Faulty System Model and Results

Since two control inputs are only available after the failure has occurred, it is
impossible to continue tracking the three system outputs. Therefore, a track-
ing control law using the same principle as described previously, based on
the faulty system model, has been achieved to track two system outputs {2,
and T3 which are considered as priority outputs. It has been noted previously
that strip tension 7} is considered as a disturbance. With this system restruc-
turing, the identification of the faulty system has been achieved off-line. The
system is running with U; = 0, and a set of excitation signals, Us and Us, has
been applied to the winding machine. Using these experiments, the following
model is obtained:

:Ef(k-l—l)ZAfxf(k)-f—Bfo(k)-f—BdTl(k) (3.29)
ys(k) = Crag(k) ’
where
2 Us
and

A, _ [0:4995 —0.0262] [ 053 0.0236] 5 [ 02149
F= 100723 04314 |> 77 = | —0.0782 1.2865 | 71~ | —0.0490 | -

Once the failure is detected and isolated, the FTC module switches from
the nominal control law to the new one. This control law guarantees the fact
that the strip continues to be rolled up properly and avoids having to stop
the machine due to a bad quality of the final product.

Figures 3.74-3.77 show the results obtained when switching from the orig-
inal model to the new one after the failure has been detected and isolated.
The FDI module is not achieved here, but a delay of 10 sampling periods is
considered before switching to the new control law. This delay corresponds to
the detection and isolation task. It can be seen that strip tension 77 is still
far from its reference value because it is not tracked, while strip tension T3
and the angular velocity {25 follow their respective reference inputs after the
switching process and the strip is rolled up in a correct way.

It was shown that for more critical failures, such as a complete loss of
an actuator, where the system becomes uncontrollable, the system has to be
restructured and new objectives have to be defined. These objectives corre-
spond, for instance, to the modification of the reference inputs and the system
outputs to control. Here, the number of outputs to track is reduced. In case it
is possible to design such an FTC method for this kind of major failure, the
corresponding model is achieved off-line. According to the process described
by Fig. 2.10, the supervision module at the upper level decides to switch to
the accurate control law according to the isolated failure. In the system used
here, there is no problem of security, but the system is still able to continue its
operation avoiding loss in productivity and quality of the product. It should
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be noticed that, whatever the importance of the FTC system designed, it is
never obvious to compensate for all kinds of failures. In this case, the only
possible solution is to shut down the system safely.

3.5.2 Complete Loss of a Sensor in Nonlinear Case

The last experiment concerns a complete loss of measurement (25 when con-
sidering the nonlinear approach. The radius R(k) is not measured directly but
estimated through the recursive equation R(k) = 0.55(R(k —1) — 1.22025(k)).
Due to the fault occurrence on {2, radius R(k) cannot be estimated correctly.
In this experiment, the complete loss of sensor {25 appears from time instant
t =50 s tot =100 s, then from sample ¢ = 250 s to t = 300 s and finally
from sample ¢ = 450 s to t = 500 s. As illustrated in Fig. 3.78, the estimation
of radius R is corrupted. When sensor (25 (k) is out of order (i.e., 2, =0 V),
the linear evolution of the radius time function is affected by the fault.

185 : |

Falsc estimation

Radius R [mm]
>

160

150 L |

0 100 200 300 400 500
Time[s]

Fig. 3.78. Estimation of radius R

In the presence of such a failure, the faulty measurement influences the
closed-loop behavior associated with the desired reference input but also the
LTV model used for the decoupled control law.

A test was carried out for a radius R(k) varying between 180 mm and
150 mm with step changes (20% of their corresponding operating values)
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added to the nominal reference inputs. Figures 3.79 and 3.80 represent, re-
spectively, the measured and real controlled output responses to reference
changes (step responses are considered for a range of 150 s). The complete
loss of the sensor can easily be seen in the second graph in Fig. 3.79. The con-
trol law tries to cancel the steady-state error created by the corrupted output.
Consequently, the real output differs from the reference input as illustrated
in the second graph in Fig. 3.80. Regarding the MIMO controller, the effect
of this loss of information has some drastic consequence on the other tracking
outputs as shown in the other graphs of Fig. 3.80.

1 T T
0 d
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1 1] T
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~a ™~ ¢ .
1 R ] --="
-1 . ~“Sensor out of arder ~ )
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H
-1 I 1
0 100 200 300 400 500

Time[s]

Fig. 3.79. Measured outputs evolution (771, {22, 7T3)

Based on the LTV model, the fault detection, isolation, and estimation
module indicates which sensor is faulty and provides an accurate fault magni-
tude estimation as illustrated in Fig. 3.81. It can be verified that the first and
third components of the fault magnitude estimator are close to zero. These
components are used to isolate the faulty sensor. Due to the detectability
index of the filter, it should be highlighted that the fault magnitude estima-
tor associated with the first and third components is affected by an abrupt
variation different from zero during one sample when the fault appears and
also disappears. Indeed, the detectability index of the filter synthesized for a
sensor fault is equal to one which provides a time delay of one sample.
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Fig. 3.80. Real outputs evolution (7171, £22,73)
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Fig. 3.81. Estimated sensor faults evolution (fa,, fa,, fd)
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Based on the FDI module, a suitable estimation of radius R is provided
through the fault-free estimation of {25. As illustrated in Fig. 3.82, the esti-
mation of R(k) is not affected by the loss of sensor {25. Consequently, with
the sensor fault compensation method, the real outputs follow their reference
inputs as presented in Fig. 3.83. The fault estimation is used to track the
reference input. According to the time delay issued from the FDI module, the
results show that the compensated outputs behavior is closer to the nominal
outputs rather than the faulty outputs.

185 T T T T

with sensor masking

— without sensor masking

Radius R [mm]
3

150 I I | |
0 100 200 300 400 500
Time[s]

Fig. 3.82. Estimation of radius R with sensor fault compensation

3.6 Conclusion

A winding machine representing a subsystem in many industrial systems is
presented in this chapter. It is used to illustrate the FTC strategy presented
in the previous chapter. Since the system is nonlinear and the mathematical
model is difficult to establish, it is first considered to be linear around an
operating point. The model is obtained experimentally using identification
methods. Then, in order to run the system throughout a wider operating zone,
the model is taken as an LTV system driven by the radius of the unwinding
reel.
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Fig. 3.83. Real outputs (T4, £22,T3) with sensor fault compensation

The effect of sensors and actuators faults are considered. It was shown that
the methods using the additive control law are able to compensate for the fault
effect provided that the system is still observable in the case of a sensor fault
and controllable in the case of an actuator fault. The fault estimation can also
be used to detect and isolate the fault. Indeed, while the fault estimation is
close to zero in the fault-free case, it deviates from zero and it is equal to the
fault magnitude when a fault occurs. The system can be written such that
only the i*® component of the fault vector f, or fs deviates from zero when
the it actuator or sensor is faulty.

For major failures such as the loss of an actuator, it is obvious that the
nominal tracking control is no longer suitable. This is because the number
of control inputs becomes less than the number of outputs to track. In this
case, in addition to the understanding of the physical behavior of the system,
an off-line study helps one to select priority outputs to keep tracking to the
detriment to other secondary outputs. This restructuring strategy allows one
to avoid the immediate shutdown of the system and to keep operating in
degraded mode.
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Actuator and Sensor Fault-tolerant Control
Design

2.1 Introduction

Many industrial systems are complex and nonlinear. When it is not easy to
deal with the nonlinear models, systems are usually described by linear or
linearized models around operating points. This notion of operating point is
very important when a linearized model is considered, but it is not always
easily understood. The objective in this chapter is to highlight the way to
seek an operating point and to show a complete procedure which includes the
identification step, the design of the control law, the FDI, and the FTC. In
addition to the detailed approach dealing with linearized systems around an
operation point, a nonlinear approach will be presented.

2.2 Plant Models

2.2.1 Nonlinear Model

Many dynamical system can be described either in continuous-time domain
by differential equations:

#(t) = f(z(t),u(t))
{ y(t) = h(a(t) u(t) 2
or in discrete-time domain by recursive equations:
z(k+1) = f(z(k),u(k))
{ (k) = h(a(k), ulk)) 22

where z € R™ is the state vector, u € R™ is the control input vector, and
y € RY is the system output vector. f and h are nonlinear functions.
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These forms are much more general than their standard linear counterparts
which are described in the next section.

There is a particular class of nonlinear systems — named input-linear or
affine systems — which is often considered, as many real systems can be de-
scribed by these equations:

() = f(x(t) + D (g5((t))u;(¢))
=1 . (2.3)
= f(@(t) + G(a(t))u(t)
yi(t) = hi(x(t)), 1<i<gq
f(z) and g;(x) can be represented in the form of n-dimensional vector of
real-valued functions of the real variables x1, ..., x,, namely
fl($l7"'7xn) glj(*/xla"'amn)
f2($17'-'7xn) ng(iE]_,n.,xn)
Ja) = | L gl = | Yy
fr(@1, .. xn) Inj(T1,. - Tn)
Functions hi,...,h, which characterize the output equation of system

(2.3) may be represented in the form
hl(x) = hi(xl,...,mn). (25)

The corresponding discrete-time representation is

w(k+1) = fa(e(k) + > (ga, (@(k))u; (k)
=i (2.6)
= fa(x(k)) + Ga(x(k))u(k)
y(k) = ha(z(k))

2.2.2 Linear Model: Operating Point

An operating point is usually defined as an equilibrium point. It has to be
chosen first when one has to linearize a system. The obtained linearized model
corresponds to the relationship between the variation of the system output and
the variation of the system input around this operating point. Let us consider
a system associated with its actuators and sensors, with the whole range of
the operating zone of its inputs U and measurements Y (Fig. 2.1).

If the system is linearized around an operating point (Up, Yp), the linearized
model corresponds to the relationship between the variations of the system
inputs v and outputs y (Fig. 2.2) such that

u=U—-"Up and y=Y -Y,. (2.7)
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Control
inputs Outputs Measurements
— > Actuators > System Sensors [——>
U Y

Fig. 2.1. System representation considering the whole operating zone

u U

Sensors

\ 4
Y

Actuators

System

U,

Fig. 2.2. System representation taking into account the operating point

Then the model describing the relationship between the input v and the
output y can be given by a Laplace transfer function for single-input single-
output (SISO) systems:

o(s) = Y (2.8)

or by a state-space representation given in continuous-time for SISO or
multiple-input multiple-output (MIMO) systems:

z(t) = Ax(t) + Bu(t) (2.9)

y(t) = Cx(t) + Du(t)’ ’

where z € R™ is the state vector, u € R™ is the control input vector, and

y € R? is the output vector. A, B, C, and D are matrices of appropriate

dimensions.

Very often, in real applications where a digital processor is used (microcon-

troller, programmable logic controller, computer, and data acquisition board,
etc.), it may be more convenient to consider a discrete-time representation:

{ 2(k +1) = Agx(k) + Bau(k) (2.10)

y(k) = Cqx(k) + Dgu(k)

Ag, By, Cq, and Dy are the matrices of the discrete-time system of appro-
priate dimensions.

In the sequel, linear systems will be described in discrete-time, whereas
nonlinear systems will be considered in continuous-time. For the simplicity of
notation and without loss of generality, matrix Dy is taken as a zero matrix,
and the subscript d is removed.

2.2.3 Example: Linearization Around an Operating Point

To illustrate the notion of the operating point, let us consider the following
example. In the tank presented in Fig. 2.3, the objective is to study the be-
havior of the water level L and the outlet water temperature T,. An inlet flow
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rate @; is feeding the tank. An electrical power P, is applied to an electrical
resistor to heat the water in the tank.

l Q. T

Q. To

Fig. 2.3. Tank with heater

(Q; is the inlet water flow rate

T; is the inlet water temperature considered as constant
Q, is the outlet water flow rate

T, is the outlet water temperature

L is the water level in the tank

P, is the power applied to the electrical resistor

S is the cross section of the tank

The outputs of this MIMO system are L and T,. The control inputs are
Q; and P,. The block diagram of this system is given in Fig. 2.4.

; L
@__, e

Tank

P, —» I

Fig. 2.4. The input/output block diagram

Assuming that the outlet flow rate @, is proportional to the square root
of the water level in the tank (Q, = av/L), the water level L will be given by
the following nonlinear differential equation:

dL(t)

1 1
= Q- Q) = (@ —avI®). (@)
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Based on the thermodynamics equations, the outlet water temperature T,
is described by the following nonlinear differential equation:

dTo(t)  Pu(?) T,(t) - Ti(t)
it~ Sppe  sp@) @i (2.12)

where c is the specific heat capacity, and p is the density of the water.

The objective now is to linearize these equations around a given operating
point: OP = (Q.0, Puo, Qo0, Too, Lo). Around this operating point, the system
variables can be considered as

Ql(t) = Qo + Qi(t); Pu(t) = Puo +pu(t); Qo(t) = Qo0 + QO(t);

To(t) = Too + tolt);  L(t) = Lo + lo(t). (2.13)

The linearization of (2.11) around the operating point OP is given by
di(t 1 Q
) _ ai(t) —
dt S 25V Ly
Similarly, the linearization of (2.12) around the operating point OP is
given by

1(%). (2.14)

dto(t)  Too—T: 1
i = Sk q(t) + SLopc Pu(t)
1 (Puw Too—T;
— — ; 2.15
Qio
— to(t).
SLo (t)

Considering the following state vector z = [l to}T, the linearized state-

space representation of this system around the operating point is then given
by

1 (P Towo—-T ' _ Qio
a = L(QJ (S/LC S Ql())a b=

Too_ﬂ. d_ 1
SLo '’ - SLopc’

c=—
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Numerical Application

Study the response of the system to the wvariation of the input variables as
follows: ¢; = 10 {/h and p,, = 2 kW. The numerical values of the system lead
to the following state-space representation:

o [iwy] [-0.01 0 I(t) 001 0 ][a®
i(t) = [io(t)] = [ 0 —0.02] {to(t) 12003 0.04] | puit) |- 1D
The simulation results of the linearized system in response to the variation

of the system inputs in open-loop around the operating point are shown in
Fig. 2.5.

varation ofthe input flow rate qi varation ofthe power pu

12 3
10 25 1
8 2
6 1.5 1
4 1 1 1
2 05 p
0 - 0 : : . .

0 100 200 300 400 500 0 100 200 300 400 500

time (s) time (s)
varation ofthe level / varation of the temperature fo

10 T y T
8
6
4
2
0 : : : - 12 : : : .

0 100 200 300 400 500 0 100 200 300 400 500

time (s) time (s)

Fig. 2.5. The variation of the system inputs/outputs

It can be seen that initial values of these variables are zero. The zero here
corresponds to the value of the operating point. However, the real variables
Q;, Py, L, and T, are shown in Fig. 2.6.

Later on, if a state-feedback control has to be designed, it should be based
on the linearized equations given by (2.16).
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Fig. 2.6. The actual values of the system inputs/outputs

2.3 Fault Description

During the system operation, faults or failures may affect the sensors, the
actuators, or the system components. These faults can occur as additive or
multiplicative faults due to a malfunction or equipment aging.

For FDI, a distinction is usually made between additive and multiplicative
faults. However, in FTC, the objective is to compensate for the fault effect on
the system regardless of the nature of the fault.

The faults affecting a system are often represented by a variation of system
parameters. Thus, in the presence of a fault, the system model can be written
as

y(k) = Crag(k) ’ (2.18)

where the new matrices of the faulty system are defined by

{m%+D=AﬂA@+BwAM

Aj=A+64; By=B+6B; C;=C+C. (2.19)
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d0A, B, and dC correspond to the deviation of the system parameters with
respect to the nominal values. However, when a fault occurs on the system,
it is very difficult to get these new matrices on-line.

Process monitoring is necessary to ensure effectiveness of process control
and consequently a safe and a profitable plant operation. As presented in the
next paragraph, the effect of actuator and sensor faults can also be represented
as an additional unknown input vector acting on the dynamics of the system
or on the measurements.

The effect of actuator and sensor faults can also be represented using an
unknown input vector f; € R!, j = a (for actuators), s (for sensors) acting on
the dynamics of the system or on the measurements.

2.3.1 Actuator Faults

It is important to note that an actuator fault corresponds to the variation of
the global control input U applied to the system, and not only to u:

Uy =I'U + Uyy, (2.20)

where

U is the global control input applied to the system

Uy is the global faulty control input

u is the variation of the control input around the operating point Uy,
(U:U_UQ, UfZUf—Uo)

Uyo corresponds to the effect of an additive actuator fault

I'U represents the effect of a multiplicative actuator fault

with I' = diag(a), a = [a1 -+ o - am}Tand

Uso = [Uf01 S Ugpop e ume]T. The it® actuator is faulty if a; # 1 or
uyo; 7 0 as presented in Table 2.1 where different types of actuator faults are
described.

Table 2.1. Actuator fault
|Constant offset uyfo; = 0|Constant offset uypo; # 0

o =1 Fault-free case Bias
a; €)0;1[| Loss of effectiveness Loss of effectiveness
a; =0 Out of order Actuator blocked

In the presence of an actuator fault, the linearized system (2.10) can be
given by

{ w(k +1) = Au(k) + BILU(K) + Uyo ~ Uo) (2.21)

y(k) = Cx(k)
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The previous equation can also be written as

{ 2k + 1) = Ax(k) + Bu(k) + B(I' = U (k) + Uo] (2.22)

y(k) = Cx(k)

By defining f,(k) as an unknown input vector corresponding to actuator
faults, (2.18) can be represented as follows:

(k) = Ca(h) / 22
where F, = B and f, = (I — I)U + Uyo. If the i*® actuator is declared to be
faulty, then F, corresponds to the i*" column of matrix B and f, corresponds
to the magnitude of the fault affecting this actuator.

In the nonlinear case and in the presence of actuator faults, (2.3) can be
described by the following continuous-time state-space representation:

{ w(k +1) = Az(k) + Bu(k) + Fafa(k)

m

#(t) = f(@() + D> (g5(@()ui (1) + Y (Fay(@(t)) fa (1))
j=1
1<i<gq

j=1 ) (224)

where F, j(x(t)) corresponds to the j* column of matrix G(z(t)) in (2.3) and
fa,j(t) corresponds to the magnitude of the fault affecting the 4t actuator.

2.3.2 Sensor Faults

In a similar way, considering f, as an unknown input illustrating the presence
of a sensor fault, the linear faulty system will be represented by

{x(k+ 1) = Az(k) + Bu(k) (2.25)

The affine nonlinear systems can be defined in continuous-time through
an additive component such as

() = f(x(t) + G(2(t))u(t)
yi(t) = hi(z(t)) + Fsifsi(t)

where F ; is the i*h row of matrix F, and fs,i is the fault magnitude affecting
the i*" sensor.

This description of actuator and sensor faults is a structured representation
of these faults. Matrices F, and F, are assumed to be known and f, and
fs correspond, respectively, to the magnitudes of the actuator fault and the
sensor fault.

1<i<ygq, (2.26)
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An FTC method is based on a nominal control law associated with a fault
detection and estimation, and a modification of this control law. This is used
in order to compensate for the fault effect on the system.

2.4 Nominal Tracking Control Law

The first step in designing an FTC method is the setup of a nominal control.
In the sequel, a multi-variable linear tracking control is first addressed, then
a case of nonlinear systems is presented.

2.4.1 Linear Case

The objective in this section is to describe a nominal tracking control law able
to make the system outputs follow pre-defined reference inputs.

Consider a MIMO system given by the following discrete-time state-space
representation:

(2.27)

x(k+1) = Az(k) + Bu(k)
y(k) = Cu(k) ’

where x € R"™ is the state vector, u € ™ is the control input vector, and y €
R is the output vector. A, B, and C are matrices of appropriate dimensions.

The tracking control law requires that the number of outputs to be con-
trolled must be less than or equal to the number of the control inputs available
on the system [29].

If the number of outputs is greater than the number of control inputs,
the designer of the control law selects the outputs that must be tracked and
breaks down the output vector y as follows:

y(k) = Ca(k) = {gﬂ (k) = h’ggm . (2.28)

The feedback controller is required to cause the output vector y; € RP (p <
m) to track the reference input vector y, such that in steady-state:

yr(k) —y1(k) = 0. (2.29)

To achieve this objective, a comparator and integrator vector z € R? is
added to satisfy the following relation:

{Ah+n=zww+n@4m—yam>

— 2(k)+ Tuyr (k) — Caa(k) (2:30)

where T is the sample period to be chosen properly. Careful consideration
should be given to the choice of T. If T is too small, the processor will not
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have enough time to calculate the control law. The system may be unstable if
T, is too high because the system is operating in open-loop during a sample
period.

The open-loop system is governed by the augmented state and output
equations, where I, is an identity matrix of dimension p and 0, is a null
matrix of n rows and p columns:

[25213] B [—écl OZ;p [ﬁﬁiﬁ] + {Oin] u(k) + [3;;} yr (k)
y(k) = [C 0g,] [z(

|
)
(2.31)

This state-space representation can also be written in the following form:

{ X (k+1) = AX(K) + Buu(k) + By (k) (2.32)

y(k) = CX (k)

The nominal feedback control law of this system can be computed by

u(k) = —KX (k) = — [K1 K] ng] . (2.33)
K = [K 1 K 2} is the feedback gain matrix obtained, for instance, using a
pole placement technique, linear-quadratic (LQ) optimization, and so on [6,78,
119,125,130,133]. To achieve this control law, the state variables are assumed
to be available for measurement. Moreover, the state-space considered here is
that where the outputs are the state variables (C' is the identity matrix I,,).
Otherwise, the control law is computed using the estimated state variables
obtained, for instance, by an observer or a Kalman filter.
Figure 2.7 summarizes the design of the nominal tracking control taking
into account the operating point with = y;.

Y2

Plant —>

Yr I Z

Y1

)

'Kl

Fig. 2.7. Nominal tracking control taking into account the operating point
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2.4.2 Nonlinear Case

The need for nonlinear control theory arises from the fact that systems are
nonlinear in practice. Although linear models are simple and easy to ana-
lyze, they are not valid except around a certain operating region. Outside
this region, the linear model is not valid and the linear representation of
the process is insufficient. Control of nonlinear systems has been extensively
considered in the literature where plenty of approaches have been proposed
for deterministic, stochastic, and uncertain nonlinear systems (see for in-
stance [46,52,58,116]). In this book, two control methods are used: the exact
input-output linearization and the sliding mode controller (SMC).

Exact Linearization and Decoupling Input-Output Controller

According to the special class of input-linear systems given by (2.3), a nonlin-
ear control law is commonly established to operate in closed-loop. To perform
this task, an exact linearization and decoupling input-output law via a static
state-feedback u(t) = a(z(t)) + B(x(t)) v(t) is designed. It is assumed here
that the system has as many outputs as inputs (i.e., ¢ = m). For the general
case where g # m, the reader can refer to [41,73,98].

The aim of this control law is to transform (2.3) into a linear and control-
lable system based on the following definitions

Definition 2.1. Let (r1,72,...,7m) be the set of the relative degree per row
of (2.3) such as

ri={minleR/Fjel,.. .,m],ngLljflhi(x(t)) # 0}, (2.34)
where L is the Lie derivative operator.

The Lie derivative of h; in the direction of f, denoted Lfh;(x), is the
derivative of h; in t = 0 along the integral curve of f, such that

" oh;
Lyhi(z) = ij(x)a (z). (2.35)
i=1 i
The operation L, Lie derivative in the direction of f, can be iterated. L’Jﬁh
is defined for any k£ > 0 by
LYh(z) = h(z) and LEh(z) = Ly(L§"h(z)) Vk>1. (2.36)

Definition 2.2. If all r; exist (i = 1,...,m), the following matriz A is called
“decoupling matriz” of (2.5):
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Lo, L hy(x) -+ Ly, L} ha(x)
Az) = : : . (2.37)
Lo, L7 thn () -+ L, L hin()
A wvector Ay is also defined such as
L;l hl (33)
Ap(x) = : . (2.38)

L b (2)

According to the previous definition, the nonlinear control is designed as
follows.

Theorem:
a) The system defined by (2.3) is statically decouplable on a subset My of R™
if and only if
rank A(x) = m, Vo € M. (2.39)

b) The control law computed using the state-feedback is defined by

u(t) = afz(t)) + B(x(t))v(t), (2.40)

where

{a@)=—A_V@AM@' (2.41)

B(z) = A7\ (a)

This control law is able to decouple (2.3) on M.
¢) This closed-loop system has a linear input-output behavior described by

g () = vy(t), Viell,....m) (2.42)
(rs)

where y;"" (t) is the r!* derivative of y;.

Two cases may be observed:

e > " ri = n: the closed-loop system characterized by the m decoupled
linear subsystems is linear, controllable and observable.

e > 7 < m: a subspace made unobservable by the nonlinear feedback
(2.40). The stability of the unobservable subspace must be studied. This
subspace must have all modes stable. More details about this case can be
found in [41,73,98].

Since each SISO linear subsystem is equivalent to a cascade of integrators,
a second feedback control law should be considered in order to stabilize and to
set the performance of the controlled nonlinear system. This second feedback
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is built using linear control theory [29]. The simplest feedback consists of using
a pole placement associated with 7; such as

yi($) 1
Prega(s) ~ (1 mis) (2:49)
where yrf; is the reference input associated with output ;.

