Studies in Systems, Decision and Control 91

Qikun Shen
Bin Jiang
Peng Shi

Fault Diagnosis
and Fault-Tolerant
Control Based on
Adaptive Control
Approach

@ Springer



Studies in Systems, Decision and Control

Volume 91

Series editor

Janusz Kacprzyk, Polish Academy of Sciences, Warsaw, Poland
e-mail: kacprzyk @ibspan.waw.pl



About this Series

The series “Studies in Systems, Decision and Control” (SSDC) covers both new
developments and advances, as well as the state of the art, in the various areas of
broadly perceived systems, decision making and control- quickly, up to date and
with a high quality. The intent is to cover the theory, applications, and perspectives
on the state of the art and future developments relevant to systems, decision
making, control, complex processes and related areas, as embedded in the fields of
engineering, computer science, physics, economics, social and life sciences, as well
as the paradigms and methodologies behind them. The series contains monographs,
textbooks, lecture notes and edited volumes in systems, decision making and
control spanning the areas of Cyber-Physical Systems, Autonomous Systems,
Sensor Networks, Control Systems, Energy Systems, Automotive Systems, Bio-
logical Systems, Vehicular Networking and Connected Vehicles, Aerospace Sys-
tems, Automation, Manufacturing, Smart Grids, Nonlinear Systems, Power
Systems, Robotics, Social Systems, Economic Systems and other. Of particular
value to both the contributors and the readership are the short publication timeframe
and the world-wide distribution and exposure which enable both a wide and rapid
dissemination of research output.

More information about this series at http://www.springer.com/series/13304



Qikun Shen - Bin Jiang - Peng Shi

Fault Diagnosis

and Fault-Tolerant Control
Based on Adaptive Control
Approach

@ Springer



Qikun Shen Peng Shi

Department of Automation School of Electrical and Electronic
Yangzhou University Engineering
Yangzhou University of Adelaide
China Melbourne, VIC
Australia
Bin Jiang

College of Automation Engineering

Nanjing University of Aeronautics
and Astronautics

Nanjin, Jiangsu

China

ISSN 2198-4182 ISSN 2198-4190 (electronic)
Studies in Systems, Decision and Control

ISBN 978-3-319-52529-7 ISBN 978-3-319-52530-3 (eBook)

DOI 10.1007/978-3-319-52530-3
Library of Congress Control Number: 2017930132

© Springer International Publishing AG 2017

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or
dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper
This Springer imprint is published by Springer Nature

The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



To our families for their love and support



Preface

With the development technology, modern control systems, such as flight control
systems, become more and more complex and involve an increasing number of
actuators and sensors. These physical components may become faulty which may
cause system performance deterioration, may lead to instability that can further
produce catastrophic accidents. In order to improve system reliability and to
guarantee system stability in all situations, many effective fault-tolerant control
(FTC) approaches including fault diagnosis (FD) have been proposed in literature.
Among the faults occurred in the controlled systems, the actuator faults and sensor
faults are common. Up to now, for the actuator faults and sensor faults, many
relevant results have been obtained in the literature. However, these theoretical
studies are not perfect, and there still are problems of actuator faults and sensor
faults, which are worth to be further deeply investigated due to its academic
meaning as well as its practical one:

1. Motivation from academic research

Infinite-number-integrated-fault model. Most of the existing works on FD
and FTC in literature only considered bias faults, while gain faults have not
attracted enough attention. From the theoretical point of view, it is possible that
bias and gain faults simultaneously occur in systems. Furthermore, the fault
number may be infinite. Hence, it is necessary to propose a novel general fault
model, which can describe infinite-number-faults and deal with time-varying
bias fault and gain fault.

Singularity of fault-tolerant controller. In order to compensate for actuator
gain fault, the denominator of the fault-tolerant control input contains the esti-
mation of the gain fault. If the denominator is equal to zero, a controller sin-
gularity occurs. Hence, a novel FTC scheme must be designed to avoid the
controller’s singularity.

FTC against un-model fault. The actuator (sensor) bias and gain faults have an
affine-like appearance of the control input (system output). The un-modeled
faults have no traditional affine appearance. Furthermore, the existing results on
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the bias and gain faults in literature cannot be directly extended to FD and FTC
against the un-modeled faults. Therefore, it is necessary to design novel FTC
algorithm for the un-modeled faults.

Computation complexity in backstepping design procedure. To control
including FTC for the unknown nonlinear systems in or transformable to
parameter strict-feedback form, adaptive backstepping technique is a powerful
tool. However, computation complexity caused by analytic computation of the
higher derivatives of virtual control signals must be faced. Hence, how to reduce
the computation becomes crucial issue in controller design.

. Motivation from practical application

Decision threshold and algorithm. In some existing works, the asymptotic
value of the state estimation error between the system state x and fault detection
observer state X, i.e., lim,_, (x(#) — X(¢)) = lim, o e,(z) = ex(00), is consid-
ered as an fault occurrence indicator. However, e,(co) is not available in
practice, and e,(00) # 0 cannot practically be considered as fault indicator.
Hence, designing a more practical and efficient decision threshold and algorithm
becomes more important and urgent.

Multi-type multi-fault isolation. In practical applications, multiple faults
maybe simultaneously occur in the controlled systems. However, most of the
results on FD in literature works under the restrictive condition that only one
actuator or sensor fault occurs at one time, cannot be extended to the case where
multiple actuator and sensor faults simultaneously occur. Therefore, it is a need
for such case to design a novel FD observer to isolate multiple-type multiple
faults occurred simultaneously.

Fault detection for time-delay systems. Most of fault detection observers of
time-delay systems in literature contain time delay. If the time delay is
unknown, then the observers are not reasonable and do not work in the practical
applications. Hence, how to avoid the above shortcoming and design a proper
observer for dynamical systems becomes important and practically useful.

Time delay due to fault diagnosis. There is always some level of time to
detect, isolate and estimate the faults occurred in the systems. The time interval
is called as the time delay due to fault diagnosis in this book. When faults occur,
the faulty system works under the nominal control until the faults are diagnosed
and fault accommodation is performed, which may cause severe loss of per-
formance and stability. Hence, in the practical applications, the time delay due
to FD should be derived strictly, and its adverse effect on the system perfor-
mance should also be analyzed, and a proper solution is given to minimize its
adverse effect.

This book provides recent theoretical results and applications of fault diag-
nosis and FTC for dynamic systems, including uncertain or certain systems,
linear or nonlinear systems. Combining adaptive control technique with the
other control technique or approaches, this book investigates the problem of FD
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and FTC for uncertain dynamic systems including linear and nonlinear systems
with or without time delay.

This book intends to provide the readers a good understanding of FD and
FTC based on adaptive control technology. The book can be used as a reference
for the academic research on FD and FTC or used in Ph.D. study of control
theory and engineering. The knowledge background for this monograph would
be some undergraduate and graduate courses on linear system theory, nonlinear
system theory, and FD and FTC control technology and theory.

Yangzhou, China Qikun Shen
Nanjin, China Bin Jiang
Melbourne, Australia Peng Shi

November 2015
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Chapter 1
Introduction

1.1 FD and FTC Against Actuator and/or Sensor Faults

With the development technology, modern control systems, such as flight control
systems, become more and more complex and involve an increasing number of
actuators and sensors. These physical components may become faulty which may
cause system performance deterioration, may lead to instability that can further
produce catastrophic accidents.

To improve system reliability and guarantee system stability in all situations,
FD and fault accommodation methods have become attractive topics which received
considerable attention during the past two decades as it can be attested by the abundant
literatures [1-20].

Fault diagnosis including fault detection and isolation (FDI) [1, 6-9, 20] is used
to detect faults and diagnosis their location and significance in a system [1]. It has the
following tasks: fault detection, fault isolation and fault estimation. Fault detection is
to make a decision, e.g., faults occur in the controlled systems or not. Fault isolation
is used to determine the location of the faults, namely, which physical component
has become faulty. The last task in FD is to estimate the size of the fault.

Fault tolerant control aims at preserving the functionalities of a faulty system with
acceptable performances. FTC can be achieved in two ways, namely, passive and
active ways [1]. Passive FTC uses feedback control law that is robust with respect to
possible system faults [21-33]. Generally speaking, passive FTC is more conservative
[1]. In order to relax the conservatism of the passive FTC approach, active FTC
method is developed. Active FTC relies on a FD module process to monitor the
performance of the controlled system, and to detect, isolate and estimate the faults in
the controlled system [34—45]. Accordingly, the control law is reconfigured online.

In recent years, by using adaptive control technology, various FD and FTC
approachers including passive and active FTC have been developed, and abundant
results on adaptive FD and FTC can be found in literature [21-45].

© Springer International Publishing AG 2017 1
Q. Shen et al., Fault Diagnosis and Fault-Tolerant Control Based

on Adaptive Control Approach, Studies in Systems, Decision and Control 91,

DOI 10.1007/978-3-319-52530-3_1



2 1 Introduction

Itis well known that, among the faults occurred in the controlled systems, actuator
and sensor faults are common. In practical application, actuator and sensor faults have
two kinds of faults, namely, bias faults and gain faults [46—52]. Bias fault model can
be described as:

. (1.1)
Sensor fault = ¥ (1) = y(1) +4H0,0), t>t

[Actuatorfault () = u@) +fu (e u, ), > Iy
where #; is an unknown fault occurrence time; u and u; denote actuator input and
output, respectively; y and y; denote system output and actual obtained system output,
respectively; f,(x, u, t) and f,(y, t) denote actuator and sensor fault, respectively,
which are commonly assumed to be unknown but bounded signal. Actuator and
sensor gain faults have the following form,

lActuatorfault (0 = (1= pu(x, u, D)), t=>1 12

Sensor fault - ¥y (1) = (1 — Py, D)Y(@), t =t

where t; denotes an unknown fault occurrence time; # and uy denote actuator input
and output, respectively; y and y; denote system output and actual obtained system
out, respectively; 0 < p,(x,u,7) < 1 and 0 < py(y,?) < 1 are unknown, which
denote the remaining control rate and measurable part, respectively.

Recently, an integrated fault model is reported, which contains the above two
kinds of faults [52, 53]. It can be uniformly described as:

[Actuatorfault : uf(t) = (1 — p,Ce, u, Nu(t) + fu(x,u, 1), t=>1 (13)

Sensor fault : Y (t) = (1 — p,())y(t) +£,(1), t >t

Very recently, a so-called infinite-number-faults model was reported [60], which can
be described as follows:

pl(
Actuator fault W (t) = (1 — p,(x, u, 1))u(t) + qu,j(x, u,t), t=tr
L (1.4)
Sensor fault : yf(t) =1 - p,(y,)y) + nyj(y, n, t>1t

j=1

where f,;(t) G = 1,...,p,) and f, ;(1) G = 1, ..., p,) denote bounded signal, p,
and p,, are known positive constants.

From (1.1)—(1.4), itis easily seen that the actuator and sensor faults have an affine-
like appearance of control input and/or system output. That is to say, the fault can be
expressed explicitly as gain and/or bias fault [54-56], which is called modeled fault
(MF) in this book. Unfortunately, there exist some cases in practical applications
where the faults cannot be expressed in the above affine-like form [57-59]. The fault
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model can be described as follows:

[Actuatorfault o =fow, >4 (1.5)

Sensor fault : yf(t) =f), t=1

where f(x, ) and f(y) are two unknown nonlinear smooth function, with # being
unknown fault occurrence time. Obviously, fault model described by (1.5) has no the
traditional affine-like appearance of control input and/or system output. The fault is
called un-modeled fault (UMF).

Although abundant results on FD and FTC against actuator and/or sensor faults
have been obtained in literature, FD and FTC for dynamic systems still need to be
deeply investigated due to their academic meaning as well as practical one, and there
exist many open problems to be solved, which is the topic of this book.

e FD and FTC against infinite-number-integrated-faults:
In most of the existing works in literature only considered bias faults, while gain
faults have not attracted enough attention. From the theoretical point of view, it is
possible that time-vary bias fault and time-vary gain fault simultaneously occur in
the controlled systems. Further, the number of the faults occurred in systems maybe
infinite. Hence, it is necessary to propose a novel infinite-number-integrated-fault
model and design corresponding FD and FTC algorithms. In addition, the denom-
inator of the fault-tolerant control input contains the estimation of the gain fault. If
the denominator is equal to zero, a controller singularity occurs. Hence, controller
singularity should be considered, and a novel FTC scheme must be designed to
avoid the singularity problem.

e Multi-type multi-fault isolation:
In the practical applications, multiple type multiple faults maybe simultaneously
occur in the controlled systems. However, most of the results on FD and FTC in
literature works under the restrictive condition that only one actuator fault occurs
at one time. What’s more, the results cannot be easily extended to the case where
multiple actuator faults simultaneously occur. Therefore, it is a need for such case
to design a novel FD algorithm to isolate multiple faults occurred simultaneously.

e FD and FTC against un-modeled fault:
Since un-modeled fault has no traditional affine-like appearance of control input
or system output, the results concerning on MF cannot be extended directly to FTC
against UMF. Under some restrictive conditions, some researchers investigated the
problem of FTC against UMFs, and only a few results were obtained in literature.
In [57], the problem of adaptive FTC for nonlinear systems with actuator MF was
investigated. However, the results are only applicable to second-order nonlinear
systems rather than more general high-order systems, which limit their practi-
cal applications. In [58, 59], robust detection and isolation schemes for UMFs
were addressed. However, these FDI schemes worked under the condition that
the system state variables and control inputs were bounded before and after the
occurrence of a fault, which is too restrictive. In addition, the UMF was assumed
to be a known function about control input and system state with an unknown gain.
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Hence, how to control more general high-order nonlinear systems with UMFs is
still an important and open problem, which motivates us for this study.
e Computation complexity in backstepping design procedure:

For the unknown nonlinear systems in or transformable to parameter strict-
feedback form, adaptive backstepping technique is a powerful tool. At standard
backstepping design procedure, analytic computation of the higher derivatives of
virtual control signals is necessary, which leads to a so-called computation com-
plexity especially when the system dimension increases. Hence, how to reduce the
computation becomes crucial issue in controller design.

1.2 Fault Detection for Time-Delay Systems

Time delay phenomenon often exists in the practical applications because of informa-
tion transmission. It has been proven that such time delay will causes the performance
degradation of the controlled systems, even instability. Hence, the control problem
of time delay systems, including FTC, always is a hot topic Over the past decade
[61-73]. Stability analysis of the time delay systems can be divided into two classes:
time-dependent and time-independent results. The former is dependent on the size
of time delay, while the latter does relay on thecite time delay. Generally speaking,
time-dependent results are more conservative than the time-independent results.
Recently, FD and FTC for the time delay systems has drawn wide attentions [74—
82, 87]. In order to compensate for these faults, various fault-tolerant control (FTC)
methods are proposed. Among these FTC methods, active FTC methods is more
common, important and useful. Fault detection [83—86] is the first and important step
in active FTC method. For time delay systems, however, most of the FD observers
proposed in literature have a major shortcoming that the fault detection observers
contain the unknown time delay terms. For example, consider a simple system

1.6
y(@) = Cx(1) (10

[ i(t) = Ax(t) + Agx(t — d) + Bu
where x, y and u denote state, output and control input, respectively; A, A;, B and
C are known real matrices with appropriate dimensions; time delay d is a constant.
In most of the existing results such as [9], fault detection observer often is designed
for (1.6) as follows:

[ () = AR(t) + Ayt — d) + Bu+ LG @) — y(1)) 0

¥ = Cx(@)
where L is observer gain matrix, which will be designed. Notice that, the first equation

in (1.7) contains time delay term X(¢ — d). Obviously, if d is unknown, then observer
(1.7) is not reasonable and does not work in the practical applications.
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0 1 Ir Ip L5 g i
s Fault Fault Fault Fault Fault
Stability ; A i o x
tim occurrence  detection isolation  estimation accommodation
€ X ; : 2 p
time time time time time

Fig. 1.1 The fault diagnosis and accommodation time sequence

Hence, how to avoid the above shortcoming and design a proper observer for time
delay systems becomes important and practically useful.

1.3 Analysis of Time Delay Due to Fault Diagnosis

In general, active FTC framework includes the following steps: fault detection, fault
isolation, fault estimation and fault accommodation. The fault diagnosis and accom-
modation time sequence can be seen in Fig. 1.1. From Fig. 1.1, it is easily seen that
each step need some time. The time interval is called as time delay due to FD in
this book.

Generally speaking, it is under the condition that the fault occurred in system
can immediately be detected and isolated that an active fault tolerant control law is
designed [91]. In fact, there is always some time delay. Furthermore, when a fault
occurs, the faulty system works under the nominal control until the fault is detected,
isolated and fault accommodation is performed. That is to say, the considered system
is always controlled by the faulty actuators during [z, t4]. Obviously, it will degrades
the system performances even damage the system. However, its effect is not studied
enough, and there are only few results reported in literature [88-91]. Hence, the
time delay due to FD should be derived strictly, and its adverse effect on the system
performance should also be analyzed and a proper solution to minimize its adverse
effect is given.

1.4 Organization of the Book

This book presents several fundamental problems of FD and FTC for dynamic sys-
tems. Combining adaptive control technique with the other control techniques or
approaches, a basic theoretical framework is formed towards the issues of FD and
FTC of dynamic system. In order to conveniently reading this book, some prelimi-
naries including same or similar lemmas are introduced in different chapters. This
book contains ten chapters, which exploit several independent yet related topics in
the detail.
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Chapter 2 addresses the problem of fault tolerant control for T-S fuzzy systems
with single actuator faults. A general actuator fault model with infinite number of
faults is proposed, which integrates time-varying bias faults and time-varying gain
faults. Then, sliding mode observers are designed to provide a bank of residuals
for fault detection and isolation, and a novel fault diagnostic algorithm is proposed,
which removes the classical assumption that the time derivative of the output errors
should be known as in some existing work. Further, a novel fault estimation observer
is designed. Utilizing the estimated actuator fault, an accommodation scheme is
proposed to compensate for the effect of the fault.

Chapter 3 investigates the fault tolerant control problem of near space vehicle
attitude dynamics with multiple actuator faults, which is described by a T-S fuzzy
model. Firstly, an integrated state-dependant actuator fault model with infinite num-
ber of faults is proposed to simultaneously deal with state-dependent bias and gain
faults. Then, sliding mode observers are designed to provide a bank of residuals for
fault detection and isolation. Based on Lyapunov stability theory, a fault diagnostic
strategy is proposed. Further, for the two cases where the state is available or not,
two accommodation schemes are proposed to compensate for the effect of the faults.

Chapter 4 focuses on the problem of fuzzy adaptive tracking control for a class
of uncertain nonlinear strict-feedback systems with actuator fault. The actuator fault
is assumed to have not only time-varying gain fault but also time-varying bias fault.
Combining command filtered backstepping design with the integral-type Lyapunov
function and utilizing Nussbaum-type gain technique, an adaptive fuzzy fault-tolerant
control scheme is proposed to guarantee that the resulting closed-loop system is
asymptotically bounded with the tracking error converging to a neighborhood of the
origin. The control scheme requires only virtual control and its first one derivative
instead of them and their higher derivatives in backstepping design procedures.

In Chap.5, we consider the problem of fault-tolerant dynamic surface control
for a class of uncertain nonlinear systems with actuator faults and propose an active
fault-tolerant control scheme. Using the DSC technique, a novel fault diagnostic algo-
rithm is proposed, which removes the classical assumption that the time derivative
of the output error should be known. Further, an accommodation scheme is proposed
to compensate for both actuator time-varying gain and bias faults, and avoids the
controller singularity. In addition, the proposed controller guarantees that all sig-
nals of the closed-loop system are semi-globally uniformly ultimately bounded, and
converge to a small neighborhood of the origin.

Chapter 6 discusses the problem of fault-tolerant control for a class of uncertain
nonlinear high-order systems with actuator faults, and propose an observer-based
FTC scheme. Adaptive fuzzy observers are designed to provide a bank of residuals
for fault detection and isolation. Using a backstepping approach, a novel fault diag-
nosis algorithm is proposed, which removes the classical assumption that the time
derivative of the output error should be known. Further, an accommodation scheme
is proposed to compensate for the effect of the fault, where it is not needed to know
the bounds of the time derivative of the fault. The proposed controller guarantees
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that all signals of the closed-loop system are semi-globally uniformly ultimately
bounded and converge to a small neighborhood of the origin by appropriately choos-
ing designed parameters.

In Chap.7, the problem of adaptive active fault-tolerant control for a class of
nonlinear systems with unknown actuator fault is investigated. The actuator fault is
assumed to have no traditional affine appearance of the system state variables and
control input. The useful property of the basis function of the radial basis function
neural network, which will be used in the design of the fault tolerant controller, is
explored. Based on the analysis of the design of normal and passive fault tolerant
controllers, by using the implicit function theorem, a novel neural networks-based
active fault-tolerant control scheme with fault alarm is proposed. Comparing with
results in literature, the fault-tolerant control scheme can minimize the time delay
between fault occurrence and accommodation that is called the time delay due to
fault diagnosis, and reduce the adverse effect on system performance. In addition,
the FTC scheme has the advantages of a passive fault-tolerant control scheme as
well as the traditional active fault-tolerant control scheme’s properties. Furthermore,
the fault-tolerant control scheme requires no additional fault detection and isolation
model which is necessary in the traditional active fault-tolerant control scheme.

Chapter 8 discusses the problem of fault-tolerant control against actuator fault,
derives the time spent at each steps in fault diagnosis which is called as the time
delay due to fault diagnosis and quantitatively analyzes its effect on the faulty sys-
tems performance. A novel fault diagnosis algorithm is first proposed. The proposed
fault tolerant controller guarantees that all signals in the closed-loop system are semi-
globally uniformly ultimately bounded. What’s more, the analytical expression of
the time delay is derived strictly. Further, the quantitative analysis of system perfor-
mance which is degraded by the time delay is developed, and the conditions that the
magnitudes of the faults should be satisfied such that the faulty system controlled by
the normal controller remains bounded even stable during the time delay are derived.
In addition, the corresponding solution to the adverse effect of the time delay is
proposed.

Chapter 9 investigates the fault detection of uncertain systems with unknown time-
delay constant, and design a novel adaptive neural network-based fault detection
observer, where not only the system states but also the unknown time delay can
be estimated. Furthermore, comparing with the existing works where an asymptotic
value is taken as an indicator to determine whether faults occur or not, a more efficient
fault detection mechanism is proposed.

In Chap. 10, several future research directions are predicated.
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Chapter 2
Fault Tolerant Control for T-S Fuzzy Systems
with Application to NSHV

2.1 Introduction

Modern control systems, such as NSHV that is considered in this chapter, become
more and more complex and involve an increasing number of actuators and sensors.
These physical components may become faulty which can cause system performance
deterioration and lead to instability that can further produce catastrophic accidents.
To improve system reliability and guarantee system stability in all situations, FDI
and fault accommodation methods have become attractive topics which received
considerable attention during the past two decades as it can be attested by the abundant
literature [1-20]. Fault tolerant control (FTC) aims at preserving the functionalities
of a faulty system with acceptable performances. FTC can be achieved in two ways
namely passive and active ways. The former uses feedback control laws that are
robust with respect to possible system faults. On the other hand, the latter uses a FDI
module and accommodation techniques.

Itis valuable to point out that, although there are abundant results in literature, most
results concerning actuator faults reported in the literature only considered bias faults.
Gain faults did not attract enough attention, which motivates this chapter. In addition,
in some existing work, estimation error lim;_, o, €,(#) = e,(00) was considered as an
indicator, by which the faulty system can be distinguished from the normal system.
That is to say, if e, (c0) = 0, then the system is healthy; if e, (c0) # 0, the system is
faulty. However, e, (00) is not available in practice, and e, (c0) # 0 can not practically
be considered as fault indicator. Another motivation of this work is thus to provide
a fault indicator with an associated decision algorithm which is efficient in practical
application.