The advantage of this approach is that the feedback controllers are de-
signed independently of each other. Indeed, nonlinear feedback (2.40) is built
from model (2.3) according to the theorem stated previously. The stabilized
feedback giving a closed-loop behavior described by (2.43) is designed from
the m decoupled linear equivalent subsystems (2.42) written in the Brunovsky
canonical form [65] such as

i(t) = Aizi(t) + Bivi(t

Ailt) = Aizilt) + Biwi(t). viell,... m), (2.44)
vi(t) = Cizi(1)

with
0 0

A; = Lot |, Bi=|:|, C=[10--0]. (245

0 0
00 0 1

The link between both state-feedbacks is defined by a diffeomorphism
2(t) = &(x(t)) where z(t) is the state vector of the decoupled linear system
written in the controllability canonical form.

When there is no unobservable state subspace, the diffeomorphism is de-
fined by

[ hi(z(t)) 1
[ D1(z(1)) ] :
: L7 ha(x(t))
z2(t) = P(x(t)) = : = : : (2.46)
P (2(t))
| Do (2(1)) | :
L hi (2(t)) |

The exact linearization and decoupling input-output controller with both
state-feedback control laws may be illustrated in Fig. 2.8.
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m decoupled linear equivalent
subsystems
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Fig. 2.8. Nonlinear control scheme

Sliding Mode Controller

The main advantage of the SMC over the other nonlinear control laws is its
robustness to external disturbances, model uncertainties, and variations in
system parameters [135,136]. In order to explain the SMC concept, consider
a SISO second order input affine nonlinear system:

&= f(z,%) + g(z,&)u+ dy, (2.47)

where u is the control input and dy represents the uncertainties and external
disturbances which are assumed to be upper bounded with |d¢| < D. Note that
this section considers continuous-time systems but the time index is omitted
for simplicity. Defining the state variables as 1 = z and zy = &, (2.47) leads
to

T1 = T2
{’i’z = [z, &) + g(w,d)u+dy (2.48)

If the desired trajectory is given as ¢, then the error between the actual
71 and the desired trajectory x¢ can be written as

e=ux —af. (2.49)
The time derivative of e is given by
é=d — il = xo — ad. (2.50)

The switching surface s is conventionally defined for second order systems
as a combination of the error variables e and é:

s =€+ e, (2.51)

where A sets the dynamics in the sliding phase (s = 0).

The control input u should be chosen so that trajectories approach the
switching surface and then stay on it for all future time instants. Thus, the
time derivative of s is given by



22 2 Actuator and Sensor Fault-tolerant Control Design
§= f(x,2) + gz, #)u + dp — i, + Ne. (2.52)

The control input is expressed as the sum of two terms [114]. The first one,
called the equivalent control, is chosen using the nominal plant parameters
(df =0), so as to make § = 0 when s = 0. It is given by [114]

Ueq = g(x,2) 71 (@4 — flz,2) — Né). (2.53)

The second term is chosen to tackle the uncertainties in the system and
to introduce a reaching law; the constant (M sign(s)) plus proportional (ks)
rate reaching law is imposed by selecting the second term as [114]

u* = g(x, )" [~ks — Msign(s)], (2.54)

where k and M are positive numbers to be selected and sign(.) is the signum
function. The function g(z, ) must be invertible for (2.53) and (2.54) to hold.
Then, the control input u = ueq + ©™ becomes

u=g(z, ) [#% — f(x,4) — N — ks — Msign(s)]. (2.55)

Substituting input u of (2.55) in (2.52) gives the derivative § of the sliding
surface
$ = —ks — Msign(s) + dy. (2.56)

The necessary condition for the existence of conventional sliding mode for
(2.47) is given by

1d ,
2dt”

This condition states that the squared distance to the switching surface,
as measured by s2, decreases along all system trajectories. However, this con-
dition is not feasible in practice because the switching of real components is
not instantaneous and this leads to an undesired phenomenon known as chat-
tering in the direction of the switching surface. Thus (2.57) is expanded by a
boundary layer in which the controller switching is not required:

<0, or s5<0. (2.57)

5§ < —nls|. (2.58)
Multiplying (2.56) by s yields
s$ = —ks® — Msign(s)s +dys = —ks* — M |s| + dys. (2.59)

With a proper choice of k and M, (2.58) will be satisfied.

The elimination of the chattering effect produced by the discontinuous
function sign is ensured by a saturation function sat. This saturation function
is defined as follows:

sar(s) = { 397 el Z 0 (2.60)

where ¢, is a boundary layer around the sliding surface s.
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2.5 Model-based Fault Diagnosis

After designing the nominal control law, it is important to monitor the be-
havior of the system in order to detect and isolate any malfunction as soon as
possible. The FDI allows us to avoid critical consequences and helps in taking
appropriate decisions either on shutting down the system safely or continuing
the operation in degraded mode in spite of the presence of the fault.

The fault diagnostic problem from raw data trends is often difficult. How-
ever, model-based FDI techniques are considered and combined to supervise
the process and to ensure appropriate reliability and safety in industry. The
aim of a diagnostic procedure is to perform two main tasks: fault detection,
which consists of deciding whether a fault has occurred or not, and fault iso-
lation, which consists of deciding which element(s) of the system has (have)
indeed failed. The general procedure comprises the following three steps:

e Residual generation: the process of associating, with the measured and
estimated output pair (y, 3), features that allow the evaluation of the dif-
ference, denoted r (r = y—¥), with respect to normal operating conditions

e Residual evaluation: the process of comparing residuals r to some prede-
fined thresholds according to a test and at a stage where symptoms S(r)
are produced

e Decision making: the process of deciding through an indicator, denoted I
based on the symptoms S(r), which elements are faulty (i.e., isolation)

This implies the design of residuals r that are close to zero in the fault-free
situations (f = 0), while they will clearly deviate from zero in the presence
of faults (f # 0). They will possess the ability to discriminate between all
possible modes of faults, which explains the use of the term isolation. A short
historical review of FDI can also be found in [71] and current developments
are reviewed in [44].

While a single residual may be enough to detect a fault, a set of structured
residuals is required for fault isolation . In order to isolate a fault, some resid-
uals with particular sensitivity properties are established. This means that
r=0if f* =0 and r # 0 if f* # 0 regardless of the other faults defined
through f?¢ = 0. In this context, in order to isolate and to estimate both actu-
ator and sensor faults, a bank of structured residuals is considered where each
residual vector r may be used to detect a fault according to a statistical test.
Consequently, it involves the use of statistical tests such as the Page-Hinkley
test, limit checking test, generalized likelihood ratio test, and trend analysis
test [8].

An output vector of the statistical test, called coherence vector Sy, can
then be built from the bank of v residual generators:

Se = [SUllrl) - S(lru DI, (2.61)
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where S(||r;||) represents a symptom associated with the norm of the residual
vector ;. It is equal to O in the fault-free case and set to 1 when a fault is
detected.

The coherence vector is then compared to the fault signature vector Sy,
associated with the j% fault according to the residual generators built to
produce a signal sensitive to all faults except one as represented in Table 2.2.

Table 2.2. Fault signature table
| Sy |N0 faults|5’ref,fl |Sr€f,f2 | .- |S'ref,fu |Other faults

S(lr)] 0 0 1] 1 1
S(lr=l)| 0 1 0o || 1 1
S| o 1 1 || o 1

The decision is then made according to an elementary logic test [86] that
can be described as follows: an indicator I(f;) is equal to 1 if S, is equal to
the j™ column of the incidence matrix (Syey,s,) and otherwise it is equal to
0. The element associated with the indicator equals to 1 is then declared to
be faulty.

Moreover, the FDI module can also be exploited in order to estimate the
fault magnitude.

Based on a large diversity of advanced model-based methods for automated
FDI [22,31,53,69], the problem of actuator and/or sensor fault detection and
magnitude estimation for both linear time-invariant (LTI) and nonlinear sys-
tems has been considered in the last few decades. Indeed, due to difficulties
inherent in the on-line identification of closed-loop systems, parameter esti-
mation techniques are not considered in this book. The parity space technique
is suitable to distinguish between different faults in the presence of uncertain
parameters, but is not useful for fault magnitude estimation.

In this section, the FDI problem is first considered, then in Sect. 2.6 the
fault estimation is treated before investigating the FTC problem in Sect. 2.7.

2.5.1 Actuator/Sensor Fault Representation

Let us recall the state-space representation of a system that may be affected
by actuator and/or sensor fault:

{ x(k + 1) = Agj(k) + Bu(k) + Fafa(k) : (262)

y(k) = Cx(k) + Fs fs(k)

where matrices F, and Fy are assumed to be known and f, and f, correspond
to the magnitude of the actuator and the sensor faults, respectively. The
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magnitude and time occurrence of the faults are assumed to be completely
unknown.

In the presence of sensor and actuator faults, (2.62) can also be represented
by the unified general formulation

{ w(k+1) = Aw(k) + Bu(k) + F. f (k) (2.63)

y(k) = C(k) + F, f (k) ’

where f = [fI' fIT € R (v =m+q) is a common representation of sensor
and actuator faults. F,, € ®"*" and F,, € R9*" are respectively the actuator
and sensor faults matrices with F,, = [B 0p,x4] and Fy = [0gxm 4]

The objective is to isolate faults. This is achieved by generating residuals
sensitive to certain faults and insensitive to others, commonly called struc-
tured residuals . The fault vector f in (2.63) can be split into two parts. The
first part contains the “d” faults to be isolated f € R¢. In the second part,
the other “v — d” faults are gathered in a vector f* € R ~%. Then, the system
can be written by the following equations:

{x<k+1>—A () + Bulk) + 2SR L ELF(R) o

y(k) = Ca(k) + F) (k) + Fy f* (k)

Matrices F?, F, Fg, and F7, assumed to be known, characterize the
distribution matrices of f* and f° acting directly on the system dynamics
and on the measurements, respectively.

As indicated previously, an FDI procedure is developed to enable the de-
tection and the isolation of a particular fault f° among several others. In order
to build a set of residuals required for fault isolation, a residual generation
using an unknown input decoupled scheme is considered such that the resid-
uals are sensitive to fault vector f* and insensitive to fV. Only a single fault
(actuator or sensor fault) is assumed to occur at a given time, because simul-
taneous faults can hardly be isolated. Hence, vector fO is a scalar (d = 1) and
it is considered as an unknown input. It should be noted that the necessary
condition of the existence of decoupled residual generator is fulfilled according
to Hou and Muller [66]: the number of unknown inputs must be less than the
number of measurements (d < q).

In case of an i*" actuator fault, the system can be represented according
to (2.64) by

{ a(k +1) = Az(k) + Bu(k) + Bif*(k) + [Bi Onxglf* (k) (2.65)

y(k) = Cx(k) + [qu(p,l) Iq]f*(k) ’
where B; is the i column of matrix B and B; is matrix B without the 3"

column.
In order to generate a unique representation, (2.65) can be described as:
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{x(k+ 1) = Az(k) + Bu(k) + Fyfa(k) + Fr f* (k) (2.66)
y(k) = Cx(k) + F f*(k) ’
where f° is denoted as fq.
Similarly, for a j* sensor fault, the system is described as follows:
{ ko4 1) = Ax(h) + Bulh) + 1B Oueiqnl"0)
y(k) = Ca(k) + B fO(k) + [0gxp Bjlf*(k)

where E; = [0---1---0]T represents the j'' sensor fault effect on the output
vector and E; is the identity matrix without the 5! column.

According to Park et al. [100], a system affected by a sensor fault can be
written as a system represented by an actuator fault. Assume the dynamic of
a sensor fault is described as

FO(k +1) = fO(k) + Tu& (), (2.68)

where £ defines the sensor error input and 7T is the sampling period.
From (2.67) and (2.68), a new system representation including the auxil-
iary state can be introduced:

{fo((kkill))] - [oin Onfl} [fo(fk))] + [Ofm] u(k) + [Ogﬂ (k)
S P FaC

O1xm 01><(q—1)

y(k) = [C Ej] [xo((kk))] + [Ogxm Ej] f*(K)

(2.69)

Consequently, for actuator or sensor faults representation ((2.65) and

(2.69)), a unique state-space representation can be established to describe
the faulty system as follows:

{x(k+ 1) = Az(k) + Bu(k) + Fufa(k) + E; " (k) (2.70)

y(k) = Cx(k) + F f* (k) ’

where f; is the unknown input vector. For simplicity, the same notation for
vectors and matrices has been used in (2.66) and (2.70).

Under the FTC framework, once the FDI module indicates which sensor or
actuator is faulty, the fault magnitude should be estimated and a new control
law will be set up in order to compensate for the fault effect on the system.

As sensor and actuator faults have different effects on the system, the
control law should be modified according to the nature of the fault. In this
book, only one fault is assumed to occur at a given time. The presence of
simultaneous multiple faults is still rare, and the FDI problem in this case
is considered as a specific topic and is dealt with in the literature. Here, the
objective is to deal with a complete FTC problem for a single fault.
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2.5.2 Residual Generation
Unknown Input Observer — Linear Case

Based on the previous representation, several approaches have been suggested
by [43,53] to generate a set of residuals called structural residuals, in order
to detect and isolate the faulty components. The theory and the design of
unknown input observers developed in [22] is considered in this book due to
the fact that a fault magnitude estimation can be generated but also that the
unknown observers concept can be extended to nonlinear systems. A full-order
observer is built as follows:

{ w(k +1) = Bw(k) + TBu(k) + Ky(k) (2.71)

2(k) = w(k) + Hy(k) ’

where Z is the estimated state vector and w is the state of this full-order
observer. £, T', K, and H are matrices to be designed for achieving unknown
input decoupling requirements. The state estimation error vector (e = — x)
of the observer goes to zero asymptotically, regardless of the presence of the
unknown input in the system. The design of the unknown input observer is
achieved by solving the following equations:

(HC —1)Fy =0, (2.72)
T=I1-HC, (2.73)
E=A—-HCA- K:C, (2.74)
K, =FH, (2.75)
and
K=K+ Ks. (2.76)

FE must be a stable matrix in order to guarantee a state error estimation
equal to zero.

The system defined by (2.71) is an unknown input observer for the system
given by (2.70) if the necessary and sufficient conditions are fulfilled:

o Rank(CFy) = rank(Fy)
e (C,A;) is a detectable pair, where A; = E + K;C

If these conditions are fulfilled, an unknown input observer provides an
estimation of the state vector, used to generate a residual vector r(k) = y(k) —
Cz(k) independent of fq(k). This means that r(k) = 0 if f*(k) = 0 and
r(k) # 0if f*(k) # 0 for all u(k) and fq(k).
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Unknown Input Observer — Affine Case

Among all algebraic methods, several methods consist of the generation of
fault decoupling residual for special class of nonlinear systems such as bilinear
systems [80]. Other methods focus more on general nonlinear systems where an
unknown input decoupling input-output model is obtained [138]. Exact fault
decoupling for nonlinear systems is also synthesized with geometric approach
by [60,101]. A literature review is detailed in [81].

Consider the state-space representation of the affine system affected by an
actuator fault:

i(t) = f(2(t) + Y g (@(t)us () + D Fj(x(6) f5(2)
Jj=1 j=1 .

yi(t) = hi(x(t)), l<i<g

(2.77)

The approach presented in this section is an extension of the synthesis of
unknown input linear observers to affine nonlinear systems. The initial work
on this problem can be found in [49,50].

The original system described by (2.77) should be broken down into two
subsystems where one subsystem depends on the fault vector f and the second
is independent of f by means of a diffeomorphism @ such as

71(t) = fi(@(t) +Zglj (@1(t), Z2(t))u; (t)

+ZF (@1(t), Z2(1)) f5(t) (2.78)

Ba(t) = fa(T1(t) +Zgzg (@1(t), Z2(t))u; (t)

where #(f) = E;m = & (2(t), ult)).

The diffeomorphism @ is defined by

Z 3% 2(t), u(t)) x Fy(a()f5(6) = 0. (2.79)

This transformation is solved using the Frobenius theorem [73]. Equation
(2.79) is not always satisfied. In order to simplify the way to solve this trans-
formation, only one component f;(t) of the fault vector f is considered with
the objective of building a bank of observers. Each observer is dedicated to
one single fault f; as proposed in the generalized observer scheme.
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A subsystem insensitive to a component f; of the fault vector f(t) is
extracted for each observer by deriving the output vector y(t). A characteristic
index is associated with each fault f;. This index corresponds to the necessary
derivative number so that the fault f; appears in y;. This index is also called
the detectability index and is defined by

p; = min{¢ € N|LpL§ " hi(x(t)) # 0}. (2.80)
If p; exists, only component output y; is affected by f;. It is then possible

to define a new state-space representation where a subsystem is insensitive to
fault f;, such as

z

- vi(t

F(t) = By, (2(t), u(t)) = [%g%] - ; L (281
vl (t)

¢i(z(t), u(t))
It is always possible to find ¢; (z(t), u(t)) satisfying the following conditions
[41]:

yi(t)
5 4i(t)
rank = dim(z(t)), (2.82)
ox i
Yy (1)

Gi(z(t), u(t))
where ;lt (¢i(z(t),u(t))) is independent of f;(t).

System (2.77) can now be written by means of the new coordinates system
defined in (2.81) and a subsystem insensitive to f; can be represented as

{ T1(t) = ¢i(@1(2), T2(t), u(?))
Yi(t) = hi(z1(1), T2(1))
where 7;(t) is the output vector y(t) without the i*" component y;(t). Z2(t) is
considered as an input vector for (2.83).

Considering all the components of the fault vector f(t), a bank of observers
is built where each observer is insensitive to a unique fault f;. Nonlinear
subsystem (2.83), which is insensitive to f;, is used in order to synthesize a
nonlinear observer as an extended Luenberger observer [97].

Based on [100], the proposed decoupled observer method applied to an
affine system also provides an efficient FDI technique for sensor faults as
developed in the linear case. In the presence of a sensor fault, the observer
insensitive to the fault estimates state vector 71 (t) and consequently estimates
the output corrupted by the fault. On the other hand, no estimation of an
actuator fault can be computed from (2.83).

(2.83)
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Fault Diagnosis Filter Design

Some control methods such as observers have been considered or modified to
solve FDI problems. Among various FDI methods, filters have been success-
fully considered to provide new tools to detect and isolate faults.

To detect and estimate the fault magnitude, a fault detection filter is de-
signed such that it does not decouple the residuals from the fault but rather
assigns the residuals vector in particular directions to guarantee the identifi-
cation of the fault [28,79,122].

Under the condition that (A, C) is observable from (2.66) or (2.70), the
projectors are designed such that the residual vector is sensitive only to a
particular fault direction. In order to determine the fault magnitude and the
state vector estimations, a gain is synthesized such that the residual vector
r(k) = y(k) — Cz(k) is insensitive to specific faults according to some projec-
tors P. These projectors are designed such that the projected residual vector
p(k) = Pr(k) is sensitive only to a particular fault direction. Hence, the spe-
cific fault filter is defined as follows:

{ (k4 1) = Az(k) + Bu(k) + (Ka + Kc) (y(k) — CZ(k)) (2.84)

y(k) = Cz(k) ’

where

e K4 should be defined in order to obtain AFy — KACF; = 0, so K4 is
equivalent to
Ky=wz, (2.85)

w=AFy, = = (C’Fd)’L and + defines the pseudo-inverse
e K¢ should be defined in order to obtain KoCFy; = 0 which is solved as

follows:
Kec =Ky, (2.86)

where ¥ = (8 [I — (CFy) (CFd)Jr} and K is a constant gain

It must be noted that 3 is chosen as a matrix with appropriate dimensions
whose elements are equal to 1. The reduced gain K defines the unique free
parameter in this specific filter.
Based on (2.85) and (2.86), (2.84) becomes equivalent to the following:
T(k+1)=(A—- KC)z(k) + Bu(k) + Kayr + KPyy, (2.87)
y(k) = C%(k) ’ '

where A= A[I — F3=C] and C =¥C.
The gain K is calculated using the eigenstructure assignment method such
that (A — KC) is stable.
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The gain breakdown K4 4+ K¢ and associated definitions involve the fol-
lowing matrices properties:

ECF,; =0, and WOF, =1, (2.88)

and enable the generation of projected residual vector as follows:

_ _|¥ _ (k) _ (k)
p(k) = Pr(k) = [E} r(k) = {Er(k) + Falk — 1)] = {U(k)} . (2.89)
It is worth noting that - is a residual insensitive to faults and 7 is calculated
in order to be sensitive to fg.
As sensor and actuator faults do not affect the system similarly, the control
law should be modified according to the nature of the fault. In the sequel,
different methods for estimating the actuator and sensor faults are presented.

2.6 Actuator and Sensor Faults Estimation

2.6.1 Fault Estimation Based on Unknown Input Observer

According to the fault isolation, the fault magnitude estimation of the cor-
rupted element is extracted directly from the j™ unknown input observer
which is built to be insensitive to the j** fault (f*(k) = 0). Based on the
unknown input observer, the substitution of the state estimation in the faulty
description (2.70) leads to

Fafa(k) = 2(k + 1) — A%(k) — Bu(k). (2.90)

In the presence of an actuator fault, Fy 1s a matrix of full column rank.
Thus, the estimation of the fault magnitude fo( ) = fd( ) makes use of the
singular-value decomposition (SVD) [54].

Let Fy =U l(l)% VT be the SVD of F,;. Thus, R is a diagonal and non-

singular matrix and U and V are orthonormal matrices.
Using the SVD and substituting it in (2.90) results in

Bk +1) = AR (k) + Ba(k) + [ﬂ VT k), (2.91)
where
B(k) = Us(k) = U [%Em , (2.92)

A—U-'AU = [All( ) Ans( )} 7 (2.93)
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and

- By (k)}
B=U"'B= : 2.94
[ Bs (k) (2:94)
Based on (2.91), the estimation of the actuator fault magnitude is defined

as

FO(k) = fu(k) = VR @1 (k + 1) — A2 (k) — AraZa(k) — Byu(k)). (2.95)

For a sensor fault, the fault estimation fo(k) is the last component of the
estimated augmented state vector Z(k) as defined in (2.69).

2.6.2 Fault Estimation Based on Decoupled Filter

Based on the projected residual p(k), an estimation of input vector (k) (which
corresponds to the fault magnitude with a delay of one sample) should be di-
rectly exploited for fault detection. Indeed, a residual evaluation algorithm
can be performed by the direct fault magnitude evaluation through a statisti-
cal test in order to monitor the process. It should be highlighted that the first
component of projector vector (2.89), denoted y(k), can be considered as a
quality indicator of the FDI module. If a fault is not equal to f; then the mean
of the indicator will not equal zero. As previously, sensor fault estimation can
be also provided by the last component of the augmented state-space .

2.6.3 Fault Estimation Using Singular Value Decomposition

Another method to estimate the actuator and sensor faults is based on SVD
which will be described in this section.

Estimation of Actuator Faults

In the presence of an actuator fault and according to (2.23) and (2.31), the
augmented state-space representation of the system is written as

[ D)= [, ) [0+ [0l ] e

+ [;n’fp] yr(k) + H{l} falk) (2.96)

stp

y(k) = [C 0gp] BEZH

where F, corresponds to the i*" column of matrix B in case the i*" actuator
is faulty.
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The magnitude of the fault f, can be estimated if it is defined as a com-
ponent of an augmented state vector X, (k). In this case, the system (2.96)
can be re-written under the following form:

EaXa(k + 1) = AaXa(k) + BaU(k) + Gayr(k)a (297)
where

I, 0 —F, A 00 B 0
E,=|10 1, 0 i Ag=|-TsCy I, 0|; Bg=1[0 0|;

cC 0 0 0 00 0 I,

0 x(k)
Go= |T.L,|; Xak)=| 2k |; Uk = [y(z(i)m]'

0 fa(k_l)

The estimation of the fault magnitude f, can then be obtained using the
SVD of matrix F, if it is of full column rank [9].
Consider the SVD of matrix F,:

S

Ea:T[0

} MT, with T=[Ty T»].

T and M are orthonormal matrices such that: TTT =1, MMT = I, and
S is a diagonal nonsingular matrix.

Substituting the SVD of F, in (2.97) leads to

Xa(k+1) = A X (k) + BJU(E) + Gayyr (k) (2.98)
0= Ao Xa(k) + BoU(k) + Goyr(k) '
where
Ay = MS'TT A, = E] Ay Ao =TT Ay
By, =MS™ T B, = E By; Bo =TI B,; (2.99)
Go=MS'TL G, = B} Ga; Go =TI G,;
and where E: is the pseudo-inverse of matrix F,.

Therefore, the estimation fa of the fault magnitude f, is the last com-
ponent of the state vector X,, which is the solution of the first equation in
(2.98). This solution X, must satisfy the second equation of (2.98). It can be
noted from (2.97) that the estimation of the fault magnitude f, at time instant
(k) depends on the system outputs y at time instant (k + 1). To avoid this
problem, the computation of the fault estimation is delayed by one sample.
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Estimation of Sensor Faults

When a sensor fault affects the closed-loop system, the tracking error between
the reference input and the measurement will no longer be equal to zero. In
this case, the nominal control law tries to bring the steady-state error back
to zero. Hence, in the presence of a sensor fault, the control law must be
prevented from reacting, unlike the case of an actuator fault. This can be
achieved by cancelling the fault effect on the control input.

For sensor faults, the output equation given in (2.25) is broken down ac-
cording to (2.28), and can be written as

y(k) = Ca(k) + Fy fu (k) = [Z;E’;ﬂ _ [é’;l } (k) + [5; ] Fuk). (2.100)

In this case, attention should be paid to the integral error vector z which
will be affected by the fault as well. The integral error vector can then be
described as follows:

{z(k+ 1) = z(k) + Tu(yr (k) = y1.(k)) (2.101)

= Z(k) + Ts(yr(k) - Clx(k) - FSlfS(k)) '

The sensor fault magnitude can be estimated in a similar way to that of
the actuator fault estimation by describing the augmented system as follows:

EoXy(k+1) = A, X, (k) + BoU(K) + Gayr(k), (2.102)
where
I, 0 0 A 0 0 B 0
E;=|01, 0|; Ay=|-T.C; I, -T.Fyy|; By=1{0 0|;
C 0 F, 0 0 0 0 I,
0 z(k)
Go=|T.0, | ;  X.k)=| 2(k) |; U(k):[ Z(’“) ]
0 (k) y(k+1)

The sensor fault magnitude fs can then be estimated using the SVD of
matrix F if this matrix is of full column rank.