The concept of near space hypersonic vehicle was first proposed by American air
force in a military exercise called “Schrieffer” in 2005. NSHYV is a class of vehicle
flying in near space which offers a promising and new, lower cost technology for
future spacecraft. It can advance space transportation and also prompt global strike
capabilities. Such complex technological system attracts considerable interests from
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the control research community and aeronautical engineering in the past couple of
decades and significant results were reported [21-32]. For such high technological
system, with great economical and societal issues, it is of course essential to main-
tain high reliability against possible faults. One of the difficulties to deal with FTC
for NSHV is that the dynamics are complex nonlinear, multi-variable and strongly
coupled ones. To solve the difficulties, T-S fuzzy system was used to describe the
NSHYV attitude dynamics [33]. During the past two decades, the stability analysis for
Takagi-Sugeno (T-S) fuzzy systems has attracted increasing attention [34—42]. These
studies combine the flexibility of fuzzy logic theory and rigorous mathematical the-
ory of linear/nonlinear systems into a unified framework. The important advantage of
a T-S fuzzy system is its universal approximation of any smooth nonlinear function
by a “blending” of some local linear models, which greatly facilitates the analysis
and synthesis of the complex nonlinear system. Lots of stability criteria of T-S fuzzy
systems have been expressed in terms of linear matrix inequalities (LMIs) via various
stability analysis methods (see [43-50] and the references therein). In [51], authors
studied the problem of fault-tolerant tracking control for near-space-vehicle attitude
dynamics with bias actuator fault, where the bias fault was assumed to be unknown
constant. However, in practical application, the fault may be time-varying, which
motivates this chapter.

In this chapter, we investigate the problem of fault tolerant control for T-S fuzzy
systems with actuator time-varying faults, with the objective to provide an efficient
solution for controlling NSHV in faulty situations. Compared with some existing
work, there are four main contributions that are worth to be emphasized.

1. The actuator fault model presented in this chapter integrates not only time-varying
gain faults, but also time-varying bias faults, which means that a wide class of
faults can be handled. The theoretic developments and results of this chapter are
thus valuable in a wide field of practical applications.

2. Anadaptive fault estimation algorithm is proposed where the common assumption
that the derivative of the output errors with respect to time should be known is
removed and the parameter drift phenomenon is prevented even in the presence
of bounded disturbances.

3. Compared with some results, a decision threshold for FDI is defined and applied
on an online computable fault indicator and not on an asymptotic value of a
criterion, which means the decision algorithm is thus more practical.

4. The proposed fault estimation observer is designed to online estimate not only
bias faults but also gain faults.

The rest of the chapter of this chapter is organized as follows. In Sect.2.2, the
T-S fuzzy model is first briefly recalled. Actuator faults are integrated in such model
and the FTC objective is formulated. In Sect. 2.3, the main technical results of this
chapter are given, which include fault detection, isolation, estimation and fault-
tolerant control scheme. The NSHV application is presented in Sect.2.4. The T-S
fuzzy model is employed to approximate the nonlinear NSHV attitude dynamics and
simulation results of NSHV are presented to demonstrate the effectiveness of the
proposed technique. Finally, Sect.2.5 draws the conclusion.
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2.2 Problem Statement and Preliminaries

Consider the following T-S fuzzy model composed of a set of fuzzy implications,
where each implication is expressed by a linear state space model. The ith rule of
this T-S fuzzy model is of the following form:

Plant Rule i: IF 7 () is M;; and . . . z,(?) is M;,, THEN

{ (1) = Aix (1) + Bu(t) @2.1)

y(0) = Cix(1)

where i =1, ..., r, r is the number of the IF-THEN rules, M;;, j =1, ..., g is the

fuzzy set, z(t) = [z1(?), ..., 24 ()]" are the premise variables which are supposed to

be known, x(t) = [x1(?), ..., x,()]T € R", u(t) € R™, A; € R™", and B; € RV,
The overall fuzzy system is inferred as follows:

(1) = D hiz(0) (Ax(1) + Byu(1))

i=1

, 2.2)
Y(O) =D hi(z())Cix(1)
i=1
where h;(z(1)) is defined as
[T M;lz(0)]
M) =2 i=1.2,....r (2.3)
Zl [T Mylz(0)]
i=1j=1

where M;;[z(¢)] is the grade of membership of z;(¢) in M;;. It is assumed in this
chapter that H;':l M;;[z(t)] > 0 for all 1. Therefore, we have > hi(z(t)) =1, 0 <

i=1
hi(z(r)) < 1 for all 7.

In this chapter, the state feedback control strategy is chosen as a parallel distributed
compensation (PDC), which can be described as follows:

Control Rule i: IF z;(¢) is M;; and . . . z,(¢) is M,,, THEN

ui(t) = Kix(t) (2.4)

where K; is the controller gain matrix to be determined later.
The overall fuzzy controller is given as follows:

u(r) = Zhi(Z(t))KiX(t) (2.5)

i=1
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The control objective under normal conditions is to design a proper state feedback
control controller u(¢) such that the system (2.2) is stable.

However, in practical application, actuators may become faulty. Bias faults and
gain faults are two kinds of actuator faults commonly occurring in practice. An
actuator bias fault can be described as:

W) = w0 +fi(1), i=1,....m (2.6)

where f;(¢) denotes a bounded signal, and an actuator gain fault can be described as:
W (1) = (1 — pi)wit), i=1,....m (2.7)

where 0 < p;(#) < 1 whichis supposed to be unknown, denotes the remaining control

rate. Therefore, the above two kinds of actuator faults can be uniformly described
as:

(1) = (1 = pi(O)ui(t) +£i(0) (2.8)

Furthermore, a more general fault model can be given as:

pi
(1) = (1= piO)ui(t) + D gifij(©) (2.9)

j=1
where f; ;(¢), i=1,...,m,j=1,...,p; denotes a bounded signal, p; is a known
positive constant. g; ; denotes an unknown constant. With no restriction, let suppose
p1 =p2 =--- = pn = p, with p a known positive constant. Consider the following

notation: [a; j(t) = g;;fi;j(t). Then, (2.9) can be re-written as follows:

p
(1) = (1= pi(e)ui(t) + > ai (1) (2.10)
j=1
Denote
I (t) = diag(p1 (1), ..., pu(t)) 2.11)
P
FO) =i for o Sl fi = D aij(0) (2.12)
j=1
Then, we have
W (t) = (I — T @) (@) +F@), t >t (2.13)

where the failure time instant # is unknown, and / denotes identity matrix with
appropriate dimensions. In this chapter, both bias and gain faults are handled by
considering the general fault model (2.13).
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Notice that, in the following, just for the sake of notational simplicity, we will use
h;, p; and a; j to denote h;(z(1)), p;(¢) and a; ;(1).

Now, the control objective is re-defined as follows. An active fault tolerant control
approach is proposed to make system (2.2) stable in normal and faulty conditions.
Under normal condition (no fault), a state feedback control input u() is designed,
such that the system (2.2) is stable. Meanwhile, the FDI algorithm is working. As
soon as an actuator fault is detected and isolated, the fault estimation algorithm is
activated. The obtained fault estimation is used to design a proper control inputu(¢),
such that the system (2.2) is still maintained stable under faulty case.

Remark 2.1 In the literature, many chapters consider actuator faults. However, most
of them only considered bias faults. Gain faults have not attracted enough attention.
In [51], a class of bias fault was studied, where the fault was assumed to be an
unknown constant. However, in practical application, the fault may be time-varying.
Equation (2.10) is a deterministic but uncertain actuator model which represents a
class of practical actuator faults such as actuator gain variations and measurement
errors. In fact, the fault model in [51] can be described by (2.10). If p;() = 0, then
the model (10) becomes the bias fault model. If p;(¢) is an unknown constant and
fi(t) = 0, then the model (2.10) denotes the constant bias faults model. Hence, the
proposed actuator fault model (2.10) is more general and has wider practical use than
the classical ones.

2.3 Fault Diagnosis and Accommodation

In this section, the main technical results of this chapter are given. We will first
formulate the fault diagnosis and accommodation problem of the above T-S fuzzy
system. We will then design a bank of SMOs to generate residuals, investigate the
FDI algorithm based on the SMOs, and propose a FTC scheme to tolerate the fault
using estimated fault information.

2.3.1 Preliminary

Consider the T-S fuzzy faulty system described in (2.2). We assume that only actuator
faults occur and no sensor fault is involved. For simplicity, we consider the case that
only one single actuator is faulty at one time. The actuator fault diagnosis problem
is formulated as: with the available outputy, we propose an observer based scheme
to identify the faulty actuator, and then estimate the fault.

To solve the problem, we will design a bank of SMOs with desired actuator fault
detection and fault estimation properties. Thus, the following assumptions are made
in this chapter.
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Assumption 2.1 Matrix B; is of full column rank and the pair (4;, C;) is observable.

Assumption 2.2 There exist known positive constants p;, i p1, P2, such that
lpi(®)| < p; and | 6;(1)| < pi, p1=max{p1, P2, ..., Pm}> P2 = MaX{P01, P2, ..., P}
i=1,...,m.

Assumption 2.3 There exist known positive constants a;, a», a;j, a;j, such
that |a,-,j(t)|_ < t_li’j an_d |L.li,j(t)|_ < C_li,j, C_ll_ = max{ZzH ey Eli’p, ey C_lm,l, ey Eim,,,},
ay =max{ai i, ..., ip, - s Auis---admpl,i=1,....mj=1,...,p.

Our actuator fault diagnosis and accommodation scheme consists of FDI and
FTC. We first design the fault diagnosis observer utilizing SMOs to detect, isolate
and estimate the fault, and then, propose a FTC method to compensate the fault.

2.3.2 Fault Detection

In order to detect the actuator faults, we design a fuzzy state-space observer for the
system (2.8), which is described as:
Observer Rulei: IF z,(¢) is M;; and . . . z,(¢t) is M;,, THEN

[i(z) = AiX (1) + Biu(1) + Li(y(1) — 3(1) (2.14)

() = Cix()

where L;, i = 1, ..., r is the observer gain for the ith observer rule.
The overall fuzzy system is inferred as follows:

20 =D i) A @) + Bu(t) + Li(y(1) — $(1)
-~ (2.15)
5 =D hiz())CE ()

i=1

Denote
ey =x(t) —x(1), e, =y@) — () (2.16)

then the error dynamics is described by
ée =D hi(z0)(A; — LiCex(1))
i=1

ey = D hi@D)Ciex(t)

i=1

(2.17)
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Lemma 2.1 The estimation error e, converges asymptotically to zero if there exist
matrices P = PT > 0 and Q; > 0 with appropriate dimensions such that the follow-
ing linear matrix inequality is satisfied:

PA; —LiC) + (A — LiCHTP < —Q;,¥Vi=1,2,...,r (2.18)
Proof Consider the following Lyapunov function

Vi = el (t)Pe,(t)
Differentiating V; with respect to time ¢, one has
Vi) = D hiz)lel (1) (P(A;i — LiC) + (A; — LiO) P)ey(1)]
i=1

<= D hG@)lel ()Qie )]

i=1

(2.19)

<0

Because V(1) € Ly isamonotonous and non-increasing bounded function, V; (4-00)
exists. Hence, we have V;(0)— V;(+00)> — f:)roo > hi(z(@)[el (1) Qiex(1)], iee.,
i=1

e,(t) € Lp. And since e,(t), é,(t) € Ly, using the L§apunov stability theory, we
obtain lim e, () = 0. Furthermore, we have tlim ey(t) = 0. The proof is completed.
t—00 —>00

From Lemma 1.1, we have
Vi) < = D hiz()lel () Qier(1)]
i=1

< - Zhi(Z(t))[kmin(Qi)ef(t)ex(t)]

P (2.20)
< = D hi@(0) anin(Q) / max (P)e] (H)Pe(1)]
i=1
< —hiZO) [Amin (@) /Amax (P)]V (1) = = V (1)
—_ 3 }Mmin(Q ) )Lmin(Q ) )Lmin(Qr)
where k = mln(—xmx(l,‘) , —Amx(}f) N (o] ) €R.
Hence,
Vi) < e ¥V (0) (2.21)

Furthermore, we have

Amin(P)]|ex(D)]1* < €™ Amax (P)|[ex(0) || (2.22)
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Therefore the norm of the error vector satisfies

les)l] < | 2P oy
VT (P) (2.23)

= /Amax (P) / Amin (P) | (0) | e/

Furthermore, the detection residual can be defined as:
J=ly@® =30l (2.24)

From (2.23), it can be seen that the following inequality holds in the healthy case:

T <D @)V s (P) [ Amin (P Cil |l e (0|72 (2.25)
i=1

Then, the fault detection can be performed using the following mechanism:

J < T, no fault occurred,
(2.26)

J > T, fault has occurred

where threshold T} is defined as follows:

T, = Zhi(z(t)) Aomax (P) / demin (P)||Ci|[]]€x(0)] [ e<"/2.
i=1

Remark 2.2 1Tt is easy to find from (2.20) that, if no actuator fault occurs, we have
lim;_, o, e, = 0. If there is an actuator fault, then lim;_, o e, 7 0. Therefore, in some
existing work, the fault detection is carried out as:

. (2.27)
lim,_, e, # 0, fault has occurred

{ lim;_, oo, = 0, no fault occurred
and the above observer given by (2.15) was referred to as the fault detection observer
for the system described by (2.2). However, it is valuable to point out that e, (c0)
is not available in practice, thus e,(00) # 0 cannot be considered as an indicator of
fault occurrence. That is to say, the above fault detection (2.27) does not work in
practical applications. Therefore, the mechanism (2.26) is more efficient for fault
detection in practical cases.
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2.3.3 Fault Isolation

Since the system has m actuators and it is assumed that only one single fault occurs
at one time, we have m possible faulty cases in total. When the sth (1 < s < m)
actuator is faulty, the faulty model can be described as:

() = D hiO)AX (D) + D hi(2(0))Biu(t)—

i=1 i=1
P

D b slps (s () = D ag(0)] (2.28)
i=1

J=1

Y(®) =D hi(z())Cix(t)

i=1

where B; = [b; 1, biqg, Cey bi,m], bl’,] € RnX], 1 <I<m ps0), aw-(t),j =1,

2, ..., p denote the time profiles of the sth actuator fault, which are described by

(2.10), uy(t) is the desired controller when the sth actuator is healthy. Inspired by the

SMOs in [52], we are ready to present one of the results of this chapter. It is assumed

that fuzzy observer and fuzzy control systems have the same premise variables z(z),

then the following fuzzy observers are proposed to isolate the actuator fault.
Isolation Observer Rulei: IF z;(t)is M;; and . . . z,4(?) is M,,, THEN

iq’
. P
Ris() = Ak (1) + Ly (1) = $is (D) + Biu(t) + by spas [ pslus (0)] + D g1
j=1

j}is(t) = Cis)%is(t)
(2.29)

where X;(1), y;5(¢) are the sth fuzzy observer’s state and output, respectively. L; is
the observer’s gain matrix for ith observer. The global fuzzy observer is represented
as:

50 = D hi@O)AZ0) + D hi@O)Li (1) — Fis(0)+

i=1 i=1

r r P
D hi@O)Bu(t) + D hi@O)bisial filus (0] + D ag ]
i=1 i=1

i=1

] (2.30)
9s(t) = D~ hi(z(1)Ciki(0)

i=1

iy =— D hiz0)Fieys (/1] D hi(z())Fiseys (0]
L i=1 i=1
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where F;; € R'*" is the sthrow of F; € R">*", which will be defined later, L; € R is
chosen suchthatA; — L;C; is Hurwitz, e, (f) = x,(t) — X,(t) and ey, (1) = y(r) — y,(1)
are respectively the state error and output error between the plant and the sth SMO
observer.

For s = [, the error dynamics is obtained from (2.28) and (2.30).

ex(D) = D hi(z(O)Aien(t) — D~ ki) Li(y(1)—

i=1 i=1

j\)is(t)) + Zhi(z(t))bi,s[(_ps(t)us(t) - :u'sﬁs'

i=1

P
lus (D) + D (a5,j(1) = s )] (2.31)

j=1

= Z hi(z()){(A; — LiCi)eis(t) + b s[(—py(1)-

i=1

p
ug(t) — pspslus(0)]) + Z (as,j(t) - Mszzx,j)]}

j=1
For s # [, we have
ex(t) = Z hi(z(1))(A; — LiCieis(D+
i=1

Z hi(z(O)[(=Dbi1p1(D)us (1) — bj sjis pslug (1)) + (2.32)
i=1

P
> (bisarj(t) = bigjusay,)]

j=1
The stability of the state error dynamics is guaranteed by the following theorem.

Theorem 2.1 Under Assumptions 2.1-2.3, if there exist a common symmetric pos-

itive definite matrix P and matrices L;, F;, and Q; > 0,i = 1,2, ..., r with appro-
priate dimensions, such that the following conditions hold,

(A; — LiC)"P + P(A; — LiC;) < -0, (2.33)

PB; = (F;C)T. (2.34)

Then, when the Ith actuator is faulty, for s =1, lim;_ e, =0, and for s # 1,
hmt—)ooexs # 0.
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Proof (1) For s = [, according to (2.31), we have

ex(1) = Z hi(z(1)(Ai — LiCi)eis (1) +

i=1

z hi(z(0))bi [ (— s ps|us (D] — ps(Dug (1)) —

i=1
P P
Z /‘L‘vas,j + Z as,j(t)]
j=1 j=1
Define the following Lyapunov function
Va(t) = ef, (1) Pey(t) (2.35)
Differentiating V, with respect to time #, and using (2.33), one has
Va(1) = &, (Pess (1) + ey, (1)Péss (1)

< —el (0 Qe (1) + 2e (NP D hi(z(1))bi -

i=1

4 P
[(—tspslus (D] = ps(Dug(®) = D psdis + D ay ()]

j=1 j=1

From pt, = — 3% hi(z(0) Ficeys(1)/11 3% hi(z(0) Fisey, (0] and (2.34), one has

i=1 i=1

zeig(t)PZhi(Z(t))bi,s(_Msﬁs|us(t)| — ps(Duy (1)) <0,

i=1

r p P
2e[(OP D" hiz(D)bis(— D psdisj+ D as(1) < 0.

i=1 j=1 j=1

Hence, )
Va(t) < —el () Qiexs(t) < 0 (2.36)

Because V,(f) € Ly is amonotonous and non-increasing bounded function, V, (400)
exists. Hence, we have V,(0) — Vo(4+00) > — fgoo el (1) Qiexs(1), ie. ex(t) € Lp.
Since ey () and é,5(¢) € Ly, using the Lyapunov stability theory, we have lim,_, oo e (2)
= 0. Thus, we have lim,_, ey, () = 0.
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(2) For s # [, it follows from (2.28) and (2.30) that:

e(t) = D~ hi(0)(Ai — LiCeis(1) +

i=1

D hi@O)(=biipr () = bispspslus (1)) +

i=1

p
Z (bigarj(t) — bispsag)]
=

Because matrix B; is of full column rank (Assumption 2.1), we know that b;; and b;
are linearly independent. Therefore,

r p
tirgo Z;‘ hi @) [(=b; 1o u(t) — bj siuspslus(?)]) + Z (b 1a1,j(1) — bj susas j) # 0

j=1
(2.37)
Thus, we have lim,_, ey () # 0 and lim;_, o€y () # 0.
From (1) and (2), we obtain the conclusions. This ends the proof.
Now, we denote the residuals between the real system and SMOs as follows:
J(@0) = |e@ | = [3:0) =y, 1 < s<m (2.38)

According to Theorem 2.1, when the /th actuator is faulty, i.e., s = [, the residual
Jy() must tend to zero; while for any s # [, basically, J;(f) does not equal zero.
Furthermore, from Lemma 2.1, we have, if [ = s, then

Jo(t) < Zhi(z(t))\/ )Lmax(P)/)\min(P”|eys(0)||€_“/2 (2.39)
i=1
and if [ # s, then
Js®) > D" hi(2(0)v max (P) [ nin (P) €5 (0) [ [/ (2.40)
i=1

Hence, the isolation law for actuator fault can be designed as

{ Js(t) < Ty, 1 = s = the [th actuator is faulty (2.41)

J?([) > T[,I#S
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where threshold 77 is defined as follows:
Tr = > hi(@(t)V Amax(P)/dmin (P)] ey (0) |7/
i=1

Note that, uy = — D", hi(z(1))Fiseys(0) /11 21—y hi(z(1)) Fiseys(1)|| in (2.30), which
denominator contains ey(t). Just as pointed out in [52], the chattering phenomenon
occurs when ey () — 0inpractice. Inspired by [52], in order to reduce this chattering
in practical applications, we modify SMOs (2.30) by introducing a positive constant
4 as follows:

(1) = D hi@O)AR(D) = D LG50 — y(0)) +

i=1 i=1

r r P
D hiz)Biu() = D k@)W [pslus)] + D ag
i=1

i=1 j=1

; (2.42)
950 = D hi(z(1) Cisky(1)
i=1
Wy == > hi0)Fien /(1| D hiz()Fiey ()| + 6)
i=1 i=1
where § > 0 € R is a constant, s = 1,2, ..., m. Obviously, the denominator of x|

will converge asymptotically to § when ey (f) — 0, which reduces this chattering
phenomenon.

From the above analysis, it is easy to find that, a suitable threshold § must be
selected such that J (s = [) tends to be very small when the /th actuator is faulty,
while other residuals J;(s # /) are not equal to zero on any small time intervals.
Thus, the modified SMOs can not only decrease the chattering problem in practice,
but also can realize fault diagnosis successfully.

2.3.4 Fault Estimation

After fault isolation, we can estimate the fault. Assume the sth (1 < s < m) actuator
is faulty, the faulty system can be described as:

r r r )4
() = D" hiO)AX®) + D hiO)Biu(t) = D hi@(t)bislpsus () — D ag (1))

i=1 i=1 i=1 Jj=1

YO = D hi(z(0)Cix(1)
i=1

(2.43)
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To estimate the fault, an observer is presented as follows:

1) = D AR + Y hi()Bu(n—

i=1
p

D @b psuts (1) = D a1+ D )Ly (@) = $(1)  (2.44)
i=1

j=1 i=1

() =D hi(z())Cix(t)

i=1

where 0y, 4 j are the estimate values of py(f), a, ;(¢) at time 7.

Remark 2.3 Many results about observer design were reported in literature. For
faulty systems with only bias fault £, described as follows:

x(1) = Ax(t) + Bu(@®) + f,)
y(1) = Cx(1)

an observer is classically designed in the following form of

X(1) = AZ(1) + B(u(t) + fo) + L) — 5(1))
$(1) = Cx(1)

Let e, () = x(t) — X(¢), then the error dynamics is described by
&x(t) = (A — LO)ex(t) + B(fu — fu)

where fa denotes the estimation of f,. However, in this chapter, actuator bias faults
and gain faults are both considered, the above observer does not work. The novel
observer (2.44) is proposed in order to estimate the two kinds of faults.

Using (2.43) and (2.44), the error dynamics is obtained:

r r P
ex(t) = D hi@O)A; — LiCer()] — D hi@)bislpsus — D ac;l (2.45)

i=1 i=1 j=1

where e, () = x(1) — x(1), Ps = ps(t) — ﬁs’ as,j = as,j(t) - &s,j-
Now, an adaptive fault diagnostic algorithm is proposed to estimate the actuator
fault. The stability of the error dynamics is guaranteed by the following theorem.