2.7 Actuator and Sensor Fault-tolerance Principles

2.7.1 Compensation for Actuator Faults

The effect of the actuator fault on the closed-loop system is illustrated by
substituting the feedback control law (2.33) in (2.23):
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y(k) = Can(k) (2.103)

{ﬂk+n:(A_BKmum—BKﬂwy+nh@)

A new control law wugqq should be calculated and added to the nominal

one in order to compensate for the fault effect on the system. Therefore, the
total control law applied to the system is given by

u(k) = —Kia(k) — Koz(k) + taga(k). (2.104)

Considering this new control law given by (2.104), the closed-loop state
equation becomes

z(k+1) = (A— BK))x(k) — BKyz(k) + F,fa(k) + Bugaa(k).  (2.105)

From this last equation, the additive control law u,qq must be computed
such that the faulty system is as close as possible to the nominal one. In other
words, ugqq must satisfy

Buada(k) + Fofa(k) = 0. (2.106)

Using the estimation of the fault magnitude described in the previous
section, the solution of (2.106) can be obtained by the following relation if
matrix B is of full row rank:

wada(k) = — B~ Fufu(k). (2.107)

The fault compensation principle presented under linear assumption can
be directly extended to nonlinear affine systems but not to general ones. In-
deed, according to (2.42) an additional control law can be applied to the
decoupled linear subsystems. The three-tank system considered in Chap. 4
will provide an excellent example to illustrate this FTC design.

Remark 2.1. Matrix B is of full row rank if the number of control inputs is
equal to the number of state variables. In this case, B is invertible.

Case of Non Full Row Rank Matrix B

In the case when matrix B is not of full row rank (i.e., the number of sys-
tem inputs is less than the number of system states), the designer chooses to
maintain as many priority outputs as available control inputs to the detriment
of other secondary outputs. To be as close as possible to the original system,
these priority outputs are composed of the tracked outputs and of other re-
maining outputs. This is achieved at the control law design stage using, if
necessary, a transformation matrix P such that
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zp(k+1) ] _ [App Aps | |2p(k) By Fap
[a:s(k—i—l) =4 A | |woe)| T B | MB) R | faR)

_{w(R)| _ zp (k) ’
o) = ()| = o |7 |
(2.108)
where index p represents the priority variables and s corresponds to the sec-
ondary variables. In this way, B, is a nonsingular square matrix. If the state-
feedback gain matrix K7 is broken down into K; = [Kp K ] , the control law
is then given by

zp (k)
u(k)=—[K, K, K] xs((k)) + ugaa(k). (2.109)
z(k

Substituting (2.109) in (2.108) leads to

zp(k+1) = (App — BpKp)zp(k) — BpKaz(k)
{ T Ay — B )au(k) + Fupfa(k) + Bytaaak) 1)
and
xs(k+1) = (Ass — BsKy)xs(k) — Bs Koz (k) (2.111)
+ (ASP - BSKP)xP(k) + Fasfa(k) + Bsuadd(k) . .

Here, the fault effect must be eliminated in the priority state variables .
Thus, from (2.110), this can be achieved by calculating the additive control
law wuqqq satisfying

(Aps — BpKy)xs(k) + Fopfa(k) + Bpugad(k) = 0. (2.112)

In this breakdown, if z, is not available for measurement, it can be com-

puted from the output equation in (2.108), as Cr is a full column rank matrix.
Then, the solution u.qq of (2.112) is obtained using the fault estimation f,:

toaa(k) = By [(Aps — ByK. ) (k) + Fup fu(R)]. (2.113)

p

The main goal is to eliminate the effect of the fault on the priority outputs.
This is realized by choosing the transformation matrix P such that

Op — |:OT11 0 ]

Cra1 Cr22

Although that the secondary outputs are not compensated for, they must
remain stable in the faulty case. Let us examine these secondary variables.
Replacing (2.113) in (2.111) yields
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zs(k+1) = (Ass — BsB, " Apg)as (k) — BiKaz(k)
+ (Asp — BoKp)xp(k) + (Fas — BBy ' Fop) fa(k).  (2.114)

It is easy to see that the secondary variables are stable if and only if the
eigenvalues of matrix (Ags — BB, 1 4,5) belong to the unit circle.

2.7.2 Sensor Fault-tolerant Control Design

As for actuator faults, two main approaches have been proposed to eliminate
the sensor fault effect which may occur on the system. One is based on the
design of a software sensor where an estimated variable is used rather than
the faulty measurement of this variable. The other method is based on adding
a new control law to the nominal one.

Sensor Fault Masking

In the presence of sensor faults, the faulty measurements influence the closed-
loop behavior and corrupt the state estimation. Sensor FTC can be obtained
by computing a new control law using a fault-free estimation of the faulty
element to prevent faults from developing into failures and to minimize the
effects on the system performance and safety. From the control point of view,
sensor FTC does not require any modification of the control law and is also
called “sensor masking” as suggested in [131]. The only requirement is that
the “estimator” provides an accurate estimation of the system output after a
sensor fault occurs.

Compensation for Sensor Faults

The compensation for a sensor fault effect on the closed-loop system can be
achieved by adding a new control law to the nominal one:

u(k) = —Kiz(k) — Koz(k) + uqqa(k). (2.115)

It should be emphasized here that, in the presence of a sensor fault, both
the output y and the integral error z are affected such that

y(k) = Ca(k) = Cxo(k) + Fs fs (k)
2(k) = z0(k) + f(k) : (2.116)

F(k) = f(k = 1) = TeFa fo(k = 1)
where z and zy are the fault-free values of z and z and f is the integral of

—Fs1 fs. Assuming that matrix C' = I, these equations lead the control law to
be written as follows:

u(k) = —Kyxo(k) — K1 Fs fo(k) — Kazo(k) — Ko f (k) + waaa(k).  (2.117)
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The sensor fault effect on the control law and on the system can be can-
celled by computing the additive control law wu,qq such that

Uada(k) = K1 Fy fo(k) + Ko f (k). (2.118)

Remark 2.2. In the case when matrix C # I,,, the control law can be calculated
using the estimated state vector which is affected by the fault as well. The
fault compensation will be achieved in a similar way to that given by (2.117)
and (2.118).

It has been shown that the new control law added to the nominal one is
not the same in the case of an actuator or sensor fault. Thus, the abilities of
this FTC method to compensate for faults depend on the results given by the
FDI module concerning the decision as to whether a sensor or an actuator
fault has occurred.

2.7.3 Fault-tolerant Control Architecture

After having presented the different modules composing a general FTC ar-
chitecture, the general concept of this approach is summarized in Fig. 2.9
in the linear framework, which is easily extended to the nonlinear case. The
FDI module consists of residual generation, residual evaluation, and finally
the decision as to which sensor or actuator is faulty. The fault estimation and
compensation module starts the computation of the additive control law and
is only able to reduce the fault effect on the system once the fault is detected
and isolated. Obviously, the fault detection and isolation must be achieved as
soon as possible to avoid huge losses in system performance or catastrophic
consequences.

>
Estimation . .
. Faultdiagnosis
Compensation :
A\

t T
]
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¥ z | U U ¥
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Fig. 2.9. FTC scheme
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2.8 General Fault-tolerant Control Scheme

The general FTC method described here addresses actuator and sensor faults,
which often affect highly automated systems. These faults correspond to a loss
of actuator effectiveness or inaccurate sensor measurements.

The complete loss of a sensor can be overcome by using the compensa-
tion method presented previously, provided that the system is still observ-
able. Actually, after the loss of a sensor, the observability property allows the
estimation of the lost measurement using the other available measurements.
However, the limits of this method are reached when there is a complete loss of
an actuator; in this case, the controllability of the system should be checked.
Very often, only a hardware duplication is effective to ensure performance
reliability.

The possibility and the necessity of designing an FTC system in the pres-
ence of a major actuator failure such as a complete loss or a blocking of an
actuator should be studied in a different way. For these kinds of failures, the
use of multiple-model techniques is appropriate, since the number of failures
is not too large. Some recent studies have used these techniques [104,137,139].

It is important to note that the strategy to implement and the level of
achieved performance in the event of failures differ according to the type of
process, the allocated degrees of freedom, and the severity of the failures . In
this case, it is necessary to restructure the control objectives with a degraded
performance. A complete active FTC scheme can be designed according to
the previous classification illustrated in Fig. 1.1. This scheme is composed
of the nominal control associated with the FDI module which aims to give
information about the nature of the fault and its severity. According to this
information, a reconfiguration or a restructuring strategy is activated. It is
obvious that the success of the FTC system is strongly related to the relia-
bility of the information issued from the FDI module. In the reconfiguration
step, the fault magnitude is estimated. This estimation could be used as re-
dundant information to that issued from the FDI module. The objective of
this redundancy is to enhance the reliability of the diagnosis information. The
complete FTC scheme discussed here is summarized in Fig. 2.10.

2.9 Conclusion

The FDI and the FTC problems are addressed in this chapter. The complete
strategy to design an FTC system is presented. For this purpose, since many
real systems are nonlinear, both nonlinear and linear techniques are shown.
The linear techniques are used in case the system is linearized around an
operating point.

The study presented here is based on the fault detection, the fault isolation,
the fault estimation, and the compensation for the fault effect on the system.
All these steps are taken into consideration. If this fault allows us to keep
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using all the sensors and actuators, a method based on adding a new control
law to the nominal one is described in order to compensate for the fault
effect. For actuator faults, the objective of this new control law is to boost the
control inputs in order to keep the performance of the faulty system close to
the nominal system performance. Regarding sensor faults, the additive control
law aims at preventing the total control inputs from reacting when these faults
occur.

In case a major fault occurs on the system, such as the loss of an actuator,
the consequences are more critical. This case is analyzed and the system should
be restructured in order to use the healthy actuators and to redefine the
objectives to reach. Therefore, the system will perform in degraded mode.

The following chapters are dedicated to the application of the linear and
nonlinear methods described above to a laboratory-scale winding machine, a
three-tank system, and finally in simulation of a full car active suspension sys-
tem which is considered as a complex system. tured in order to use the healthy
actuators and to redefine the objectives to reach. Therefore, the system will
perform in degraded mode.

The following chapters are dedicated to the application of the linear and
nonlinear methods described above to a laboratory-scale winding machine, a
three-tank system, and finally in simulation to a full car active suspension
system which is considered as a complex system.
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Application to a Three-tank System

4.1 Introduction

In this chapter, a hydraulic system that can be used for water treatment or
storing liquids in many industrial plants is considered. During these processes,
chemical reactions are supposed to occur around pre-defined operating points.
Therefore, the liquid levels control in a plant is crucial in order to provide
desired specifications. Using a prototype of a hydraulic system, researchers
have successfully tested various methods of linear or nonlinear decoupling
control and model-based fault diagnosis.

The three-tank system considered in this study is a popular laboratory-
scale system designed by [4]. It is used in order to investigate linear, nonlinear
multivariable feedback control as well as FDI and FTC system design. Koenig
et al. [82] have synthesized a decoupled linear observer to detect and to isolate
actuator and component faults (pipe, tank, etc.) around an operating point
without fault magnitude estimation. Based on the nonlinear model, [112] have
designed an observer using the bilinear model representation of the three-tank
system to detect a leakage from a pipe. A diagnostic system based also on
a bilinear model has been considered in [7], where time varying innovation
generators combined with generalized likelihood ratio tests are designed to
detect and isolate faults. The robustness of a sliding mode observer (SMO)
to detect faults in the presence of noise on the measurements was tested
in real-time [105]. Among model-based approaches, a differential geometric
method has been successfully applied in [76]. Rather than considering a com-
plex nonlinear model, [1] have estimated the state vector based around various
operating points through a bank of decoupled observers to generate residuals
for fault detection. More recently, [106] have proposed to develop a bank of
decoupled observers to detect and isolate actuator/sensor faults around mul-
tiple operating points applied to the three-tank system. FDI methods based
on fuzzy or neural models have also been illustrated on the three-tank system
to detect and isolate faults [83,91,93]. In [115] the authors deal with the FDI
problem of plants with unknown description.
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In the FTC framework, the three-tank system has been considered as a
benchmark. In the presence of sensor faults, [143] estimates the fault magni-
tude based on an adaptive filter with an on-line parameter estimation method
developed by [142]. The sensor fault estimation is used for sensor fault mask-
ing. In [25] an effective low-order tuner for FTC of a class of unknown non-
linear stochastic sampled-data systems is proposed. The strategy is based
on the modified state-space self-tuning control via the observer/Kalman fil-
ter identification method. Weighted fuzzy predictive control is used for FTC
of an experimental three-tank system [95]. Furthermore, a European project
“COSY” (control of complex systems) [62] has considered the three-tank sys-
tem as a benchmark for all partners under the assumption: two tanks are
active and the last one is used as a redundant process.

While various FDI and FTC approaches in the literature have been ap-
plied separately to the three-tank system, this chapter aims at presenting a
complete approach in order to present and illustrate the application of the
methods developed in Chap. 2 to this system. This is investigated in the lin-
ear case around an operating point as first presented by [121] but also on
the whole operating zone using nonlinear techniques. A complete simulation
platform of the three-tank system, in closed-loop, with or without actuator
and sensor faults, is provided for the use of the reader via download from
www.springer.com/978-1-84882-652-6 as described in the Appendix.

4.2 System Description

The considered hydraulic system is presented in Fig. 4.1.

Fig. 4.1. Three-tank system

The hydraulic system consists of three identical cylindrical tanks with
equal cross-sectional area S (Fig. 4.2). These three tanks are connected by two
cylindrical pipes of the same cross-sectional area, denoted .S, and have the
same outflow coefficient, denoted w13 and p32. The nominal outflow located
at tank 2 has the same cross-sectional area as the coupling pipe between the
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cylinders but a different outflow coefficient, denoted pog. Two pumps driven
by DC motors supply the first and last tanks. Pumps flow rates (¢; and ¢2) are
defined by flow per rotation. A digital/analog converter is used to control each
pump. The maximum flow rate for pump 7 is denoted imas. A piezo-resistive
differential pressure sensor carries out the necessary level measurement. Three
transducers deliver voltage signal levels. The variable ¢; denotes the level in
tank j and {4z, the associated maximum liquid level.

Tank ; Tank 3 Tank 5 &

Fig. 4.2. Synoptic of the three-tank system

The system can be described by the following mass balance equations:

57— 41(0) — gatt)
Sdgfhft) = q2(t) + g32(t) — q20(t) (4.1)
Sdgg ®) = qu3(t) — g32(t)

dt

where ¢, represents the flow rate from tank m to n (m,n =1,2,3 Vm # n)
which, based on the Torricelli law, is equal to

Gmn(t) = tnnSpsign(ly(t) — ln(t))\/Qg | I () = In(t) |, (4.2)

and goo represents the outflow rate described as follows:

G20(t) = p120Sp/2gla(t). (4.3)

The numerical values of the plant parameters are listed in Table 4.1.
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Table 4.1. Parameters value of the three-tank system

Variable Symbol Value
Tank cross sectional area S 0.0154 m?
Inter tank cross sectional area Sp 5x 1075 m?
Outflow coefficient Wiz = p32 0.5
Outflow coefficient 120 0.675
Maximum flow rate Gimax (1 € [1 2]) 1.2 X 1074 m3s~!
Maximum level limaz(j € [123]) 0.62 m

4.3 Linear Case

4.3.1 Linear Representation

Under the assumption ¢; > f3 > {5, a linear model can be established
around an equilibrium point (U, Yp). The system is linearized around this
operating point using Taylor expansion. The linearized system is described by
a discrete LTT representation with a sampling period Ts =1 s:

{ 2(k +1) = Az(k) + Bu(k) (4.4)

y(k) = Cx(k)
where y and u represent variations around an operating point defined by the
pair (Up, Yp).

The purpose of this study is to control the system around the operating
point (U, Yp), which is fixed to

{YO — [0.40 0.20 0.30]" (m) (4.5)

Up = [0.35 x 1074 0.375 x 1074]" (m?/s)

In order to generate matrices A and B, the following program is written
in MATLAB® code:

% Parameters value of three—tank system
mul3=0.5; mu20=0.675; mu32=0.5;
S=0.0154; Sn=5e—5; W=sqrt (2x9.81);

% Output operating Points (m)
Y10=0.400; Y20=0.200; Y30=0.300;

% Input operating Points (m3/s)
U10=0.350e —004; U20=0.375e —004;

% Matriz A
All=—(mul3*Sn*W) / (2% Sxsqrt (Y10-Y30)); A12=0;
A13=A11;
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A21=0;A23=(mu32+Sn+W) /(2 Sxsqrt (Y30-Y20));
A22=A23—((mu20%Sn+W) /(2% Sxsqrt (Y20)));
A31=A11:A32=A23; A33—A32-A31:

A=[A11 A12 A13; A21 A22 A23; A31 A32 A33];

% Matriz B
B11=1/S; B12=0;
B21=0;B22=1/S;
B31=0;B32=0;
B=[B1l B12;B21 B22;B31 B32]:

% Continuous to discret state space transformation
[Ad, Bd] = c2d(A,B,1.0);

Then, matrices A, B and C are equivalent to

0.9888 0.0001 0.0112 64.5687 0.0014
A=10.0001 09781 0.0111|; B = | 0.0014 64.2202 | ; C = I3xs.
0.0112 0.0111 0.9776 0.3650 0.3637

Remark 4.1. As presented in Chap. 3, which discussed the winding machine
application, (4.4) may be obtained using an identification method.

4.3.2 Linear Nominal Control Law

A tracking control problem is considered in this study where the desired out-
puts y1 = [¢1 £2]T are required to track references y, with

o =[] - 3]0

where yy = /3.

To achieve the nominal tracking control, the solution proposed by [29]
and developed in Sect. 2.4.1 has been considered for the three-tank system.
Since the feedback control can only guarantee the stability and the dynamic
behavior of the closed-loop system, a complementary controller is required to
cause the output vector y; to track the reference input vector y,. such that the
steady-state error is equal to zero. The technique consists of adding a vector
comparator and integrator z = [z 22]T that satisfies

zi(k + 1) = zi(k) + Ts (yr,i(k) — y1,:(k)) - (4.7)

Therefore, the open-loop system can be described by an augmented state-
space representation and the controllability of the system is verified off-line.
Among the most popular controller design techniques for MIMO systems,
a pole placement technique is considered to impose a desired behavior of
the plant in closed-loop. Therefore, the feedback gain matrix K is designed
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such that the eigenvalues of the closed-loop augmented system are equal to
[0.92 0.97 0.90 0.95 0.94]:

B o [ (095 —0.32 216 3 —5\].
K=K | K] =107 % [(—0.30 —0.91) | (2.9 19 —4)]’ (48)

_ 216 3 -5 —0.95 —0.32

K=[K | K]=107"x [( 29 19 —4> | <—o.30 —0.91)] - (49)
The control law has been implemented in C-code on a PC associated with a
data acquisition board. For this system, the state variables z(k) are available,
and thus matrix C' = I. Consequently, the control law is computed using
the measurements. Based on a vector comparator, a simple matrix operator
is computed to calculate the proportional part and also the integrator part
through a recurrent algorithm under an anti-windup scheme. This integrator
module with anti-windup scheme is jammed to a constant value when an

actuator saturates and eliminates some possible instability problems.

Results and Comments

Step responses with respect to set-point changes are considered to validate
the tracking control. Reference inputs y, are step changes for /1 and £» which
excite the nonlinear system around the corresponding operating condition.
The dynamic behavior of the levels shows that the controller is synthesized
correctly (Fig. 4.3). According to the developed MIMO control law, level ¢; is
affected by step change on level ¢; as presented in Fig. 4.3. Moreover, it should
be noticed that the measurement noise level is very low for this application.
Figure 4.4 shows the corresponding control inputs for step changes in the
reference inputs. As indicated previously, £; impacts the dynamic of £5 when
the reference signal changes, consequently the corresponding control input ¢;
is also affected.

4.3.3 Fault Detection and Isolation with Magnitude Estimation

In most conventional control systems, controllers are designed for the fault-
free case without taking into account the possibility of fault occurrence. Due
to abnormal operation or material aging, actuator or sensor faults occur in
systems. First, a constant offset of —0.03 m on level sensor ¢; has been created
and added at instant 1000 s. In other words, the faulty measurement used by
the controller is equal to ¢; — 0.03. As illustrated in Fig. 4.5, the control
law tries to cancel the steady-state error created by the faulty measurement.
Consequently, the real output is different from the reference input and the
control law is different from its nominal value (Fig. 4.6).
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Similarly, an actuator fault on pump 1 has been applied. A gain degrada-
tion of 80% appears abruptly at instant 1000 s. Practically, the control input
applied to the system corresponds to the control input computed by the con-
troller multiplied by a constant equal to 0.2. Since an actuator fault acts on
the system as a perturbation, the system output ¢; returns to its nominal
value (see Fig. 4.7). With this controller, the dynamic behavior of level ¢s is
also affected by this fault as illustrated in Fig. 4.8.
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Fig. 4.7. Measured ¢; in fault-free and in the presence of a bias on pump q1

In the presence of sensor or actuator faults, system (4.4) can be represented
by the discrete state-space representation

{x(k+ 1) = Aa(k) + Bu(k) + Fof (k). (4.10)

y(k) = (k) + Fy f (k)

where f € R3+2) is a common representation of sensor f, € ®* and actuator
fa € N2 faults vectors. F, and F, are respectively the state and output faults
matrices with F, = [B ngg} and F, = [03><2 ngg}.

To detect and isolate faults, a structured residuals scheme sensitive to
certain faults and insensitive to others is designed. For actuator or sensor fault
representations, a unique state-space model can be established to describe the
faulty system as follows (as presented in Sect. 2.5.1):
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Fig. 4.8. Measured /5 in fault-free and in the presence of a bias on pump g1

{x(k+ 1) = Ax(k) + Bu(k) + Fafa(k) + F1 () (4.11)

y(k) = Cx(k) + Fy f* (k)

In both cases f4(k) is the faulty unknown input vector. This unique system
representation is considered for the FDI problem. While a single residual is
sufficient to detect a fault, a set of structured residuals is required for fault
isolation. A residual generation using unknown input observer scheme is con-
sidered in order to be sensitive to f*(k) and insensitive to fault vector fq(k)
as

, (4.12)

w(k + 1) = Ew(k) + TBu(k) + Ky(k)
z(k) = w(k) + Hy(k)

where Z is the estimated state vector and w is the state of this full-order
observer. E, T, K, and H are matrices to be designed to achieve unknown
input decoupling requirements.

The design of the unknown input observer is achieved by solving the fol-
lowing equations:

(HC — I)F,; =0, (4.13)
T=1-HC, (4.14)
E=A-HCA-KC, (4.15)
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K, = EH, (4.16)

and

K =K, + Ko. (4.17)

Before implementing the unknown input observer, the necessary and suf-
ficient conditions should be checked:

o Rank(CFy) = rank(Fy)
e (C,A;) is a detectable pair, where A; = F + K;C

As indicated below, the function, implemented in MATLAB®, synthesizes
each decoupled observer according to the fault matrix Fy:

function [E,T,K,H]=uio linear (A,B,C,Fd)

% Reference

% Chapter 3 — Robust residual generation wvia UIOs

% page 77.

% Robust Model—Based Fault Diagnosis for Dynamic Syst.
% Jie Chen and R.J. Patton

% Kluwer Avademic Publishers

% 1999

% Algorithm

% de(t)/dt = A z(t)+ B u(t) + Fd d(t)

% y(t) =C z(t)

% to built an UIO

% 1 a) The number of ouputs (row of C) must be greater
% than the number of unknown inputs (Column of Fd)
1b) Check the rank condition for Fd and CFd

2 ) Compute H, T, and Al

H =Fd x inv[(C Fd)’x (C Fd)]x(C Fd)’

T I - HC

A1 =T A

3 ) Check the observability

If (C, A1) observable, a UIO ezits and K1 can be
computed using pole placement

Remark : The choice of pole placement is fized here
with 0.9 * eigen value of Al

4 ) Compute E, K to built the following UIO

dz(t)/dt E z(t) + TBu(t) +K y(t)
z est(t) = z(t) + Hy(t)

xR

with
= A1 — K1 C
Ki + FH

NIRRT NER KK

E
K
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% 0 ) Check input conditions

if nargin =4,

error ( 'Number of input arguments incorrect!...
type help wuio chen’),return

end

% 1 a) The number of ouputs (row of C) must be greater
% than the number of unknown inputs (Column of Fd)

nb Fd=size (Fd);nb C=size(C); nb row C=nb C(1);

nb column Fd=nb Fd (2);

if (nb column Fd > nb row C ),

error(’'The number of ouputs (row of C) must be...
greater than the number of unknown inputs ...