Theorem 2.2 Under Assumptions 2.1-2.3, if there exist a common symmetric posi-
tive definite matrix P, real matrices L; and Q; > 0,i = 1,2, ..., r with appropriate
dimensions, such that the following conditions hold,
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P(A; 4+ LiC) + (A; + LiC)"P < —Q; (2.46)
PB; = (F,C)" (2.47)
A 0, Ai=_and—2 F; e >00rAi=—_ and — 2nF; se, < 0
b = Pi = P1 m g y P, P1 it sey (2.48)
— 201 F; seyuts, otherwise
A 0, &i,j > ay and 2my Fise, > 0 or &[,j < —ay and 2y Fi ey, < 0
i = , ' (2.49)
2, F; sey, otherwise
wherei=1,...,m, j=1,...,p, Fiy € R™" is the sth row of F; € R"™", n; >

0, 12 > Odenote the adaptive rates, then the error system (2.45) is asymptotically sta-
ble. Moreover, e, (1), ps and a, ; are semi-globally uniformly ultimately bounded, con-
verging asymptotically to a small neighborhood of zero, namely, |e,| < /& [ Amin (P),

[0il < &/2mi0, and |g;j| < A/2m201, Where

. 201251 + p o 2a(2a; +a
o = S (et (PLELEL 5 FAEH LD,
1

= 2

)\min (Ql) Amin (Qr)

Ao = min{ , 1}
)‘max(P) )\max(P)
and o = po/ro + V(0).
Proof Define the following smooth function
V=Vi+VWV,+W (2.50)
Vi = g (1)Pey(1) (2.51)
r 1 }
V) = Zh,-(z(r»(z—mpf(t)) (2.52)
i=1
r P 1
Vi=> > hi(Z(t))(z_maij(l‘)) (2.53)

i=1 j=1
Differentiating V, V;,i = 1, 2, 3 with respect to time ¢, leads to

V=Vi+V+V; (2.54)
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Vi =" hiz)lel () (P(A; — LiC)) + (Ai — LiC) P)ex(1)]—

i=1

; ) (2.55)
D hi)[2el ()Pb; s — D 2] ()P s ]
i=1 j=1
. |
Zh (z(t))( psp ) = Zh,-(z(t»(aps(ps — 5y
o (2.56)
. 1.
= Zh,(z(t))—psps = > hi(z(t) — s
i1 m 1 m
= ZZh(z(t)) ilsg ZZh( (1) BT — D2 ”( & “”)
i=1 j=1 i=1 j=1 (257)
= ZZh(z(z»“”a” —ZZW@) i
i=1 j=1 i=1 j=1
Substituting (2.55-2.57) into (2.54), it yields
Zh(z(r))e Q,ex+zh(z(t)) pwoc+zzh(z(t)) s jds =
i=1 i=1 i=1j=1
thzo))ﬁs(zeZPbi,sm . Lo+ ZZh (2(1)as.j(2e] Pbis — ni;,w-)
i=1 i=1 =1 2
(2.58)

Substituting (2.48, 2.49) into (2.58), it yields

Zh(z(t))e Qz€x+zh @) ps,os+zzh(z(t)) Gl

i=1 i=1 j=1
(2.59)
Since . Y ) " R R ‘
pivi _ P Pipit o) pi (P PP pi )
m m m m m
< N + (il + 1D Upil + 12il + 16i)
m m
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PG P P a; ia
> = Z” Z +Z””
Jj=

(aijl +laijDaij| +lai ;| + lai;l)
n2

=
P
Z

j=1 "

and |p;(t)| < p1 and |a;;(f)| < a;, which can be guaranteed by using the adaptive
laws (2.48) and (2.49), and Assumptions 2.2 and 2.3 (i.e., |p;(*)| < p1, |0:(®)| < p2,
la;j(1)] < ai,and |a;(1)| < ap) are satisfied, one has

~ . ~.2 2_ 2_ -
pibi P 20121 p2)

m h m m
Zp:aua,] Zp: i z 2611(26l1 + ap)

=

Hence, from (2.59), one has

4 o p o2
s i 2p1(2p1 + p2) 2a1(2a1 +a2)
V< th(z(t))[—e,{Qiex B A Z A+7 Z
=1 N = n2 P
r T :5,'2 p a,zj 2p01(2p1 + 02) 2a1(2a) + az)
< S W)= Ore, — P03 G 2ACOLE ) Z 20 0y 4,
n — r]z n — "
1 = e
r 2 blat,
< hupi—el Orex - 20 =3 Ty )
=1 n1 i 2
3 2 L
< Zhl(z(t))[_)“min (Qi)e){ex — 27’ — Z LA
=1 n pur 2
Amin(Q}) T [3,2 P Ell.zj
hy(z(0))[— B ~ B N
Z e )Lmax(P) o 211 ]:Zl 2mp
< =2V (©®) + 1o

(2.60)
where

2,01(2,01 + 02) Z 201(201 + az)

o = Zhl( (;))(M Z 2a;2ay —i—az))’
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1 Amin Amin (O Amin (Or d
Ao = min{ ,\mx((QP‘))? /\.m((%))’ e xmux((QP))’ 1}. Then, one has, <(V(t)e™") < ™' py.

Furthermore,0 < V(¢) < ’A‘—(‘)’ +[V(0) — ’;—g]e"\‘)’ < ’;—3 + V(0)Leta = ’;—3 + V(0),
one has |e,| < %@, [0/l <+/2m1e, and |a; ;| < «/2ma. This ends the proof.

Remark 2.4 1If there exist two known constants fin, fmax such that fii, < |f(0)] <
Jfmax, then the fault f(¢) can be approximated by the following form

1
f(t) = E(fmax _fmin)(l — tanh ;) +fmin (261)

where ¢ is an unknown constant. Thus, the fault f(¢) is estimated through the esti-
mation of ¢, namely

A 1 ~
f(t) = E(fmax _fmin)(l - tanhg‘) +fmin (262)

This method prevents the phenomenon of parameter drift in the presence of bounded
disturbances because of | tanh ¢| < 1, and ensures finin < [F (1)< finax-

2.3.5 Fault Accommodation

After that the fault information is obtained, we will consider the fault-tolerant control
problem of system (2.2), and design a fault-tolerant control law to recover the control
system’s dynamics performance when an actuator fault occurs. Firstly, we consider
the fuzzy control problem for the following nominal system without actuator faults:

£(0) = D hi(z)(Aix(t) + Biu(r))

i=1

Y(O) =D hi(z())Cix(t)

i=1

The parallel distributed compensation technique offers a procedure to design a fuzzy
control law from a given T-S fuzzy model. In the PDC design, each control rule
is designed from the corresponding rule of T-S fuzzy model. The designed fuzzy
controller has the same fuzzy sets as the considered fuzzy system.

Control Rulei: IF z;(t) is M;; and . . . z,(¢) is M;;, THEN

u;(t) = Kix(1)
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and the overall fuzzy controller is given as follows:

u(t) = > hi(z(0))Kix(t)

i=1
where the controller gain matrix K; is determined by solving the following LMI:
P(Ai + BiKi) + (Ai + BiK)'P < =0 (2.63)

where P = PT > 0 and Q; > 0 are matrices with appropriate dimensions.
On the basis of the estimated actuator fault, the fault tolerant controller is con-

structed as N .
_ (uy — Zjlzl aij)

o = —~ 2.64
! (1= 5y (264

where u]sv is the sth normal control input, gy, a; j are the estimations of py, a; j, which
are used to compensate for the gain fault and bias fault.

Theorem 2.3 Consider system (2.2) under Assumptions 2.1-2.3. If there exist a
common symmetric positive definite matrix P, real matrices L; and Q; > 0, i =

1,2, ..., r with appropriate dimensions, such that the following conditions hold
P(A; — LiC)) + (A; — LiC)'P < —Q; (2.65)
PB; = (F;C)T (2.66)
. 0, pi=piand —2nF;sey > 0or p;=—p and —2nF; e, <0
A 2n1Fiseyus, otherwise
(2.67)
N 0, a;j > ay and 2y F; e, > 0 or a;; < —ay and 2, F; sey < 0
ajj = . : (2.68)
20y Fj sey, otherwise
wherei=1,...,m, j=1,...,p, Then system (2.2) is asymptotically stable under

the feedback FTC (2.65) and all signals involved in the closed-loop system are
semi-globally uniformly ultimately bounded, converging asymptotically to a small
neighborhood of zero, namely,

le] < Va/Amin(P), |0i] < 2ma, lai;| < /2na,

r S
where Ao = min{)\min(Ql) Amin (Qr) 1}, o= Zhl(z(t))[Zﬂl(Zr/;lﬁLpz) +
l

p
A‘ﬂ\ﬂX(P) v )"IYIBX(P) ’ —

%

OB o = V(0) + po/ro-
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Proof Similar to the proof of Theorem?2.2, it is easy to obtain the conclusions of
Theorem2.3. The detailed proof is thus omitted here.

2.4 Simulation Results

2.4.1 NSHYV Modeling and Analysis

Considering the longitudinal flight mode of NSHYV, a mathematical model for a
generic NSHV developed at NASA Langley Research Center is presented in [53]. The
longitudinal dynamics of NSHV can be described by a set of differential equations
involving its velocity V, flight-path angle y, altitude £, angle of attack « and pitch

rate g as
. Tcosa —D usiny

V= - (2.69)
m I
. L+Tsina (u—Vr*)cosy

= 2.70
v mV + V2 (2.70)
h=Vsiny (2.71)
d=qg—7y (2.72)

M,,
g=-= (2.73)

I,V,V

where L =gSCy,D =gSCp, T =gSCr,r =h+R,, My, = gSc[Cy(a)+ Cy
(8e) + Cu ()], Cr =0.6203a, Cp = 0.64500> + 0.0043378« + 0.003772, Cy
(8) =ce(8e — ), Cy(q) = (¢/2V)q(—6.7960> + 0.3015a — 0.2289), Cps(er) =
—0.035- & 4+ 0.036617(1 + ACpe)a + 5.3261e — 06, and

[ 0.025765;, when 87 < 1
71 0.0224 + 0.003365;, when 87 > 1°

The parameters are the aircraft mass m, the gravitational constant w, the moments
of inertia /,, and the pitch moment coefficients. The aerodynamic coefficients and
inertia data are coupled with state variables and control inputs. The control input
vector is u(t) = [8., 87]7, where 8, is the elevator detection, and &7 is the throttle
setting, respectively. The longitudinal model of the NSHV described by (2.69-2.73)
can be written in the following affine nonlinear form:

{ x(1) = f(x) + g(x)u(?) (2.74)

y(1) = Cx(7)
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where x(1) =[V,y,h,a,q]" € R" denotes state vector, u(t) =[5, 87]" € R"
denotes the control input vector, and y(t) is the output vector.

In this section, some simulation results are presented to demonstrate the effective-
ness of the proposed techniques. For the purpose of this study, the aerodynamic coef-
ficients are simplified around the cruising flight mode. The nominal flight of NSHV
is at a trimmed cruise conditions: Mach = 15, V = 15060 ft/s and & = 110000 ft/s.

If each state variable is selected as a premise variable, then the number of fuzzy
rules will become too large. However, from the property of NSHV, we know that the
angle of attack « is a key variable affecting the nonlinear character of NSHYV, and the
velocity V has constraint relationship to the altitude /, and the pitch angle 6 = o« + y.
Similar to [53], we select X = [V, 6, g]” as a new state vector. As a result, we denote
21 =V, =a+y,23 =q, and select z;, z; and z3 as premise variables for the T-S
fuzzy system model. Hence, it can not only reduce the number of fuzzy rules but
also well approximate the nonlinear system and characterize the NSHV model [7].
Furthermore, we assume

z1 € (6000 16000) m/s, z» € (0.5 0.5) rad/s, z3 € (=0.5 0.5) rad/s.
Suppose that each premise variable has two associated fuzzy sets:
{z1 = 6000, 16000}; {z = —0.5,0.5}; {z3 = —0.5,0.5}
The corresponding fuzzy membership functions are defined as

M, —s000 = expl—(z1/61)*], Mz,=16000 = 1 — M, —6000

1
1 +expl((z2)* — 0)/s2]

M, ,—_o5= s My—o5=1—-M,__os

3 _
M, — o5 = eXp[—(g— —0) M- o5=1—-M,__o5
3

where the unknown parameters o, &, ¢1, §2, 63 should be selected to symmetrically
cover the space of the input variables.
We choose eight working points of NSHV as follows:

[6000, —0.5, 0.5], [6000, 0.5, 0.5], [6000, —0.5, —0.5]
[21, 22, 3]7 =: ] [6000, 0.5, —0.5], [5S000, —0.5, 0.5], [16000, 0.5, 0.5]
[16000, 0.5, —0.5], [6000, —0.5, 0.5]

The parameters of the membership are selected as: o = 0.15, 0 =4, ¢ = 3200,
Gy = 005, ¢y = 0.4.

Then, eight plant rules and corresponding control rules can be obtained. We give
the first rule as an example, and the other rules have the similar form.
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Rule 1: IF z; is about 6000 m/s and z, is about —0.5rad/s and z3 is about
—0.5rad/s , THEN )
X(t) = A1x(t) + Bru(), y(t) = Cx(1)

where A; and B;,i = 1,2, ..., 8 can be easily obtained by the substitution of each
of the eight operating points to f(x) and g(x).
In this study, we assume that only an actuator is faulty at one time. We consider:
Case I:

(1) = u, (¢),

(1), t <5

iy (1) = P
(=)0 + D, 230, 125

where p,(t) = 0.4sin(zt), p =1, g2.1 = 0.4, 5,1 (¢) = cos(?).
In order to compare with the results in [6, 8], we consider the following cases.
Case 2 (Bias fault) [24]:

(1) = u, (¢),

0, t<4s
(1) = ur(t) + fo1 (1), o1 (1) = 5.1 4s
542 =7, t>=17Ts

where p,(1) =0,p=1,g21 = 1.
Case 3 (Gain fault) [51]:

(1) = u, (1),

0, t <2s

”g(l) = (I = p2))uz(2), p2(t) = [0.4’ t>2s

where p,(1) =0,p =0, g2, = 0.

Remark 2.5 If each state variable of the near space hypersonic vehicle (NSHV)
model is selected as premise variable, then the number of fuzzy rules becomes too
large, which leads to the increasing amount of computing and thus affects the setting
time of the closed loop system. In order to reduce the number of fuzzy rules, taking
into account the main characteristics of NSHYV, we select x = [V, 6, ¢]” as premise
variables where 6 = o 4 y. As pointed out in [52], it can not only reduce the number
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of fuzzy rules but it provides also a good approximation of the nonlinear system. As a
result, it can achieve satisfactory accuracy and dynamic performance of the proposed
fault tolerant control.

2.4.2 Simulation Results

By using Matlab toolbox to solve the matrices inequalities (2.18), one can obtain the
fault diagnostic observer gains L;. By solving (2.64) and (2.67), one can obtain the
positive definite symmetric matrix P and the nominal controller gains K;. Due to the
space limitation, only the common matrix P, and the matrices Q;, L, K; of the first
working point of NSHV are given here. Therefore, one can design the fault-tolerant
controller (2.65).

P =1.0e + 005 *
3.4852 — 0.0000 0.0000 0.0000 0.0000
— 0.0000 3.4852 0.0000 0.0000 — 0.0000
0.0000 0.0000 3.4852 0.0000 0.0000
0.0000 0.0000 0.0000 3.4852 — 0.0000
0.0000 — 0.0000 0.0000 — 0.0000 3.4852

0, = 1.0e + 005 *

3.4852 — 0.0000 — 0.0000 0.0001 — 0.0006
0.0000 3.4852 — 0.0000 — 0.0000 0.0000
0.0000 0.0000 3.4852 — 0.0000 0.0000
—0.0001 0.0000 0.0000 3.4852 0.0001
0.0006 — 0.0000 — 0.0000 — 0.0001 3.4852

9.4165 44487.8491 0.8575 181.5760 1.6392
"7 | 5.6423 18484.9800 -0.5165 85.75630 0.7744

Ly = 1.0e + 008 *
—0.0035 —0.1100 — 0.0003 0.0354 0.0003
—0.1100 — 0.0035 6.9356 0.0000 0.0000
—0.0003 6.9356 — 0.0035 — 0.0000 — 0.0000
0.0354 0.0000 0.0000 — 0.0035 — 0.7706
0.0003 — 0.0000 0.0000 — 0.7706 — 0.7755
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Fig. 2.1 The observer errors 0.4
time responses: ey, €2, €3 1
(healthy case) 0.2

0 5 10 15 20 25 30
time/s

Fig. 2.2 Fault detection
residual J with threshold

0 5 10 15 20 25 30
time/s

The simulation results are presented in Figs.2.1, 2.2, 2.3,2.4, 2.5, 2.6, 2.7, 2.8 and
2.9.FromFig.2.1, itis easy to see that, under normal operating condition, observation
errors globally asymptotically converge to zero. In this chapter, it is assumed that
the error system is stable before fault occurrence, namely, e,(0) = 0, e,;(0) = 0,
[lex(0)]le™ "2 s\/Amax (P) /Amin(P) = 0. Hence, in the ideal situation, the detection
threshold7,; and the isolation threshold 7; can be select as T; = T; = 0. However,
there may exist noise and disturbance in practical situation. In the simulations, a
white noise, with zero mean and standard deviation which is equal to 0.1, is added
on each output. As a result, the detection threshold 7, and the isolation threshold
T; can be selected as T, = 0.1, T; = 0.1 according to the definition of detection
residual and isolation residuals. Figure 2.2 shows that, when an actuator fault occurs
in the system, an alarm is generated since the residual signal deviates significantly
from zero. Meanwhile, the SMOs quickly isolate the fault, as shown in Fig. 2.3. From
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Fig. 2.3 Fault detection

residuals J1, Jo with
threshold
0.08 : : ‘ : :
5 10 15 20 25 30
time/s
Fig. 2.4 Time responses of 0.05

the observer errors: eq, e, €3
(no compensation for fault)

-0.051

=011

-0.15

5 10 15 20 25 30
time/s

Fig.2.4, we can see that, when an actuator fault occurs, with no fault compensation,
the observation errors do not converge zero. However, compensating for the fault,
the error system becomes stable, as shown in Fig.2.5. From Figs.2.6 and 2.7, we
can clearly draw the conclusion that both gain faults and bias faults can be estimated
accurately and promptly.

Compared with [24, 51], because a clear definition of threshold for fault detection
and isolation is provided, it is easy to detect and isolate the faults. The fault estimation
observer presented in this paper has the following two properties. On the one hand,
differing from the classical fault estimation schemes in [24, 51, 52], where only bias
faults or gain faults can be estimated, it is designed to estimate the two types of
faults. On the other hand, from Figs. 2.8 and 2.9, it is obvious that it can estimate the



38 2 Fault Tolerant Control for T-S Fuzzy Systems with Application to NSHV

Fig. 2.5 Time responses of 0.03
the observer errors: ej, e, €3
(with compensation for fault) 0.02}

0.01F

-0.01F

-0.02

-0.03}

~0.04 . . . . .
0 5 10 15 20 25 30
time/s

Fig. 2.6 The gain fault 0.5
p2(t) = 0.4sin(rrt) and its
estimation 0, (7)

gain fault

041 estimation of gain fault||

031
0.21
0.1f

-0.1f
0.2}
-0.3f

-04f

-05 . . . . .
0 5 10 15 20 25 30
time/s

types of faults considered in [24, 51] and the fault estimation algorithm has better
performances. From the above simulation results, it can be seen that, by the proposed
fault detection and isolation observer, an actuator fault can be quickly detected and
isolated, and using the fault estimation algorithm, the fault can be estimated online,
which can be used to compensate for the fault and to ensure the stability of the
closed-loop system in spite of actuator fault.
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Fig. 2.7 The bias fault 0.5 :
f(t) = 0.4cos(t) and its bias fault
estimationfz 0 estimation of bias fault(]
_05 ! ! ! L L
0 5 10 15 20 25 30
time/s
Fig. 2.8 The fault and its 60 ‘ ‘
estimation (Case2) [ e the fault
50k estimation of the fault
401
30
20
101
0 L
~10 . . . . .
0 5 10 15 20 25 30
time/s

Remark 2.6 From the simulation results, it can be seen that (i) the proposed FDI/FTC
scheme is effective because the fault can be detected, estimated and accommodated
quickly, and (ii) the performance of our algorithm is better than that presented in the
literature.
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Fig. 2.9 The fault and its 0.45 \ \
estimation (Case 3) | e the fault
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0.4r

estimation of the fault[d

0.35¢ 1

031 ]

0.25} 1

0.2f 1

0.15} ]

0.1} ]

0 5 10 15 20 25 30
time/s

2.5 Conclusions

In this paper, the problem of fault tolerant control for T-S fuzzy systems with actuator
faults is studied. We first design a bank of SMOs to detect and estimate the fault and
a sufficient condition for the existence of SMOs is derived. Simulation results of
NSHYV show that the designed fault detection, isolation and estimation algorithms
and fault-tolerant control scheme have good dynamic performances in the presence
of actuator faults.
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Chapter 3

Fuzzy Logic System-Based Adaptive
FC for NSV Attitude Dynamics

with Multiple Faults

3.1 Introduction

It is well known that the controlled systems in practical applications may become
faulty due to various reasons. Hence, FD and FTC have received considerable atten-
tion, and obtained significant results in the past decades, see [1-22] and the refer-
ences therein. However, most of the existing results on FD and FTC work under the
restrictive condition that only one actuator or sensor fault occurs at one time. In real
applications, multiple types multiple faults may occur in the controlled system. The
faulty cases include: multiple actuator faults, multiple sensors faults and multiple
actuator and sensor faults. Up to now, few revelent results are reported in literature
[23]. In [23], an actuator fault diagnosis scheme was proposed for a class of affine
nonlinear systems with both known and unknown inputs, which was designed by
making use of the derived input/output relation and the recently developed high-
order sliding-mode robust differentiators. Hence, considering multiple type multiple
faults simultaneously occurred in the controlled system is a motivation of this chapter.

Near space hypersonic vehicle, as a class of vehicle flying in near space which
offers a promising and new, lower cost technology for future spacecraft. It can
advance space transportation and also prompt global strike capabilities. Such com-
plex technological system attracts considerable interests from the control research
community and aeronautical engineering in the past couple of decades and significant
results were reported [24—35]. For such high technological system, it is of course
essential to maintain high reliability against possible faults [36-54].

Recently, T-S fuzzy system was used to describe the NSV attitude dynamics
which are complex nonlinear, multi-variable and strongly coupled ones [24-35].
During the past two decades, the stability analysis for Takagi-Sugeno (T-S) fuzzy
systems has attracted increasing attention [25-27]. In [55], the authors studied the
problem of fault-tolerant tracking control for near-space-vehicle attitude dynamics
with bias actuator fault, where the bias fault was assumed to be unknown constant.
However, in practical application, the fault may be state-dependent, namely, it is a
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unknown function of system state. In this chapter, we will propose a more general FTC
scheme that handles such state-dependent faults. On the other hand, as a universal
approximation, fuzzy logic system (FLS) played an important role in modeling and
controlling uncertain systems, see [56—61] and the references therein. In this chapter,
we use the above FLSs to approximate the unknown state-dependent gain and bias
faults.

In this chapter, we investigate the problem of fault tolerant control NSV with
multiple state-dependent actuator faults, with the objective to provide an efficient
solution for controlling NSV in faulty situations. Compared with existing literatures,
the following contributions are worth to be emphasized.

(1) The actuator fault model presented in this chapter integrates state-dependent
gain bias faults, which means that a wide class of faults can be handled. The
theoretic developments and results of this chapter are thus valuable in a wide
field of practical applications.

(2) Differing from some design scheme in literature, the fault-tolerant control
scheme does not need the condition that the bounds of the time derivatives of the
faults should be known constants, which thus enlarges the practical application
scope.

(3) In general, the denominator of the fault-tolerant control input contains the esti-
mation of the gain fault. If the denominator is equal to zero, a controller singu-
larity occurs. In the proposed modified FTC scheme, the controller singularity
is avoided without projection algorithm.

The rest of this chapter is organized as follows. In Sect. 3.2, the T-S fuzzy model for
NSV attitude dynamics is first briefly recalled. Actuator faults are integrated in such
model, and the FTC objective is formulated. In addition, mathematical description
of fuzzy logic system is given. In Sect. 3.3, the main technical results of this chapter
are given, which include fault detection, isolation, and fuzzy logic system-based
fault accommodation in the two cases where system states are available or not. The
NSV application is presented in Sect.3.4. Simulation results of NSV are presented
to demonstrate the effectiveness of the proposed technique. Finally, Sect. 3.5 draws
the conclusion.

3.2 Problem Statement and Preliminaries

3.2.1 Problem Statement

In this chapter, a NSV attitude dynamics in re-entry phase is given as [62]:

Jio= —Q2Jw+ 8
[ @ @ 3.1)

y =R
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s

Actuator | o  Actuator 2 .
(the inner loop) (the outer loop)

Fig. 3.1 The control diagram of NSV

where J € R** is the symmetric positive definite moment of inertia tensor, and
w=1I[p,q,r]" =[w,w, ws]" is the angular rate vector composed of roll p, pitch g
and yaw rate 7, § = [8,, 84, 8,17 € R3*! is the control surface deflection, 8., 8, 8,
are the elevator deflection, the aileron deflection, the rudder deflection, respectively.
The skew symmetric matrix £2 is given by:

0 —w3 Wy
RL=|lw; 0 —o 3.2)
wy Wi 0

In the re-entry phase, R(-) is defined as follows:

cosa 0 sina
R()=| sina 0 —cos« (3.3)
0 1 0

where ¥y = [¢, 8, «]” and ¢, B, o are the bank, sideslip, and the attack angles,
respectively. According to the singular perturbation theory, the above six equations
can be expressed in the form of inner loop @ and outer loop y; w and y are also
respectively called fast loop and slow loop. The control diagram of NSV attitude
dynamics is shown in Fig. 3.1. From the motion law of NSV, it is easy to find that,
the response of the angular rate w is faster than the one of the attitude angle y. Based
on time scale principle, we define w as fast state and y as slow state, thus system
(3.1) can be divided into the following two subsystems: fast subsystem (3.4a) related
to fast state w and slow subsystem (3.4b) related slow state y .

).Cw zf(-xw) + g(xw)u(t)
(@)
Yoo = Xo
. (3.4)
Ixy = /(. Y0 >
Yy =Xy

where f(x,,) = J ' 2(w)Jx,, g(x,) = J‘l,f(xy) =R(),x, =w,x, = .
The control objectives are,

(1) for the slow subsystem (the outer loop), to design the ideal angular rate y,,(=wy)
such that subsystem output y, follows the desired reference signal y; whose 1st
derivative are available and bounded;
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(2) for the fast subsystem (the inner loop), to design the control u(¢) such that the
angular rate x,, follows the ideal angular rate y,,(=wg).

That is to say, the main task is to design proper control input u(¢) such that
lim; 00 (X0 — wg) =0 = limt%oo(yy —va) =0.

A fuzzy linear dynamic model has been proposed by Takagi and Sugeno in 1985 to
represent a nonlinear system as an aggregation of local linear input/output relations.
The fuzzy linear model is described by fuzzy IF-THEN rules and will be employed
to deal with the fuzzy control problem for inner loop dynamics described by (3.4a)
in this chapter.

Consider the following T-S fuzzy model composed of a set of fuzzy implications,
where each implication is expressed by a linear state space model. The ith rule of
this T-S fuzzy model is of the following form:

Plant rule i: IF z;(¢) is M;; and . .. z,(¢) is M;,, THEN
{ (1) = Aix(t) + Biu(t) 55)

y(1) = Cix(1)

where i = 1, ..., r, ris the number of the IF-THEN rules, M;;,j = 1,..., q is the
fuzzy set, z(t) = [z1(?), ..., 24 (1)]" are the premise variables which are supposed to
be known, x(¢t) = [x1(?), ..., x,()]T € R" denotes state vector, u(t) € R" denotes
control input, A; € R™", and B; € R™" are local state and control matrices.

The overall fuzzy system is inferred as follows:

£(6) = D" hiz(O)[Ax(1) + Biu(t)]

i=1

; (3.6)
Y =D hiz(1)Cix (1)
i=1
where h;(z(t)) is defined as
[T Mylz(0))
hz)) = i=12....r 3.7)
Z: l:[ M;[z(1)]

where M;;[z(#)] is the grade of membership of z;(¢) in M;;. It is assumed in this chapter

that [ | M;;[z(r)] > Oforall 7. Therefore, we have > h;(z(1)) =1, 0 < hi(z(1)) < 1
j=1 i=1
for all ¢.
In this chapter, the state feedback control strategy is chosen as a parallel distributed

compensation (PDC), which can be described as follows:
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Control rule i: IF z;(¢) is M;; and . .. z,(¢) is M;;, THEN

q»
ui(t) = Kix(1) (3.8)

where K; is the controller gain matrix to be determined later.
The overall fuzzy controller is given as follows:

u(t) = D hiO)Kix(0) (3.9)

i=1

The control objective under normal conditions is to design a proper state feedback
control input u(#) such that lim,_, oo (x, — @g) =0 = lim;, o (y, — v4) = 0.

However, in practical application, actuators may become faulty. Two kinds of
actuator faults are considered: loss of effectiveness of the actuators and actuator bias
faults. The first kind of fault is modeled as follows.

u{(t) = =p/CNut), i=1,....m, t >t (3.10)
where p;'(x) (0 < pj'(x) < 1), which is supposed to be unknown, denotes the

remaining control rate, #; is unknown fault occurrence time. The second kind of
fault, namely actuator bias fault, can be described as:

W) =w@) +d'x), i=1,....m > (3.11)

where d;'(x) denotes a bounded signal. Therefore, the above two kinds of actuator
faults can be uniformly described as

W (1) = (1= (D) + d' ), 124y (3.12)

Furthermore, a more general fault model can be given as:

i

P}
(1) = (1= pl)ui() + D gldlyx), 1> 1 (3.13)

j=1
where d;-fj(x), i=1,...,mj=1,...,p! denotes a bounded signal, p¥ is a known
positive constant. g;'; denotes an unknown constant. With no restriction, let suppose
p| = - = ph= p, withpaknown positive constant. Consider the following notation

a;;(x) = gi;d;;(x), (3.13) can be re-written as follows:

14
W[ (0) = (1= pre)u(0) + >y, 1= 1 (3.14)

J=1
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where the nonlinear functions p;(x), a}f ; (x) and the failure time instant #; are
unknown. In this chapter, both bias and gain faults are handled by considering the
general fault model (3.14).

Now, the control objective is re-defined as follows. An active fault tolerant control
approach is proposed to obtain the above tracking objective in normal and faulty
conditions, namely, lim;_, o (X, — wg) = 0. Furthermore, lim,_, . (y, — y4) = 0.
Under normal condition (no fault), a state feedback control input u(¢) is designed,
such that lim;_, o (x, — @4) = 0. Meanwhile, the FDI algorithm is working. As soon
as actuator faults are detected and isolated, the fault accommodation algorithm is
activated and a proper fault-tolerant control input u(¢) is used such that the tracking
performance (lim;_, o (X, — wyz) = 0) is still maintained stable under faulty case.

3.2.2 Mathematical Description of Fuzzy Logic System

FLS consists of four parts: the knowledge base, the fuzzifier, the fuzzy inference
engine working on fuzzy rules, and the defuzzifier. The knowledge base for FLS
comprises a collection of fuzzy if-then rules of the following form:

Rl:ifxl isAl1 and x, isAlz... and x,, isAL, thenyisBl, [=1,2,....M

where x = X1, %2, ..., %07 € U C R" and y are the FLS input and out-
put, respectively. Fuzzy sets Aﬁ and B! are associated with the fuzzy functions

ol
a1 (i) = exp(—(*5*)?) and wg (") = 1, respectively. M is the rules number.
Through singleton function, center average defuzzification and product inference,
the FLS can be expressed as

M n M n
y) = [Zy’ (H Iy, (x,»))] / [Z (H M (x»)} (3.15)
I=1 i=1 =1 \i=I
where j' = max,crp . Define the fuzzy basis functions as
n M n
£'(x) = [H ey (x»} / [Z (H o (x,-))} (3.16)
i=1 I=1 \i=1

and define 87 = [y',3%, ..., 9] = [61,65,...,0y] and & = [E', &2, ... EM]T,
then FLS (3.15) can be rewritten as

y(x) = 0"E(x) (3.17)
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Lemma 3.1 (Boulkroune et al. [60]) Let f (x) be a continuous function defined on a
compact set 2. Then for any constant ¢ > 0, there exists an FLS (3.17) such as

sup [f(x) —0TE()| < & (3.18)

xef2

By Lemma 3.1, FLSs are universal approximations, i.e., they can approximate any
smooth function on a compact space. Due to this approximation capability, we can
assume that the nonlinear term f (x) can be approximated as

fx,0) =0"&(x) (3.19)

Define the optimal parameter vector 6* as
0" = argmin[sup |f (x) —f(x, 0%)|]
fe2 xeU

where £2 and U are compact regions for 6 and x, respectively. Also the FLS minimum
approximation error is defined as

e=f(x)—0"TE®x) (3.20)

In this chapter, we use the above fuzzy logic system to approximate the unknown
functions p} (x), aﬁj(x), namely, there exist 9;1., 6;’1.’]., €p.i> €a,ij Such that pj'(x) =
0, .:80,i(0) + &pia} ;(x) = 0y, 601 j(x) + €q,: ;. Now, the following assumptions are
made.

*
a,ij

Assumption 3.1 There exist unknown constants ¢}, > 0, ¢

\ \ * * * *
constants M, g, My s, ; such that |e, ;| < €}, |€a,s.jl < 3y 600 < My, 60 <

Ma,SkJ'

> (0 and two known

Assumption 3.2 There exist known constants M, , M, ; such that ||9:‘ | <
Sk
My s, ||9;:H.|| < My g, -

3.3 Fault Diagnosis and FLS-Based Fault Accommodation

In this section, the main technical results of this chapter are given. We will first
formulate the fault diagnosis and accommodation problems of the above T-S fuzzy
system. We will then design a bank of SMOs to generate residuals, investigate the
FDI algorithm based on the SMOs, and propose a FTC scheme to tolerate the faults
by compensating for faults.
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3.3.1 Preliminary

Consider the T-S fuzzy faulty system described in (3.6). We assume that only actu-
ator faults occur and no sensor fault is involved. The following assumptions are
considered.

Assumption 3.3 Matrix B; is of full column rank and the pair (A;, C;) is observable.

We first design the fault diagnosis observers to detect and isolate the faults, and
then, propose a FTC method to compensate the faults.

3.3.2 Fault Detection

In order to detect the actuator faults, we design a fuzzy state-space observer for the
system (3.6), which is described as:
Observer rule i: IF z;(¢) is M;; and . . . z,(¢) is M;,, THEN

(1) = Ak(0) + Bu() + Li(y(r) — 5(1)) 321)
y(0) = Cx(0)
where L;, i = 1, ..., ris the observer gain for the ith observer rule.
The overall fuzzy system is inferred as follows:
F0) = D hiGO)ARW) + Bu() + Liy(t) — 5(1))]
~ (3.22)
5 =D hiz())CR()
i=1
Denote
ex(t) = x(t) —x(1), ey(t) = y(®) — (1) (3.23)
then the error dynamics is described by
&) = D~ hizO)A; — LiChey(1)]
= (3.24)

ey(t) = D~ hi(z())Ciex (1)

i=1
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Lemma 3.2 The estimation error e, converges asymptotically to zero if there exist
common matrices P = PT > 0 and Q > 0 with appropriate dimensions such that
the following linear matrix inequality is satisfied:

PA —LC)+ A —LC)'P<—0Q,i=1,2,...,r (3.25)
Proof Consider the following Lyapunov function

Vp = el (t)Pey(t)
Differentiating V| with respect to timet, one has
Vo(t) = D hizt)lel ()(P(A; — LiC) + (A; — LiC)  P)e.(1)]
i=1

< = > hiz)le] () Qe (]

i=1

(3.26)

<0

Because Vp(f) € Lo is a monotonous and non-increasing bounded function,
Vp(+00) exists. Hence, we have

4o I

Vo0) = Vokoo) > = [ 3 hic)lel Qe 0],
0 =i

which means taht e, (t) € L,. Since e, (1), éx(t) € Lo, using the Lyapunov stability
theory, we obtain lim e, () = 0. Furthermore, we have lim e, (#) = 0. The proof is
—00 11— 00

completed.

From Lemma 3.2, we have
Vp(t) < = D hi(z(0)le] (1) Qe (1)]
i=1

= > hi(@(t) hin Q)] (Dex(1)]

<

"=r1 (3.27)
< - Z i (2(1) [Mmin (@) /Amax (P)el (1) Pey (1)]

i=1
< =hiZ(O) [Amin (Q) /Amax (P)1V ()

—Kk Vp(1)
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where Kk = Anin(Q)/Amax (P) € R. Hence,
Vp(t) < eV (0) (3.28)
Furthermore, we have
hanin (P ex (D11 < € hmax (P)lex (0)]] (3.29)
Therefore the norm of the error vector satisfies
llex (1] < v/ Amax (P)/Amin (P)lex (0) ||~/ (3.30)
Furthermore, the detection residual can be defined as
MOESNOENOI (3.31)

From (3.30), it can be seen that the following inequality holds in the healthy case:

J() < D~ hi@(E)V anax (P) /2anin (P Ci| e (0) [ e/ (3.32)
i=1

Then, the fault detection can be performed using the following mechanism:

J(t) < T, no fault occurred,
(3.33)

J(t) > T, fault has occurred

where threshold T, is defined as follows.

Ta =D @)V hmax (P)/Amin (P)]|Cil ||l (0|2 (3.34)
i=1

3.3.3 Fault Isolation

Since the system has m actuators, which maybe become faulty, we have C! + C? +
-+ C" possible faulty cases, where C’, denotes the number of faulty cases where
there are i faulty actuators within m actuators. Let us define the following symbol,
j{‘ (i=1,2,...,myk=1,2,...,i) which denotes the situation where the ith actu-
ator fails when there are k possible faulty actuators among the m actuators. Fault

patterns can be described in details as follows.
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Case 1: only an actuator is faulty
1 . . .
Ny RN RS = (1) ()L U

In this case, there are C!, fault patterns.
Case 2: only two actuators are faulty
2 2 ) )
b }’ b }’ AR b }7 AR
N L Gy = | U Rb UL b X
) Jm}

) ) 2 2 2
27]3}5 {]27]4}9'°-’ 27]m}7‘-'{]m—17

where the number of fault patterns reached a total of C2,.
Case i: only i actuators are faulty

R (RLRZ RO = (L Ui )

where the total fault patternis C ,i = 1,2, ..., m.
Case m: all m actuators are faulty

N o (R RS = ({1

Here, there is only one fault pattern (C}, = 1).

Now, let 8, = {R!, ..., 8GRI 8GR RGH. Obviously,
there are C) + C% + - - - + C possible fault patterns that are numbered as the 1st,
2nd, Nth fault pattern, where N = C} + C2 + ... + C™.

In this chapter, it is assumed that there d actuators became faulty whose pattern s is
Nj , namely, s = Nj . We also assume that the d actuators are the s;th, s,th, ..., ssth
actuators, where 1 < s; < s < --- < 55 < m. Then the faulty model can be
described as:

(0 = D hi@E)Ax(0) + D hiz(6))Bu(t)—

i=1 i=1

r d 14
D i) D {biglpl @ud ()= D a" ()] (3.35)
i=1 k=1 j=1

YO =D hiz(1))Cix(1)
L i=1
where B; = [bi1,bi2,....biml, bis € R\, 1 < I < m, ,0‘: (x), al‘:l‘_k(x),j =

1,2, ..., pdenote the time profiles of the s;th actuator fault, which are described by
(3.14), ufk () is the desired controller when the s;th actuator is healthy.
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Inspired by the SMOs in [63], we are ready to present one of the results of this
chapter. It is assumed that fuzzy observer and fuzzy control systems have the same
premise variables z(), then the following fuzzy observers are proposed to isolate the
actuator fault.

Isolation Observer Rule i: IF z;(¢) is M;; and . .. z,(?) is My, THEN

s (1) = Ak () + Ly (t) — $is (1)) + Bau(t)+
d

p
D {biskalple 0+ D a ] (3.36)

k=1 j=1
j}is(t) = Cis)%is([)

where X;(1), y;5(¢) are the sth fuzzy observer’s state and output, respectively. L; is
the observer’s gain matrix for ith observer. The global fuzzy observer is represented
as:

E(0) = D" hiEASi () + D hi@L () = $is(0) + D hiz(0)Bu()+

i=1 i=1 i=1
r d 4
. i “u s ~U
le hi(z(1)) ;; bi,s s [Pk} () + le a1
= = ]j=

Fs(t) = D hiz(1) Cifs (1)

i=1

hi(z(1))Fig eys (1)
1

1

Il _Zlhi(z(t))Fiskeys(t)H

1

r

Mg = —

(3.37)

where Fi;, € R'" is the sythrow of F; € R™*", which will be defined later, L; € R™"
is chosen such that A; — L; C; is Hurwitz, ey (1) = x,(t) — (1) and ey, (1) = y(t) — (1)
are respectively the state error and output error between the plant and the sth SMO
observer. Let / denotes the practical fault pattern where the faulty actuators are the
lith, Irth, ..., [;<th actuators, 1 < <L < --- <z < m.

For s = [, namely,d = d*,l; = s1, b = $3, ..., ;= = s4, the error dynamics is
obtained from (3.35) and (3.36).
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exs(t) = D hizO)Aien(t) = D~ hizO)Li(y(1) — Fis(D) +
i=1 i=1

S ) D b0 o (1) — o 5 (D)) +

i=1

p
D@ 00— pga )l
= (3.38)

= > i) (A; — LiChe(r) +
i=1
Zizl bis [(=p ()} (1) — ps pl |} (D)) +

k)

P
D@ @ = pga )
j=1

For s # 1, namely, d # d*ord = d* and at least there exists /; such that [; % s;,i =
1,2,...,d, we have

eus(t) = D~ hiz(0) (A — LiCpes (1) +
i=1
S h GO D b 00 (1) = 3 bl () +

i=1
L a* . d »
2 Q. bindl @) =D bigugdt )]
j=1
(3.39)

The stability of the state error dynamics is guaranteed by the following theorem.

Theorem 3.1 Under Assumptions 3.1-3.3, if there exist a common symmetric pos-

itive definite matrix P and matrices L;, F;, Q > 0, i = 1,2, ..., r with appropriate
dimensions, such that the following conditions hold

(A; — LiIC)'P + PA; — LiC) < —Q (3.40)

PB; = (F;C)T (3.41)

Then, when the Ith pattern is the actual fault pattern i.e., s = I, we have lim e,; = 0,
11— 00

and for s # I, we have lim e, # 0.
1—00
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Proof (1) For s = [, according to (3.38), we have

ex(1) = Z hi(z(O){(A; — LiCieis(1)+

i=1

d _
D bis (=" (0 (6) = b 2 Jus, () )+

P
D@ @ = pgd )
j=1

Define the following Lyapunov function
Vi(t) = el (t)Pey () (3.42)
Differentiating V, with respect to time #, and using (3.40), one has
Vi(t) = &l (1) Peys(t) + el (1) Péy (1)
< —e (NQe (1) +2e, ()P Z hi(z(1) Zzzl bis [(—p!f (O (1) —

i=1

~u S d u =Uu
pa PN O+ (@ (@) = g )]

Sk+J

From pg = — i hi(z(1)) Fig ey, (1) /1] i hi(z(1)) Fig ey, (1)]] and (3.41), one has

i=1 i=1

2L (0P @) D b [(—p! @0 (1) — o 5 (1)) < 0.
i=1

2eL(OP D hi(z(1)) ZZ:1 (@ (@) = pya' ) <0,
i=1

Hence,
Vi) < —el () Qey(t) <0 (3.43)

Because V;(t) € Ly is a monotonous and non-increasing bounded function,

Vi(+00) exists. Hence, we have V;(0)—V;(+00) > — :)roo e;(t)Qexs(t), ie.,

exs(t) € L. Since ey (1) and e (f) € L, using the Lyapunov stability theory,
we have lim e,;(f) = 0. Thus, we have lim e;(t) = 0.
11— 00 =00

(2) For s # [, it follows from (3.35) and (3.39) that:
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exs(t) = D hiz(t)(Ai — LiCeis(t) +

i=1

: ar d
D GO bigpl (0w () = D i Bt (D) +

i=1
Z(Zkl 1 llkl lkl (x) Z zsk/-'Lska )]

Because matrix B; is of full column rank (Assumption 3.1), we know that b;;, and
bj;,, are linearly independent. Therefore,

3 c a u S d u S
Tim > hiGON D buapl () 0 = D" i 81 (O] +
i=1

4 *
z (ZZ=1 biya ) = zzz Lschs @ )] # 0
j=1

Thus, we have lim e, (¢) # 0 and lim ey (¢) # 0.
11— 00 —00

From (1) and (2), we obtain the conclusion. This ends the proof.

(3.44)

Now, we denote the residuals between the real system and SMOs as follows:

Js(t) = ”e_vs(t)” = ”j\)v(t) -

1 <s<m (3.45)

According to Theorem 3.1, when the actual fault pattern is s = [, the residual J(¢)
will tend to zero; while for any s # [, J;(t) does not equal zero. Furthermore, from
Lemma 3.2, we have, if [ = s,

Jo) <D hi(@0)v max (P) [ nin (P) €5 (0) | [/ (3.46)
i=1
and if [ # s, then

Js@) > D" 1 (2(0)v max (P) /domin (P) €5 (0) ||/ (3.47)
i=1

Hence, the isolation law for actuator fault can be designed as

[ Js(t) < T7, 1 = s = the [jth, Lth, ..., [;th actuators are faulty (3.48)

Js(@t) > T, 1l #s

where threshold 77 is defined as follows.
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Ty = D hi@(O)V Amax (P)/ A (P) ey (0) | e
i=1

Notice that, the denominator of u,, = — > hi(z(t))Figeys, (1)/11 D hi(z(1))Fis,
i i=1

ey, (1)]] in (3.37), contains ey (7). Just as pointed out in [63], the chattering phe-
nomenon occurs when e () — 0 in practice. Inspired by [63], in order to reduce
this chattering in practical applications, we modify SMOs (3.37) by introducing a
positive constants as follows:

Es(0) = D" hizO)ASis(0) + D hi@DL() = Fis (D) + D hi(z(0)Bju(®) +

i=1 i=1 i=1
r d p
X X ~u —~U
Z}: hi(z(1)) ;; bi,se s [Pk 6] (1) + le a1
= = Jj=

Fs(t) = D hiz(1)) Cifs (1)
i=1

2 hi(z(0)Figp eys (1)

’ _ i=1

Ko = r
I 22 hiz))Fig eys (D] + 6

i=

(3.49)
where § > 0 € R is a constant. Obviously, the denominator of u; will converge
asymptotically to § when e,; — 0, which reduces this chattering phenomenon.

3.3.4 Fuzzy Logic Systems-Based Fault Accommodation
with Available System State

After fault isolation, the next task is fault accommodation. Before this task, we inves-
tigate firstly the following normal systems (fault-free), and drive the ideal control
u’ () when all actuators are healthy.

2(1) = D hiz)[Ax(t) + B ()]
i=1

i (3.50)
Y(0) = D~ hi(z())Cix(t)

i=1

The parallel distributed compensation (PDC) technique offers a procedure to design
a fuzzy control law from a given T-S fuzzy model. In the PDC design, each control



3.3 Fault Diagnosis and FLS-Based Fault Accommodation 59

rule is designed from the corresponding rule of T-S fuzzy model. The designed fuzzy
controller has the same fuzzy sets as the considered fuzzy system.
Control Rule i: IF z;(¢) is M;; and . .. z,(¢?) is M;,, THEN

u (1) = Kix(1)

and the overall fuzzy controller is given as follows:
W) = D hi(t)Kix(0) (3.51)
i=1

where the controller gain matrix K; is determined by solving the following condition:
P(Ai+KiB)+(A; + KiB)) P+(A; + KiB) PSI\P(Ai+KiB)+P$P < —Q (3.52)

where P = PT > 0,0 > 0,5, > 0,5, > 0 are matrices with appropriate dimen-
sions.

Define tracking error e = y — w,. The tracking error dynamics is obtained from
the above equations,

e=3—ag=Cik—ag= Zhi(Z(l))[CiAix(l) + CiBiu’ ()] — wq
i—1

Because all the states are supposed to be available, we have C; = I,,»,,. The tracking
error dynamics can be simplified as follows:

é=x—dg =Y h@)Ax(0) + BKix(t) — i)
i=1

= > hi(z(t)[(Ai + BiK)x(t) — ) (3.53)

i=1

= D hO)(A; + BiK)e(®) + o — @

i=1
Define the following Lyapunov function
Vo =e'Pe

where P = PT > 0.
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Differentiating Vj with respect to time ¢, leads to

Vo = Z hi(z(0)[e” (1) (P(A; + KiB) + (A; + KiB) P)e()] —

i=1

D hiz)[2e" (1)(Ai + KiB) P(wq — a)] —

i=1

D hiz)R2e" (P(ws — da)l + D ki) [2(0d — da)" Plwg — )]
- - (3.54)
Since

—2¢" (A + K;B) ' P(wg — g) < (1)(A; + KiB)" PS\P(A; + K;B)e +
(Wi — @) S; (@i — @q)
—28"P(wg — @g) < e (H)PS2PE 4 (wq — a)" Sy (wg — a)
(3.54) can be re-written as follows:
Vo < D hiz)e" (1 Ae(0)] +
i=1

> hieO)(wa — )" (ST + 85" +2P) (@4 — @)

i=1

where A = P(A; +K;B;) + (A; + KiB;))TP+ (A; + K;B;)TPS|P(A; + K;B;) + PS,P.
Obviously, if

Ay = P(A; + KiBi) + (A + KiB)T P + (A; + KiB)T PS1P(A; + KiBj) + PS2P < —0Q,

then .
Vo < = > i) ()Qe(0)] + po < —roVo + o,
i=1
here 1y = 3 hi(zO)(@4 — ) (ST + S5 +2P) @y — 6], 2o = 229D
where 119 (@) (wg —@a) (ST + S, + wg — o)1, ro LunQ)
i=1
0=0T>0.