(column of Fd)’),return

end

% 1b) Check the rank condition for Fd and CFd
if (rank(CxFd) "= rank(Fd)),
error ( 'rank (C«Fd)==rank (Fd) ’) ,return ,end

% 2 ) Compute H, T, and Al
nb A=size (A); H=Fdxinv ((CxFd) % (CxFd) ) (C«Fd) ’;
T=eye(nb A (1)) —(H«C); AI=T*A;

% 3 ) Check the observability : If (C, A1) observable
% a UIO ezits and K1 can be computed using pole

% placement

if (rank(obsv(Al,C)) "= nb A(1)),

error(’(C,Al) should be observable’),

return,

end

pole=eig(Al); Kl=place(Al’,C’,[0.9x*pole]); Kl=K1’;

% 4 ) Compute E, K to built the following UIO
FE=A1K1+C; K=KI+E+H;

For fault isolation, a bank of (3 + 2) unknown input observers is con-
structed. Each residual vector r;(k) = y(k) — C#(k) produced by the j*B
unknown input observer is used to detect a fault according to a statistical
test.

In the presence of a fault, the design of structured residuals generates a
residual insensitive to an expected fault. The value of the residual insensitive
to the fault is close to zero unlike the other residuals. The FDI and estimation
module based on the measured input and output vectors has been illustrated
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in the presence of a fault as previously defined. For the fault on pump 1
(respectively on sensor ¢1), the residuals designed for this kind of faults are
close to zero while the other residuals are commonly different from zero at
the time the actuator fault (respectively sensor fault) occurs. These features
correspond to the expected results as illustrated in Figs. 4.9 and Fig. 4.10.
Among the components, the faulty one has been correctly detected with a
time delay of 16 s for the sensor and of 13 s for the actuator. In both cases
and for this fault magnitude, a time delay around 14 s should be considered
with a classical Page-Hinkley test for residuals evaluation and an elementary
logic decision.
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Fig. 4.9. Residuals behavior for actuator fault on pump 1

The fault magnitude estimation of the corrupted element f;(k) is extracted
directly from the j*® unknown input observer which is built to be insensitive to
the jtP fault. The state estimation is generated by this unknown input observer
and matrices computations using singular value decomposition following the
instructions below.
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Fig. 4.10. Residuals behavior for level ¢ sensor fault

%For instance for a fault on Pump 1
Fd=Bd(:,1);

%produce a complete singular value decomposition
[T,R,M=svd(Fd);

Abar=inv (T)*Ad«T; Allbar=Abar(1,1);Al2bar=Abar(1,2:3);
Bbar=inv (T)*Bd; Blbar=[Bbar (1 ,:)];

Mat associated to x1=Mxinv(R(1,1));

Mat associated to All=Mxinv(R(1,1))xAllbar;
Mat associated to Al2=Mxinv(R(1,1))*xAl2bar;
Mat associated to Bl=Mxinv(R(1,1))*Blbar;

Thus, the sensor input or actuator fault magnitude can be estimated as
follows:

fd(k) =VR Y @1(k+1) — Ap1Z1 (k) — Ao (k) — Bru(k)). (4.18)
It can be noted that the sensor fault estimation fg(k) is the last component

of the estimated augmented state vector a::(k) and does not require the previous
calculation.
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Based on the experimental data set given as an example, the sensor (re-
spectively actuator) fault magnitude and their estimations are illustrated in
Fig. 4.11 (respectively Fig. 4.12). The fault estimation is close to zero in the
fault-free case. However, the fault estimation is close to the fault magnitude
when the fault occurs.
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Fig. 4.11. Sensor fault magnitude and its estimation

4.3.4 Fault Accommodation
Sensor Fault Masking

In the presence of the sensor fault, only the first residual is insensitive to the
fault on level sensor ¢;. The fault which occurs at ¢ = 1000 s is isolated at
instant 1016 s. Based on the sensor fault masking principle, the control law
switches from the measurement to its estimation. In Fig. 4.13, it can be noted
that using the fault accommodation method the real level follows the set-point
unlike the case without fault accommodation. Figure 4.14 shows a zoom of
Fig. 4.13 around instant 1000 s and indicates that the fault accommodation
approach preserves the dynamical behavior of the system in the presence of a
fault. The unknown input observer insensitive to the sensor fault occurrence
provides an accurate estimate of the system output after a sensor fault occurs.
The corresponding flow rates are presented in Fig. 4.15.
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Actuator Fault Compensation

As presented in Chap. 2, an FTC method is used to eliminate the actuator
fault effect on the system. Its goal is to compute an additional control law able
to compensate for the fault effect on the system using an on-line magnitude
estimation of the fault. When the fault is detected and isolated, an additional
control term is computed and added to the nominal one. The new control law
applied to the system is then given by

U(k) = (tUnom (k) + uqaa(k)) + Up. (4.19)

If a fault is detected and isolated on the 4t actuator, according to the fault
magnitude estimation f4(k) described in the previous section, the additional
control law ugqq(k) is computed on-line as

Ugaq(k) = —Baaafa(k), (4.20)

where Bgqq is computed off-line. It is equal to BT Bj where BY is the pseudo-
inverse of matrix B and B; is the j*® column of B.

Once the fault is isolated and estimated, the compensation control law is
computed in order to reduce the fault effect on the system. With the fault
accommodation method, the outputs decrease less than in the case of a clas-
sical control law as illustrated in Figs. 4.16 and 4.17. They reach the nominal
values quicker because the fault is estimated and the new control law is able
to compensate for the fault effect at instant 1013 s. According to Fig. 4.18,
it can easily be seen that, after the fault occurrence, the time response and
the overshoot of the compensated outputs are smaller than those of the faulty
outputs with a classical control law. These results can be confirmed by the
examination of the control input flow rate (Fig. 4.19). Without fault accom-
modation, the control input increases slowly trying to compensate for the fault
effect. With the accommodation approach, the control input increases quicker
and enables the rapid fault compensation on the controlled system outputs.

With the fault accommodation method, the dynamic behavior of the out-
puts after a sensor or an actuator fault occurrence is close to the nominal one
compared to that without accommodation.
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4.4 Nonlinear Case
In order to extend the proposed active FTC approach based on the FDI results

to the whole range of operating conditions, the nonlinear model is considered
rather than a multiple model approach.

4.4.1 Nonlinear Representation

According to (4.1), the system can be written in the nonlinear affine state-
space representation

2
() = fa(t) + Y gile(t)u(t)
i=1
y(t) = h(z(t)) = =(t)

where the output vector y = [¢1 {2 23]T is equal to the state vector z and

, (4.21)

—q13(t) T’

() =& | a2(t) — q0(t) |, gi(z(t) =[g 0 0],
q13(t) — g32(t)
and g2(z()) = [0 & O}T

4.4.2 Closed-loop Fault-free Case
Design and Gain Synthesis

According to (4.21), a nonlinear control law is designed to track the reference
vector y, = [l1, ézr]T. To perform this task, an input-output linearization
and input-output decoupling law via a static state-feedback [41,73,98] is uti-
lized. The system has two outputs (p = 2), so there are two relative degrees
p1 and py to be found as defined in Chap. 2 as follows:

pi = {min I € X/3j € [1,2], Ly, L' (wi(t)) # 0}. (4.22)

Applying (4.22) to (4.21), the degrees p; and py are equal to 1. Then, the
decoupling matrix A(z(t)) is given by

Ly 21(t) Lg,z1(t) L0

Az(t)) = | 79 g2 =15 . 4.23

won =100 T | =[5 1 (4.28)

According to the condition rank (A(z(t))) = 2, the three-tank system can

be statically decoupled. The control law synthesis requires a vector Ay defined
as

| Lyza(t) | _ —tq3(2)
Aofz) = [Lfaa(t)} = [;(qw(i) - (120(58))} : (4.24)
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where each inter flow rate depends on the levels.
A linearizing static feedback u(t) = —A~1(x) Ag(z) + (A~ (z))v(t) is then
designed for the three tank system as follows:

0= [30] = [t Comtaton ] + [0 8]0 @29

where v(t) represents the input vector of the equivalent linearized model.

According to the value of relative degrees p; and po, the closed-loop system
can be described as two independent linear SISO subsystems equivalent to a
unique integrator expressed as

1
S

) 4.26
1 (4.26)
S

where s is the Laplace variable.

Remark 4.2. It can be noted that Zle r; = 2 < 3. The system has an unob-
servable subspace of dimension one which can be associated with tank 3. Due
to the stable property of this unobservable subspace, the linearizing control
law can be applied to the three-tank system.

Each linear SISO subsystem (4.26) is unstable, and therefore a second
control law should be designed to stabilize it and to assign the dynamic be-
havior following the linear control theory. A proportional output feedback
vi(t) = K; (yr,i(t) — £;(t)) is applied to each i*" decoupled subsystem which is
equivalent to

bls) _ K (4.27)
yri(s) s+ K;
where K; represents the proportional gain and ¥, ; the reference input.

The block diagram built using Simulink® (Fig. 4.20) summarizes the de-
signed nonlinear controller with the main blocks “Stabilization” and “Lin-
earization.” Each Simulink® block corresponding to the previous equations is
presented in Figs. 4.21 and 4.22. Moreover, it can be highlighted that the C-
code used for the on-line implementation of the nonlinear control law is based
on the elements presented in each block based on elementary mathematical
functions or operators.

The parameter estimation shows modeling errors, and corrupts the “ideal”
decoupled subsystem as defined in (4.26). This problem generates a steady-
state error in closed-loop. To eliminate the difference between the desired
output y,,; and the level ¢;, an integrator is added to each controller of the
stabilization feedback.
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Fig. 4.20. Block diagram for nonlinear control law design in fault-free case
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Results and Comments

The control law has been applied to the three-tank system in the fault-free
case. The results shown in the following figures are step responses obtained for
different reference inputs. All experiments are illustrated for a range of 4000 s.
The outputs ¢; and ¢ follow the reference inputs y,.1 and y, > from an initial
level of 0 m until a maximum level of 0.5 m for ¢; (Fig. 4.23) and 0.4m for ¢y
(Fig. 4.24) with different steps. Generally speaking, the variance of the noise
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is more important during the first 1000 samples on the control signal ¢; (Fig.
4.25). It is due to the fact that the level ¢ is very low in the first tank and
the output of the pump is very high: the noise corresponds to the effect of
the water fall (Fig. 4.23). The same could be said about the control signal
g2 (Fig. 4.26). According to the considered closed-loop strategy, the system
is completely decoupled into two subsystems, since level £y is never affected
by the variations of level ¢; (which is not the case in the previously studied
linear case).
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Fig. 4.23. Level ¢; in fault-free case
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Fig. 4.25. Input flow rate ¢ in fault-free case
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Fig. 4.26. Input flow rate g2 in fault-free case

4.4.3 Closed-loop in the Presence of Faults
Actuator Fault

Unlike the previous study, which was carried out around an operating point,
actuator and sensor faults will now be considered for the whole operating
range.

A first experiment consists of assuming a degradation of pump 1 of 80% to
occur at instant ¢ = 2000 s. As presented in Fig. 4.27, the output ¢; does not
follow its reference input y, ;. However, it can also be noticed that, despite the
degradation of pump 1 (see Fig. 4.28), the system is perfectly decoupled into
two subsystems. The control law associated with pump 2 compensates for the
degradation of pump 1 considered as a disturbance in order to maintain the
reference input on level {5 with a dynamic behavior identical to the fault-free
case. As illustrated in Fig. 4.29 only level /3 is affected by the presence of this
fault.



Level 1 (m)

Flow rate q1 (m3/s)

4.4 Nonlinear Case
0.6 . . . .
05F "= s -
1
I
0.4 1
| |
|
0.3f 1}
il
r.
0.2[ = == / 1
01 _,"'II =+ = reference i
) I’ fault free case
'I. actuator faulty case
0' 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
Time[s]
Fig. 4.27. Level ¢; with pump 1 actuator fault
x 107
1.4
fault free case
= actuator faulty case
1.2+ E
1
08r 1

0
0

500 1000 1500 2000 2500 3000 3500 4000
Time[s]

Fig. 4.28. Input flow rate g1 with pump 1 actuator fault

135



136 4 Application to a Three-tank System

0.5 T T T v T ! !

Level 3 (m)

0.2} -____',f \

0.15
0.1r i
1 fault free case
0.055 = - — actuator faulty case _
1
G 1 1 1 i 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000

Time[s]

Fig. 4.29. Level ¢35 with pump 1 actuator fault

Sensor Fault

A second experiment corresponds to an incipient degradation on level sensor
¢, with a gain equal to 5 x 107® ms~!. This fault is assumed to occur at
t = 2000 s as presented in Fig. 4.30. This type of fault often occurs on sensors
and is generally due to material aging. When the fault appears, the controller
brings the faulty measurement ¢; back to the corresponding reference value
Yr.1- The real level is far from the desired value (Fig. 4.30) and moreover the
subsystem associated with ¢; is affected by the dynamic behavior of output /5.
Indeed, the nonlinear model considered in the decoupled control law synthesis
does not correspond to the actual system. Consequently, the robustness of
the closed-loop against disturbances is affected by the sensor fault occurrence.
Indeed, the “measured” level ¢; (affected by the sensor fault) cannot reach
the set-point as illustrated in Fig. 4.30 after instant 2500 s.
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Fig. 4.30. Level ¢; with a drift on sensor level ¢;

4.4.4 Sensor Fault-tolerant Control Design

Sensor Fault Detection and Isolation with Magnitude Estimation

In the presence of faults on each measured level, the three-tank system defined
in (4.1) can be described by the following state-space representation:

with

r —q13(l1,l3)

S

(l2,l3)—g20(l2)
q32(t2 SS q20(t2 +

S SO
Sk O

q13(l1,13)—q32(l2,13) )
L S

[1(2) fsi (1)
La(t) | + | fs2(1)

| 13(t) fes (1)

qi3(t) = c1v/In () — I3(t)
go0(t) = c2/12(t) ;
q13(t) = c3/13(t) — Ia(t)

(4.29)
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where parameters c1, ca, and c3 are constant and can be calculated based on
constant parameters presented in Table 4.1 according to (4.2) and (4.3).

Under sensor faults assumptions, as proposed in Sect. 2.5.1, the previous
state-space representation can be defined through the following augmented
state:

la(t)
I3(t)
x(t) = , 4.30
=1 00 (4:30)
o (1)
o (1)
where sensor faults f, are considered as a linear system excited by external
inputs fs,:
f81 () =mfs (t) + f81 (t)
foa(t) = 2 fea () + foa (1) - (4.31)

fss (t) = 73f53 (t) + f53 (t)

The system can be expressed as a “pseudo-actuator” faults form as follows:

—Cl\/ll(t)—lg,(t) -é 0
jswg(t)—zz(t) —jmw) 0 o
i _|la ll(t)—lg(t)—03 lg(t)—lg(t) U1
(®) i for () Tlo o {uz(t)}
72f52(t) 00
73f53(t) -0 0
Fflz(t) _g(z(t)) (4.32)
000
000 =
fs1(2)
ceael )
o 0ol LA
10 01 f(®)
N——

F(t)

To be sensitive to some faults and insensitive to others, the fault vector is
broken down into two parts as follows:
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0 00
0 00|
) = fe) +ateu + ||| o+ o 0| [E0] s
0f A®) 10| ~———
0 01| “®
- —_—
Fy(t) Dy (t)

Based on the previous state-space, an associated detectability index is
computed as defined in (2.80). For the first sensor (i.e. i = 1), p; is defined as

p1 =min{¢ € N|Lp, L5 '31(t) # 0}, (4.34)

where 71 (t) is the estimation of the first component of x(t).

For the considered system, p; is equal to one: only output y; is affected
by fs,. Thus, the state-space representation insensitive to fault fs, is defined
as

S _ [ Za(t)] _ yi(t)
0 =0, w000 = [ 0] = | iuy - 69
where Z,(t) = y1(t) = l1(¢) + fs, () and
() = [11(t) 1) Is(t) fo,(t) fo(t)]". It can be noted that ¢ (z(t), u(t))
is independent of fs, (¢).
Therefore, the faulty sensor nonlinear affine state-space representation is
described through the following decoupled form:

Balt) = 1(0) + fur ) = (—er/i () = () + gua(t) + Fos() = 10
l:l(t) —c1/Ii(t) — U5(t)
. 1.2(t) C3 \/lg(t) — lg(t) — C2 \/lg(t)
Ty(t) = Z.B(t) = 01\/11(0 —1I3(t) — 03\/13(t) —1a(t)
fs2 (1) Y2 fss(t)
fss(t) V3 fss(t)
00
S
U1 t S t
“lo ][]+ 0 0 720)
00 01
Ga(t) = 1 (1)
N Ia(t) + fs,(2)
B(t) = [ﬁ(t) + (t)]

(4.36)
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The subsystem insensitive to fs, defined in (4.37) is considered in order
to generate a residual 71 of zero mean in both fault-free case and faulty case:

iy, (1) —c1y/Tv, (£) — T, ()
. b, (1) c3/ b, (1) be (t) = ca\/Tw, ()
zb(t) = | Tos (t) = la \/‘%ln (t) - ‘%b?, - 03\/$b3 xb? )
"?b4 (t) 723:54 (t)
5355 (t) 7353b5 (t)
F@ (1))
) 00
8 (1) 00y (4.37)
o b [“ﬂﬂ L0 {f@@} |
o o Le®] o o] [Fa®
10
0 0
N , 01
3(@u(t)) T
1

h1(25(1))

Indeed, based on the previous reduced system, represented by the following
form:

@p(t) = f(@(t) + (@ (t))u(t) + Dy {f&(ﬂ :

Go(t) = §u.(t) = ha(&(t))
A classical extended Luenberger observer should be considered to estimate
the state as follows:

(4.38)

Bult) = F@(0) + 3G O)ul) + Lo () — (), (4.39)
where Ly corresponds to the observer gain computed at each step time so that

the eigenvalues of <af (I*’(Sf))) Ly aggbét)))) are stable and follow the dynamic
specifications.

The same calculation is applied to each sensor fault. Therefore, a bank of
three classical extended Luenberger observers, where each of them is decoupled
to one single fault, is used to detect and isolate sensor faults.

In the fault-free case, the residuals generated by the three extended Lu-
enberger observers are close to “zero.” Each residual is affected by estimation
errors issued from some modeling errors as illustrated in Fig. 4.31. With an
appropriate evaluation method, no faults are isolated. However, in the pres-
ence of an incipient fault on the first sensor, Fig. 4.32 shows that at instant
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2000 s, two of the three residuals present some incipient variation. It can be
noted that the residuals have the same evolution as the fault. As said previ-
ously, only the first residual is insensitive to the fault on level sensor ¢;. The
residual evaluation detects this evolution at instant 2009 s.

0.002 7
0 | i ":.;"M".h"-\.‘:.‘:;.“-‘.,.‘.,,:','-'_‘_‘.'. I e
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0 j\"‘“‘ ST W L S :

_poo2t Residuals 13 msensitive to sensor fault 3 4

0 500 1000 1500 2000 2500 3000 3500 4000
Time][s]

Fig. 4.31. Dynamic behavior of residuals in fault-free case

Sensor Masking Approach

As presented in the previous experiment, the observer insensitive to a sensor
fault allows one to compute an estimation of the state & which is not affected
by the fault. Consequently, an estimation of the output corrupted by the fault
is considered in the control law rather than the measured (and corrupted) one.
In the presence of sensor faults, the faulty measurements directly affect the
closed-loop behavior or the state estimator. Moreover, the controller aims at
canceling the error between the measurement and its reference input. However,
the real output is far from the desired value and may drive the system to its
physical limitations or even to instability as presented in Fig. 4.30. Sensor FTC
can be obtained by computing a new control law using a fault-free estimation
of the faulty element to prevent faults from developing into failures and to
minimize the fault effects on the system performance and safety. From the
control point of view, sensor FTC does not require any modification of the
control law and is also called “sensor masking” as suggested by [131]. The



142 4 Application to a Three-tank System

0.002 & 1
ok R :m_'.',h.."ﬁ.f—_’-_:,::.;.?. gt :.‘;,.’_-.*M"‘-.‘.:;; ST -."\w;_:;—._..
— 0.002 - Residuals r1 msensitive to sensor fault 1 1
0.01 il
0 Femmes UU - SV —
—-001r b
002 - Residuals 12 insensitive to sensor fault 2
0.01
1] i PENSNE T —— B
—0.01F Regiduals 13 insensitive to sensor EM
— 002 1
1] 300 1000 1500 2000 2500 3000 3500 4000

Time[s]

Fig. 4.32. Dynamic behavior of residuals with a drift on sensor level ¢;

only requirement is that the “estimator” provides an accurate estimate of
the system output after an instrument fault occurs. Then, as previously said,
only the first residual is insensitive to the fault on level sensor. The fault
is isolated at instant 2009 s and consequently the control law switches from
measurement ¢; to its estimation [71 issued from the extended Luenberger
observer decoupled to the sensor fault on ¢;. With the FTC method, the real
level ¢; follows its reference. When the fault appears, the measured level ¢4
has the same evolution as the fault. Figure 4.33 shows the abilities of the
sensor FTC method to compensate for incipient faults.

The FDI of the developed strategy is of paramount importance to com-
pensate for these faults and to preserve system performances.

4.4.5 Actuator Fault-tolerant Control Design
Actuator FDI with Magnitude Estimation

According to the nonlinear control law synthesis, the input-output decoupled
transfer function (4.26) of each subsystem | * ) with (i = 1, 2) is linear and
iy

equal to one integrator. Each of them could then be expressed as the following
classical Brunovsky canonical form [65]:



4.4 Nonlinear Case 143

0.6 T T T T
0.5+ |"= 1
I |
04- i .
’é“ !
' | |
] .
T 037 ! 1
- 1
@
- i
02 == —n—e A .
= = reference
0.1H real |
{ measured
|
]
D- 1 1 1 1
0 500 1000 1500 2000 2500 3000 3300 4000

Time[s]

Fig. 4.33. Level ¢; with sensor fault masking in the presence of a drift on sensor
level 41

{ i(t) = AZ(t) + Bui(t) (4.40)

yi(t) = Cz(t)

where for the three-tank system A = [0], B = C = [1], and y;(t) = 4;(¢).

As shown in Figs. 4.16 and 4.18 in the linear case, based on the nonlinear
decoupled control law, a fault on actuator ¢ affects the reference input 7. Ac-
cording to the actuator faulty linear representation presented in Section 2.3.1,
the Brunovsky canonical form (4.40) can be represented as

<i<?2, (4.41)

)

{ i(t) = AZ(t) + Bu(t) + Bd,(t)
yi(t) = Ci(t)

where d;(t) represents an image of the actuator fault effect on the i*® decoupled
subsystem (i = 1, 2).

Furthermore, the Brunovsky canonical form will prove useful dealing with
the problem of fault magnitude estimation. Indeed, in order to detect, isolate,
and estimate the fault, a state observer can be associated with each subsystem
(4.26) and synthesized based on the Brunovsky canonical form through the
following form:
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{ 2(t) = AR + Bui@) + L) = C30) | iy )
i(t) = Cx(?)

where L is the observer gain, = defines the estimated state vector, and ¥;
represents the estimated output. The estimation error vector, denoted £(t) =
Z(t) — x(t), is equivalent to

E(t) = (A— LO)e(t) + di(t). (4.43)

Due to the property of matrix C' being equal to 1, the observation er-
ror is directly computed on-line with the measurements and it provides an
estimation of the fault magnitude as follows:

di(t) = &(t) — (A — LC)e(t). (4.44)

This vector should be exploited for FDI. Then the fault magnitude esti-
mation d; is used as a residual in order to detect and isolate the actuator
fault occurrence. Under the abrupt degradation of 80% occurring at instant
t = 2000 s on the pump 1, it can be seen that the experimental estimation of
the fault d; is zero mean in the absence of fault and nonzero otherwise as illus-
trated in Fig. 4.34. The estimation of the fault dy is close to zero (Fig. 4.35):
the fault (pump degradation) concerns only subsystem 1 and ds concerns only
subsystem 2.

x10-3

0 300 1000 1500 2000 2500 3000 3500 4000

Time[s]

Fig. 4.34. d; fault magnitude estimation with an abrupt loss of effectiveness of
pump 1
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Fig. 4.35. d2 fault magnitude estimation with an abrupt loss of effectiveness of
pump 1

Indeed, a residual evaluation algorithm can be performed by the direct
fault magnitude evaluation through a statistical test in order to monitor the
process. A bank of residuals can be considered to generate fault signatures and
to isolate faults as presented in Chap. 2 through a decision logic for instance.

Actuator Fault Accommodation

In the spirit of fault compensation principles, an additional control term v;,
added to the nominal one vy,om,i, is computed in order to eliminate the ac-
tuator fault effect. Based on the linear system, controlled by a classical state
feedback, the total control law is then computed such as

Vi (t) = Vnom,i(t) + Vadd,s- (4.45)

Fig. 4.36 represents the implementation of the FTC system using Simulink®.
When the FDI module is active, the “accommodation” block will compute an
additive control law added to the nominal one.

Therefore, each decoupled closed-loop system, defined in (4.40), is given
by

1<i<2.  (4.46)

)

{ 5(t) = AR(t) + Bunom i(t) + Buaaas(t) + Bdi(t)
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Fig. 4.36. Block diagram for actuator fault accommodation design

The additional control law is computed on-line such that the faulty system
is as close as possible to the fault-free system behavior. This consists of solving
the following equation:

Bvada,i (t) + Bd; (t) =0. (4.47)

Then the closed-loop system is driven by a new control law composed of
the nominal control law with the additional one with the following property:

Uadd,i(t) = —d; (t) (4.48)

Since d;(t) is unknown, its estimation d;(¢) given by (4.44) should be con-
sidered in the proposed compensation approach.

The “fault accommodation” block is shown in Fig. 4.37. As presented, each
d;(t) is estimated through a classical Luenberger observer. Based on each d;(t),
the additive control law v,qq ; is generated.

Based on the on-line actuator fault magnitude estimations (dy(t) and
C/i\g(t)), the proposed FTC approach is able to compensate for the fault ef-
fect when the fault appears with a small delay depending on the FDI module
performance. As illustrated in Fig. 4.38, the output ¢; decreases less than
without fault accommodation, then it reaches its reference value.

As indicated in the proposed method, the additive control law vgqq,1(t) is
able to compensate for the fault effect at the instant the fault is detected. From
a practical point of view, a simple numerical filter with an appropriate gain
is considered in order to reduce the noise on the fault magnitude estimation.
Then the closed-loop system is driven by a new control law composed of the
nominal control law with the additional one as presented in Fig. 4.39.

Nevertheless, the level ¢; is sensitive to the change of the reference of /5 as
presented in Fig. 4.40 around ¢ = 2500s. Due to modeling errors, the system
is not exactly decoupled. From a practical point of view, the FTC approach
in the presence of fault preserves the dynamical behavior of the system.
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4.4.6 Fault-tolerant Control Design Against Major Actuator
Failures

Actuator Fault-tolerant Control Synthesis

The FTC strategy, presented in this paragraph, deals with major actuator
failures as a blocking or a complete loss of an actuator appearing on sys-
tems without actuator redundancy. In the event of this kind of failure, it is
impossible to maintain the faulty system to a desirable level of performance
based on the FTC method developed in Chap. 2. Thus, the proposed method
consists of leading the system to its optimal operating order with respect
to desirable performances. Moreover, both static and dynamic performances
are taken into account in the generation of the optimal reference trajectory,
allowing the faulty system to be driven to its optimal operating order. The
distribution of the available energy among the healthy actuators, the accessi-
bility, and the stability conditions are also considered. This corresponds to a
nonlinear constrained dynamical problem.
Consider the following m-inputs, m-outputs nonlinear system:

(1) = fa(t) + Y gil@(t)ui(t)
=1

Y (t) = h(z(t))

, (4.49)

where 2 € R" is the state vector, u = [u1 ... ]’ € R™ is the control
vector, and y € R™ is the output vector to be controlled. f(.), h(.) and
gi(.), (i = 1,...,m) are smooth vector fields. This model is defined on an open
set of (¥) under the following physical constraints:

(W) . Uiin, < U/(t) < Umaz - (450)

An input-output linearization and decoupling law via a static state feed-
back is assumed to control the plant according to the set (¥).

When a major failure appears on the ;" actuator (blocking or complete
loss), the nonlinear system becomes

cp(t) = flas(t) + Z gi(w s (t))wip (t) + g;( (t))d;

yr(t) = h(xs(t))

which is equivalent to:

(2)) : ,(451)
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ip(t) = fi(xr(t)) + gi(@ s (t))ui,f(t)
(2) - ileslt L ;yéj - (4.52)
yr(t) = h(zg(t))
where
fi(xr @) = fxp(t) + g5 (2 (t))d;, (4.53)
with uy = [uLf o U1 f Ujidf um’f]T e pm—1, zy € R,y € VT

and d; is a constant corresponding to the 4t actuator failure value.

If the actuator is blocked, d; is equal to the blocking value; however if the
actuator is lost (out of order), d; is null. Thus, in the case of a major actua-
tor failure, the plant dynamic structure itself changes suddenly. The nominal
control no longer maintains the damaged system (X;) at an admissible level
of performance, regardless of the reference trajectories. The set of available
inputs has decreased. Thus, only (m — 1) outputs could be tracked now.

The active FTC for major actuator failures, developed here, is composed
of a failure detection and isolation module, the redesign of a new control law,
and the computation of suitable reference inputs. FDI is realized via the mea-
surement of inputs and assumed without false alarms and missed detection
problems. Considering a major failure, it is impossible to preserve an accept-
able level of performance, regardless of the applied control. The only possibil-
ity is to lead the damaged system to its optimal operating order with respect
to desirable performance and their degrees of priority. The reference inputs
generation, which leads the damaged system to its optimal operating order,
corresponds to the nonlinear quadratic programming optimization problem.
The objective is to minimize the distance between the desirable output vector
yq before failure and the desired output vector yy, distributing the energy
equally among the healthy actuators and such that (yy, uy) is solution of the
damaged system (X;) and belonging to the set (¥). Thus, the optimization
problem is defined as

o (o) = i (= vglye 4 sl )0 (050)

under the constraints

m

fip)+ > gilwpuis =0,
i=1, i#j
yr — h(zg) =0, (4.55)
ZTf — Tmin 2> 0, Tmax —If >0,
Yf — Ymin > anmaw — Yy > 0;
Ui, f — Ui min > Oaui,mar — U4, f >0, t=1,...,m, 1 7é J,
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4 Ij—l 0
where Roth = |:IJO_1 8 I 0 j:| and Qopt 0 I 0
m— 0 g

Matrices Qopr € R™*™ and Rope,y € R™*™ correspond, respectively, to
priority degree of outputs and to solicitation degree of actuators.

The system can continue to operate with degraded performance as long
as it remains within acceptable limits, defined by safety constraints and the
threshold of the admissible lowest quality T":

T= ||Emaw||i21/2 + ||umaw||?%1/2 ) (456)
opt opt, f

where Enaz = |Yd— Yf|maz represents the accepted maximal output error and
Umae the maximal energy provided by each actuator.
If Jopt < T, the reference inputs of the new control law are modified to

lead the damaged system to operating order (y;?, u;) rather than stopping it.

The proposed method is based on the computation of new reference inputs
in order to drive the system in an optimal operating order (optimal trim
point for linear systems) with respect to desirable performances and to their
degrees of priority. For a plant without actuator redundancies such as the
three-tank system, this method is very important because it is impossible to
maintain the system at some acceptable level of performance in the presence
of major actuator failures. The next paragraph is dedicated to highlight the
effectiveness of this approach to the nonlinear model of the three-tank system.

Results and Comments

When the pump 1 is blocked at its current value in steady-state at ¢ = 1280 s,
this fault becomes legible and critical only when the reference input associated
with /5 changes at ¢ = 1300 s as illustrated in Fig. 4.41. Indeed, the modi-
fication of flow rate g2 with a jammed flow rate g; involves the uncontrolled
increase of level £;. The security system avoids the overflowing of tank 1. The
system then oscillates because of the successive stops of pump 1. The tracking
error on level ¢y being different from zero, the flow ga becomes maximal (Fig.
4.42). The damaged system will generally be shut down.
For the three-tank system, the constraints are defined as follows:

[0 0 0]" <a(t) < [0.635 0.635 0.635]"
[0 0]" <y(t) < [0.635 0.635]" : (4.57)
[0 0]" <u(t) <1074 10-4]"
In this case, the damaged system does not shut down. At ¢ = 2700 s, the

reference input associated to ¢5 becomes equal to 0.25 m. When the reference
value of /5 changes, ¢ can be correctly tracked but without worrying about
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level ¢;. This is because the nominal control is decoupled. As illustrated in
Fig. 4.43, the FTC strategy avoids this critical situation and minimizes the
fall of quality. Let us define the quality of product by the following matrices:

0.15

50 0
} ; Ropt = I x 10%; Ermaz = {0.15} : (4.58)

Qopt = [ 0 25

The detection module diagnoses the pump 1 blocking at 1305 s. The
threshold of the admissible lowest quality T' given by (4.56), in the case of
pump 1 blocking, is equal to 1.688. The new control law allows tracking of {5,
and the new reference input leading the damaged system to its optimal oper-
ating order is then determined. Table 4.2 gives the operating orders reached
by the nominal control and the FTC, in the presence of the major failure. It
can be seen in Table 4.2 that the FTC avoids the system stop when pump 1
is blocked. The performances are degraded but remain better than the admis-
sible lowest quality J,p: < 1. Regardless of the desirable operating order, the
performances are always better than without FTC.

Table 4.2. Operating orders in case of pump 1 blocked at ¢t = 1280 s

Yd | Nominal control with fault |Fault—tolerant control with fault
[0.5 0.45]" | Critical | [0.568 0.233]7  Jop = 1.408
(0.5 0.257 [[0.594 0.25]"  Jopr = 0.442| [0.512 0.166]"  Jopr = 0.184
[0.45 0.25]"][0.594 0.25]"  Jope =1.04| [0.49 0.133]"  Jop = 0.422

4.5 Conclusion

The three-tank system is used to illustrate the abilities of the FTC system
to compensate for both sensor and actuator faults. A bank of unknown input
observers has been designed in order to detect, isolate, and estimate faults,
and principally to distinguish between sensor and actuator faults.

Indeed, since the compensation for an actuator fault cannot be achieved
in the same way as for a sensor fault, it is of great importance to distinguish
between these faults, which is not usually easy in closed-loop systems. Various
experiments have been conducted in the presence of sensor and actuator faults.
The fault accommodation method based on the FDI results shows that the
compensated outputs behavior are closer to the nominal outputs than the
faulty outputs without compensation.

The main difficulty in applying this FDI and accommodation method in
more complex industrial system is the establishment of an analytical model.
However in many cases, the breaking down of the whole system into subsys-
tems makes possible the modeling and the application of such a method. It
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can be noted that for each subsystem the model obtained is assumed to be
linear around an operating point and is suitable in the associated operating
zone.

Moreover, the nonlinear model of the system is considered with a nominal
control law based on an exact linearization input-output by state feedback.
Because the nonlinear features of the system are considered, the fault magni-
tude is estimated regardless of the operating zone. This method is suitable for
actuator faults such as biases or a loss in the effectiveness of an actuator or a
system component. The developed method emphasizes the importance of the
FTC applied to the three-tank system. A decoupling approach and a bank of
nonlinear observers has been designed in order to detect, isolate, and estimate
sensor faults. Then the fault is compensated using the fault free estimation of
the measured outputs. This method is suitable for sensor faults such as biases
or drift of sensor gain. it should be noted that one way to consider a wide
operating zone could consist in the use of multiple models techniques rather
than considering an exact nonlinear model [106].

A major actuator failure (blocking or complete loss) in a process without
redundancy can be considered as a critical failure. Its application to a non-
linear process, the three-tank system, emphasizes the importance and useful-
ness of such fault-tolerance. The objective of this FTC is different from that
usually met. Indeed, in the presence of critical faults on such a process, it is
impossible to maintain the damaged system at some acceptable level of perfor-
mance, regardless of the applied control strategy. The objective is to operate
safely and to minimize the loss of productivity. It is realized from a nonlinear
quadratic programming optimization. Recent works have considered compen-
sating a complete loss of an actuator. The occurrence of this kind of critical
failure requires either a hardware redundancy or an on-line modification of the
nominal objectives in order to avoid catastrophic consequences until shutting
down the system safely under explicit input saturation constraints [120].

In this chapter, the robustness against modeling errors has not been con-
sidered. However, the FDI and FTC concepts are always valid in spite of error
models which will only modify, for instance, the sensitivity of an unknown in-
put observer against faults, or the error state estimator convergence. Some
recent papers have considered this topic for the three-tank system. For in-
stance, robust FDI filter design problem for LTI uncertain systems under feed-
back control has been investigated in [63] where two-design methods involving
norm-based fault detection filters are applied to the three-tank system, and
compared to each other. To deal with imprecisions and uncertainties of models,
these uncertainties are generally represented using interval models. In [108]
an approach is proposed to generate envelopes based on interval techniques
of the modal interval analysis. In the framework of off-line model-based FDI
for multi-variable uncertain systems, a method is proposed in [64] using the
generalized structured singular value and based on frequency-domain model
invalidation tools. Other studies considered robust FDI of nonlinear systems,
as for example in [87] where new adaptive law and SMOs with boundary layer
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control are introduced into Polycarpou’s on-line approximator to offer a fast
and robust FDI strategy for a class of nonlinear systems.

As one of several popular experimental systems in control laboratories, the
three-tank process is a perfect experimental process setup for investigating
linear and nonlinear multi-variable feedback control as well as FDI and FTC
system design. The method developed in this chapter allows increasing of the
application field of FTC systems.



5

Sensor Fault-tolerant Control Method for
Active Suspension System

5.1 Introduction

The main objective of vehicle suspension is to reduce the effect of the vibra-
tions generated by road irregularities on the human body. The suspension
system is classified as a passive, semi-active, or active suspension, according
to its ability to add or extract energy. In active suspension, the force actuator
is able to both add and dissipate energy from the system. This will enable the
suspension to control the attitude of the vehicle, reduce the effects of braking
and vehicle roll during cornering maneuvers, in addition to its capability to
increase ride comfort and vehicle road handling.

The active suspension control problem has been widely studied in the
literature: a state and output-feedback scheduled [84]; a modular adaptive [21];
a fuzzy logic [27,118]; an adaptive fuzzy [26]; a stochastic optimal [94]; a mixed
Hy/Ho [51]; a proportional-integral sliding mode [109]; a combined filtered
feedback controller [67]; an Hoo [32,33,85,129]; a neural network [57]; an LQ
regulator [110]; a mixed LQ regulator/backstepping technique [89]; a sliding
mode [134-136]; an adaptive sliding controller [23] and many other controllers
were designed and applied to quarter, half, and full vehicle active suspension
systems.

This chapter aims to design and integrate control, diagnosis and fault-
tolerance for a nonlinear full vehicle active suspension. The system consists
of the chassis and the four suspension systems. In addition, the dynamics of
the four force actuators are taken into consideration. This is because force
actuators are crucial elements of the system, as they have their own dynamics
and they are subjected to faults. The resulting system is a nonlinear large-
scale complex system of 22 states. To facilitate its study, it is broken down
physically into five interconnected subsystems. Each subsystem has its own
sensors and actuators.

The control law is designed using sliding mode techniques: a local control
module is designed for each subsystem whereas a global control module at a
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higher level monitors and supervises these local modules and ensures an intel-
ligent synchronization and coordination between the subsystems. In parallel
with this structure, a fault diagnosis structure is built. A local diagnosis mod-
ule detects and isolates sensor faults in each subsystem and a global module
monitors the local ones.

The chapter starts by presenting the system and its model. The control
law is then detailed in Sect. 5.3. In Sect. 5.4, the instrumentation problem
is discussed. The design of the diagnosis and the fault-tolerant modules is
addressed in Sect. 5.5. Finally, to illustrate the control, the diagnosis and the
fault-tolerance, simulation results are shown and commented on in Sect. 5.6.

5.2 Full Vehicle Active Suspension System

Active suspension systems are nonlinear as is the nature of many systems
generally. The linear model can replace the nonlinear one around the operating
conditions. Out of this interval, the linear model is not valid and a linear
representation of the system dynamics is not sufficient. Thus, a nonlinear
model of the full vehicle active suspension system is considered.

5.2.1 System Description

The full vehicle model consists of the chassis (sprung mass) connected by the
suspension systems to four wheels (unsprung masses). This system is illus-
trated in Fig. 5.1. Each suspension is modeled as a linear viscous damper, a
linear spring, and a force actuator. Each wheel is modeled as a linear spring.
The chassis is free to heave, pitch, and roll. The wheels are free to bounce
vertically with respect to the chassis.

The dynamics of the electro-hydraulic servo valves given by Gaspar et
al. [51] are taken into consideration in this study (Fig. 5.2). The actuators
generate the actuation forces. Thus, taking their dynamics into consideration
helps in better understanding the system behavior.

Each actuation module consists of a cylinder (actuator) and a four way
servo valve. The function principle of the actuation module is to generate
an input force uy on the spool which is able to move forward or backward.
The variation of the spool position z,, results in the variation of the amount
of fluid entering (or leaving) the cylinder chambers, thus creating a pressure
drop across the piston and generating the actuator force fy. 9 = {fr, fl,rr,rl}
stands respectively for front right, front left, rear right, and rear left.

5.2.2 System Modeling

In this section, the dynamics of the sprung mass, the unsprung masses, and
the actuators are illustrated. It should be noted that this chapter deals with
continuous-time systems but the time will be omitted for simplification.
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Cylindre Servo valve

Fig. 5.2. Representation of an actuator (¢ € {fr, fl,rr,ri})

Sprung Mass Dynamics

Using Newton’s law, the sprung mass (chassis) dynamics are [56]

2= Aks; 2uy, + ksp2up + Ko Zug, + Esyy2uy — (Bsp + ks + K
la(ks,, + ks;,) — b(k

+ ks, )z —
+ ks, )] sin 0 — [d(ks;, + ks,,) — c(ks,, +ks,,)]sin ¢ +
Cspriupy F Cspyfup + csnz'y” + CopyBup — (Csyp FCspy +Copp F CSM.)Z': — [a(cs, +
Csz) —b(cs,, + CSTL)] cos 06 — [d(Csz +cs,y) — C(CSfr +¢s,., )] cos ¢¢ + ffr + ffl +
fre+ fri}/M,

Srr

Srr
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0 = cos 0{aks, zu,, +aks, 2y, —bks, 2y, —bks 2y, —la(ks, +ks;)—0(ks, +
ks,))z — [a®(ks,, + ks;,) 4+ 02 (ks,, + ks, )] sin@ — [d(aks,, — bk, ,) — c(aks,, —
bks, )| Sing + acs,, 2u,, + aCs; Zuy — bCs,, Fuy, — bCsy 2, — lalcs,, + cop) —
b(Cs,, + €5,0)]2 = [a%(Cs;, + Cspy) + VP (s, + Cs,)] OB 00 — [d(acs,, — bes,,) —
clacs;, = bes,, )] cos dp +a(frr + fri) = b(frr + fr1)}/ Tyy,

(QS = cos ¢{_Ck3frzufr =+ dksﬂzuﬂ — cksm,zuw + dksrl'zurl — [d(ksﬂ + ks”) _
c(ks;, + ks, )]z — [d(aks; —bks,,) — claks,, — bk, )]sinf— [dg(ksﬂ +ks.,)+
A (ks;, 4 ks, )] SN — cacs,, 2, + des,, Zupy — CCs,, 2, +dCs, 2,y — [d(cs,, +
Cs,y) — C(Csp, + s, )2 = [d(acs,, — bes,,) — clacs,, — bes,, )] cos 06 — [d?(cs;, +
Cs,y) P (Csy, + €5, )] cos ) — (frr + frr) + d(fri + fr1)}/ Laa

where z is the heave position and 6 and ¢ are respectively the pitch and roll
angles of the sprung mass. The other variables are illustrated in Fig. 5.1 and
the different constants are defined in the sequel.

Unsprung Masses Dynamics

The unsprung masses (tires) dynamics are [56]

2“19 = [ksﬂ (3519 - Zuﬂ) + Csy (2519 - 23%9) + kuw (Zw - Zuﬁ) - fﬂ] /mum (5'1)

where z,, (0 € {fr, fl, rr, rl}) is the vertical displacement of the unsprung
mass. The other variables are illustrated in Fig. 5.1 and the constants are
defined in the sequel.

Actuators Dynamics
The cylinder dynamics are given by [51]

A

4B
where Ay is the actuator load pressure, V; is the total actuator volume, 0,
is the effective bulk modulus, Cy, is the coefficient of total leakage due to
pressure, and S is the actuator ram area. Z;, and 2,, are, respectively, the
vertical velocities of the sprung mass and the unsprung mass (see Fig. 5.1).
@, the load flow, is given by

9 =Q — CipAy — S(Zsy — Zuy)s (5.2)

n(zv,)As|

) (5.3)

. . ps — ST
Q = sign(ps — sign(zv,)Ay)Cawzy, \/ | I

where p, is the supply pressure, z,, is the spool valve position (see Fig. 5.2),
Cy is the discharge coefficient, w is the spool valve area gradient, and p is the
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hydraulic fluid density. By replacing the load flow @ given by (5.3) in (5.2),
the following equation is obtained:

Vi - s — S v JA
4615 A1919 _ _CtpA’ﬂ _ S(Z-:S19 _ 2u19) +Sgcdwzv19\/|p SZQZ(Z 19) 19|’ (54)
or
; 43.Cy 46e . . 4. |ps — sign(zy, ) Ay
Ay = — v, P Ay — VtS(zSﬂ—zuﬂ)—i— Vthdezvﬂ\/ ; B 7
(5.5)

where Sy = sign(ps — sign(zv,)Ay).
By defining «, 8, and v as a = 4‘2‘3, B =aCy and v = ade\/;, (5.5)

becomes

Ay = —BAg—aS (35, —Euy ) +5ign(ps—sign(zv, ) Ao) 1V Ips — sign(zv,)As| 2v,.
(5.6)

In [2,3], the cylinder dynamics are given by

Ag = —BAg — aS(2sy — 2u,) + YV Ds — sign(zv,) Ay 2. (5.7)

In this chapter, the dynamics given by (5.6) are used. The spool valve
position z,, is controlled by the control input uy (see Fig. 5.2). The spool
valve dynamics are modeled as first order system [51]:

. 1
Zuyg = T(_Z'Uﬂ + uy), (5.8)

where 7 is the time constant. The control input uy is given by

Uy = kiﬂ, (5.9)

where iy is the servo valve current and k is the valve gain.
In conclusion, the actuator dynamics are given by

Ay = =BAs — aS(Zsy = Zuy) + sign(ps — sign(zvﬂ)Aﬂ)v\/lps — sign(zv ) Av| 20,
(5.10)
and

. 1
Zoy = T(—zvﬁ + ug). (5.11)

The force generated by the actuator is given by fy = SAy where S is the
actuator ram area and ¢ = {fr, fl, rr, rl}.
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5.2.3 System’s Model

The concatenation of the vehicle active suspension and the actuator models
results in an input affine nonlinear model of order 22, which can be written
as a state-space representation

&(t) = f(x(t)) + Bu(t) + Fd(t)
{y(t):Ca:(t) . (5.12)

z € R22 is the state vector with:

Ta.k+1 = Zu,: unsprung mass displacement
T4.k4+2 = Zu,: Unsprung mass velocity
T4 kt3 = Ay: actuator load pressure

T4.k4+4a = Zyy: spool valve position

Ti7 = 2 heave position of the sprung mass

T18 = 2 heave velocity of the sprung mass

r19 = 6: pitch angle of the sprung mass

Tao = 6: pitch angular velocity of the sprung mass
To1 = ¢ roll angle of the sprung mass

Tog = (;5 roll angular velocity of the sprung mass

where (k,9) = {(0, fr), (1, 1), (2,7r), (3,7])}. The dot “.” represents multipli-
cation. u(t) = [usr(t) wp(t) wer(t) un(t)]" € B is the vector of the con-
trol inputs to the four servo valves. d(t) = [z, (t) 2z, (t) 2, (t)  2zp, ()] T
€ R* is the vector of the external disturbances induced to the active suspen-
sion due to the road irregularities.

The output vector y(¢) is discussed in Sect. 5.4 where the sensors needed
for the system control are presented and their existence is investigated. The
function f(z), matrices B and F', and the numerical values of the different
parameters are given in Sect. 5.2.5.

5.2.4 System Breakdown

Complex systems are quantitatively characterized by a large dimension of the
mathematical model, a large number of input and output variables. Quali-
tatively, the complexity consists of the system nonlinearity, external distur-
bances, structural and parametric uncertainty, and sophisticated and multiple
objectives and performance criteria. When controlling a complex system, the
desired control law cannot be derived from the model of the whole system
without some kind of transformation or simplification. The most common ap-
proaches used to solve the problem of complexity include various techniques
of simplification and breakdown. Breakdown techniques can be classified as
follows [42]:

e Task-oriented (functional) associated with splitting the general problem
into several sub-problems of various hierarchical levels
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e Object-oriented (physical) implying separation of simpler subsystems to
be considered individually
e Time breakdown or separating distinct stages of system functioning

Vehicles are complex systems which consist of various mechanical, elec-
tronic, and electrical subsystems. The full vehicle active suspension model
considered in this study is a deterministic and simplified representation of the
real complex system. Nevertheless, it is a large dimension nonlinear system
with a relatively large number of input and output variables. It has sophis-
ticated and multiple objectives and it is subjected to external disturbances.
Thus, it is considered as a complex system. To facilitate the study, the system
is physically broken down into five interconnected subsystems to be considered
separately as shown in Fig. 5.3.

§ z,ﬂ z,ﬁ {

&« A
S8, SS,,
SS, Chassis
é zrrl 4 zrrr %

«
S S ¥l 3 S Srr

Fig. 5.3. Breakdown of the system into five interconnected subsystems

The arrows in the figure represent the interconnections between subsys-
tems. This breakdown respects the system’s physical structure. The five sub-
systems are the front right SSy,., the front left S5y, the rear right SS,.,., the
rear left 5SS, and the chassis SSchassis- The breakdown facilitates the design
of the controller and the FDI modules.

For each subsystem S.Sy, a local controller Cy and an FDI module Diagy
(9 € {fr, fl, rr, rl, chassis}) are designed. The subsystems with their con-
trol and diagnosis modules are illustrated in Fig. 5.4.
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T vi=ba v w3 oxl?

ych:[x17 X8 X19 X0  X21 xzz]

[xs X6 X7 Xs]T

yp=

}

y

4

SSChassis

y

\
[x9 X10 X1 xlz]

Yrr

yrl=[x13 X4 X5 x16]T

Fig. 5.4. Local control and FDI modules for subsystems
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Figure 5.5 illustrates the functional breakdown of control and diagnosis
structures. The local control modules Cy are monitored by a coordination
and synchronization module at a higher level. At the top of this control struc-
ture, a supervision module supervises all the sub-modules. In parallel with
this hierarchical structure of control, a fault diagnosis scheme is designed:
a functional diagnosis module at level 1 coordinates the local FDI modules
Diagy. A global diagnosis module at the top of this hierarchy supervises all
these sub-modules. The coordination between the two structures is ensured
by the decision taking and resources management module.