Then, one has %(Vo(t)eko’ ) < €' . Furthermore,

0< Vo) < 22 [Vo(0) — 21 < B2 4 v (0).
Ao Ao Ao
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Therefore, the error system (3.53) is asymptotically stable. Moreover, e(¢) is
semi-globally uniformly ultimately bounded, converging asymptotically to a small
neighborhood of zero, namely, |é| < /&/Amin(P), Where o = j19/A¢ + Vo (0).

After obtaining the desired control u° (), we will design fault-tolerant control u(t)
such that the same control objective can be achieved in spite of actuator faults.

On the basis of the desired control u°(¢), the fault tolerant controller is constructed
as

Y4 ~ A ~
uik - Zi:] A5, (X, O 5. 7) — Easy

1 85y ) (3.55)
1 - Ps; (X, Qﬂ-sk) — Ep.se

Us, =

A A ~ A ~ ~ . . *
where 0, 5, Ou g, js Pp,5 (X, 0p.5), Gi j(X, Oq 5, ;) are the estimations of 0;‘,3}, Gayxk’j,

Os, (, 0;" 5 ), ag, (X, 9;,3k , j), which are used to compensate for the gain and bias faults

psk(x)’ ask,j(x)v and psk(x) = IOSk(-xa 9;,”\,) + Esis ask,j(x) = a.vk,j(x» eg,sk,j) + Esij»

Es» £5,j AT€ approximation errors, 6 o500 Ga’sk j are optunal vectors.

Consider the following faulty system

(1) = D hi(2() A (1) + D hi(z(6) By’ (1) —

i=1 i=1

r d )4
D @) D {bislpl @ud (1) = D a" ()]
i=1 k=1

j=1

(3.56)

Submitting the fault-tolerant control law (3.55) to the faulty system (3.56), it yields

(1) = D hiO)Aps (1) + D hi(2(1)Biu (1) +

i=1 i=1

r d V4
D hi@) D 1 bis @] Epus () + Epsdier = D0 Eas i) — Eps]
i=1 k=1 j=1

(3.57)

P N
5 ~u a
s, _Ié [amsk J (6, 00,51,.j) — a5

)s éﬁ»é‘k = ép»Sk -0

where Oy 5, j = Ou5,j — OF s

)
a,sgJ

ke = (

Further, the error dynamics is obtained:

1=y, (665 0.5,

¢ = M)A + BK)e(t) + g — dal +

i=1

a5

r d p
D @) D 1 bislO] &y (0 + 850Kk = D00 () = Epy]
i=1 k=1 Jj=1

(3.58)
Now, an adaptive fault accommodation algorithm is proposed to control the faulty
system. The stability of the error dynamics is guaranteed by the following theorem.
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Theorem 3.2 Under Assumptions 3.1-3.3, if there exist a common symmetric pos-
itive definite matrix P, real matrices K; and Q > 0, i =1, 2, ..., r with appropriate
dimensions, such that the following conditions hold

P(A; + K:B) + (Ai + K;B;)" P+

(A; + K;B;) PS1P(A; + K;B;) + PSP < -0

Consider the control law (3.55) and the adaptive laws given as follows:

[ — me P& ki, if 116,11 < My, or
165,51l = Mp 5, and me" Ph; o " (O > 0;
= 0,07 (3.60)
P>k - - Pk
_ nleTPb,-,ské;‘“\_k (X)kx + me’ Pb; g ki ||9A-f|72k &, ),
[)
if110p.5:1| = M5, and me" Ph; £ ()i <0

>

nZéTPbi,Sk%-:ik'j(x)’ if||9a,sk,j” < Ma,sk,j
OF 15,1l = M j and —128" Phi 8" (x) = 0;

) ) Oy 0T (3.61)
02e Phiy " () + e’ Phyy ——1E (x),
| |9a,sk J | |

if 110,50 ll = Mas,j and =" Py €' (x) <0

~ A

O 51 =

0, if 8,5, = M, 5, and —n3e" Pb; g ic; > 0
ép,sk = oré, = —Mp,xk and —n3éTPbi,SkKk < 0; (3.62)

— r]3ETwa Ky, otherwise

0, if 8y, = My, and nse’ Pb;;, > 0
o) = Busij = —Muy, j and nye" Ph; 5, < 0; (3.63)
n4ETPb,<,Sk, otherwise
where n; > 0,i = 1, ..., 4 denote the adaptive rates, then the error system (3.59)

is asymptotically stable. Moreover, e(t), ép,sk and éww- are semi-globally uniformly
ultimately bounded, converging asymptotically to a small neighborhood of zero,

namely, ||e]l < & rminP), 16,511 < 2Zma, and |0y 1l <270, where
r _ )4
@ =84V 2 = min(2 G 5 )= RACONGE, + X307 )+

m posg m s

and po = i hi(z(O) (@4 — &)  (S7' + 851+ 2P) (w4 — @)

i=1
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Proof Define the following smooth function
V=Vi+WV4+V+Vi+ Vs

where

Vi=2'Pe, V, = Zh(z(t))( psfp,sk)

ZZWU))( 00 s, B ) w—ZZh(m))( “Eon)

i=1 j=1 i=1 j=I
ZZh (z(r))( £a )
i=1 j=1
Differentiating V with respect to time ¢, it leads to
V=Vi+Va+Vs+Vi+ Vs
where

= D he)IE (1)Qe(1)] + po +

i=1

r d
Zh,-<z<r>>2éTP Z bis [0]5,8", () + Ep )] +

Zh (z(r))ZeTPZb, Ak[z s b () F Bage ]

Zh(z(t))—e ep e Vs = Zzh(Z(t)) 0 B

i=1 i=1 j=1

ZZh(z(r))( smspsu Vs = ZZh(z(r»( sawsw)

i=1 j=1 i=1 j=1

. WS, =0 gy (05 ) sy )
Since u;, = —* 1" = ‘k’é 2% then
— Py (,0p,5.)—Ep 5,

63
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P
= (1= po (s, + D7 ()
P o= P ~
=u - Zi:] Orrsse s () — Zj:l Basei FOps A+ eps A

P p ~
o ' ' _— -
= Uy — 2 =1 Ou, sy j6ersi T+ 2 /i1 Easig T 0p5 A+ Ep s A

FN A ~
U, =2t sy (00 ) —Ep sy

1=y, (4,055 =05,

where A = . Furthermore, one has

= D hi)IE (1)Qe(0)] + po +

i=1
r d 1 - 1.
Zh,-@(r))zéTPZbi,sk 0y, (" @A+~ 9M> Bos(A+ e,,sk>—

14

Z ask](‘i:fw() otxk/ Zgotsk](l_ otsk/)]

j=1

Substituting the adaptive laws (3.60-3.63) into the above equation, it yields

- Z hi(z(n)[e" (1))Qe()] + o

i=1

Since ||9Ap,‘vk|| <M, ||6Aa,sk,j|| < Mg, j, which can be guaranteed by using the
adaptive laws (3.60) and (3.61), when Assumptions 3.1 and 2.2 (i.e., ||9:_Vk <M,
||9* || M, , ;) are satisfied, one has

V<=AV(@) +u

whereu—zh(Z(t)) Mpzk""zv;; M ta M2

oS) PsSk
i=1

+Z;ﬁ M2 D1+ pos b =

mn(@ 11
min{$"vE s 2 2

Then, one has, E(V(l)e“) e . Furthermore,

0< V@) < §+[V<0> e < %+V(0)

Leta = & + V(0), one has le| < /%, 10,5 < v/2ma, and |0y 4, j| < /2720
This ends the proof.
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3.3.5 Modified Fault Accommodation with Available System

State

In the above subsection, the fault tolerant controller was constructed as

Y4 A A N
Mjk - Z;‘:l afluj(x’ ea,sk,j) — Ca,sij

1 - ﬁsk (x, Qp,sk) - ép,sk

U, =

65

Unfortunately, there may exist controller singularity when 1— g, (x, émk )—Ep.5, = 0.
In order to avoid such singularity, the fault tolerant controller is modified as

follows

-

lask(-xs Qp,sk) - ép,sk)(ugk - Z}'"zl ask,j(-x» Qa,sk,j) - 2,:}oz,sk,j)

Us, =

N ~ N 2
(1— Ps; (x, Qp,sk) - Sp,.vk) +¢€

(3.64)

where ¢ > 0 € Risadesign constant. Correspondingly, the adaptive laws in Theorem
3.2 are re-designed as follows

>e

>

PSk —

Got,Sk,j =

-T . A
—me Pbiy§& k', if 160,511 < M, gor

100,51 = My, and 1" Py £ () > 0;
T

- UléTPbi,xkE:% ()K" + nie" Pb; i TR
if

i 116,511 = My, and mie" Ph; € (0" <0

-T . I~
me Pbig & (%), if [|6us Il < Mo, or

||éa,sk,j|| = M., j and _siéi?Eif' > 0;

A AT
ea,sk,jea,xk,j u
A—zsa.w @),
16,5511

if [10a,501| = Mo and —&"Ph; 8" (x) <0,

me' Pbig§! (x) +me’ Phiy,

0, if8,,, = M, and — nse’ Pb;y, >0

A A " -T
Eayspj = Or Eg 5, j = —Mgy5 jand —nge’ Pb;,, <0

n4éTPb,-,Sk, otherwise

0, if &,, =M, and —n3e’ Ph; k' > 0

A _ N _ y =T /
Ep s = oré,, =—M,, and —nze’ Pb; k' <0,

— m3e’ Pb; , k', otherwise

:fke .
Pk g
—§&" (%),

(3.65)

(3.66)

(3.67)

(3.68)
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~ LN
(I=py 0y ) —Ep s, =267 £ ()]
j=1

@, Sp o TSy

where ¥’ = ,m > 0,1 =1,...,4 denote the

(1= (1055 )~Eps) +e
adaptive rates.

Now, a modified adaptive fault accommodation algorithm is proposed to control
the faulty system. The stability of the error dynamics is guaranteed by the following

theorem.

Theorem 3.3 Under Assumptions 3.1-3.3, if there exist a common symmetric posi-
tive definite matrix P, real matrices K; and Q > 0,1 =1, 2, ..., r with appropriate
dimensions, such that the following conditions hold

P(Ai 4+ KiB) + (Ai + KiB)" P+

r (3.69)

(A; + K;B;)' PS1P(A; + K;B;) + PS:P < —Q
when the control law (3.64) and adaptive laws ( 3.65j3. 68) are applied, the error sys-
tem (3.58) is asymptotically stable. Moreover e(t), 0, 5, and 0, , j are semi-globally
uniformly ultimately bounded, converging asymptotically to a small neighborhood

of zero, namely, |||l < V& Amin(P), 110,511 < 2Zma, and |0yl < 2ma

r )4
s f Amin n n
where ). = mm{m((%;, ﬁ, ﬁ}, n = ‘21 h,'(z(t))(%Qi_k + El ,]2—26?3%!_) + o, and
i= j=

o = X hi@O)[(@4 — )" (ST + 83" +2P) (w4 — @a) + ), & = 5+ V(0).

i=1
Proof Similar to the proof of Theorem 3.2, it is easy to obtain the conclusion. The
detailed proof is omitted.

3.3.6 FLSs-Based Fault Accommodation with Unavailable
System State

Notice that, the FTC (3.55) and the modified FTC (3.64) are designed under the
condition that system states are measurable. In fact, in some situations, system state
may be unavailable, and the above FTC (3.55) and (3.64) do not work. In this case,
observers (3.21) and (3.22) may be used to obtain the estimation x of system state x,
and design the following observer-based FTC.

(1= Py Gy 0p5) — 8p )@, — 30 g j R, By ) — B )
u, = k P8k DSk Sk Zj—l ko] k] ko] (3.70)

Sk ~ ~ A N 2
(1 - psk(-xs Qp,sk) - Sp,sk) + &
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Correspondingly, the adaptive laws in Theorem 3.3 are re-designed as follows:

- mngb,,skst B, if 10,1 < M, or
16,511 = My and m@" Ph; £ (D > 0;

_T u ~
X —nie Pb;g X)w+
Qp,sk _ m ’kéfmk( )T 371
me’ Pb; s, ”"k90~»gu 63)
1 1,5 ~ o B
C G2

| if (16,511 = M, ,, and méTPb,;Skép’ka ®w <0

-T ~ . N
me Pbi,sk%_:X”(x)v if ||90t,5k,j|| < Ma,sk,j or

~ _r R .
||9a,sk,j|| - Mot,xk,j and —e Pbi,-YkE:f:k,j(x) 2 0,

~ A

Ou,sj = g, . 6T (3.72)
Mm@ Pbi £ (R) + el Phyg, — gt (p),
o, Sg ] 2 @Sk o]
||6a,sk,j||
if |10y 1| = My, and —gfpb,,yk;jw ®) <0
0, if&,,, =M, and — n3e’ Ph; 0 > 0
o =1 oré,, =-M,, and — 538" Ph; 0 < O; (3.73)
— méTPb,;Skw, otherwise
0, if 8,5 = My, jand — nse’ Pb; s, > 0 or
Busij = Busij = —Myy jand — e’ Pb;g, < 0; (3.74)

n4éTPb,-,Sk , otherwise

N P
A a s T u 2
(1 (BBl =207 61 G
where w =

— ~ ,m > 0,1 = 1,...,4 denote the
(l_pxk (X~9p.Ak)_€p.Jk) +&
adaptive rates.

Now, an observer-based adaptive fault accommodation algorithm is proposed to
control the faulty system. The stability of the error dynamics is guaranteed by the

following theorem.

Theorem 3.4 Under Assumptions 3.1-3.3, if there exist a common symmetric posi-
tive definite matrix P, real matrices K; and Q > 0,i =1, 2, ..., r with appropriate
dimensions, such that the following conditions hold

P(Ai+K:B)+(A; + K:B)" P+(A; + K:B)" PS| P(A;+K;B)+PS,P < —Q (3.75)

when the control law (3.70) and adaptive laws (3.71-3.74) are_ applied, ~then
the error system (3.58) is asymptotically stable. Moreover e(t), 0, and Oy,
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are semi-globally uniformly ultimately bounded, converging asymptotically to a
small neighborhood of zero, namely, |le|| < /o/Anin(P), 10,511 < /2na,

and ||«9~a,sk,j|| < 2ma, where « = p/x + V(0), L = min{%, ﬁ, i},

r _ )4 _ r
po= 2 h@n)G0 + X 202 )+ o and o = 3 i) (@i — da)" -
i=1 j=1 =

Sk N2 a.sj =

ST 487 2P) (w4 — wg) + o).

Proof Similar to the proof of Theorem 3.2, it is easy to obtain the conclusion. The
detailed proof is omitted.

3.4 Simulation Results

To verify the effectiveness of the proposed method, we consider the re-entry phase
of a NSV with the altitude H = 40km and speed V = 2500 m/s as the initial states.
The symmetric, positive definite moment of inertia tensor is given as follows:

554486 0 —23002
J = 0 1136949 0
—23002 0 1376852

Consider that the nonlinearity of NSV re-entry attitude dynamics mainly comes
from attack angle « and attitude angular velocity w. In NSV re-entry phase o €
[0, /4], we assume that « has two related fuzzy sets {&¢ = 0} and {o = 7 /4}, the
corresponding membership functions are given by:

1 1
Mw:O - (1 - )
1+ exp[—6 — 28w)]" 1 + exp[6 — 28w)]
M =( ! ), M = ! )
e=703 T M Fexpl6 + 28w)] 0 T T 1 + exp[—6 + 28w)]

We choose six operating points:
la, 0] € {[0, —0.5], [0, 0], [0, 0.5], [ /4, —0.5], [7r/4, 0], [ /4, 0.5]}
Under the membership functions and the six operating points, six plant rules and six

control rules can be defined. All A; and B; can be obtained by substituting the six
operating points to f(x,), g(x,). The detailed matrix parameters are given in [62].
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Rule 1: IF w is about — 0.5 rad/s and « is about O rad, THEN
() = A1x(t) + Biu, y(t) = Cix(1)

Rule 2: IF w is about — 0.5 rad/s and « is about 77/4 rad, THEN
x(t) = Axx(t) 4+ Bou, y(t) = Cox(t)

Rule 3: IF w is about O rad/s and « is about 0 rad, THEN
X(t) = Asx(t) + Bsu, y(t) = C3x(1)

Rule 4: IF w is about 0 rad/s and « is about /4 rad, THEN
X(t) = Agx(t) + Bau, y(t) = Cyx(t)

Rule 5: IF w is about 0.5 rad/s and « is about 0 rad, THEN
x(t) = Asx(t) + Bsu, y(t) = Csx(t)

Rule 6: IF w is about0.5 rad/s and « is about /4 rad, THEN
Xx(t) = Aex(t) + Bou, y(t) = Cex()

The initial conditions are taken as follows: w(0) = [0, 0, 017, y(0) = [0, 0, 017
and the tracking command is chosen as w; = [0, 0, 0]”, y; = [1, 0, 2]” during the
re-entry phase. The parameters are taken as in [62] and will not be described in detail
here. We consider the case where only two actuators fail at one time:

¥ ui(t), t < 5s
D=1 d - ) + > g, 1> s
_ u(t), t <5
(1) = P
(=P @)+ 92if(), 15
Wy(1) = w3 (1)
where p;(x) = 0.4cos(x)),p = 1,911 = 04,fi1(x) = cos(x3), p2(x) =

0.4sin(x2), g2.1 = 0.4, fo.1(x) = cos(x3). By using Matlab toolbox to solve the
matrices inequalities (3.25), one can obtain the fault diagnostic observer gains L;.
By solving (3.52), one can obtain the positive definite symmetric matrix P and the
nominal controller gains K;. Therefore, one can design the ideal control (3.51). Using
the ideal control input (3.51), we can design fault-tolerant controller (3.55), the mod-
ified fault-tolerant (3.64) and the observer-based fault-tolerant control (3.70). In this
example, we assume that the system state is not fully measured and thus the observer
(3.22) is used to estimate the system state. Consequently, the observer-based fault-
tolerant control input (3.70) is used to control the faulty system. The simulation
results are presented in Figs. 3.2, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8 and 3.9. From Fig.3.2,
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Fig. 3.3 State responses of NSV attitude dynamics under normal conditions

it is seen that, under normal operating condition, observation errors globally asymp-
totically converge to zero. If no actuator fails, the system states globally asymptoti-
cally converge to zero, as shown in Fig. 3.3. Figure 3.4 shows that, when an actuator
fault occurs, when keeping the normal controller, the system states deviate signifi-
cantly from zero. However, as shown in Fig. 3.5, using the proposed FTC (3.70), the
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Fig. 3.5 State responses of NSV attitude dynamics with observer-based FTC (3.70)

system states globally asymptotically converge to zero. From Figs. 3.6, 3.7, 3.8 and
3.9, we can clearly draw the conclusion that both gain faults and bias faults can be
approximated accurately and promptly by FLSs.
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Fig. 3.6 The estimation
error of bias fault g1 1f1,1(x)
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Fig. 3.7 The estimation 4
error of gain fault p; (x)
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3.5 Conclusions

In this chapter, the problem of fault tolerant control for NSV with multiple state-
dependent faults was studied. We first designed a bank of SMOs to detect and estimate
the fault. Compared with some results in literature, the proposed fault accommodation
scheme is designed to online approximate not only bias faults but also gain faults.
Moreover, it can accommodate multiple actuator faults simultaneously. In addition,
the adaptive fault accommodation algorithm removes the classical assumption that
the time derivative of the output errors should be known. Simulation results of NSV
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Fig. 3.8 The estimation 5
error of bias fault g2 1/2,1(x)
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Fig. 3.9 The estimation 3
error of gain fault po (x)
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show that the designed fault detection, isolation and estimation algorithms as well as
the fault-tolerant control scheme have good dynamic performances in the presence
of multiple actuator faults.
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Chapter 4
Command Filtered Adaptive Fuzzy
Backstepping FTC Against Actuator Fault

4.1 Introduction

Fuzzy control has found extensive applications for modeling nonlinear systems in the
past 10years. According to the fuzzy approximation theorem of the fuzzy logic sys-
tems (FLSs) [1-6], researchers proposed many approximation-based adaptive fuzzy
control design methods for nonlinear systems (see, e.g., [7-12] and the references
therein).

It has been proved that adaptive backstepping technique is a powerful tool to solve
tracking or regulation control problems of unknown nonlinear systems in or trans-
formable to parameter strict-feedback form [13]. For such systems, many adaptive
fuzzy backstepping controllers have been developed (see, e.g., [14—19] and the ref-
erences therein), where FLSs or neural networks are used to approximate unknown
nonlinear smooth functions. It is well known that, however, in standard backstepping
design procedure, analytic computation of the first derivatives of virtual control sig-
nalse; (i =1,2,...,n—1),i.e., ¢, is necessary. Note that, the computation of ¢;
requires the higher derivativesof &;, j = 0, 1, ..., i —1. Obviously, as system dimen-
sion, i.e., n, increases, the computation of ¢; becomes increasingly complicated. This
limits the theoretical results’ field of practical applications. Hence, how to reduce
the computation of ¢; is crucial issue in controller design, which is a motivation of
this chapter. In addition, the aforementioned approaches required the knowledge of
the desired trajectory y,(¢) and the first n derivatives, i.e., yif)(t), i=1,2,...,n
should be available. It is important to note that in some important applications (e.g.,
land vehicle or aircraft) the desired trajectory may be generated by a planner, an
outer-loop, or a user input device that does not provide higher derivatives. Relaxing
the assumption motivates us for this work.

On the other hand, actuators, sensors or other system components in practical
engineering fail frequently, which can cause system performance deterioration and
lead to instability that can further produce catastrophic accidents. Thus, many effec-
tive fault tolerant control (FTC) approaches have been proposed to improve system
reliability and to guarantee system stability in all situations [20-39].
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In this chapter, a bank of command filters (see, e.g., [40, 41] and the references
therein) are proposed to respectively generate the first derivations of the desired
trajectory and virtual control signals. Then, by using backstepping technique, a robust
adaptive fuzzy controller is proposed to guarantee that the tracking error converges
to a neighborhood of the origin, where FLSs are utilized to approximate the unknown
functions. The contributions form our work are generalized the following aspects:

(1) The desired trajectory and only its first derivative are necessary for the control
scheme presented in this chapter, which is more reasonable in practical appli-
cations. The theoretic results of this chapter are thus valuable in a wide field of
practical applications;

(2) Compared with the existing literatures concerning the standard backstepping
design, the control scheme presented in this chapter does not need to compute the
higher derivatives of virtual control signals in backstepping design procedures,
which decreases the computation complexity;

(3) Different from some results in literature where all system functions are known,
the system functions considered in this chapter are unknown. In particular, the
signs of control gain functions are also unknown.

(4) The actuator fault model that is presented in this chapter integrates not only
unknown gain faults, but also unknown bias faults,where both faults are depen-
dent on the system state and will be approximated by FLSs.

The rest of this chapter is organized as follows. Section 4.2 formulates the problem
under investigation. Nussbaum type gain and mathematical description of FLSs are
also provided. In addition, some basic assumptions and preliminary results are given.
In Sect. 4.3, the main technical results of this chapter are given, where command filters
and adaptive fuzzy controller are designed, and the closed-loop system’s stability
analysis is developed. A numerical example is presented in Sect.4.4. Simulation
results are presented to demonstrate the effectiveness of the proposed technique.
Finally, Sect. 4.5 draws the conclusion.

4.2 Problem Statement and Preliminaries

4.2.1 Problem Statement

Considers the following uncertain nonlinear systems:

X = fi(x) + g (X)xip1 +di(xip1, 1), i=1,2,...,n—1;
Xn = fu(Xn) + gu(X)u () + dy (%, 1); 4.1)
y =X
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where x; = (x, ...,x,-)T € Ri,i = 1,...,n is the state; y denotes the output;
u € Ristheinput; f;(-) € Rand g;(-) € R,i = 1, ..., n are the unknown smooth
functions; d; (-, 1), i = 1, ..., n, denote the unknown dynamic disturbances.

In practical applications, actuators may fail. The fault model considered in this
chapter can be described as follows:

ul = gr(Xu+bp(x,), t > tp 4.2)

where g/ (x,) and by (x,) are smooth functions, which denote unknown gain fault
and bias fault, respectively; ¢ is an unknown fault occurrence time.