Decision taking &
Resources management

Supervision (Level 2) Global diagnosis (Level 2)
A

Functional diagnosis (Level 1)

Coordination and synchronization (Level 1)

Task-oriented breakdown

C, Diag,, Level 0 C, Diag,,
Sensors Actuators Sensors Actuators
Subsystem SS;,  [----------- Subsystem SS,,

Object-oriented breakdown

Fig. 5.5. Object and task-oriented breakdown of the system
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5.2.5 Subsystems Models and Vehicle Parameters

The dynamics of each subsystem are the following.

Front Right Subsystem SS¢,
fl (ﬁ) = T2,

fa(x) = [ (ks;, +kup, )x1 + ks, w17 +aks,, sin(zig) —cks,, sin(xo1) — ¢, 2+
Cs;, P18 + GCs;, COS(T19)T20 — CCs;, COS(T21)T22 — ST3] /My,

f3(z) = —Pz3 — aS[z1s + aweg cos(r19) — cra2 cos(wa1) — x2] + sign(ps —
sign(a:4)a:3)7\/|ps — sign(x4)ws|ay,

f4($) = —{E4/7‘.
Front Left Subsystem SSy;
f5($) = Te,

Jo(w) = [—(Ks;y + kupy )Ts + ks j 217 + aks,, sin(z1g) + dks ;, sin(@a1) — cq ;76 +
Cs ;18 + GCs;, COS(T19)T20 + desj, cos(T21) a2 — ST7] /My,

fr(x) =—pPx7r — aS[x1s + awagcos(x19) + dxag cos(za1) — xg] + sign(ps —
sign(ws)w7)yy/|ps — sign(as)wr|as,

fs(x) = —xg/T.
Rear Right Subsystem SS,.,
fo(x) = 210,

flO (x) = [_( Sprr + kurr )./,Cg + ksrrx]-? - kaT’V‘ Sln(xlg) - Cksrr Sin(x21) - csrrxlo +
Cs,pT18 — bCs,., €OS(T19) L0 — CCs,., COS(T21)T22 — Sx11]/ M.,

fll(ﬂi) = —,@xll — 045[3318 — bxgo COS($19) — CX22 COS(QEQl) — $10] + sign(ps —
sign(z12)z11)7V/|ps — sign(z12)711|212,

flg(ﬂi) = —$12/7‘.
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Rear Left Subsystem SS,;
J13(%) = 214,

fra(x) = [ (ks,, +ku,, )13+ ks, w17 — bk, sin(219) + dks,, sin(z21) — s, 014 +
Cs,, T18 — bes,, cos(x19) 220 + des,, cos(x21)xee — St15]/ M,

f15(33) = —,6$15 — OzS[ZIJlg — bZIJQQ COS(ﬂflg) + dZIIQQ COS(QEQl) - $14] + Sign(ps —
sign(z16)15)7/|ps — sign(x16)z15| 716,

flﬁ(ﬂi) = —$16/7‘.

Chassis Subsystem SS:pqssis

fl?(x) = T18,

J18(x) = {ks;, w1 + ks p x5 + ks, 29 + ks, 213 — (ks + Koy +Es, + ks, ) 217 —
[a(ksfr +k5fl)_b( Srr +k57‘l)] Sin(xw)_ [d(ksfl +k5rl)_c(k5fr +k57‘7‘)] Sin($21)+
Cs, T2 + CspyT6 + Cs,, T10 + Cs,, T14 — (Csp, + Cspy + Cs,, + €5, )T18 — [alcsy, +
Cspy) = b(Cs,, +Cs,,)] cos(19) 20 — [d(Csyy +Cs,y) — (Csp, +Cs,.,.)] cOS(T21 )22 +
S(x3 + 27 + w11 +215) } /M,

le(x) = T20,

fgo(ﬂi) = COS(ﬂilg){aksﬁ$1 + aksﬂxg) — kaMZIJQ — bksrlﬂilg — [Cb(k'sfr + ksfl) —
b(ks,, +ks,,)]z17 —[a® (ks;, +ksy) +b%(ks,, +ks,, )] sin(z19) — [d(aks,, —bks,,)—
c(aks,;, —bks, )] sin(z21) + acs;, x2 + acs;, v6 — bes,, 210 — bes, w14 — [a(cs,, +
Csg )—b(cs,, +cs,, )]xlS - [a2 (CSfT +Csz)+b2 (s tCspy )] cos(x19)T20 — [d(aCsz -
bes,,) — clacs,, — bes,, )] cos(war)ra + Sla(xs + x7) — b(w11 + x15)]}/ Ly,

Srr

le(ﬂi) = T22,

faz(z) = cos(xor){—cks;, x1 + dks; x5 — ck, w9 + dks x13 — [d(ks;, + ks,,) —
c(ks,, + ks, w17 — [d(aks,, — bk, ) — c(aks,, — bks,,)]sin(z1g) — [d*(ks,, +
ks,,) + A (ks,, + ks,,)]sin(aza1) — cacs,, x2 + des,, x6 — cCs,, 10 + des,, 14 —
[d(cs;4-cs, ) —clCs;,+Cs,, )| T18—[d(acs ;, —bes,, ) —c(acs,;, —bcs, )] cos(w19)T20—
[d? (sp +Csrl)+62(csfr +cs,.. )] cos(za1)waz+S[—c(xs+x11)+d(x7+215)]}/ Los.
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Matrices B and F' are given as

[ 03x4 1 [ 01x4 1

17 0 0 0 kuy, /My, 0 0 0
03><4 03><4

0 1/r 0 0 0 Kupy/muy 0 0
B = 03x4 , F= 03x4

00 1/7 0 0 0 ku, /ma, O
03x4 03x4

000 1/7 00 0 ku,/ma,
O6x4 | L Osx4

Expression x1g + axog cos(x19) — cxog cos(xa1) — x2 in f3(x) denotes the
front right suspension stroke rate Zg o= Pugy but written as function of the
system state. This is similar for f7(z), fi1(x), and fi5(x).

The numerical values of the different system parameters are given in Table
5.1, where G is the center of gravity of the chassis and j = {r, I}.

Table 5.1. System parameters

Parameter Description Value Unit
M Sprung mass 1,500 [kg]
My Unsprung masses 59 [kg]
ksg, Front springs stiffness 35,000 [N/m]
ks,; Rear springs stiffness 38,000 [N/m]
kuy Tires stiffness 190,000 [N/m]
Csy; Front suspensions damping 1,000 [N/m/s]
Cs,; Rear suspensions damping 1,100 [N/m/s]
. Roll axis moment of inertia 460 [kg.m?]
Iy, Pitch axis moment of inertia 2,160 [kg.m?]
a G to the front axle 1.4 [m)]
b G to the rear axle 1.7 [m)]
c G to the vehicle right side 1.5 [m]
d G to the vehicle left side 1.5 [m]
a Actuator parameter 4.515x10"3 [N/m®]
8 Actuator parameter 1 -
0 Actuator parameter 1.545x10° [N/mb>/? Jkg'/?]
Ps Supply pressure 10,342,500 [Pal
S Sect.al area of the piston 3.35x10™* [m?)

[

T Servo valve time constant 0.003
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5.3 Controller Design

The concept of the sliding mode control (SMC) technique presented in Sect.
2.4.2 is applied to the vehicle active suspension. The main objective of the
control is to reduce the effect of the road irregularities on the passengers
and to insure the system safety during vehicle maneuvers. A control strategy
(Fig. 5.6) is designed for the system using SMC techniques. The control law
cannot be directly derived from the complex model of the system. Thus, the
controller is functionally broken down into five modules Cy, one for each sub-
system SSy (9 € {fr, fl, rr, rl, chassis}). The module C¢passis SUpervises
the chassis state and compares it to the objectives. It then determines the
necessary (desired) forces u¢ to attain the desired objectives. A decoupling
block calculates from the desired forces u¢ the four actuation forces f¢ that
should be generated by the four actuators.

Each f¢ is treated by the control module Cy (9 € {fr, fI, rr, ri}). This
module is composed of two sub-modules C§ and C§ (9 € {fr, fl, rr, ri}). C§
is proper to the cylinders whereas C is proper to the servo valves. Each sub-
module C§ treats the desired force fg and determines the necessary position
24 , of the spool that generates the desired force. Finally, Cj treats the desired
position zjfﬁ and generates the control input uy that moves the spool to the
desired position. The application of the control input uy on the spool varies
its position z,, and generates the actuation force fy. Ideally, the force fy
generated by the actuator equals the desired one f¢ (f¢ = fs). The dynamics
of the three control modules are detailed in the sequel.

5.3.1 First Control Module: Chassis Module Cchassis

Consider the six equations of SS.pqssis (see Sect. 5.2.5) and define u,, ug and
Ug as

u, = S(x3 + 7 + 11 + x15)
Ug = S[&(Jﬁg + $7) — b(xll + $15)] , (513)
Up = S[—C((Eg + {EH) + d($7 + $15)]

where S, a, b, ¢, and d are given in Table 5.1. The six equations of S S passis
can be written as

Jir(x) = 218,

fis(@) = fis(z) + g1su.,

fi9(x) = 220,

f20(x) = fao(z) + gaoug, ' (5.14)
fo1(x) = xa2,

fo2(x) = fao(z) + 922Uy

with
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Fig. 5.6. Control strategy
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Ji8(x) = {ks; w1 + ks py x5 + ks, 29 + ks, 213 — (ks + Koy +Es, + ks, ) 217 —
[a(ks;, +ks;,)—b(ks,, +ks,, )] sin(@19) —[d(ks;, + ks, ) —c(ks;, + ks, )] sin(z21) +
Cs, Lo+ Cs L6+ Cs,, T10+Cs, T14 — (Cop, FCopy FCs, FCs, ) T18— [aCsy, FCs ) —
b(cs,, + Cs,)] cos(w19)T20 — [d(Csj + Cs,) — C(Csy, + Cs,, )] COS(T21)T20} /M,

g18 = 1/M,

fgo(ﬂi) = COS(ﬂilg){aksﬁ$1 + aksﬂxg) — kaMZIJQ — bksrlﬂilg — [Cb(k'sfr + ksfl) —
b(ks'r”r +k5rl )]$17 - [G’Q (ksfr +k5fl ) +b2 (k +k5rl )] Sin(xlﬁ‘) - [d(a’ksfz - bksrl ) -
c(aks,;, —bks, )] sin(z21) + acs,, w2 + acs;, w6 — bes,, 210 — bes, 214 — [a(cs,, +
Csg )—b(cs,, +cs,, )]xlS - [a2 (CSfT +Csz)+b2 (s tCspy )] cos(x19)T20 — [d(aCsz -
bes,,) — clacs,, — bes,, )] cos(xar)wan}/Iyy,

920 = COS($19)/Iyyv

fa2(x) = cos(xa1){—cks,,x1 + dks, x5 — ks, xg + dks,, 215 — [d(ks,, + ks, ) —
c(ks;, +ks,. )17 —[d(aks, —bks ) —c(aks,, —bks,, )] sin(z19)— [dQ(ksﬂ +ks,, )+
CQ(kaT + ks, )| sin(xa1) — cacs,, w2 + dcs,, w6 — ccs,, w10 + des,, v14 — [d(Cspy +
Cs,y) — c(Csy, + Cs,,)|T18 — [d(acs;, — bes,,) — clacs;, — bes,, )] cos(w19)T20 —
[d2 (Csz +¢s,) + c (CSfr + ¢s,.. )] cos(za1) 22}/ Las

go2o2 = COS(QEQl)/Izz.

Srr

If, for the set of the first two equations fi7(x) and fis(x), the desired
trajectory is defined as xi@, then the error between the actual and the desired
trajectory can be written as

e.=z2—z20=x7 —al,. (5.15)
The time derivative of e, is given by
b, = a1y — i = 118 — 5. (5.16)
The switching (sliding) surface s, is defined as
S, =€, + Ae,. (5.17)
The time derivative of s, is given by
§, =6, + N6, = fig(w) + gisus — #% + N.é.. (5.18)
Then the equivalent control is chosen as
Uz, = gis (@57 — fis(z) — Azé2). (5.19)

The proportional (k.s,) rate reaching law is imposed by selecting the
second term as
ul = gig (—k=s2). (5.20)

The control input u, then becomes
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Uy = Uz, +UL = gig (x17 flg( ) — A€ — kzSy). (5.21)

By following the same steps for the set of equations (f19(z), foo(z)) and
(f21(x), faa2(x)), two equations are obtained:

up = ug,, +uh = gag (¥fy — foo(x) — Noéo — koso) (5.22)
and
Uy = Ug,, + Ul = gy (5, — faa(x) — Mgy — kgss)- (5.23)

In matrix form:

ul = G7H&? — f(x) — Aé — ks), (5.24)
where
ud 91_81 0 0 it fis(x)
f=1ug|, G7' =10 gy 0| &= |iy|, f(x) = | eolx)
uy 01> 920 y L 19 20 )
ud 0 0 9 i) fa2 ()
A 0 0 €z k. 0 0 Sz
A= 0 /\9 0 ,é= ég ,kZ 0 k‘e 0 ,ands: So
0 0 X éo 0 0 kg 56

Functions g1, g20, and gso are nonzero scalars. Thus, they are invertible.
So is G. Note that the constant rate reaching law (M sign(s)) is not used
n (5.24). This is because the use of the proportional rate reaching law (ks)
proved to be sufficient.

The three desired inputs u?, ug, and ui can be interpreted as being, re-
spectively, the desired force in the z direction and the two desired torques
in the direction of angles 6 and ¢ so that the controlled system reaches its
desired objectives. However, the relation between u; and the actuator forces

fis

u, 11 1 1 J}fr
up=|upg| =1a a —b —b =Ny (5.25)
Ug —cd —c d f:?

Thus, for the desired u¢ of (5.24) the four desired actuator forces are given
by
fi=NTud. (5.26)
N+ = NT(NNT)~1 is the pseudo-inverse of matrix N. The pseudo-inverse
of this matrix has an exact solution. That is to say that N is of full row rank
(rank(N) = 3) and is right invertible (NNT = I3). I3 is the identity matrix
of dimension three. The desired actuation forces f? in (5.26) are determined
by the decoupling module of the control scheme (Fig. 5.6).
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The desired actuators pressures are obtained by dividing the desired forces
(5.26) by the sectional area S of the actuator piston:

1

" "= e (5.27)

Ad = [Ad'r A?l Aﬁ'r Agl S

Via pd 4d 4d
= S [ffr ffl rr Jrl

Once the four desired actuators pressures A% are determined by Ccopassiss
the control modules Cj and C} are designed to generate these desired pres-
sures.

5.3.2 Second Control Module: Cylinder Module Cg

The desired actuator pressure Ag is determined by the chassis control module

CChassis and the decoupling module. The role of C§ is to determine the spool
valve position 2519 needed to generate the desired actuator pressure Aflg (see

Fig. 5.6). The pressure generated by an actuator is given by

Ay = =BAs — aS(Zsy = Zuy) + sign(ps — sign(zvﬂ)Aﬂ)v\/lps — sign(zvy ) Ao |20, -

(5.28)

This notation is used in place of the state-space representation to generalize

the study of the second module for the four force actuators. This equation can
be written as

Aﬂ = f219 + G2,U24, (529)
where fa, = —fAy — aS(Zs, — Zuy),
Uz, = 2y, and ga, = sign(ps — sz’gn(zvﬂ)Aﬂ)'y\ﬂps — sign(zy, ) Ay

Defining the sliding surface as
s9, = Ay — AL, (5.30)

and following the steps described in Sect. 5.3, the second control law can be
given by [2]

ud _ Zd _ ﬁAﬂ + aS(Z.:Sﬂ - 2%9) + Ag - k2198219 ) (5.31)
20 v Sign(ps - Sign('zvﬂ)Aﬂ)V\/ms - Sign(zvﬂ)AM

ka2, is chosen to satisfy (2.58) with ¥ € {fr, fI, rr, ri}.
The vector of the four desired spool valve positions is

T T
Zg = [ugfr ugfl ugr'r‘ ugrl] = [ngr ngl Zg'r'r Z'll;lrl} : (5'32)
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5.3.3 Third Control Module: Servo Valve Module C3

The required spool valve position 2% , to generate the desired actuator pressure
Ag (determined by Cchassis) is computed by C§. The role of the control
module C} is to determine the control input ug needed to obtain zﬁﬂ. The
spool valve dynamics are

. 1
Zoy = T(—zw + ug). (5.33)
These dynamics can be written as

2”19 = f319 + g3,U3y, (534)

with f3, = — ziﬂ , g3, = i and us3, = uy. Defining the sliding surface as

839 = Zvg — Zyys (5.35)
and following the steps described in Sect. 5.3, the third control law can be
given by [2]
ugﬁ zufg:zw—kr(é’gﬂ — ks, 83,)- (5.36)
ks, is chosen to satisfy (2.58) with & € {fr, fl, rr, ri}. The control input
u is expressed as follows:

u = [uf, uf uf, ufl]T. (5.37)

5.4 System Instrumentation

The control law requires an investigation into the needed measurements and
the available and the unavailable sensors. Therefore, this section will analyze
the problem of active suspension instrumentation.

5.4.1 Required Measurements

The control law requires the measurement/estimation of:

The heave position z

The heave velocity 2z

The pitch angle 6

The pitch angular velocity 6

The roll angle ¢

The roll angular velocity (b

The four suspensions stroke zs, — 2y,
The four suspensions stroke rate Zs, — 2.,
The four spool valve positions z,,
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e The four actuator forces fy with & € {fr, fI, rr, rl}

Note that in the system model the suspension stroke zs, — z,, and stroke
rate Z,, — 2., are expressed in function of the state components using the
physical relations between the chassis (z, § and ¢) and its four corners zs,.
These relations are

Zs;, = T17 + asin(rg) — csin(wgy

Zs; = T17 +asin(z1g) + dsin(rz;) (5.38)
Zs,, = T17 — bsin(z1g9) — csin(xay) ’
2s,, = T17 — bsin(z19) + dsin(z21)

The required measurements problem needs an investigation into the avail-
able sensors to provide these measurements.

5.4.2 Available Sensors

The following study details two working cases; the prototype and the industrial
levels.

Prototype Vehicles

The prototype vehicles are used in the laboratories for research purposes. The
most common sensors that can be found are the following:

e Laser sensors measure the heave position z of the sprung mass, the dis-
placement z,, of the unsprung masses and the road inputs z,, (¢ €
{fr, fl, rr, v1})

e Accelerometers measure the heave acceleration Z of the sprung mass and
the vertical acceleration Z,, of the unsprung masses

e Accelerometers measure the lateral and longitudinal acceleration of the
vehicle ) .
Gyrometers measure pitch and roll angular velocities € and ¢
Linear variable displacement transducers measure the suspensions stroke
Zsy — Zuy, the sprung mass displacement z,,, the road displacement z,,
and the spool valve positions z,,

e Linear velocity transducers measure the sprung mass vertical velocity z,
the suspensions stroke rate 2Z;, — 2,,, and the unsprung masses vertical
velocities 2y,

e Load cells measure the actuators forces fy

Industrial Vehicles

Not all the sensors cited above are on board. The sensors combination depends
mainly on the control law and the sensors costs. The most common sensors
available are
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The laser sensors

The accelerometers

The gyrometers

The linear variable displacement transducers which measure the suspen-
sions stroke zs, — 2y,

Here are some examples of the sensors used in standard vehicles:

The Maserati GranSport uses four acceleration sensors on each wheel (sky-
hook system)

The 2005 Cadillac XLR world’s fastest-reacting suspension system is
equipped with four wheel-to-body displacement sensor that measure wheel
motion over the road surface

The Opel Astra uses five acceleration sensors: three body sensors that
measure roll, pitch, and heave and two wheel sensors for the road surface
conditions

The Volvo S60 R and V70 R, equipped with the Four-C technology (con-
tinuously controlled chassis concept), uses sensors measuring longitudinal
and lateral acceleration, yaw rates, roll, pitch and heave, vertical position
of each wheel, speed of the car, steering wheel position and velocity, engine
torque, throttle pedal position, engine rpm, and braking force

5.4.3 Unavailable Sensors

System states that are not measurable are

The heave velocity Z: sensors allowing the measurement of the sprung mass
heave velocity Z do not exist. On prototype vehicles, this measurement is
ensured using a linear velocity transducer and a fixed reference (i.e., the
ground) which is not possible to realize on industrial vehicles. Nevertheless,
two solutions are possible. The first uses a laser sensor to measure z and
then a smooth derivative technique gives 2. The second solution uses an
accelerometer for the heave acceleration Z measurement and an integration
leads to z.

The pitch 6 and roll ¢ angles: sensors measuring the inclination angles
do exist. However, these sensors are sensitive to vibration. Sensors with
high vibration resistance are very expensive and are still inadequate to
be used in vibrating environments such as vehicles. Therefore, gyrometers
are used to measure 6 and ¢. Angles are then obtained by integrating the
measurements.

5.4.4 Sensors in Use

For the SMC of the nonlinear system, 15 sensors are assumed to be used:
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o Five accelerometers measure the heave acceleration Z and the four un-
sprung masses acceleration Z,,. The noisy measurements are filtered [68].
Velocities and positions are obtained by double integration [68].

e Two gyrometers measure the pitch 6 and roll ¢ angular velocities. Inte-
gration leads to the respective angles [68].

e Four linear variable displacement transducers measure the spool valve po-
sitions z,, [2].

e Four load cells measure the actuators forces fy [2].

The four suspension stroke rates z,, — Z,, are computed using the
physical relations (5.38) between the chassis and its four corners zs, (9 €
{fr, fl,rr,rl}).

This sensor combination represents one of many possible sensor solutions.
However, the one proposed here is close to those used for industrial vehicles.
Thus, it respects the industrial constraints.

Obtaining velocities and positions by integrating acceleration measure-
ments is used in [68] for a prototype vehicle. A filtering of the noisy mea-
surement is performed before the integration. Integrating the measurement
is inevitable in obtaining the variables needed for the control. However, this
may lead to bias over a certain time window. This affects the control and
the diagnosis scheme. This point is not investigated in this chapter. This is
considered as an area of future research.

Remark 5.1. The used sensors will be referred to as follows:

o For SSchassis, Chassiss Cohassis: M4 (assis denote the three sensors that
measure 2, #, and ¢ respectively
e For SS9y, ¢}, (2, and (3 denote the three sensors that measure Z,,, fs,

and Zuy (19 S {fra flv rr, TZ})

5.4.5 Optimal Sensor Network Design

In this study, 15 sensors are assumed to be used. For cost reasons, not all of
these sensors may be installed on standard vehicles. However, some material
redundancy should be available for the diagnosis and fault accommodation.
Thus, the minimal number of sensors ensuring the observability of the system
and allowing the FDI must be found. This point is treated in [19,20] and will
not, be presented here.

5.5 Sensor Fault Diagnosis Strategy

Like any controlled system, the behavior of the active suspension system de-
pends on, among other things, the control scheme and the information deliv-
ered by the sensors. Thus, any incorrect information caused by a faulty sensor
can lead the system to an undesirable or dangerous behavior.
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Few research studies have treated the suspension system fault diagnosis
problem. An early study used the generalized likelihood ratio approach [88]
for on-board sensor FDI of an active suspension system using a half-car model.
It was concluded that the application of this approach is feasible when the
failure can be modeled as a deterministic additive term. In other situations,
the computational requirements make it less practical. Another study uses the
nearest neighbor-based fault identification and the robust geometric method-
ology [107].

Isermann and other researchers of the Darmstadt University of Technology
are working on this problem: model-based methods are applied to a quarter
car test rig equipped with an electro-hydraulic actuator [34-40,72]. In these
works, the unknown parameters of the system are estimated by using an
estimation algorithm. Then parity equations are used for the detection and
isolation of sensors and components faults. Parity equations are generated
with a local linear model tree.

Other methods are used for the FDI in active suspension: statistical
methodologies are applied to perform fault detection in nonlinear two degrees
of freedom quarter-car model and complete vehicle models [96]. Model-based
FDI methods are developed in [15].

In [74], analytical redundancy techniques are applied to fault detection for
heavy vehicles where the full vehicle model is divided into several subsystems
to reduce the computation cost. In [77], the model-based fault detection ap-
proach relies on simple mathematical descriptions of the system which yields
a robust FDI against disturbances or model uncertainties.

In this section, a model-based sensor FDI strategy is designed for the full
vehicle active suspension system. The consideration of the force actuators
helps mainly in better understanding the occurrence of the faults and their
propagation in the whole system. This is because the actuators are crucial
elements of the active suspension systems. They have their proper dynamics
and they are also subject to faults. Six diagnosis modules are then designed: a
global one localizes the fault in one of the subsystems and five local diagnosis
modules (one for each subsystem) determine the faulty sensor (see Figs. 5.4
and 5.5).

To detect and isolate sensor failures, the system model and a bank of SMOs
are used to generate residuals. In this study, abrupt faults are considered. The
residuals are designed in such a way that every fault has a specific pattern
and thus can be easily isolated.

5.5.1 Sliding Mode Observers-based Sensor Fault Diagnosis

This section shows how SMO can be used for detecting faults of large magni-
tude. This SMO-based FDI scheme is not useful for detecting incipient faults
in many practical applications where system model mismatch is unavoidable
and significant [17]. An incipient fault will neither produce a sudden peak in
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the residual nor will it push the system out of sliding mode. This is a limitation
of this SMO-based fault diagnosis.

The subsequent explanation of the SMO-based FDI scheme is derived from
[17]. The initial scheme is reformulated in order to be compatible with the use
of reduced order observers. For this purpose, consider a reduced order multi-
variable nonlinear system described in state-space form:

&= f(z,&,u,d)
{y = H(x) + f,(t) (5.39)

where x € M, a C* connected manifold of dimension n. The use of reduced
order systems consists in considering a part of the system model. Thus & are
the states other than z. £ are considered as known inputs. u and d represent
respectively the control input and the system uncertainties. It is assumed
that all , Z, u, and d are bounded. H(x) = [hy(z), ---, hp(a:)]T are smooth

vector fields on M. f,(t) = [fX(t), -+, f})’(t)]T represents the sensor faults.
A general SMO for (5.39) is of the following form:

2=L(E+ fs(t), z,y,u) + Asign(y — z), (5.40)

where z is an estimate of H(x). L is a function of Z, z, y, and u. A is a diagonal
gain matrix with elements A\;, 7 = 1,- -+, p. The term f5(¢) represents the faults
of the sensors measuring z. It can be any function of time.

The estimation error is given by e = H(xz) — z. The dynamics of the
estimation error are given by

. d . OH(z) .
e—dtH(x)—Z— oy TE (5.41)
:3H(x)

ox f(ma 53,1,1/, d) - L('i + fS(t)v %Y, U) - ASZng(H(Qf) + fo(t) - Z)
Note that error e cannot be measured and that only r =y — 2z = H(z) +
fo(t) — z is measurable. The quantity r is considered as being the sliding
surface; thus it can be considered as a residual signal.
Assume that e; = h;(z) — z; and define

mq oc,i,u,d) 1(!E+fs(t),2',y,u)

m i,u,d j""fstazayvu

aH(fC)f(x,x,u,d): 2( ) and L (t) )
Ox : :

mp(x,;%,u,d) lp(f+f5(t)727y,u)

The dynamics of the error e; are then given by
€; = mi(xa :Ea u, d) - ll(j + fs(t)a 2, y?“‘) - )\Z‘SZ'QTL(GZ‘ + fcz)(t)) (542)

When no sensor fault is present, fs(t) = fo(t) = 0. If \; is chosen such
that |m;(z, Z,u,d) — [;(Z, z, H(z),u)| < A
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d
dt
Therefore:

e? = 2ei[mi(x, &, u,d) — 1;(%, 2, H(z),u) — \isign(e;)]. (5.43)

if e; > 0, L e? = 2e;¢; = 2¢;[m;(w, T, u,d) — i(Z, 2, H(z),u) — \;] <0,

if e; <0, ;tef = 2e;6; = 2¢;[m;(x, T, u,d) — 1;(Z, 2z, H(z),u) + A\;] <O0.

Thus r; = e; exponentially decreases to zero according to the Lyapunov
principle [17]. Assume now that one of the sensors measuring & becomes faulty
at time t; (fs(t) # 0). It is necessary to investigate how the fault interacts
with the sliding surface and how the sliding performance of the observer is
affected.

At time t > t;, fs(t) # 0. Then

7 = my(x, Z,u,d) — L(Z + fs(t), z,y,u) — \isign(e;). (5.44)

This may produce one of the following two cases.

Case 1

If |mi(x, Z,u,d) — Li(Z + fs(t),z,y,u)| < N\ foralli =1, .-, p, the observer
will remain on the sliding surface and faults can not be detected, i.e., 7; = 0,
i=1,--,p.

Case 2

If jmy(z, &, u,d) — [;(Z + fs(t), z,y,u)| > A\; persistently holds, the observer
will move from its surface and sliding will cease. In this case, the i*" residual
element will become nonzero persistently and will alarm for the occurrence of
a sensor fault.

The effect of sensor faults f,(¢) is also considered in the FDI design but
it is not presented here. The idea for these faults is similar to that of f,(t).
More details about this subject are given in [17].

5.5.2 Active Suspension Sensor Fault Detection and Isolation

Sensors are generally exposed to noise, outliers, gains, offsets, breakdown
(ground), or freeze at the minimum or the maximum value. However, this
study considers abrupt sensor faults like gains, offsets, breakdown, and freeze.
Other fault types will be considered in future works.

A model-based approach is used to detect a sensor fault and to isolate
it. The system model and a bank of SMOs generate residuals. The residuals
are designed in such a way that each possible fault has a unique pattern.
They define a priori known fault-signature inference matrices. In total, six
inference matrices are used to isolate faults. One is a global matrix for the
whole system. The others are local matrices, one for each subsystem. The
design of these matrices is detailed in the subsequent sections.
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Diagnosis Strategy

The fault diagnosis strategy is illustrated in Fig. 5.7. It consists of six diagnosis
modules: one global and five local Diagy for each subsystem SSy with ¢ €
{fr, fl, rr, rl, chassis}.

To construct the global diagnosis module, the system model is used to
estimate, with a geometric approach, the actuation pressures &4 ;1 of the four
actuators (k = 1,--- ,4). Here, the “.” represent multiplication. The estimated
pressures T4 ;1 are then compared to the measurements to generate the four
residuals Ry (k=1,---,4).

For the local diagnosis modules Diagy, six reduced order SMO R.Obs.i

(1 = 1,---,6) estimate the heave velocity of the sprung mass (x18)r (K =
5,-+-,10). The estimates are then compared to the measurement of the heave
velocity 15 to generate six additional residuals Ry (k =5, -+ ,10). The fault

isolation is ensured by injecting the output vector y in each observer while
excluding some measurements. The notation “\m” in Fig. 5.7 denotes that
the measurement “m” is excluded from the output vector y. This helps in de-
coupling the effect of the excluded measurement from the estimated variables.

Finally, ten estimates are obtained and compared to the measurements.
Ten residuals Ry (k = 1,---,10) are generated to detect and isolate sensor
faults. The global and the five local modules Diagy are detailed in the sequel
with ¢ € {fr, fl, rr, rl, chassis}.

Global Fault Diagnosis Module

To design the global fault diagnosis module, the system model is used to define
four residuals and a global inference matrix. From %451 (k=1,--- ,4), the
estimate !%4./’@71 is calculated as function of x4 5_2, T4.k—1, Ta.k, T18, T19, T20,
T91, and 9o as follows:

Tap-1 = f(Tak_o,Tak_1,Tak, T18,T19, T2, T21, Ta2) + hisign(Ry), (5.45)

where R = T4p_1 — T4.k_1. T4.5—1 1S the measured actuator load pressure
and T4 p_1 is the
kth

calculated or estimated one. hy is a positive constant to be chosen and k =
1, 4.

In the ideal case where the model is perfect, residual Ry nominally equals
zero. When any sensor measuring T4.k—2s Ta k—1y T4 ky L18, 19, 20, 21, OT T22
is faulty, &4 x—1 deviates from x4 ;1 and Ry, deviates from zero (k = 1,--- ,4).

Remark 5.2. In fact, no sensors measure 4. _3, T4.k_2, T17, T18, T19, O Tl
(k=1,---,4). These variables are obtained by integrating the measurements
(see Sect. 5.4.4):
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Fig. 5.7. Scheme of the diagnosis strategy
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e Sensor ¢}, ... measures Z; the heave 2 (z17) and the heave velocity 2 (z13)
are obtained by integrating Z

e Sensor (%,,,.;. measures the pitch angular velocity  (x20); the pitch angle
¢ (719) is obtained by integrating this measurement

e Sensor (2 ,..;s measures the roll angular velocity ¢ (z22); the roll angle ¢
(x21) is obtained by integrating this measurement

e Sensor ¢} measures z,, (9 € {fr, fl,rr,rl}); the unsprung mass displace-

ment z,, (z4x—3) and the unsprung mass velocity Z,, (4.,—2) are ob-

tained by integrating the measurement (k =1,---,4)
Sensor (2 measures fy (v4r-1) (k=1,---,4)
Sensor ¢ measures 2z,, (v4x) (k=1,---,4)

A sensor fault results in an error in the measurement and the variables
derived from it.

With these four defined residuals a fault-signature matrix is obtained in
Table 5.2. The “1” means that the residual is sensitive to the fault occurrence,
while the “0” means that it is insensitive.

Table 5.2. Global fault-signature matrix

SSfr SSfl SST’!‘ Ssrl
Chr Chr CHalChe G CRIGH CPr GGl G G

SSch
Con Con Con

Ryfy1 1 10 0 0j0 0 0OjO0 O O]1 1 1
RO 0 Of1 1 10 O 0OjO0 O O|1 1 1
R3O 0O OO0 O Oj1 1 1(0 0 O0O]1 1 1
Ryy0O0 O OO0 O O0jO0 O Oj1 1 1)1 1 1

This inference matrix makes it possible to detect the occurrence of a sen-
sor fault and to locate it in one of the five subsystems. This is mainly done
by the global FDI module which supervises the whole system. For instance,
if the sensor §2T measuring x3 breaks down, only the residual R; is affected.
The fault is detected but not isolated. The global FDI module indicates that
the fault is present in the front right subsystem (SSy,) since it has the sig-
nature (1, 0, 0, 0)7, without specifying the defected sensor. Complementary
investigation should be performed by the local FDI module Diagy, of (SS,)
to determine the faulty sensor.

In the sequel, the local FDI modules Diagy (¢ € {fr, fl,rr,rl,chassis})
are presented. These modules are designed using a bank of SMO.

Front Right Subsystem Diagnosis Module Diagy,

To isolate faults in SS¢,, two reduced order SMO are built. A reduced order
observer is constructed with part of the system model. The consideration of
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part of the model rather than the complete model reduces computation cost
and simplifies observer design. This part must be observable.

The first observer R.Obs.1 is constructed using the set of equations g,
Z19, and &99. The variables x17 and 15 are assumed to be non-measured (they
are excluded from the output vector y (Fig. 5.7)). This observer estimates x1g.
The considered equations are

d18 = {ks;, 1 + ko 05 + ks, To + ks 213 — (ks;, + ksyy + ks, 4 Es,y ) 217 —
[a(ks}w +k8fz)_b(ksm~ +I€S'r‘l)] sin(x19)— [d(ks}w +I€Srl)_c(k3fr+k3r7‘)] sin(xa1)+
Csp, T2 + Cspy X6 + Cs,, T10 + Cs,y T14 — (Csjy + Cspy + Cs,p + €5,y )18 — [alcs,, +
Cspy) = b(Cs,, +Cs,,)] cos(x19) a0 — [d(Csyy +Cs,y) — (Csp, +Cs,.,. )] cOS(T21 )22 +
S(x3 + w7 4+ w11 + 215)} /M,

19 = T20,

Ego = cos(w19){aks,, x1+aks, x5 —bk,s  x9—bks 13— [a(ks,, +ks;)—b(ks,, +
ks, )17 —[a® (ks +ks,, )40 (ks +ks,, )] sin(z19) —[d(aks,, —bks,,) —c(aks,, —
bks,, )] sin(wa1)+acs,, vatacs, x6—bcs,, r10—bcs, x1a—la(cs,, +cs; ) —b(cs,, +
o, )|T1s — [a%(cs;, + Cspy) + b2 (co,, + Cs,)] cOS(219) 20 — [d(acs,, — bes,,) —
c(acs;, — bes,, )] cos(w21)xaz + Sla(xs + 27) — b(x11 + 215)]} /1y

According to these equations, the estimation of x1g is explicitly indepen-
dent of x4. Thus, the estimate (Z13)5 and the residual Rs are insensitive to
the fault of the sensor C?T, that measures the front-right spool valve position
4. On the other hand, they are sensitive to the other measurements.

Remark 5.3. The estimate (Z13)5 obtained from R.Obs.1 is independent of xg,
T12, and x16. Thus, it will be used for the generation of residuals in the other
subsystems.

The second observer R.Obs.2 is designed using &3 and @1g. The variable
x3 is assumed to be non-measured (it is excluded from the output vector y as
illustrated in Fig. 5.7). Thus, (Z15)¢ and Rg are insensitive to the measurement
of the front-right actuator load pressure x3. They are sensitive to the other
measurements x5 and I.

Two additional residuals Ry = x18 — (Z18)r are then obtained, with k =
{5,6}. 18 is the measured heave velocity and (Z1s)y is the

kth

estimated one.

For this subsystem the inference matrix is given in Table 5.3 with ¢ = fr
and [ = 0. With both additional residuals, it is possible to isolate the faults
of this subsystem. The same steps are made for the other subsystems.
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Table 5.3. Local faults-signature inference matrix for S.Sy

¢ ¢5 G
Rs 110
Rei 1 01

Front Left Subsystem Diagnosis Module Diagy;

This module has R.Obs.1 as the first observer (see Remark 5.3). This observer
is insensitive to the fault of the sensor C?z measuring the front-left spool valve
position zg and sensitive to the other measurements.

The second observer R.0Obs.3 is designed using &7 and @13. The variable
x7 is not assumed to be measured (it is excluded from the output vector y
as illustrated in Fig. 5.7). Thus, (Z153)7 and R; are insensitive to the fault of
the sensor Cjzcl measuring the front-left actuator load pressure x7. They are
sensitive to the other measurements x5 and Z.

Two residuals Ry = x15 — (#18)x are then obtained, with & = {5, 7}. Table
5.3 illustrates the inference matrix of this subsystem with 9 = fl and [ = 1.

Rear Right Subsystem Diagnosis Module Diag,,

The first observer for this module is R.Obs.1 (see Remark 5.3) that is insen-
sitive to the fault of sensor (3. measuring the rear-right spool valve position
Z12.

For the two equations #1; and #1g, the observer R.Obs.4 is designed with
the assumption that the variable z11 is not measured. Thus (#15)s and Rg are
insensitive to the fault of sensor (2, measuring the rear-right actuator load
pressure x11. They are sensitive to the other measurements.

Two residuals Ry, = z15 — (#15) are then obtained, with k = {5, 8}. The
inference matrix for this subsystem is given in Table 5.3 with ¢ = rr and

l=2.

Rear Left Subsystem Diagnosis Module Diag,;

In addition to the observer R.Obs.l being insensitive to the fault of (3, a
second observer R.Obs.5 is designed for the two equations @15 and #1g, with
the assumption that the variable x15 is not measured. Two residuals Ry =
x18 — (Z18)k are obtained, with & = {5,9}. The inference matrix for this
subsystem is given in Table 5.3 with ¢ = r[ and [ = 3.

Chassis Subsystem Diagnosis Module Diag.p

As for the preceding diagnosis modules, this module has a first observer
R.Obs.1 that is sensitive to the faults of ¢! and (? and insensitive

chassis chassis
to that of (3, ..
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The second observer R.Obs.6 is constructed for the three equations g,
T19 and 99, with the assumption that variables 19 and x5y are not measured.
The two additional residuals Ry, = 18— (#15) are obtained, with & = {5, 10}.
The inference matrix for this subsystem is given in Table 5.4.

Table 5.4. Chassis subsystem inference matrix

Cclhassi.s C?hassis Cghassis
Rs 1 1 0
Rio 1 0 0

In conclusion, with these five local diagnosis modules, the sensor faults
can be detected and the faulty sensors can be isolated.

5.5.3 Sensor Fault-tolerance

Once the fault is detected and isolated, the next step consists of taking a
decision to reduce its effect on the system behavior. Very few studies treat
the suspension fault-tolerance problem: a design of a bank of Kalman filters,
one for each possible sensor failure configuration, providing an estimate of
the system state when a sensor fault occurs, is carried out for a quarter car
test rig [113]. A methodology for the comparison among different alternative
fault-tolerant architectures, based on risk evaluation, has been applied to a
full active suspension control system [16].

Sensor faults can be accommodated by replacing the faulty measurement
by its estimation until the faulty sensor is replaced. This is known as sensor
masking. In order to exploit their robustness to variation in system param-
eters, external disturbances, and modeling errors, a bank of SMO [132] is
designed to provide an estimation of the different variables. Thus, it can be
ready to be injected in the controller to replace the faulty measurement. The
dynamics of such observers are given by (5.40).

However, the system observability may be lost for some sensor faults. The
observability in the presence of a fault is investigated off-line. The fault-
tolerant control system “knows” a priori when the system observability is
preserved and when it is not. After FDI, the FTC system checks for the pos-
sibility of estimating the lost measurement. If possible, the lost measurement
is estimated and replaced by its estimate. If not, the fault is considered to be
critical and the system should be stopped safely.

Table 5.5 summarizes the possibility to accommodate sensor faults. The
“1” means that the sensor fault can be compensated, the “0” means that it
is not possible to estimate the erroneous measurement and that the fault is
critical.
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Table 5.5. Possibility of sensor fault-tolerance

SSfr SSfl SST’!‘ Ssrl SSch
Chr G GrlCrr G ChrlGor G GPr|Crr G G| Con Con Con
Possibility] 0 1 1|0 1 1|0 1 1|0 1 1|1 1 1|

Fault-tolerance requires the coordination between the two structures of di-
agnosis and control. This coordination is performed with the module decision
taking and resources management as illustrated in Fig. 5.5. This coordina-
tion is necessary for the reconfiguration of control structure in function of the
remaining resources after fault occurrence.

5.6 Simulation

To illustrate the control and FDI approaches, simulation is made using
MATLAB® /Simulink® with the solver ODE1 and a fixed step equals to 107
In order to make it more realistic, white noise is added to measurements. The
physical limits of the system and the actuator constraints are taken into con-
sideration.

5.6.1 Frequency Response

For the linearized model, Fig. 5.8 illustrates the magnitude of the loop transfer

z£ ‘ with the control law given by (5.24). The solid line represents the passive
.

suspension and the dotted line represents the active suspension. 2, is the
front left wheel disturbance. As shown in Fig. 5.8, the system acceleration
is highly damped. However, this is difficult to realize in practice because of
the physical limits of the actuators: the forces generated by the actuators are
bounded and the actuator response is not fast enough to insure the damping
of the road high frequencies perturbation.

If (5.24) is replaced by the following control law:

uf = G (@ — Aé — ks), (5.46)
then control input u, given by (5.21) becomes
uz = gig (8 — Aa€. — kas2). (5.47)
Substituting (5.47) in (5.18) gives
5, = fis(x) — k.., (5.48)

and multiplying (5.48) by the sliding surface s, leads to
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50,

Heave acceleration [dB]
E)

-200
250
N
Frequency [rad/s]
Fig. 5.8. Magnitude of zé vs frequency
)
8,8, = flS(x)Sz - kzsz' (549)

Because the vehicle dynamics are bounded, a proper choice of the gain
k. (respectively kg and k,) will satisfy the necessary condition (2.58) for the
existence of sliding mode.

With the modified control law (5.46), the frequency response of the system
shows that the proposed SMC improves the ride comfort at low frequencies.
The first three subfigures of Fig. 5.9 show a comparison between passive and
active suspension. The solid line represents the magnitude of the loop transfer
]
Zrp ) Zrp
The dotted, dashed, and dot-dashed lines represent the magnitude of the
integrated controller loop transfer for a feedback gain k, = 10, k, = 20, and
ko = 30 respectively (for a fixed value of A\, = 25 and for o € {z, 6, ¢}).
However, it can be seen that no improvements are achieved at or above the
wheel frequency wy (wo = 57 rad/s).

The last subfigure of Fig. 5.9 shows the effect of A\, on system heave ac-
celeration Z. For a fixed value of k. (k. = 30), the solid line represents the

3

and ‘Z‘b ‘ vs frequency without controller (i.e., k, =0, Ay = 0).
TfL

magnitude of ‘ZE vs frequency for passive suspension. The dotted, dashed
Tl

and dot-dashed lines represent the magnitude of ‘25 ’ for active suspension
Tl
with A, =1, A\, =5, and A\, = 10 respectively.
The Bode plot can be used as a criteria for selecting the proper matrices
A and k of (5.46) to insure a good performance of the controlled system. The
numerical values of the different controller gains used in simulation in addition

to the desired trajectory parameters are given in Table 5.6.
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Table 5.6. SMC gains and desired trajectory parameters

Parameter Description Value
Az, Aoy Ao Sliding surfaces slops 25
kz, ko, ko Heave, pitch and roll gains 10
k2, Gain of module Cj 104
k3, Gain of module Cj 1

[$7, zl5, %] Desired trajectory parameters [0,0,0]

5.6.2 Performance of Controlled System

The controller was tested for a road of an arbitrary form. Figure 5.10 shows
the front right road input z,, (solid line) and the front left road input =z,
(dashed line). The rear road inputs are similar to the front road inputs but
delayed by 7. given by 7. = L/v, where L is the distance between the front
and rear axles of the vehicle (L = a + b) and v is the longitudinal velocity of
the vehicle which is assumed to be equal to 22 ms™!.

Performance at the Chassis

Figure 5.11 shows a comparison between passive (dashed line) and active (solid
line) suspensions for heave position z and heave acceleration 2.
Figure 5.12 shows a comparison between passive (dashed line) and active
(solid line) suspensions for pitch angle 6 and pitch angular acceleration 6.
The roll angle ¢ and roll angular acceleration ¢ are compared for the
passive (dashed line) and the active (solid line) suspensions in Fig. 5.13.
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Fig. 5.10. Road inputs to the system
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Fig. 5.11. Position z and acceleration Z for passive (——) and active (—) suspensions

These results are quantified using the root mean square (RMS). The RMS
for a collection of n values {x1, x2, -+, z,} is given by

1 & \/x2+x2+---+aj2

2 1 2 n
rms — i — . 5.50
v \L;ﬁxl - (5.50)

Table 5.7 shows a comparison between passive and active suspensions using
RMS for the chassis states.

This table also shows the percentage decrease of motions in active sus-
pension compared to those of passive one. It is clear that active suspension
improves ride comfort by reducing the effect of road perturbations on the
chassis. The control is more effective for heave position and heave accelera-
tion than for the other variables.
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Table 5.7. RMS of the chassis states

Parameters Passive  Active  Percentage
Heave position z 0.0257 0.0052 - 79.76%
Heave acceleration Z 0.7201 0.1683 - 76.62%
Pitch angle 6 0.0038 0.0010 - 73.68%
Pitch angular acceleration 6  0.3484 0.1465 - 57.95%
Roll angle ¢ 0.0029 0.0020 - 31.03%
Roll angular acceleration ¢ 0.4115 0.3858 - 6.240%

Performance at Suspensions

The four suspension strokes zs, — z,, (0 € {fr, fl, rr, ri}) for passive
(dashed line) and active (solid line) suspensions are illustrated in Fig. 5.14.

It can be noted in Fig. 5.14 that the suspension strokes in passive suspen-
sion are zero-centered regardless of the road profile unlike in active suspension.
For t < 4 s the suspension strokes are negative. This is because the controller
pulls down the chassis to compensate for road convexities (see Fig. 5.10). For
6 s <t < 18 s, they are positive. This is because the controller pushes up
the chassis to compensate for road concavities (see Fig. 5.10). This change in
suspension strokes enables the system to minimize the chassis oscillation (see
Figs. 5.11-5.13) which results in improving ride comfort.

Table 5.8 summarizes the RMS and the increase percentage of the suspen-
sions stroke. The suspensions stroke are bigger for the active suspension to
compensate for the road irregularities as previously explained.

Table 5.8. RMS of suspensions stroke
Variable Passive Active  Percentage
Front right suspension stroke zs;, — zu,, 0.0083 0.0159 +91.57%
Front left suspension stroke Zsp — Rugp 0.0088 0.0188 +113.6%
Rear right suspension stroke zs,,. — 2zy,,.  0.0071 0.0146 +105.6%
Rear left suspension stroke zs,, — zu,, 0.0070 0.0173 +147.1%

Performance at Tires

The tire deflections for passive (dashed line) and active (solid line) suspensions
are illustrated in Figs. 5.15-5.18.
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A comparison between passive and active suspensions for the tires deflec-

tion is given in Table 5.9. The active suspension reduces the tire deflection

which improves system’s security and road handling.

Fig. 5
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Fig. 5.17. Rear right tire deflection z,.,. — 2r,.,

- Exlﬂ_3
i 'l .
£ i, i , | ;
g |tk B ow g b, g é p g BB
g ik 4 g R i i i g\ TITY T T T T L A T Y
-g o RN A AL ' AR AR 31t il i ¥l i
& N L T A R M R
En ¥oN ;{: 2 | i‘ i a1 " '- 4 i g' ;.
£ f N ’
E_S L [ L [ L [ L [ |
0 2 4 6 8 10 12 14 16 18 20
Time [s]
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Table 5.9. RMS of tires deflection

Variable Passive Active Percentage
Front right tire deflection zu,, — 2,  0.0017 9.25x10™* - 45.59%
Front left tire deflection zu,, — 2r}, 0.0023 0.0018 - 21.74%
Rear right tire deflection z,,, — 2.,  0.0016 9.86x10"* - 38.37%
Rear left tire deflection z.,, — 2r,, 0.0021 0.0018 - 14.28%

Actuation Forces fy Generation

Figures 5.19 — 5.22 illustrate the actuation forces tracking. Simulation shows
that the desired forces (dashed line) determined by the chassis control module
Cehassis are generated (solid line) by the actuators.

Fl-ontrightforceffr [N]

Front left force j/'l NI

[ L
0 2 4 6 8 10 12 14 16 18 20
Time [s]

Fig. 5.19. Front right desired (- —) and generated (—) forces fy,

0 2 4 6 8 10 12 14 16 18 20
Times [s]

Fig. 5.20. Front left desired (- —) and generated (—) forces fy;
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Fig. 5.21. Rear right desired (— —) and generated (-) forces frr
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Fig. 5.22. Rear left desired (— —) and generated (—) forces fr

Table 5.10 summarizes the RMS of force tracking errors and the error
percentage with respect to the desired forces.