Control objective is to design an adaptive fuzzy controller by backstepping with
command filter for system (4.1) such that output y can track accurately the desired
trajectory y, as possible regardless of actuator fault and unknown dynamic distur-
bances.

To design appropriate controller, the following lemma and some assumptions are
given.

Lemma 4.1 ([42]) For Vx € R, |x| — tanh(x/§)x < 0.27858, where § > 0 € R.

Assumption 4.1 There exist known constants g;o > 0 € R and g;; > 0 € R such
that g;1 > |g; (%)) = gio > 0,Vx; e R,i =1,2,...,n.

Assumption 4.2 There exist unknown constant p; and known smooth positive func-
tion ¢; (x;) such that |d; (-, t)| < p; i (x;).

Assumption 4.3 The desired trajectory y,(¢) and its first derivative are bounded and
available.

Assumption 4.4 g(x,) is bounded, i.e., there exist known constants gro > 0 € R
and gy > 0 € Rsuchthat g7 > |g(X,)| > go.

Remark 4.1 Inliterature, the existing results concerning the trajectory tracking prob-
lems of the strict-feedback systems require the classical assumption that the desired
trajectory y,(t) and the first n derivatives, i.e., yg(,')(t), i =0,1,...,n should be
available. Just stated in Introduction, in some important applications (e.g., land vehi-
cle or aircraft) the desired trajectory may be generated by a planner, an outer-loop, or
a user input device that does not provide higher derivatives. Thus, in such case, these
results do not work. Assumption 4.3 in this chapter is more reasonable in practical
applications.

4.2.2 Nussbaum Type Gain

Any continuous function N(s) : R — R is a function of Nussbaum type if it has the
following properties:
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(1) lim sup{ f5 N(g)dg = +oo;
(2) lim inf! [J N(s)ds = —o0
S—>—00 -
For example, the continuous functions ¢ cos(¢), ¢? sin(¢), and s’ cos((/2)¢)

verify the above properties and are thus Nussbaum-type functions [43].The even
Nussbaum function S~ cos((m/2)¢) is used throughout this chapter.

Lemma 4.2 ([44]) Let V(-) and ¢(-) be smooth functions defined on [0, ¢;) with
V(t) = 0,Vt € [0, t7), and N(-) be an even smooth Nussbaum-type function. If the
following inequality holds:

V() <co +/ (gN(s) + Dgdr, vt € [0, 1)
0

where g # 0 is a constant, and ¢ represents a suitable constant, then V (¢), ¢ (#) and
fot gN(g)g"d‘L’ must be bounded on[0, £¢).
Lemma 4.3 ([45]) Let V(-) and ¢(-) be smooth functions defined on [0, ;) with

V(t) = 0,Vt € [0, ¢tr), and N(-) be an even smooth Nussbaum-type function. For
vt € [0, ty), if the following inequality holds,

1 t
V() <co +e*C"/ g(t)N(¢c)ce'"dt ~|—e*”"/ ce''dr
0~ 0

where constant ¢; > 0, g(-) is a time-varying parameter which takes values in the

unknown closed intervals I := [[~!, [*'] with O ¢ I, and ¢ represents some suitable
constant, then V (t), ¢(¢) and f()t g(r)N(g)g‘dr must be bounded on [0, 7).

4.2.3 Mathematical Description of Fuzzy Logic Systems

A fuzzy logic system consists of four parts: the knowledge base, the fuzzifier, the
fuzzy inference engine working on fuzzy rules, and the defuzzifier. The knowledge
base for FLS comprises a collection of fuzzy if-then rules of the following form:

R': if xjis Al] and x5 is Al2 ...and x,is Aﬁl,
then yis Bl, [=1,2,....M
where x = [x1,...,x,]7 C R" and y are the FLS input and output, respec-
tively. Fuzzy sets Af and B' are associated with the fuzzy functions w4 (x;) =

R
exp(—(%) yand g (y') = 1, respectively. M is the rules number. Through sin-
gleton function, center average defuzzification and product inference, the FLS can
be expressed as:
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M n M n
NOED I (H o (xn)/z (H K (x»)
=1 =1 =1 \i=Il

where 3! = max,cp /g . Define the fuzzy basis functions as:

n M n
&0 =[] ra (n)Z(]‘[ /tha <xi>)
i=1 =1 \i=Il

anddefine 0" =[3', 2, ..., yM]1=[61,06,, ..., Op]and & (x) = [£1 (x), ..., & (0)]",
then the above FLS can be rewritten as:

y(x) =0"E(x)

Lemma 4.4 ([5, 6]) Let f(x) be a continuous function defined on a compact set £2.
Then for any constant ¢ > 0, there exists a FLS such as

sup | f(x) —0TE(x)| <e

xesf2

By Lemma 4.4, we know, FLS can approximate any smooth function on a com-
pact space. Due to this approximation capability, we can assume that the nonlinear
function f(x) can be approximated as

f(x,0) =0"E(x)
Define the optimal parameter vector 6* as

6" = argmin [sup | f(x) — f(x, 091
€ U

xXe

where §2 and U are compact regions for 6 and x, respectively. Also the FLS minimum
approximation error is defined as:

e=f)—07Ew)
From Lemma 4.4, the following assumption is made.

Assumption 4.5 There exist an unknown real bounded constant ¢* > 0 such that
le| < &* on compact sets §2 and U.

In this chapter, we use the above FLS to approximate the unknown function
hi(z;), (i =1, ..., n) will defined later, namely, there exists 6/ and &; such that

hi(zi) = 67 &(zi) + &
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From Assumption4.5, there exists an unknown positive real constant ¢; such that
lei] < &

For notational simplicity, we use e to denote e(-). For example, f; is the abbrevi-
ation of f;(x;).

4.3 Design of Adaptive Fuzzy Controller
and Stability Analysis

Define
i =Xi —Oji—q, i=1,2,...,n (43)
where op=yg, ;i—1 (i =2, ..., n)is a virtual control which will be designed at each
step, o, = u is actual control input. The recursive design procedure contains n steps.
From Step 1 toStepn — 1, «; (i = 1,...,n — 1) is designed at each step. Finally an
overall control law u(«,) is constructed at Step n.
In order to estimate the virtual control ;;_; (i = 2, ..., n), define the following
command filter
d)i =—r)w(a)i —Ol,'_l), i =2,...,I’l (44)

where 1, > 0 is a design parameter. Let us define the estimation error signal v; as

vV =w — oy, [ =2,...,n

Remark 4.2 The command filter (4.4) is constructed to avoid the computation of the
higher derivatives of o;_1, i = 2, ..., n. It should be pointed out that the error v;
will be compensated at Step 7 in this chapter.

Step I:

Now, consider z;-subsystem: z; = x| — «9. Form (4.1) and (4.3), one has

21 = filx) + g1(x)x2 +di(x2, 1) — Ya

_ _ _ _ ) 4.5)
= filx) + g1 (xDz2 + g1 (kDo +di(x2, 1) — Ya

Define the following function

21 o
V.1 =/ % 4 4.6)
o lgilo +yal

From the integral-type mean value theorem, it can be known that, there exists a
constant A1 € (0, 1) such that V,, = 212/2g(A|zl + ya). Hence, from Assumption
4.1, we have
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2

21
— >V, >— >0
2g¢10 7 2gn

Zl2

which means that, V_, is a positive definite function of variable z;.
g oty _ 9| Gotya)]
v - do

. . a@ lalg o+,
VZ] — ! Z1+/ o uyd do'
lg1(x1)] 0 9Ya

=L ity Z—l—/m L
et Y lg1(x1)] o |]g7" 0+ ya)l 4.7)

o
lg1 (x|

. 21 _/ZI 1 o
gl Jo Je @ + )]

Letz; = (x1, w1, d)l)T and

- filx) o /Z' 1
hi(z)) = — —d 4.8
@ lg1(x1)] - 21 /o |:|gl(0’+w1)| 0:| @9

- . . ya [ 1 o) [9 1
Al(zl,ao,ao,a)l,wl):—/ 17510 ——/ 17610
2o ||e7l o +ya)l z21Jo | |g7 o+ o)
4.9)

Note that, i;(z;) will be approximated by FLSs on a compact set §2;, as: h1(z1) =
0;7& (z1)+€1(z1). From Assumption 4.5, we know, there exists an unknown constant
e} such that |e;(z;)| < &7.

Then, we have

Since

, We can obtain

[fix) + gDz + g1(e)oy +di (%2, 1) — yal+

X X di(xo,t _ _ . .
o=zl g1() 22 81(1) oy 1@, 1) + hi(z)]+ A(z1, a0, Qo, @1, @1)
lg1(x1)] lg1(x1)] lg1(x1)]
(4.10)
Virtual control «; is defined as follows:
o N z191(x1)
ar = N(splkizi + hi(z1. 6) + bmm(xl)tanh(””;—l)] 4.11)
1
~ ~ 01 (x
¢ = k2l + hi(z1, 0)z1 + bigi (x1)z tEmh(w) (4.12)

m
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where k; > 1 is a design parameter; i (z;, él) = élTEI (z1) and él are estimates of
01*T§1 (z1) and 67, respectively; by is an estimate of b* = max{e’, g%}, ¢1(x1) =
I+ @1 (xy).

Hence, from Lemma 4.1 and Assumptions 4.1 and 4.2, (4.7) can be further devel-
oped as follows:

g1(x1) g1(x1) pie1(x1) _
1 < 7122 AN(SE + ¢ — 1+ S |z1| + h EDz1
lg1(x1)l lg1(x1)l
g1(x1) gl(_l)
=—kiz} + N(s1)é1 + ¢+ hiGEDz1 — hi (1. 0z —

g1l 2T e !

A z2191(x1) po1(x1)
b1@1(x1)z) tanh( )+

lz1]
n
1 g1(x1) . .o
—kzi + 525+ 2+ 2N + &1 — 0iE1 G+
4 lg1Cxp)l

billzr| 91 G0) = 2161 ) tanh LI ) — by (e tan L

g1(x1)
lg1(x1)l

1
= —(k1 — 1)2124- ZZ% + AN(sEr + €1 — 011Gz + billz1 | @1 (R —

2191 tanh(CHEEL) — by oz tanh (LA 4 4,
~ - (4.13)
Wher691 291* —Ql,b] = bik —b1.
Consider the following function
_ Y 72
Vi) =V, + 591 I 0+ 2—b (4.14)
A
Adaptive laws are defined as follows:
01 = Nlz161(Z1) — 0161] (4.15)
A - 2191(X1) -
b =)»1[le01(x1)tanh(n—) — opiby] (4.16)
1

where [7 is a positive matrix with appropriate dimensions, oy > 0, op; > 0, 7; > 0
and A; > 0 are design parameters.
Differentiating V| with respect to time ¢ and considering (4.9)—(4.12), we have

g1k )ZlN(§1)§1+§1+
lg1(x1)] 4.17)

027857]1b>lk — 0’19] 91 — Ub1b1b1 + Ay

(kl—l)z +4 2~|—

where Lemma 4.1 is used, namely, 0 < [x|—x tanh(f) < 0.2785¢, Ve > 0,Vx € R.
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Since
2
I I R s
0Th, < — LU opibihy < — =271 4 20 4.18
010, 0 5 + 5 Op101D] 5 5 ( )
then (4.17) can be derived as
oo 12 g1(x1) . . 41
Vi<—caVi+ -2+ ———"2N(G1)G1 + ¢+ o1+ Ay (4.19)
4 lg1(x1)]

where )
a|6r]” | onbi?
2 2

Cel = 027857]]b?< +

01 Op1

¢y = min{2(k; — Dgio, —————, —
)‘-min(rl 1) )“1

}

Further, we have

d : 1. g1(x)
. v t cit < _qat 2 o7
dt( 1(1)e") 48 zZ+

: N(c) e + &1e + core'' + Ae (4.20)
lg1(x)]

Let p; = c;1/c1, and integrating both the sides of the above inequality (4.20), it
yields

t

1
Vi(t) < p1r +[Vi(0) — prle " + e_c"/ Zec"zfdt+
0

, '
e_c't/ (lglii; N(c) + Ded &ydr + e—clt/ e Avdt
o 181 0 4.21)

—cyt tl cit 2
<p1r+Vi(0)+e 4e zdt+
0

t t

e_c]t/ ( gl(-x) N(§1) + l)eclts.-ldt +e—clt/ eC]IAId.L.
o lg1(x)] 0

Obviously, if there are not e~ fot %ec"zfdr and e ¢! fot e“" Ardt in (4.21), then,

from Lemmas 4.2 and 4.3, it can be obtained that V, (1), ¢y, él, 131 are bounded in
[0, z). On the other hand, if it can be proved that z,(#) is bounded in [0, 7 /), from
the following inequality

"1 1 ! 1
e_“’/ —eZ2dr < —e 7 sup [22(1)] [ e'dr <—e " sup [23(7)]
0o 4 4 celo] 0 dcy ceto]
(4.22)
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we can obtain that e=¢!" fot %e""zfd 7 is bounded. From Lemmas 2 and 3, we further

obtain that Vi (z), ¢i, él, l;l also are bounded in [0, 7 7).
Furthermore, from [43], the same results can be obtained when 7y = +o0.
Notice that, the boundedness of z, will be considered in the next step, and the
error e ¢!’ fot €' Adt will be compensated in Step n.

Remark 4.3 In [41], the error between w — 1 and ¢ is not considered in the stability
analysis of the overall closed-loop system. Since there exists a difference between
them, the effect of the error should be considered in the closed-loop system stability
analysis. If not, the stability analysis is not complete.

Remark 4.4 1t is valuable to point out, the signs of the control gain functions con-
sidered in this chapter are unknown as well as the control coefficients, which means
that the system model is more general and the results obtained in this chapter thus
have a great significance both on theory and on practical implication.

Stepi (i =2,3,...,n—1):
In this step, consider the subsystem: z; = x; — «;—;. From (4.1) and (4.3), we
have
i = fi() + g (X)zip1 + & (X))o +di (X2, 1) — &t (4.23)

Define the following Lyapunov function

Zi
v, = / — do (4.24)
o lgi(xiz1, 0 +aiy)l

Similar to the analysis in the first step, it can be easily seen that V,, is a positive
definite function of z;. Since

g Fisr o + a1 9 g (ximr, 0 4+ )|

4.25
30!,'_1 do ( )
and from the derivation rule of compound function, we have
= 4
T gl
i 0 -1 Xi—1,0 +oj_ . 0 -1 Xi—1,0 +oj_
/ - g ' ! 1)\)21'71_’_ g (xic 1)|dt,-,1 do
0 Bxi_l 805i—1
i i 3 »_l )zi_ , 0 + o .
_ 4 Z',-—i-/ " g ( ! i l)|i,»,1da n
lgi (xi)1 0 0Xi—1

. /Zi |:3 |87 i1, 0 4+ i) :|
7R} o do
0 daj_

f < 9lg! Xi—1,0 +ai_1)| -
_ z',-+/ o g ! 1)|ii_1d0 n
lgi (xi)] 0 0x;_1
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_ z 9 |gi—1(i,»,1, o+ a;71)|
i o Py do

0
P & d|g (Xi—1,0 +a;_
= z,-—i-/ o 8" i 1)| Xj—ido |+
lgi (x)] 0 9Xi—1
',7 ; Zi 1
%_1Z+di71/ ——= do
lg(x)] 0 g G o +aiy)|
(4.26)

From the definition of the error between the command filter’s state and virtual control
we know, ;1 = w; — v;. Replacing «;_ in (4.26) by w; — v;, from (4.1) and (4.26),

we have

——— (i) + gi(X)zig1 + g () +di(xa, 1) — Q1)+

: |gz( il
/Z" el G ra]. N
. 0% Sl AR PYEST 427

Zi 1
- 4
al 1/o g7 (Riz1, 0+ aimy)| ’

|g ( )l (gz(x )Zl+l +gl(-xl)al +d1()€2, t)) +h (ZI)ZI + A

G o o) € 2; C R,

where z; =
(X 1 [% d|g (xic1,0 + o
hi(zi>=—|f,ﬁz,;|+—/ 0[ e = iTe lda}
8i(Xi 0 i—1 (428)
w; [ 1
— — = do
ziJo |g ' Gicio + )
Zi 0 i1, + o
A,’:/ o |gl (X Lo % l)| Xi— 1d0‘
0 0x; 1

. “ 1
- 1/ g (Fic1, 0 + 0 1)|

1 Zi a i1, + ; 'i Zi 1

o lgr ' (xis1, o w)| do _2/ — do
%1 o g Gisi o + o)

4.29)

Zi

Note that, &, (z;) will be approximated by FLSs on a compact set §2,, as: h;(z;) =
07T & (Z;) +€: (Z;). From Assumption 4.5, we know, there exists an unknown constant

ef such that [g; (z;)| < €.



88 4 Command Filtered Adaptive Fuzzy Backstepping FTC Against Actuator Fault
The following virtual control is designed as follows:

Zi(X;)

i

= N(s)lkizi + hi(Zi, 6;) + b; @(x;) tanh( )] (4.30)

& = k2 + hi G )z + Bip(E)z tanh (P2 4.31)

i
where k; > 1% is adesign parameter; h; (Z;, é,-) = éiTi;'i (z;) is an estimate ofGi*TSi (i)
b; is an estimate of b}, b* = max{e”, ;—5)}, i (x;) =1+ ¢ (x;).

Remark 4.5 Tt seems strange that k; is set to be k; > 1%. The purpose of “i” is to
compensate for the term iziz which derived in the previous step.

Similar to (4.13), substituting (4.30) and (4.31) into (4.27) and re-arranging it, we
have

1 8i (i ) 5.
V — (ky — 1)Z + Z,+1 + N(si)si + i — 0§ (z)zi+
&Gl
- - - - Zl 1 Zl L
111201 1 8) — 2061 ) tanh () 5 )z tanh ()
) o o " @)
where 0; = 9{* — 6, and b; = b,-* — b;.
Consider the following Lyapunov function
Vi) =Vioi + Vo, + 9 76 + 2—b2 (4.33)
The following adaptive laws are designed as follows:
0 = Nilz&() — 0i6] (4.34)
b, = iz (e tanh () ) (4.35)

i

where I7; is a positive definite matrix, and ; > 0,0; > 0,05 > 0 and A; > 0 are
design parameters.

Similar Step 1, differentiating V; with respect to time ¢ and considering (4.34)
and (4.35), from Lemma 4.1, one has

4 ()
lN 1 1 1
GG STt

0.2785n;bf — 0,0‘_ 6, — Ubibibi + A4

1
Vi <Vioy — (ki — 1~ )Z + - Zz+1+
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allé | Ufll(?,»*llz
2

Since 0;676; < — and oy, b;b; < m" oub | owb” U’" , then let ¢,; =

(0.2785n;b} + a’”9 I ””’Zb ,c; = min{2(k; — 4)g,-o, W "b’}andconsidering

)’ ki
(4.17), then (4.36) can be developed as follows:

: i 8 (x;)
Vi < ijl (—c;V; + ” j( =K iN(c)E + &5 +c€,)+z A; (437

Further, we have

(V (Bei) < et 12+1 + [Z] 1 gj( )|ZJN(§j)§j + &)+ cej)let’ + le:l Ajec!
(4.38)
As doing in the first step, integrating both the sides of (4.38), we have

t
1
Vi) <p; +v,<(0)+e*m/ 4 Ly
0

_QZH/(

Z;:l Cej

Ci

N( /)‘i‘l)eq 5'de+€ ait Z]_ / c'tA d'L'
(4.39)

|g, /)|

where p; =
Similar to step 1, if z;4 is proved to be bounded and Zj‘=1 A; = 0, then, from
Lemmas 4.2 and 4.3, one has, e’ fot %e"“z?ﬂdt is bounded, and V;(z), ¢;, 0;, 13,-
further are bounded in [0, +00).
Note that, the boundedness of z;;; will be considered in the next step while
le=1 A; = 0 will be compensated in the last step.

Remark 4.6 From the aforementioned analysis, it is easily seen that virtual control
laws «; are continuous functions of variables x;, z;, w;, @; and é,-. Since these
variables are available, the first derivative of ;, i.e., &;, can be obtained by analytical
computation. However, just stated in Introduction section, as system dimension, i.e.,
n, increases, the computation of the higher derivatives of «; becomes increasingly
complicated. In this chapter, by using command filter (4.4), only its first derivative
is utilized, which reduce such computation complexity.

Step n:
Now, consider z,,-subsystem: z, = x, — &,—1. Form (4.1)—(4.3), one has

Zn = fa(Xn) + &n ()zn)gf (Xn)u + gn ()zn)bf()zn) — Qp—

—— o . (4.40)
= fn(xn) + gn(xn)u —Qy—1

where J;n()zn) = fn(xn) + gn(xn)bf()zn) and gn(in) = gn(in)gf()zn)'
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Define the following Lyapunov function

n
Vv, = / ¢ do (4.41)
0 |gn(xn—lao'+an—l)|

From the analysis in the previous step, V., is a positive definite function of z,,.
Similar to the previous steps, differentiating V. with respect to time ¢, one has

|g ( ) ——— (& (X)u 4 dy (X, 1)) + 1, (Zn) 20 + Ay (4.42)
where
o (X Lo | ag G o+
h,(Zy) =|J_C E;n; + Z—/ o |: |g ( r )| aj|+
8n (X n 0 n (443)
a)n n 1
Zn |gn (xn,U +wn)|

Zn 9|8 (xnfU +op— 1)‘ Zi 1
Ap =/ o 9z indo | + 1/ 1 do—
0 n 0 & Guoto + )

1 Zi 9\&n (xm o+ wn)‘ n Zn 1
7/ o xnda — —/ —  do
tn o On anJo g Gnn o+ on)

(4.44)

Adding and subtracting Z;’;} A in the right side of (4.42), we have
ann(in) | 1 (ﬂ (x,) + W (Z )2y + Z . 2"71 A
TanGal e e =1
(4.45)

Remark 4.7 The purpose of “adding and subtracting Z'j’;{ A;” is to remove the

error terms 27;} A; (4.37), which is introduced by command filter (4.4) in the
previous n — 1 steps.

It is easﬂy seen that A;(j = 1, ..., n) is a function of variables x;, z;, a;, &j,
a)j anda)/,wherexj —(xl,... ) zJT—(zl,...,zj)T,&j?(ao,...,aj_l)T,
= (g, ..., 0 D7, w; = (a)l,... w;)", (w1, ..., w;)". Let

_ - n—1
W(Zy) = W(Z,) + Z,-:1 A;

where Z, = 37,77, al, al, &f, o).
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From the previous analysis, it is seen that W (Z,) and A; are smooth, which
means that £(Z,) also is smooth. Hence, FLSs can be utilized to approximate it in
the form: h(Z,) = 0:Tg, (Z,) + €,(Z,). From Assumption 5, we know, there exists
an unknown constant € such that |g, (Z))] < e

The actual control is defined as follows:

w = N(S)lknzu + hn(Zy, ) + by(%,) tanh( "gl;( n))] (4.46)
= knzp + hu(Zn, 00)2n + b (%n)za tanh(zn(!;( "))] (4.47)

where k, > % is a design parameter; ho(Z, én) = QA,ITSn(Z,,) is an estimate of
ﬁ@@ﬁ@mmmmmd@=mm¢§¢@@ﬁﬂ+%my
Substituting (4.46) and (4.47) into (4.45), it yields

VZn g - k Z2 + | ”E nzlan(S‘n)gn + gn - 9 En(zn)zn Z A +
% - - - - Zn n( n) ~ Zn n(-in)
b 1120] @n () — 20 (E,) tanh( “’n ) = By ()2 tanh(“’n—)
! " (4.48)

where 6, = 0y — é,, and b, = by — l;n.
Define the following Lyapunov function

1~
V,.(t) = 4.49
( ) Zn 2 n*n 2)\% n ( )
The following adaptive laws are defined as:

Op = Dulza€n(Zy) — 0,6, (4.50)

A - Zn(pn( n) ~
bn =M\, [Zn§0n (-xn) tanh( ) - O'bnbn] (451)

Mn

where [, is a positive definite matrix, n, > 0,0, > 0,03, > 0 and A, > 0 are
design parameters.

Differentiating V,, with respect to time ¢ and considering (4.50), (4.51) and Lemma
4.1, similar to the previous steps, one has

n(_n)

Vi < Vo1 =k, 2+
18 (X))

N(§n)§n+§n+0~2785nnb:_Gnéféll_ Gbn];nén (452)
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From Young’s inequality, we have

~ 112
g, < L ol | g o owbh et
On n < » ObnOnbp & ——F— -
" 2 2 2 2
%2 %
Let ¢, = 0.2785n,b) + M + # then (4.52) can be derived as
g g - - gn()zn) . .
Vn <Vn—l - an |gn(xn)| Vn + |g ()E )|mv(t)N(§n)§n + §i1+
2 2 (4.54)
On 0,1 Obn bn
Cen — 3 3
Let o o

Cp = min{angnO s

)\min(rnil) ’ Z}

from the analysis in the previous steps, then (4.54) can be further developed as
follows:

o~ &%) .
V. < ———N(Gi)Si + & +cei 4.55
;Hgi(xm (6)Gi + &i + cail (4.55)

Further, we have

d o 8i(F) L
— (Vo)) < e > [=——=N(6i)Gi + & + ¢l (4.56)
dt ; |gi (%) ’
where g;(-) = gi(),i=1,....,n—1.
Let p, = f:—“” Similar to the previous steps, integrating both the sides of the

above inequality, we have

et et [ ei~o &%) _ .
V) < o0+ 1,0 = pide e [ ST BN ) + D
< On +Vn(0)+e—clxt /t[ecnt Zn ( %l(‘%l) N(g,)~|— l)g,]d‘r
0 i=1[gi (X))l

4.57)
From Lemmas 4.2 and 4.3, it is easily seen that V,(¢), ¢,, é,,, I;n are bounded in
[0, ). From [43], the same results can be obtained in [0, +-00). Thus, it can be
obtained that z,, is bounded in [0, +00), which means that z,,_; in (n — 1)th step is
bounded. Doing the same reasoning, we finally obtained thatall z; (¢),i = 1,2,...n
are bounded.
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From the definitions of V,, and V;,i =1, ..., n, we known
Vo) =D [V, + Yor =1+ L (4.58)
" =1 @t T T g ’

From the previous analysis, we have

Zi2 Zi o Ziz
2gi1 o lgi(xi—1,0 +ai_y)| 2gi0

Hence, from (4.57-4.59), we have

uw

— <t =120, V1 >0
)»min([‘iil) e g

5 2
il < Vs 10:° <

where 1 = 2gnax(on + Vu(0) + Ny, Zmax = IIEa<X gt > 0,81 = g, 1 =

I

L...,n—1, 8, = gu&rsi

N, = lim zn 1 |:e_”"’/ ( 8 (xi) N(si) + 1)6"”15",,dri| (4.60)
= 0

t=>+o0 i (i)
The above design procedures and analysis are summarized in the following theorem.

Theorem 4.1 Consider system (4.1) and fault (4.2). If Assumptions 4.1-4.5 hold,
command filters (4.4), actual control defined by (4.46) and (4.47), and the adap-
tation laws (4.15), (4.16), (4.34), (4.35), (4.50) and (4.51) are employed, then the
closed-loop system is asymptotically bounded with the tracking error converging to
a neighborhood of the origin.

Proof From the aforementioned analysis, it is easy to obtain the conclusion. The
detailed proof is omitted here.

4.4 Illustrative Example

In this example, a class of nonlinear systems are described as follows:

%1 = x1 + (14 0.5sin(x{))xs + 0.2x; sin(xa1)
X2 = x1x2 + (3 — cos(x1x2))u + 0.1 cos(0.5x,1) 4.61)

y =X
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From (4.61), it is easily seen that, g9 = 0.5, g11 = 1.5, g20 = 2, 821 = 4, pf =0.2,
@1 = x1, p5 = 0.1 and ¢, = 1, which means that Assumptions 4.1 and 4.2 hold. In
this work, the desired trajectory y; = 0.1 sin(z). Obviously, Assumption 4.3 holds.
The actuator fault considered in this simulation research is described as follows:

u’ = (1= 0.5sin(x2))u + cos(x;xs)

Obviously, gro = 0.5 and gy = 1.5, which means that Assumption 4.4 holds.

Fig. 4.1 The time profiles of 0.2
system output y and desired
signal yg 0.15
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Fig. 4.3 The time profiles of 100
control input signal

50

-100

-150
0
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The control objective is to construct an adaptive state feedback controller for
nonlinear system (4.61) such that the system output y tracks the desired reference
signal y; with all the signals in the resulting closed-loop system being asymptotically
bounded.

For this work, the following parameters are given as follows: ky =k, =3, [} =
Fz = diagl, l, 1, 1, 1, 1, 1, 1, 1, l,)xl = )\.2 = 1,771 =N = 0.01,0b1 = 0Op] = 0.1,
0; € R, i = 1,2 are taken randomly in interval (0,1]. Initial state x(0) is set as
(0.2,0.1)". The sample time is 0.08s.

Simulation results are shown in Figs. 4.1, 4.2 and 4.3. From Fig.4.1, we can find
that system (4.61) has good tracking performance. Figure 4.2 shows that the tracking
error converges to a neighborhood of the origin. Meanwhile, the boundedness of
control input signal is shown in Fig. 4.3.

4.5 Conclusions

In this chapter, an adaptive fuzzy tracking fault-tolerant control problem of a class of
uncertain strict-feedback nonlinear systems with actuator fault has been investigated.
FLSs are used to approximate the unknown nonlinear functions. By applying adaptive
command filtered backstepping recursive design, integral-type Lyapunov function
method and Nussbaum-type gain technique, an adaptive fuzzy control scheme is
proposed to guarantee that the closed-loop system is asymptotically bounded with
the tracking error converging to a neighborhood of the origin.
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Chapter 5
Adaptive Fuzzy Fault-Tolerant DSC
for a Class of Nonlinear Systems

5.1 Introduction

For strict-feedback systems, backstepping technique is commonly used to solve
tracking or regulation control problem, and various adaptive backstepping control
approaches have been developed for controlling uncertain nonlinear systems [1-13].
As stated in the Chap.4, there exists a so-called computation complexity problem
in convenient backstpping design procedures. Especially, the increasing of the sys-
tem dimension produces a complexity explosion in traditional backstepping design
methods. In order to overcome this problem, an original DSC scheme was proposed
in [14-18], where the complexity was reduced by introducing the first-order filter
in each step of the backstepping design. However, if actuator faults occur, then the
control schemes in [14-18] do not guarantee the closed-loop system stability or cor-
rect tracking performances. One motivation of our work is thus to provide an active
fault-tolerant control scheme which guarantees the closed-loop system stability and
maintains satisfactory control performances in all situations. Another motivation is
also to provide a control scheme that is applicable in practical applications where
both the values and signs of control gain are not known. In addition, investigating
both actuator time-varying bias and gain faults motivates this chapter.

In this chapter, we investigate the problem of tracking control for a class of
nonlinear uncertain systems with complete unknown control gains and propose an
active FTC against actuator faults. Compared with existing works, the following main
contributions are worth to be emphasized. (1) The proposed FTC scheme considers
both gain and bias faults simultaneously and does not need the conditions that the
bounds of the varying faults and their time derivatives are known constants, which
thus enlarges the practical application range of the method. (2) The proposed adaptive
fault accommodation algorithm does not need the classical assumption that the time
derivative of the output errors must be known. (3) A decision threshold for FDI is
defined and applied on an online computable fault indicator and not on an asymptotic
value of a criterion which is not available in practice. The decision algorithm is thus
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more practical. (4) In general, the denominator of the fault tolerant control input
contains the estimate of the gain fault. If the denominator is equal to zero, a controller
singularity occurs. In the proposed FTC scheme, the controller singularity is avoided.
(5) The proposed active FTC scheme does not require the a priori knowledge of this
sign.

The rest of this chapter is organized as follows. In Sect. 5.2, the problem formula-
tion, Nussbaum-type function and mathematical description of FLS are introduced.
Actuator faults are integrated in such problem and the FTC objective is formulated.
In Sect. 5.3, the main technical results of this chapter are given, which include fault
detection, isolation, estimation and fault-tolerant control scheme. An aircraft con-
trol application is presented in Sect.5.4. These simulation results demonstrate the
effectiveness of the proposed technique. Finally, Sect.5.5 draws the conclusion.

5.2 Problem Statement and Mathematical
Description of FLS

5.2.1 Problem Statement

Consider the following nonlinear system

F=h@+ > 0@+ wE @

(5.1)

y = hx)
where x € R" is the state, y € Ris the output, and u; € R, j = 1,2,...,m are
the plant control signals, fi(-) € R",i =0,1,...,1,g() e R",j=1,...,mand
h(-) € R are smooth functions, 6; e R,i =1,...,land u; #0,j =1,...,m are

unknown constants.

Control objective is to design adaptive controllers for system (1) to guarantee
boundedness of the closed-loop signals and asymptotic tracking of a given reference
output signal y; € Rby y,ya € [[{0a. ya. Ya) : ¥5 + 35+ 55 < Bo},Bo > 0 € R
denotes a known constant.

Actuator fault model considered can be described as follows:

W= p®uy+ 1@, 124, j=1,....m (5.2)

where unknown functions p;(x) € [0, 1] and fj“ (x) denote the remaining control
rate and a bounded signal, respectively, #; is unknown fault occurrence time. Denote

=g, =] p'E) = diag(pr@). ... . pu(®). F () =
(), ...,f"()]", then, on has

W = p"@)u+ F“ (%) (5.3)
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Now, the control objective is re-defined as follows: An active FTC approach is pro-
posed to obtain the above tracking objective in healthy and faulty conditions. Under
healthy condition, control input u is designed, such that the system output y can track
asymptotically the reference signal y,. Meanwhile, the FDI algorithm is working. As
soon as an actuator fault is detected and isolated, the fault accommodation algorithm
is activated and a proper fault-tolerant control input « is used such that the tracking
performance is still maintained stable.

Assumption 5.1' [19] g;(x) € span{go(x)}, go(x) € R*, forj = 1,...,m, and the
nominal system x = fy(X) + F (x)0 + go (X)ug, y = h(x) withuy € R, is transfogmable
into the parametric -strict-feedback (PSF) form with relative degree p, where F'(x) =

Ui fos o S 9_[91,92,...,9,]T.

As presented in [19], based on Assumption 5.1, there exists a diffeomorphism
Tr: [xT, nT]T =Tr(x),x € R and n € R”, p + y = n such that system (1) can be
transformed into the following form.

X=X+, i=1,2,...,0—1
X, = @o(x, ) + @] (v, O + BT (x, m)pu

. 5.4)

n = Y1(x,n) + Pa(x, N0

y =X
where x;) = [x1, x2, ... cx]T x =[x, x0, .. ,xp]T and u = [uy, ..., u,)" denote
the measurable state vector and input, u = diag(py, ..., m), Kj,j = 1,...,m
denote unknown constants, 87 = [B1, ..., Bul’, Bi = Lgi(;)L;;(;l)h(fc), i=1,...,m,

where Lgp is the Lie derivative of a scalar function p(x) along the vector field f (x) =

i), ..., L], defined as Lyp = > 1(3 )i,

9 = L@l h@®), ... Lo Lyah®1, i=1,...,0 -1,
@0 = [Lsi s fo(x)h(x) - Leo fou)h(x)]

oT,
—F (x).

90 = Lijh(®), ¥1 =

In order to solve the actuator failure compensation problem, the following assump-
tions are needed:

Assumption 5.2 [19] The zero dynamics i = v; (x, n) + ¥ (x, )6 is input-to-state
stable with respect to x as the input, 7 is measurable and B;(x,n) #0,j =1,...,m.

Assumption 5.3 The signs of u;,j =1, ..., m are unknown.
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Let fitxi) = @iCxq)d, fr0,m) = o, m) + @7 (e, ) g"(x,m) = BT (x, m)
w=I[gix,n,...,gn, n)]T, then (5.4) can be rewritten as

X = X1 Hfil), i=1,...,0—1
Xp =fole,m) + g" (x, nu

= Y1(x,n) + ¥alx, n)o

y =X

Further, one has
x=Ax+Hy+f +Bg'(x, n)u

n=Y1(x,n) + ¥alx, )0 (5.5
y=x
—hy hy 0
whereA=| : I, |\H=|:|.B=|:|.f=lfi,....[o,]"\heRi=
_hpo ... 0 h, 1
1, ..., p are chosen such that A is a strict Hurwitz matrix.

Considering fault model (5.3), the faulty system can be described as

).Ci = Xit+1 +ﬁ(x[i])’ i = 1$2’ EERRY 1
Xp = f,(,m) + g7 (e, )P ult) + g" (x, n)F*(x)
n=vi(x,n) + ¥a(x, n)o

y =X

(5.6)

5.2.2 Nussbaum Type Gain

Any continuous function N(s) : R — R is a function of Nussbaum type if it has the
following properties:

. 1 S

(1) lim sup{ fy N(§)ds = +oo,

(2) lim infi [(N(¢)ds = —oc0
S—>—0Q

For example, the continuous functions ¢ cos(¢), ¢? sin(¢), and s’ cos((/2)¢)
verify the above properties and are thus Nussbaum-type functions [20]. The even
Nussbaum function €S’ cos((m/2)¢) is used throughout this chapter.

Lemma 5.1 [21, 22] Let V (-) and ¢(-) be smooth functions defined on [0, tr) with
V() = 0,Vt € [0, tr), and N(-) be an even smooth Nussbaum-type function. If the
following inequality holds:
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V() <eo+ / (GN (<) + Dédr, Vi € [0, 1)
0

where g # 0 is a constant, and c( represents a suitable constant, then V (1), ¢(t) and
fol 8N (s)gdt must be bounded on [0, 1r).

Lemma 5.2 [22] Let V(-) and ¢(-) be smooth functions defined on [0, t;) with
V() = 0,Vt € [0, ), and N(-) be an even smooth Nussbaum-type function. For
vt € [0, ty), if the following inequality holds,

t t
V(@) <co+ eiC"/ g(N(¢)ce ' dt + e*m/ cef'dr
0~ 0

where constant ¢y > 0, g(-) is a time-varying parameter which takes values in the
unknown closed intervals I := [I7", 1] with O ¢ I, and c, represents some suitable
constant, then V (t), ¢(t) and fot E(I)N(g)g‘dr must be bounded on [0, ty).

5.2.3 Mathematical Description of Fuzzy Logic Systems

A FLS consists of four parts: the knowledge base, the fuzzifier, the fuzzy inference
engine working on fuzzy rules, and the defuzzifier. The knowledge base for FLS
comprises a collection of fuzzy if-then rules of the following form:

R': if xi isAll ... and x, isAfl, then y is B!
WhereAf, i=1,2,...,n1=1,2,..., M arefuzzy sets and B is the fuzzy singleton

for the output in the /th rule, M is the rules number. Through singleton fuzzifier, center
average defuzzification and product inference [23], the FLS output can be expressed

as
M n M n
Y =Dy (H M (xi))/Z(H Iyl (x»)
=1 i=1 =1 i=1

where 114 (x;) is the membership function of the fuzzy set A;.
Define the fuzzy basis functions as

n M n
E(x) = [H Hat (x»} /Z(H iy (x,-))
i=1 =1 i=1

Define 67 = [y',y?, ..., )" = [01,65, ..., 0yl and & = [€', &%, ..., EM]", then
the FLS output can be rewritten as

y(x) = 60"E(x) (5.7)
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The stability results obtained in FLS control literature are semi-global in the sense
that, as long as the input variables x of the FLS remain within some pre-fixed compact
set £2, where the compact set can be made as large as desired, there exist controllers
with sufficiently large number of FLS rules such that all the signals in the closed-loop
remain bounded.

Lemma 5.3 [24, 25] Let f (x) be a continuous function defined on a compact set §2.
Then for any constant & > 0, there exists a FLS (5.7) such as sup |f (x) —0T&(x)| < e.

xef2

By Lemma 5.3, the FLS (5.7) can approximate any smooth function on a compact
set to any degree of accuracy. Similar to [7], by the FLS (5.7), fi(x),i=1,..., p —

L fp(x), gi(x, m), pgi(x,m) = g(x, Mp;(x) and pg(x,n) = gix,Mf'@),j =
1, ..., m are approximated as:

FiG0p) = 07, £, R, 6;) = O &, R, m),
laﬁ()%s n, fpj) fpjéfpj(x n),

by ) H . 2 . 2 . 1 * * *
where X, 65, ng, O pj» Oqpj are the estlm*ate.s ofx, 0%, Hg], 2}‘,0/ ,*ng], res*pec.tlvely Letus
define the optimal parameter vectors 6, i = 1, ..., ,o,0g], i and@m 1,....m
as

0p = arg min [ sup fi(xi) — fiG. 0D

€ N
A=SEE xeU kel

6f, = arg min [ sup f,(x) ~fG.6)0

4 xeU, sel

9*» = argarnln [ sup |gi(x,n) — &qi(X,m, égTj)H,

€
Y8 yveU zel

67, = arg min [ sup |pri(x. 1) = P (R 1. 6f)1]

Orni €250 xeU.zel

9;/)] = arg min [ sup |pgj(-x7 7’]) - Iag]()%s 77, 9;;)/)”

= N
SPI=RE80 xelU xelU

where §2¢, 24, §24,, §2;,, U and U are compact regions for éﬁ, égj, éfpj, égpj, x and
X. The FLS minimum approximation errors are defined as

g =f Q) — Q_;Téﬁ@[i]), grp = fp(x) — e;(pTEf,O()%r n)

£y = gi(x. 1) — 03] £ej(R. 1), £ = pgj(x. ) — Of £ (R, 1),
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Erpp = e, 1) — OF Lk, (R, ), 8y = gi(x. 1) — OLEGE. 1),
85 = f ) = 07 &Gy 87, = F(0) — 61,8, m)

Bepi = P (r,m) — 01 00 m), 8ppp = psx. ) — O) 387, (R, )

In order to simplify the notations in the following, let &5, &/, &47, &4 and &;;

denote gﬁ(;c[il)’ &rp (x, ), é}_gj()%’ n, %_gpj()%v n) and %_fpj()%’ 1), respectively. Now, the
following assumptions are made.

1§ssunlpti0n 5.4 [23, 26, 27] There ezcist known positive real constants 1\_/1‘e ,

Megj, Meypjs Megpj, My, Mg, Mypj, Mgy, MBﬁvMBgJ’MBffj and Mégpj such  that
leal = Mes, legj| < Megj, |egpil < Megpjs |€gpjl < Mgy, 110711 < My, [|67]] <
Mg 1167 11 < Migpjs 1187 11 < Mypjs 185] = Misgi, 18l < Misgj, 8751 < Moy, and

[8gpjl < Msgpj, wherei=1,...,pandj=1,...,m.

5.3 Main Results

5.3.1 Stability Control in Fault-Free Case and Fault
Detection

Since the system states are not all measured, the following observer is constructed
to estimate the system states.

Y=At+Hy+f+B3"u, $=Cs (5.8)

Where fT = [fl?""fp]’ gT = [gl""’gm]? é;‘ = [§g17"'7§g’7‘l]’ ﬁ?éﬁ’i =
1,...,pand g, &y;,j = 1,..., mdenote the estimates of f; and g;, C =[10 ... 0].
Letx = [X], X2, ... ,fcp]T and e = x — X, the error dynamics can be written as:

é=Ae+d+ Bd,, e, = Ce (5.9

where d = [dy,....d,)", di = & = fi — fi dy = DL Sgjt; = Dy (8 — &)
u;.

In the following, based on the previous section, we will incorporate the DSC
technique into an adaptive fuzzy control design scheme for the p-order system
described by (5.8). Similar to the traditional backstepping design method, the recur-
sive design procedure contains p steps. From Step 1 to Step p, virtual control
laws «;_1,i = 2, ..., p are designed at each step. Finally overall control laws u;,
j=1,..., mare constructed at step p.
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Step 1: Let S1 = X; — yg. Then, it follows form (5.8) that
Si =31 — Ja =3+ 0hE1 + 6161 + e — 81 — Y (5.10)
Choose a virtual control «; as follows:

@ =—kiSi —[fi —ya+ (Mgs1 + Mspy) tanh(Sy (Mgt + Myp1)/w)] - (5.11)
Here and in the following, k; > 0 € R,i =1, ..., p are design parameters, w > 0 €
R is a constant. Introduce a new state variable z, and let o) pass through a first-order
filter with time constant &, to obtain z,,

822 + 2 = a1, 22(0) = «;(0) (5.12)
Here and in the followmg, & >0€R,i=1,...,p— 1are design parameters.
Stepi (i =2,...,p — 1): Consider X xl = Xit1 +f + h;ey. Define the ith error
surface S; to be S; = x; — z;, then
Si =% — &= Xip1 + 0) & + hiey — 4 + 0] & + &5 — & (5.13)
Choose a virtual control «; as follows:

— kiS; — [fi — Zi + (Mes + Myg) tanh(S; (Mg + Msz) /w)] (5.14)

Introduce a new state variable z;1; and let «; pass through a first-order filter with
constant &;,1 to obtain z;

8ir1Zi41 + Zig1 = @, Zi41(0) = ;(0) (5.15)

Step p: Consider X, = f, + hye; + 7.
Define the pth error surface S, to be S, = X, — z,,, then

Sp :)’}p —Zp :fp +hp€1 +§TM—Zp

AT AT . o o (5.16)
=080 thoey + 8 u—2,+0; .8 +6p — 0+ 8 u
Finally, let the final control at,;, j =1, ..., m be as follows:
A . )
oy = u; =[N(5)(k,S, + S—)]/m, ¢ = —kpSp —A (5.17)
P
where

r « n
A= USH(My + M) + 5 eﬁTeﬁ + 25” 0:70%]1+

pe + (o = Do1/2+ Spéfpsfﬁzizl Sisikiier



5.3 Main Results 107

Just as pointed out in [22], for the above control (5.17), controller singularity may
occur since A /S, is not well defined at S, = 0. Similar to [22], let define QcSp C 2
and .Q?Sﬂ s.t. QcSp = {Sp| IS, < cs,}s ‘Q?s,, = .Q—chp,where cs, > Oisaconstant
that can be chosen arbitrarily small and “—" is used to denote the complement of set
BinsetAasA — B := {x|x € Aand x ¢ B}. Thus, the final control «,; = u;,j =
1, ..., m can be modified as

A
NS, + < 1/m, ¢ =k,S2+ A, S, € 2°
TS, e e (5.18)

uj =
0. S, € 2,

In the following, we will give the closed-loop system stability analysis. The closed-
loop system in the new coordinates S;, z; can be expressed as follows:

Sy =%+ éleéfl + éfT]Efl + &1 — 81 — Ya
Si = %1 +éﬁT§ﬁ+hiel — &+ 0+ e — b
Sp =005 +hper + 8 u—2, + 07,5, + 67, — 5,
&2 + 22 = ay, 22(0) = «;(0)

Six1Zip1 + Zig1 = o, 2ip1(0) = ;(0), i=2,...,p— 1

Define
Y2 =2 — O

L _ _ (5.19)

=kiS1 + fi + Mep1 + Mspy) tanh(S; /w) + 20 — Ya

Yi+l = Ziy1 — ¢
A _ _ Si(My + M . (5.20)
= kiS; +Ji = & — (s + M) tanh(%) 2+ 2

wherei =2, ..., p — 1. From (5.11), (5.14), (5.18)—(5.20), one has
S1 =% — 4 =5 — kS +y2+9~fT]€fl+8fl — & (5.21)
Si =% — i = Siv1 — kiSi + hiet + i1 + 0F & + &5 — 8 (5.22)

Sp =008+ hoer +8"u—z2,+ 0] &, + 1, — 8, (5.23)
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Since z; = (; — zi+1) /8 = —yi/&i, i=2,...,p — 1,it gives

M =2—a=-n/e+ B (5.24)
where o .
0 (2tanh (S0 iy ) [
X1 = = = :
(X1, ..., X,) N
Xp
oA ~r 0871 .
By = ki1 + 6] + efﬁa—)-{l + X —a
which is a continuous function. Similarly, fori =2,...,p — 1,
Vi1 = —Yir1/€ir1 + Biv1 (5.25)
where -
9E ey
) A Yi
Biyy =k + 07 +0f —L— | : |+ 4
m=kS GG e || Te T
Xi |
k] ZLanh(isimwﬁjmﬁ ))(Mgﬁ"'MrSﬁ)) X1
is a continuous function, x; = FTETIE .
X150 Xp)
L%,
Differentiating V, = e’ Pe with respect to time ¢ and considering (5.9) and
Assumption 5.4, it leads to
V, < e’ (PA+ATP 4+ 2APP)e + 1. (5.26)

where A > 0 € R is a design parameter, and it is assumed that |u;| < u;, u; > 0 € R,
ne = 0, A_/Iazﬁ +27 M(ggjit})/@)»). Notice that, this assumption seems to be
strict. However, in many practical systems, such as flight control systems considered
in this chapter, control input is bounded. Hence, this assumption is reasonable in
some case. In addition, A can be chosen to be a larger constant such that u, < [,
e >0€R.