Table 5.10. Force tracking errors

Variable Tracking error ~ Percentage
Front right actuation force fy, 0.4523 0.08%
Front left actuation force fy; 0.8092 0.12%
Rear right actuation force fr, 0.4184 0.07%
Rear left actuation force f; 0.7794 0.12%

Spool Valve Position z,, Generation

Figures 5.23 — 5.26 show the spool valve position z,, tracking for the active
suspension. The desired positions (dashed line) determined by the control
module C§ are generated (solid line) by the actuators.
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Table 5.11 summarizes the tracking error of spool valve positions and the
error percentage with respect to desired positions. The tracking errors are
negligible.
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Table 5.11. Spool valve positions tracking
Variable Tracking error Percentage
Front right spool valve position z,,, 1.435x107°  0.65%
Front left spool valve position 2., 2.021x107¢ 0.60%
Rear right spool valve position z,,, 1.113x107° 0.51%
Rear left spool valve position z,_, 1.651x107°%  0.50%

Control Inputs uy

Figures 5.27 — 5.30 show the four control inputs uy. These control inputs are
generated by the control modules C§ (¢ € {fr, fl, rr, ri}).
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Fig. 5.27. Front right control input uy,
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Fig. 5.28. Front left control input uy,
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Fig. 5.30. Rear left control input wu,;

It should be noted that some active suspension test rigs can generate an
actuation force of 9800 N [5]. Moreover, the servo valves have a time constant
7 = 0.003 s. Thus, the forces obtained (Figs. 5.19-5.22) and spool valve
positions (Figs. 5.23-5.26) using the SMC are made possible to be generated
with the existing actuators. The control inputs uy illustrated in Figs. 5.27-5.30
are given by uy = Kyiy. Ky is the servo valve gain constant and iy is the input
current. Being electrical inputs, ug can be generated (9 € {fr, fl, rr, ri}).

5.6.3 Sliding Mode Control with Model Mismatch

The controller was tested when the system and the model were mismatched.
For this purpose, some model parameters were changed whereas the controller
parameters were kept fixed. Table 5.12 summarizes the parameters mismatch
values. The sprung mass is increased by 200 kg and the springs and tires
stiffness and the suspensions damping are decreased by some percentage to
illustrate an effectiveness loss or model uncertainties.

Simulation with model mismatch showed that the controller is still able to
give good performance. This fact reflects the robustness of the controller which
is the principal advantage of the sliding mode techniques. Tables 5.13 — 5.15
show the RMS of chassis states, suspensions stroke, and tires deflection for
the passive and active suspension with and without model uncertainties. The
percentage indicates the increase or the decrease of corresponding variables
with respect to those of the passive suspension.
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Table 5.12. System parameters mismatch

Parameter Description Mismatch value  Unit
M Sprung mass +200 [kg]
Esg, Front springs stiffness - 5% [N/m]
ks, Rear springs stiffness - 5% [N/m)]
Kug Tires stiffness -10% [N/m)]
Csy; Front suspensions damping - 2% [N/m/s]
Cs,; Rear suspensions damping - 2% [N/m/s]

Table 5.13. RMS of the chassis states with model uncertainties

Without uncertainties With uncertainties

Variable Passive Active Percentage Active Percentage
Heave position z 0.0257 0.0052 —79.76%  0.0057 — 77.82%
Heave acceleration Z 0.7201 0.1683 —76.62%  0.0959 — 86.68%
Pitch angle 0 0.0038 0.0010 —73.68%  0.0010 — 73.68%
Pitch angular acceleration 6 0.3484 0.1465 - 57.95%  0.0703 — 79.82%
Roll angle ¢ 0.0029 0.0020 —31.03%  0.0021 - 27.58%

Roll angular acceleration ¢ 0.4115 0.3858  — 6.240%  0.0659 — 83.98%

Table 5.14. RMS of suspensions stroke with uncertainties

Without uncertainties With uncertainties
Variable Passive Active Percentage Active Percentage
Front right stroke zs, — zu,, 0.0083 0.0159  +91.57%  0.0153 +84.34%
Front left stroke zs,, — zu,,  0.0088 0.0188 +113.6% 0.0180 +104.5%
Rear right stroke zs,,. — 2zy,,. 0.0071 0.0146  4+105.6%  0.0140 +97.18%

T

Rear left stroke zs,, — zu,, 0.0070 0.0173  +147.1%  0.0164 +134.2%

Table 5.15. RMS of tires deflection with uncertainties

Without uncertainties With uncertainties
Variable Passive Active Percentage Active Percentage
Front right zu,, — zr;, 0.0017 9.25x10™* —45.59% 4.68x10~* — 72.47%

Front left 2., — 2, 0.0023 0.0018 —21.74% 6.39x10"* — 72.21%
Rear right z,,, — z-,. 0.0016 9.86x10™* —38.37% 5.38x10™* — 66.37%
Rear left z,,, — 2,  0.0021 0.0018 - 14.28% 5.82x10™* — 72.28%

Remark 5.4. In Tables 5.13 — 5.15 the performance of the control law applied
to an uncertain model may appear better than those applied to a model
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without uncertainties. Indeed, this is not true since some uncertainties (as for
example the increase in the sprung mass) may minimize the effect of the road
perturbation on the chassis.

In addition, simulation shows a small degradation in the force and spool
valve position tracking. These results are illustrated in Table 5.16 for the force
tracking and in Table 5.17 for the spool valve tracking.

Table 5.16. Actuation forces tracking error with model uncertainties

Without uncertainties With uncertainties
Variable Error  Percentage  FError Percentage
Front right actuator force fr, 0.4523 0.08% 0.5704 0.11%
Front left actuator force fy;  0.8092 0.12% 0.7660 0.12%
Rear right actuator force f.. 0.4184 0.07% 1.3043  0.25%
Rear left actuator force f;  0.7794 0.12% 0.5925 0.10%

Table 5.17. Spool valve position tracking error with model uncertainties

Without uncertainties ~ With uncertainties
Variable Error  Percentage Error Percentage
Front right spool valve z,, 1.43x107%  0.65% 3.196x107% 2.22%
Front left spool valve z,,, 2.02x107°  0.60%  4.202x107°  2.24%
Rear right spool valve z,,,. 1.11x107% 0.51%  7.84x107%  5.56%
Rear left spool valve z,, 1.65x107% 0.50% 3.194x107% 1.81%

The test of the controller in the presence of model mismatch showed that
the controller is robust against uncertainties. Thus, it would give satisfactory
results when applied to real systems.

5.6.4 Sensor Fault Effect

The considered fault is the breakdown of the sensor measuring the pitch an-
gular velocity 6. This sensor is assumed to have broken down at time ¢t = 5 s.
Figures 5.31 and 5.32 show, respectively, the pitch angle and the pitch angular
velocity: the solid lines represent the true variables whereas the dashed lines
represent the erroneous measurements. At time ¢ = 5 s, the pitch angular
velocity measured by the sensor becomes zero (Fig. 5.32) and the pitch angle
obtained by the integration of the measurement becomes constant (Fig. 5.31).

In the absence of a fault-tolerant system, the breakdown of this sensor
mainly affects the pitch angle 8 of the vehicle as shown in Fig. 5.33. When the
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Fig. 5.31. True (-) and erroneous (..) measurement of pitch angle 6
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Fig. 5.32. True (-) and erroneous (..) measurement of pitch angular velocity 6

fault occurs at instant ¢t = 5 s, the nominal fault-free output of the system
(dashed line) is degraded (dotted line). The solid line represents the pitch
angle @ for the passive suspension.
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Fig. 5.33. Sensor fault effect on system’s behavior

5.6.5 Fault Diagnosis

In the presence of the FDI module, the fault is detected and isolated as it
has its own pattern. Figure 5.34 shows the effect of the fault on the residuals.
The global FDI module compares the pattern obtained (Ry, R, Rs, R4) =
(1, 1, 1, 1) to the a priori known inference matrix (Table 5.2), thus locating
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the fault in S'Schassis- The local FDI module of SSchassis (Table 5.4) examines
the residuals (Rs, Rio) = (1, 0) and isolates the faulty sensor.

15 15
& — R
1 ! 1 2
0.5 : . : 05 . : :
5 10 15 20 0 5 10 15 20
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__ & — R
1 3 1 hd
s ‘ . . 5 . ‘ ‘
0 5 10 15 20 05 5 10 15 20
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Fig. 5.34. Fault effect on the residuals

The residuals return to zero in Fig. 5.34 because the system is oscillating.
This makes the value of the true oscillating variable equal or close to its faulty
value during a time interval.

5.6.6 Fault-tolerance

After being detected and isolated, the FTC system module checks for the sys-
tem observability and the ability to estimate the faulty measurement. In the
case of the fault of this sensor, the observability is held and the estimation
of the faulty measurements is possible (Table 5.5). The fault is then accom-
modated by injecting its estimation in the controller to replace the faulty
measurement. The observer used to estimate the erroneous variables is pre-
sented in the sequel.

Estimation of Erroneous Measurements

The erroneous measurements are estimated by designing an SMO for the
reduced order model 15, £19, and &9y given in Sect. 5.5.2. The observer
dynamics are
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%18 = {k‘sz"El + k8f1x5 + ksm,xg + kSTlx13 - (kaT + kal + ksw + ksTl)$17 -
[a(ks;, +ks;,) —b(ks,, +ks,, )] sin(@19) —[d(ks;, + ks, ) — (ks + ks, )] sin(@21) +
Csp, T2 + Cspy X6 + Cs,, T10 + Cs,y T14 — (Csjy + Cspy + Cs,p + €5,y )18 — [alcs,, +
Cspy) = b(Cs,, +Cs,,)] cO8(Z19) @20 — [d(csyy +Cs,y) — (Csp, +Cs,.,.)] cOS(T21 ) D22 +
S(x3 4 w7 4+ w11 + 215) } /M + Migsign(rig — 218),

Z19 = Za0 + Aigsign(zis — Z1s),

xlg() = COS(ilg){a}ksh,l‘l —i—aksﬂ Ts —bksﬂ$9 —bksrlZIJlg — [Cb(k'sh, +k5fl ) —b(k‘sﬂ +
ks )]x17— [az(ksﬁ —|—ksfl)—|—b2 (ks,, +ks,,)] sin(219) —[d(aks,, —bks,, ) —c(aks,, —
bks,, )] sin(xa1)+acs,, watacs, x6—bcs, x10—bcs,  x14—la(cs,, +cs; ) —b(cs,, +
Cspy )]5%18 - [a’2(05fr + Csz) + b2(csm~ + cs'r'l)] cos(&19)@20 — [d(acsﬂ —bes,,) —
c(acs,;, —bcs,, )] cos(w21)x20 4 Sla(xs +x7) —b(x11 +215)]} /Iy + Aoosign(zis —

Z13).

When substituting the constants by their numerical values and supposing
that angles are small, the estimation error dynamics become

xflg = jflg — $f18 = —2.8@18 + 20.85}19 + 0626722320 - /\18$ign(3~318),
T1g = 19 — T19 = Ta0 — A198ign(Z1s),
jgo = jfgo — fg() = 0.43525318 — 16520375319 - 47583{2320 - /\Qosign(i‘lg).

If the gain A5 is chosen such that [20.8%19 + 0.6267Z20| < A1s:

d
dt
Then,

j%g = 2{%18[—2.8f18 + 20.8@19 + 0.6267@20 — Algsign(ilg)]. (551)

if Z18 > 0, ii)%g = 2j183;318 = 2j18(_2-85318 + 20.8T19 + 0.6267T59 — /\18) <0
if 715 < 0, & 335 = 2315215 = 2015(—2.8% 15 + 20.8%19 + 0.626720 + A1s) < 0.
According to the Lyapunov principal, Z1g exponentially decreases to zero.

If the sliding surface is defined as s = 15 = x15 — 18 then the average error
dynamics during sliding when s = 0 and s = 0 are

15 =0
1 = 0 = 20.8%19 + 0.6267Z99 — Migsign(Z1s) =0 (5.52)

= sign(i1s) = ', (20819 + 0.6267:20)
and

5?19 = Ta0 — A195ign(Z1s) (5.53)
jgo = —16520375319 — 475835320 — )\2087;971(@18) ' '
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When replacing (5.52) in (5.53), the following equations are obtained:

;fvlg = 90 — 20.8pZ19 — 0.6267pE20 (5.5)
5320 = —165.20375319 - 475835320 - 20.8q£19 — 0.6267615320 ’ '

or in matrix form:
Zio)| _ —20.8p 1—0.6267p F19 (5.55)
Too| | —165.2037 — 20.8¢ —4.7583 — 0.6267q| T2 | " ’

The convergence of estimation errors Z19 and Zog depends on the values
of p and q where p = ii: and ¢ = ifg . These constants can be determined by
pole placement such that matrix is Hurwitz. Figure 5.35 shows the estimation
of the pitch angle 6 and the pitch angular velocity 8. The angular velocity is

estimated despite the measurement noise.
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£
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Fig. 5.35. Estimation of the erroneous measurements

Fault Compensation

The fault is compensated by replacing at time ¢ = 8 s the erroneous measure-
ments by their estimations. This is illustrated in Fig. 5.36. After the occurrence
of the fault, and in the presence of FDI and FTC system modules, the pitch
angle (dotted line) of the faulty system returns to its fault-free value (dashed
line) at time ¢ = 10 s.
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Fig. 5.36. Fault compensation
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The estimations are injected in the control module at time ¢ = 8 s by
using an exponential transition law. For illustration, the fault is compensated
3 s after its occurrence. The fault can be compensated faster by injecting the
estimations earlier. In certain applications, the fault accommodation should
be fast before the system becomes unstable.

5.7 Conclusion

This chapter presents an SMC approach for the active suspension taking into
consideration the nonlinear full vehicle model and the dynamics of the four
actuators. In addition to the control, an FDI module is designed to diagnose
sensor faults. The system is physically broken down into subsystems whereas
the control and the diagnosis structures are functionally broken down into
hierarchical modules.

In order to accommodate for faults, an FTC system is designed to replace
the corrupted measurement by its estimate. The idea of replacing the faulty
measurement by its estimate is quite classical. However, the main idea of this
chapter is in the design and the integration of the controller, the diagnosis,
and the fault-tolerant modules.

Experimental application of the proposed strategy could not be made be-
cause of the absence of a test rig. However, the model of the force actuator is
being validated by other researchers [2,51].

Many of the research studies on active suspension do not take into con-
sideration the force actuators. These works suppose that the control input
desired by the controller is the control input to the system without investi-
gating if the desired control input can be generated by the actuators or not.
This assumption is not always true. Simulation shows that actuators are not
always able to generate the desired forces. This usually happens for sudden or
high frequency road perturbations, or for actuators saturation. The actuators
consist of mechanical parts with certain response time which bounds their
capacity. This point will be studied to determine, for given specifications, the
operating range of the actuators.

The FDI strategy is able to detect and isolate abrupt sensor faults such as
gains, bias, breakdown, or freeze. However, the isolation of sensor faults is not
always precise. This possibility depends on several factors: the amplitude of
the fault, the gains of the observers, the chosen thresholds, and the amplitude
of the road perturbation exciting the system.

The gains of the observers should be chosen to allow fast convergence.
However, a high gain may make the estimation, used in the generation of
the residuals, insensitive to the fault and consequently the FDI misses its
occurrence.

As previously defined, the residual is the comparison between the mea-
sured and the estimated variable. Ideally the residual equals zero when there
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is no fault and the deviation of the residual from its nominal value indi-
cates the presence of a fault. However, due to measurement noise and model
uncertainties, the residual does not equal zero in fault-free mode. Thus ade-
quate thresholds should be defined to prevent fault alarms of the presence of
a fault and at the same time to prevent the FDI missing the occurrence of
faults. Many researchers treated the problem of designing robust and dynamic
thresholds for the purpose of FDI for uncertain systems [75].

The decision about the sensor fault location depends on its signature.
However, a sufficient time interval should be allowed after the detection of
the fault to permit a correct isolation.
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Conclusion

The theory of FDI and FTC has been developed for years. The objective of
this book was to present FDI/FTC techniques applied to real laboratory-scale
systems or in simulation to a realistic model of an industrial system.

Many research studies have been developed in the literature. Only some of
them are applied to real systems and many others consider theoretical devel-
opment in linear and nonlinear cases. Moreover, many of these methods do not
take into account the fault diagnostic module and consider that the fault has
already been detected and isolated properly. However, it goes without saying
that the performance of any FTC method is tightly linked to the information
issued from the FDI module.

The methods presented in this book are intended as a contribution to the
application of FDI/FTC methods to real systems. One of the advantages of
these approaches is that they consider the whole steps of an FTC method. A
guideline is given to develop a complete method emphasizing the importance
of the selection of an operating point and including modeling, identification,
nominal tracking control, fault diagnosis and the FTC design.

Chapter 2 presented a theoretical development of an FDI/FTC approach
in the linear case and then in the nonlinear case. Through many years of
teaching and developing research activities, it was noticed that the notion of
the operating point is still ambiguous and not easily understood. One objective
of this book was to clarify this issue which is very important in the design of
a nominal control when the system has to be linearized around an operating
point. The modeling of sensor and actuator faults has been recalled and the
analysis of their effect on the system has been detailed. Then, the nominal
tracking control method is reexamined. The performance of the FTC method
presented later in the chapter has to be as close as possible to the performance
of the nominal tracking control. The FDI is a major issue in FTC design. That
is why attention has been paid to the presentation of an FDI module which
is integrated to the whole strategy. Once the fault is detected and isolated,
two different approaches are presented to estimate the fault magnitude. This
estimation is then used to compensate for the fault effect.
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In parallel to the linear study, an FDI/FTC method based on nonlinear
techniques has been detailed. This nonlinear approach takes into account all
required steps for fault tolerance design. Finally, the occurrence of major
failures such as the complete loss of a sensor or an actuator was discussed
and a method of dealing with the presence of such failures was proposed.
If a sensor is completely lost, the compensation method using the additive
control law is still able to compensate for the sensor fault if the system is still
observable despite the sensor loss.

Regarding the blocking or the complete loss of an actuator, if there is no
hardware redundancy, the system becomes uncontrollable. In this case, the
system is restructured in order to distribute the control law over the healthy
actuators.

Chapter 3 is dedicated to apply the complete FDI/FTC approaches de-
scribed in Chap. 2 to a winding machine which is a nonlinear system. This
system was first considered as linear around an operating point. Then, the
nominal tracking control, the FDI, and the FTC for sensor and actuator faults
are designed and detailed. This application gives the reader a detailed exam-
ple taking into account all the steps to follow in order to design an FDI/FTC
method if the system is described by a linear state-space representation.

As stated previously, the model of the winding machine is nonlinear. How-
ever, the description of the nonlinear model is difficult to achieve. Therefore,
a modeling of the system for several operating zones was proposed. A detailed
FTC method was applied to the winding machine throughout the whole op-
erating zone.

In Chap. 4, a three-tank system was considered to illustrate the FDI/FTC
approaches in both linear and nonlinear cases. A detailed study was conducted
and discussed in the presence of sensor and actuator faults. While for the wind-
ing machine the linearized model was obtained experimentally, the nonlinear
model of the three-tank system is easy to get and to linearize around an oper-
ating point using, for instance, the Taylor expansion. The methods developed
in Chap. 2 were applied to this system in the linear case for faults such as
biases or drifts on the measurements or a loss of actuators effectiveness.

The case of major failures was discussed as well. The objective was to
keep the system operating safely by redefining the degraded performance to
reach if one actuator is blocked or completely lost. A new equilibrium point
was calculated based on the nonlinear equations in order to avoid system
shutdown. Similar study for the major actuator failures with application to
an unmanned aerial vehicle has been conducted and showed interesting results
in calculating a new trim point if a control surface of the aircraft is blocked.
For more details, the reader can refer to [12].

A full vehicle active suspension system was used in simulation to present
a detailed FDI/FTC approach in Chap. 5. The particularity of this system is
that it is a complex system. It is described by a nonlinear model of order 22.
Since it is difficult to deal with this high order model to design a nominal con-
troller, an FDI module, and an FTC method, the system is broken down into
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five interconnected subsystems. Each subsystem is driven by a local controller
and monitored by a local FDI module. A higher level coordinates the informa-
tion issued from these local modules. For this system, only sensor faults were
considered. The nominal control and the state estimation were based on the
sliding mode techniques. The objective was to substitute the faulty or the lost
measurement by its estimation. This idea is not new; however the challenge
here was in the way of estimating the state variables and the outputs for this
high order system.

Another advantage of this study in Chap. 5 corresponded to the techno-
logical analysis of the available sensors on the market. This is an interesting
issue in real applications where one has to optimize the number of sensors to
use from the economical point of view and the available space to install these
sensors. Once a sensor is lost, the objective is to estimate the corresponding
output using available and healthy measurement. This requires that the sys-
tem is still observable despite the sensor loss. A study has been conducted to
determine the minimal number of sensors to use in a complex system while
ensuring its observability. This study was not only developed in the nominal
case, but it also aimed at determining the optimal number of sensors to install
in order to keep the system observable despite the loss of a sensor. For more
details, the reader can refer to [18].

This book does not aim at being an exhaustive overview of FDI/FTC
methods. For instance, one way to consider a wide operating zone could consist
of using multiple-model techniques rather than considering an exact nonlinear
model. The reader can refer to [106] where this modeling technique is used to
provide a specific FDI approach applied to the three-tank system. As recently
considered in the literature, FDI/FTC methods have been developed under
linear parameter-varying (LPV) model representation in order to describe the
dynamic behavior of systems. In this way, as recently proposed by [123], the
winding machine can also be considered as an LPV system with an appropri-
ate dedicated FDI/FTC strategy. Moreover, the objective of the book was to
show some applications developed for many years. Among these applications,
unmanned aerial vehicles, not presented in this book, is an interesting system
to show a detailed FDI/FTC approach with challenging problems in the pres-
ence of major actuator failures such as the blocking of a control surface [11].
Finally, the robustness of a given solution against FDI inaccuracies which is a
key problem in FTC methods [141], should be addressed. thods [141], should
be addressed.
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Three-tank System Simulation

The three-tank system is simulated using MATLAB® /Simulink®. The simula-
tion has been developed using MATLAB® version 6.5.1 (R13SP1), Simulink®
version 5.1 (R13SP1), and Virtual Reality Toolbox® version 3.1 (R13SP1).
It consists of the modeling part and the animation part. It also works with
newer MATLAB® versions such as version 7.3 (R2006b).

A.1 Main Page

The main Simulink® file is Three tank.mdl. Once this file is open, the main
page illustrated in Fig. A.1 appears. The reference levels are displayed on the
right hand side of this page in addition to the sensors measurement and the
real levels in the tank.

It is also possible to test the effect of sensor and actuator faults on the
behavior of the system by using the blocks on the left hand side of the main
page. Consider for example the block shown in Fig. A.2. This block allows us
to simulate bias faults for sensor 1 by adjusting the fault amplitude (here it
is set to —0.03) and the fault time occurrence (set to 1500 s). Users can easily
test other faults such as drifts or freezing.

Figure A.3 shows the block that allows us to simulate a fault on actuator 1.
In this case, the Loss block is set to 0.2 which means that a loss of effectiveness
of 20% is supposed to occur at 1500 s. A value of 1 means the complete loss
of the actuator. A value of 0 means that no fault occurs.

Finally, the main page contains the animation window which shows up
automatically once simulation is started. This window will be explained in
Sect. A.3. It should be noted that the model is automatically initialized; thus
a manual initialization is not needed.
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Fig. A.1. Main page of the simulation



A.2 Modeling Part

O—> Fault sensor 1 (Bias)
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Fig. A.2. Sensor fault block

O— Fault actuator 1 (Effectiveness)
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Fig. A.3. Actuator fault block

A.2 Modeling Part

The modeling part shown in Fig. A.4 consists of:

The controller

The reference levels block

Two blocks to simulate sensor and actuator faults
Signal routing blocks for the animation purposes

>
reference_level.mat I P Fet =zl
ur—P{I o > Sensor faults
— =} Thes tank system

Actuator
Controller fauls

Fig. A.4. The three-tank system

The nonlinear model of the system (the block “Three tank system”)

Levels

215

The control law used in this simulation is a state-feedback with integrator
where the gains are determined using a linearized model around an operating
point (Fig. A.5). Therefore, the controller will give satisfactory performance
only around this operating point. Thus, users should pay attention not to
drive the system outside the operating region when simulating the nominal



216 A Three-tank System Simulation

behavior of the system. On the other hand, users are invited to apply nonlinear
control laws (see for example Chap. 2) for the whole operating range of the
system.

I

Fig. A.5. State-feedback with integrator controller

Remark A.1. It should be noted that, in this simulation, actuators are as-
sumed to be scalar gains. In addition, no sensor noise is used. These two
points can be easily considered in simulation for more consistency.

A.3 Animation Part

The animation window shown in Fig. A.6 allows one to visualize the measure-
ments issued from the modeling part. As stated before, this window shows up
automatically when simulation starts, but it can also be forced to show up by
clicking the middle block of the main page (Fig. A.1).

This window shows the three interconnected tanks, the two pumps, and
two red rings representing the reference levels (set-points). During the sim-
ulation, users can note how water levels follow the references and how the
different water flow rates vary with time. This animation is not only useful
in displaying the measurements, but also in examining what is going on in
the real system when faults occur. In the case of a sensor fault (a bias for
example), the sensor tells that the reference is followed while this is not the
case in reality. This can be easily seen on the animation.
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Fig. A.6. The animation window

A .4 Various Files

This simulation comes with a set of files:

Three tank.mdl: the main simulation file

init para.m: file containing the different constants initializing the model
tank system.m: the nonlinear model of the system

sensor fault.m: used to simulate sensor faults

actuator fault.m: used to simulate actuator faults

reference level.mat: a .mat file containing the reference levels
Stanks.wrl: the virtual reality file used for the animation

tanks.bmp: a .bmp figure used for the main page
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