If for a given constant A matrices P = P > 0, Q > 0 are chosen appropriately
such that PA + ATP + 20PP < —Q, then,

Ve = _eTQe + e = —8geVe + 1o (5.27)

where 8e = )\min(Q)/)\max(P)-
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Consider the following Lyapunov function

1 o 1
Vi= Ve+§[zi=1 (87 + —9T9ﬁ + g/) + Z yk+1]

~

where 17 > 0, 7, > 0 are design constants, Gﬁ = 9 - Qﬁ, 9 i = 9 — 0.
Differentiating V| with respect to time ¢, it leads to

Vi< (St — kS Sie) + S,]éfpsfp +V+
z (—yk+l + Vet 1 Bt ) + Z Sivikizrer +
S SOlE D> Sile— o)+ (5.28)
Sp Z]m:l (8 + &gj — S + S, z . g]fgjuj
Z,il 2%1 ~ﬁTéﬁ - Z;n:l 2:)2 égégf
Deﬁneéﬁ,iz 1,...,p,égj,j= 1, ..., m as follows

2m18i&r — 0, if 116411 < My or |1641] = My
and 2]715[§ﬁ — nﬁéﬁ > 0;

b = 0,67 0,07 (5.29)
2018i&r — nab + @i S; ﬁzéﬁ—nﬁ Aﬁz )h
110511 110511

[ if 116411 = My and 2018 — 1565 < O

288ty — g if 11011 < My or |16l = My
and ZnZSPEgjuj . r)gjégj > 0

A A

Ogi = 1 2mSp€giuj — rlgjég./’ + 2mS, 2581 j — (5.30)
||9g]||
by 4 6 M jand2n,S b, <0
||9 NE gj) ﬂg}” = Mgjand2n,S,8,1; — 14j0,; <
o

where 157 > 0, ng; > 0 are design constants, u; is a bounded control input which is
applied simultaneously to the jth actuator in the system (5.5) and the observer (5.8).

Applying Young’s Inequality, one has

0567 05/ (1) < =30 O/ 1) + 06" 07/ (2m1)
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NeEpfa/m < —Meién/2n1) + nes(ef)’/ (2m)
N.i00i/ M < =050/ (2m) + g0 03/ (2m2)
NegiBaifei/ N2 < —NegiBai/ 212) + Negi(e5)°/ (22)
Substituting the above inequalities into (5.28), it yields
V) < Z:ll (SiSiv1 — kiS? + Sivis1) + SpéprSfp +
k=1

p=1 y
> (= 8“‘ + [es1Besal) + Sp0/,8, +

p—1
Zi:l Sivikipier + V, + Zi:l Si(ef — 84) +

mo PR PR (5.31)
Sp 2 & teg =g =D 2, 0 0 =
P MNfosrs moNgj 515
Zi:l 2)71 eﬁ gﬁ Zj 1 27’ o ]93] +
o n_f’ xT m M T
> 2 08Ot Z,-=1 2,00 O
From Young’s Inequality, one has
SiSiv1 < 87+ SP /4 Syt = 57+ 37 /4 532
[Vit1Brs1] < yk+1Bk+1/0'1 +01/2, Yoy >0€R
where o7 > 0 € R is a design parameter. Substituting (5.32) to (5.31), yields
v<z L@k LD g
1 5%+ 2= k) Tz e
o1 1 B/%H
Zi:l SH_]kH_]E] +V +Z (——a ) k+1+
Z Si(en — ) + Sp Z (8 + £ — Sgputj — (5:33)

poMNi sty N N
Zi:l 2n Qﬁ Qﬁ ZJ 12, 9 ng +
P nﬁ *T n* m ng] *T n*
Zi 12m 9ﬁ 0ﬁ +Z_1 21, 6 Gg/
As pointed out in [15], since for any By > 0 and p > 0 the sets

o := {(a, Ya, ¥a) : y5 + 35 + 53 < Bo}
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P ~ ~ m
I; == {lel (S7(0) + 6 (0)64(0)) + zj 0.:(0)0,;(0) +
D Vit (0 267 (0)e(0) < 2vp)i=1.....p

are compact, [1y x I; is also compact. Thus, |B; | has a maximum M, on I1y x IT;,
v =max{l, n1, 2, 1/Anin(P)}.

Choose

ki=2+8 k—21+/3 k—11+,3 ! —1+M£+1+;3 (5.34)

1= 0, ki =27 0, Kp =17 0, ey 4 20, 0 .
wherek =1,...,0—1,i =2,...,p — 18y > 0 € R is a constant. Thus, from

(5.27), (5.33) and (5.34), one has

2 N H
Vl < - Z ﬁOS Zk 1 ,30)’1(“ geVe Zz | 27)1 eﬁ Qﬁ +

m- Tgj (p — Doy AT
ZJ 1 2n20g’981 * T + S50k +

p—1 P _ -
D, Sitkinier + D IS (Mep + Mag) +

p «T MmN puT px
Z, 12n19ﬁ 9ﬁ Zj 12;729g/ egj

te +Sp Z].:, (8 + g — Sgpu;

Define A = o + 5% + 8,07 &rp+ 307 Siikivier+ 20, (i (Mo — Myg) +
A R G*TG* then, one has

2m i 1 2n,7gj Vi
o= B st - X ot — b X, 2 -
1= iy Povi 1 0Yi+1 — 8eVe i 12771 ﬁ ﬁ
mon (5.35)
8 5T 5
> | s OO+ AES, Z (& + 0 — Sg))u;
Substituting control laws (5.18) into (5.35), it leads to
Vis—gVi+> (N +1)¢ (5.36)
where g = min{fy, g, g;'l ;7;”], Zf]'z Zf?’”}and hpj = (8 +¢€4j — 8¢7). Apply-

ing Lemma 5.2, we can conclude that, Vi (), fo ] 1 (hpiN(g) + e ¢*¢dt and
¢ (1) are SGUUB on [0, #). According to Proposition 2 in [20], if the solution of
the closed loop system is bounded, then #; = +o0. Let ft; be the upper bound of

fo j | (hpiN(g) + 1)e™87 ¢dt, we have the following inequalities:
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t
! m m
— t — . j— . -
/0 21 ¢ SN + De ¥ cdr < / 2y (oiN(©) + De 8T edr < juy.
0

Thus, (5.36) becomes )
Vi< —gVi+ (5.37)

Solving inequality (5.37) gives
05V = B+ MO =TT S EL A0 = 63Y)

which means that Vi(¢) is bounded by w;. Thus, all signals of the closed-loop
system, i.e., Si(t), 64, O4j, &4, Egj and y; are uniformly ultimately bounded, i.e. for

i=1p =1 om 20 il < V200 166l < V20 18l < V2,
1611 < V22121, 1Bgj| < V/2Zm21a, llell < v/Ht [omin (P

Now, the following theorem guarantees the existence of the observer (5.8) and
the corresponding tracking performance.

Theorem 5.1 Consider system (5.5) and observer (5.8) under Assumptions 5.1-5.4,
the virtual control (5.11), (5.14) and (5.18), the adaptive laws (5.29) and (5.30). If
matrices H,Q > 0, P = PT > 0 and constant .. > 0 € R are chosen such that

PA+ATP +2)1PP < —Q (5.39)

for all initial conditions satisfying

> (S30) + 6] )50 +

Hi = m o~ ~ i

Z,-=1 O (0040 + D" i1 (0) +2¢" (0)e(0) < 2vp

i = 1,...,p, ki, & are chosen as (5.34), then we can guarantee the following
properties under bounded initial conditions: (i) All signals in the closed-loop system
are globally uniformly ultimately bounded (ii) The vectors S;, 64, &4, 1 = 1,..., p,
and égj, £gj, ] = 1,..., m remain in the compact set §2,, specified as

010; + &2
S P g
(i, yis 0. €7, O, ng)’ Zi:l (Sl2 + %) +
Ql = ~m 1
m (010, + &%) -1
78 T el Zk:l Vi1 + 2hmin(P)e’e < 2p1

Zf:l 2

where  can be adjusted by appropriately choosing the design parameter such as
M5 02, Nfis Nefir Ngj» Negj and o1, w, Po.
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Proof From the above analysis, it is easy to obtain the conclusion. The detailed proof
is omitted here.

From Theorem 5.1, all signals of the closed-loop system belong to the following
set £21. Therefore, the detection residual can be defined as J = |y, () — X, (1)| = |S1].
Obviously, it is seen that the following inequality holds in the healthy case: J <
A/2ut1. Then, the fault detection can be performed using the following mechanism:

J <T,; nofault occurred,
J > T, fault has occurred

where threshold T; = /2.

5.3.2 Fault Isolation and Estimation

Since the system has m actuators and it is assumed that only one single fault occurs
at one time, we have m possible faulty cases in total. When the sth (1 < s < m)
actuator is faulty, the faulty model can be described as: u]; = ps(X)uy + f(x). The
faulty system can be described as follows:
Xi=Xxn+fii=12,...,0—1
. o "
Xy =f,+ Zj:] 2 8+ 8psits + 8
n=y10x, ) + ¥ (x, mo

y=x

(5.40)

where f; = fi(xp), i = 1,2, ..., 0 =1, f, = f,(x,n), & = gi(x, n), u, is the sth
actuator’s desired control input when the sth actuator is healthy, 7, is the unknown
fault occurrence time.

After a fault has been detected, the isolation scheme is activated. Inspired by [28],
the following m nonlinear adaptive fuzzy observers are considered:

x ~ A m ~ ~ A

X =A% HHy Hf B &t T Epstts + ) (5.41)
where X, = [X,, .. .,)Acsp]T is the observer state; f, = éﬁTEﬁ, i =1,...,p and
&= égTjégj,j =1,...,m,j # r, which are the estimates of f; and g;; &,s = éngsfgm

and fpx = éfasffps are the estimates of g,p, and g.f}".
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It is assumed that r (1 < r < m) is the practical fault pattern where the faulty
actuators are the rth actuator.

Let es(f) = x — X; is the output error and state error between the faulty plant and
the sth observer, then the error dynamics can be written as follows:

&y = Aes +d + B(dyg + dy, + dyp) (5.42)

where dg, = 8ps— &5+ 8r —&pr-drp = fs — ot —fp,, 8pr- Inthe following, similar
to the previous section, stability analysis will be conducted using DSC method. The
case (s = r) is first considered.

(1) s = r: Similar to the previous section, we will propose an adaptive DSC scheme
for system (5.41). The recursive design procedure contains p steps. From Step 1 to
Step p, virtual control laws «;_1,i = 2, ..., p are designed at each step. Finally
overall control laws u;, j = 1, ..., m are constructed at step p. Let us define dynamic
surfaces S;, i = 1, ..., p, virtual control laws «;, first-order filters &, zj+1+2i+1 = o;
andy;+1,i =1, ..., p—1lasinthe previous section. Note that, the difference between
the observer (5.8) and (5.41) lies in the last equality, i.e.,

b > moo.

Xp =fp +hoer + Z].:] 8l
. ~ m R R ~
Xsp :f:vp + hspel + Zj:lj#s 8l + 8psUs +f,0s

Thus, S'[, i=1,..., p—1have same expressions as in the previous section, only
S, is different, which is expressed as follows.

Sp =Xsp — Zp

= eprEfp +hper + ijlnj# gy + &pstts + fps — Zp + Hfz;)gfp + &0 — Op

(5.43)
Hence, a,),j =1, ..., m are defined as follows:
oy =uj =[N() koS, + Ag/S))]/m, ¢ = —kpSf) — A (5.44)
where ( 0 1
p — 1)oj A =
Ay =pe + — + S, (fptfps)+ Zi:l Sivikiyier +

P - _ n _ _
> o LS Mo+ M)+ }f 6:7 071 + Mg s + Migpy +
- 1

m r’gj *T n* anS *T n* ngs *T n*
ijl z_megj O + 23 OrosOrps T 204 O20s9g0s
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Differentiating V,, = esTPes with respect to time ¢ and considering (5.42) and
Assumption 5.4, it leads to

Vse = _eTQe + Ue = _geVe + Wse (545)

mm(Q) p 2 724
where g, = w(P)? Hse = (2= M, 5f0s+ ZJ 1M58/ 7 égpx s]/)‘

Consider the following Lyapunov function

p
V2= Z,. 52/2 + Z yk+1/2 + sz 78/ n) +
Z 1% 160/ (2m2) + 6/ 6r 0/ 213) + 0, Bps/ (204)

where 13 > 0, n4 > 0 are design parameters, éfpg efm éfps, ég,,szegps — égps.
Differentiating V, with respect to time ¢, it leads to

. p—1 p—1 .
W < Zi:l (SiSis1 — kiSE+ Siyiv1) + Z _, Sivrkiprer 4+ Ve +

~ A p—1 y
S0 550 + 05+ (= ki + [yt 1 Bia ) +

P ~ p
Z,- S-eﬁT £+ Zl_:l Si(ef — 84) + Sp(Efps — S7ps) +

Sp =1 s (8 +egj — 8 + égTjggj)“j + Spé;;sfgps“s -

(5.46)

5 o1 ~rx
Sp(gs + Egps — sgps)us - zi:l Z—meﬁreﬁ —

" 1 5T A 1 =7 A 1 ~r A
ijlqj#s Z_megjeg] - 2_7730fp_yefps - 2_7’)49gpsegps

Adaptive laws éﬁ, i=1,...,p, égj,j =1,...,m,j # s are defined as (5.29) and
(5.30) in the previous section. Here, only éfps and 0 eps are defined as follows:

[ 27735p§:f'ps - nfpsé\fps, if”éfps“ < prsor
|é\fpx|| = prx and ZHSSpgfpv - nfpvéfps > 0;

9fp 9f s
A anSpsfps - nfpsefps + (2n3 p—pé
Ofps = 110 s 2 (5.47)
97«,)59
Nrps <20 p). iF 11075l = My, and
||9fps||

2773Spéfps - nf'pxefps <0
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V 2774Sp§gpsus - ngpségps» if ||égps|| < Mgps or

||égps|| = Mgps and 2774Sp";:gpsux - ngpségps =
. 0,507
A 2774Sp§gpsus - ngpsegps + (27745,0 &g’éslgpsus -
98:05 = ||9gps||
Oosb,
Ngps —= gp; ps) if ||9 ,os” = gps
10

and 2148 ,Egpstts — ngpségm <0

where 77, > 0, n,4,s > 0 are design constants.
Applying Young’s inequality, one has

nfpxéfagégpx/n3 =< _nfps(éfc,sé‘fpx - 9f£9;ps)/(2ﬂ3)
ngps gps gps/n4 = —gps (Ggps ~g/os 9;;‘9;,;5)/(2774)

Substituting the above inequalities into (5.46), yields

. p—1 A A~
VoD (SiSivi = kiS] + Syic)+S, (efpsfp + 07, E0) +

p—1 y .
E (-2 + [Vk+1Brs1l) + E i+1ki+1€1 + Ve +
Siq

k=1
P ~
Z Si(ef — ‘Sﬁ) + Sp(&rps — Sfps) + Sp(8s + Egps —

Sgps)Uts+S) Z (g, + &g — 8gj)uj —

p TS T
> 12,7 > =G 6 — ) =5 efmgf/”

m Ngj. #T p* 1~
ZJ Lj#s 21 (9 9 98/ 98/) 214 Ggpregm"'
nfpb ngps *T %

23 efpsefps+ 2n49ps9gps

From Young’s Inequality, one has

SiSiv1 < 87+ SE1 /4, Syie1 < 874V /4,
Vit1Bis1] < iy Biy1 /o1 +01/2, Yo >0 € R

where o) > 0 € R is a design parameter. Thus, one has

0;

(5.48)

(5.49)
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1
=y 4,+1+(2 kKISH+ > (———+

Ek+1
(p — Doy
2

p—1 . P
Zi:l Sitikirier + Ve + Zi:l Si(er — 85) +
S ) 5, 3G~ ¢
A 14 ~ o~
Sp(8s + €gps — Sgps)lts — Zi:l z_mgﬁTgﬁ _
m Nej 515 P Nfi 4sT s
Z} 1,j#s 2;720 ]le + Zi:l 2771 Qﬁ 9ﬁ +
" Ngj p+T p 1 2 = l =
=200 — —0; Oy — —0, Ogps
Zj 'fosVf p: 2774 gps8ps +

1j#s 27}2 8 el 2773

Nfps osT
213 fps

kH) Vi1 T + 8,07, &0 + 67,€0) +

Ngps (5T o
20 5 OepsOgps

efps +

As pointed out in [15], since for any By > 0 and p > 0 the sets
. . .o . 2 .2 ..2
My .= {(ya, Ya, Ya) 1y + ¥y + ¥z < Bo}

IT; = { Z’: (S7(0) + 67 (0)64(0)) + 67,,(0)y,5(0) +
> BLO0)5(0) + 87,07 + > R @i =1esp
2¢" (0)e(0) < 2v,p}

are compact, I1y x I; is also compact. Thus, |B; | has a maximum M, on I1y x I,
vy = max{l/Anin(P), 1, n1, M2, 13,74} .

Choose ki = 2+ fo, ki = 24 + fo. kp = 15+ o, 21 = 1 + 52 + By,
k=1,...,0—1,i=2,...,p — 1, where By > 0 € R is a constant. Thus, from
(5.45), one further has

2 5T G
Vy < —Zl | BoSi — Zk 1,30)’k+1 8eVe — Zl 12n10ﬁ O —

m Ngj 5 L~ - _ L 5T 5
Zj:l,ﬁgy 21, 981981 213 Gfpfefpx 204 989~Y98/’S + A+

P 2y jay &t Ea = Bt + Sy (&5t Egpe — Sgps)ts

Substituting (5.44) into the above inequality, it leads to

Vy < —g Vi + (hN(g) + )¢ (5.50)
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where ”
hy = ijl’#x (8 + €gj — 8gj) + 8ps + €gps — Sgps>

N Trp Mgt Ngm  Nfps Ngps
2007 2 27 2my T 2 2

8s = min{ﬂo, 8ses

Applying Lemma 5.2, we conclude that, fot (hsN(c) + e 87 ¢drt, Vo (t) and ¢ (1)
are SGUUB on [0, #r). According to Proposition 2 in [20], if the solution of the
closed-loop system is bounded, then #y = +o0. Let 1o be the upper bound of

fol (hsN(g) + 1) - e 8" ¢cdt, we have the following inequalities:

t t
[ e mne + nerredr < [ o)+ veedr < i
0 0
Thus, (5.50) becomes Vz < —gsV2 4 1o. Further, one has

0< V() < % FV20) — Premst < B2 4 vy 0) = o (5.51)

s N s

which means that V> (7) is bounded by 1,. Thus, all signals of the closed-loop system
are uniformly ultimately bounded, i.e. |S;| < /212, lyil < 212, 10l < V20112,

1811 < 22, Wrpsll < V21312, Wgosll < /22, Nlell < /122 Famin(P).
That is to say, S;(1), 65, Og;, 6 o055 prx belong to §2, defined as:

P ~ o~
D, 87+ 8785/ +

mn 5T 5T 5T 5
D=1 Do Bl 6], B 15+ By B 1+

(Siv Vi, éﬁs égjs éfpsv égps)

p—1
Zk:l yl%-&-l + kain(P)eTe <2u,

(2) For s # r,one has dgp = (gps - gv)ux + (gr - g,or)ur, df,o = g&f:gu fprgfpr From
adaptive laws (5.29), (5.30), (5.47) and (5.48), it is found out that, égpr * 6 ens» Gfpr *
éfps. Thus, both (g,s — &5)uts + (g — &pr)ut, and gf — fprsfpr do not converge to
zero, i.e., limt—mo[(gps - gs)us +(gr— §pr)ur] # Oand hmt—mo(gJSu fpréfpi) # 0.
As aresult, basically, all signals of the closed-loop systems such as S; do not remain
in £2, using the above control law and adaptive laws. Therefore, from the above
analysis, we can not obtain (5.50). Furthermore, we can not obtain (5.51). Hence,

we can draw a conclusion that all signals involved in the closed-loop systems do not
converge to the set £2,, i.e., S;(1), O, Oy, 0,5, 07 ps do not belong to £2,.
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Now, the control procedures are ended. The above design procedures are summa-
rized in the following theorem.

Theorem 5.2 Consider the faulty system (5.40) and observers (5.41) under Assump-
tions 5.1-5.4, fault model (5.3) adaptive laws (5.29), (5.30), (5.47) and (5.48)
and control law (5.44), If matrices H,Q > 0 and P = PT > 0 are such that
PA + ATP + 20PP < —Q, for all initial conditions satisfying

> S0+ <0>9ﬂ<0>)+egps(0)ég,m<0)+Zi Vi () +

H,' = m
Zj:l 67.(0)8,;(0) + 27 (0)e(0) + 67 (0)6y,5(0) < 2u,p,

(5.52)
ki, 8, are chosen as follows: ky = 2 + By, ki = 2% + Bo, k, = 1}1 + Bo, ﬁ =

4 + 2‘*‘ + B0 k=1,... —1,i=2,...,p — 1, then, when the sth actuator is
faulty, for s =r, the closed loop system is semi-globally uniformly ultimately stable
and all signals involved in the closed-loop systems converge to a small neighborhood
of the origin §2,, and for s # r, all signals involved in the closed-loop systems do
not converge to the set §2.

Now, we denote the residuals between the real system and isolation estimators as
follows:

Js(@0) = ||5s() —y®)|| =181, 1< s<m

According to Theorem 5.2, when the rth actuator is faulty, i.e., s = r, the residual
Jy(¢) must tend to £2,, while for any s # r, basically, J;(¢) does not belong to £2;.
Hence, the isolation law for actuator fault can be designed as

Js(t) < Ty, 1 = s = the Ith actuator is faulty
Js() > Ty, 1 #s

where threshold 7; is defined as T} = /2t5.

5.3.3 Fault Accommodation

After that the fault information is obtained, we will consider the fault-tolerant control
problem, and design a fault-tolerant control law to recover the control system’s
dynamics performance when an actuator fault occurs. Firstly, we consider the fuzzy
control problem for the following nominal system without actuator faults:
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.).C[:).CiJr] +ﬁ(x[[])a i=1127-~-9,0_1
X, =f, ) +g" (x, u
i =¥ (x, ) + ¥ (x, N

Yy =X

(5.53)

From Theorem 5.1, we can see that, under Assumptions 5.1-5.4, if matrices Q > 0
and P = PT > 0 are chosen such that PA + ATP + 2APP < —Q, and virtual control
law (5.11), (5.14) and (5.17), and adaptive laws (5.29) and (5.30) are adopted, then,
the closed-loop system is SGUUB stable, and all signals involved in the closed-loop
systems converge to a small neighborhood of the origin §2;, which can be adjusted by
appropriately choosing the design parameter. On the basis of the estimated actuator
fault, the fault tolerant controller is constructed as

s = sy — P () /(B2 + ) (5.54)

where pgs and py are the estimates of pg, = g,(x, n)ps(x) and pgs = g,(x, MF(x),
g4 > 0 € Ris adesign parameter, 1" is the sth desired control input under the healthy
condition.

Theorem 5.3 Consider faulty system (5.52) under Assumptions 5.1-5.4, fault model
(5.3), virtual control law (5.11), (5.14) and (5.17), and adaptive laws (5.29) and
(5.30). If there exists a matrix P = PT > 0 with appropriate dimensions, such that

PA+ATP +20PP < —Q

then, system (5.52) is asymptotically stable under the feedback FTC (5.53) and all
signals involved in the closed-loop system are semi-globally uniformly ultimately
bounded, converging asymptotically to a small neighborhood of the origin.

Proof Similar to the proof of Theorem 5.1, it is easy to obtain the conclusions of
Theorem 3. The detailed proof is thus omitted here.

5.4 Application to Aircraft Longitudinal Motion Dynamics

In this section, for the purpose of demonstrating the application of the proposed
fault tolerant control scheme, we apply it to accommodate failure for an aircraft
longitudinal motion dynamics. The aircraft longitudinal motion dynamics of the
twin otter can be described as follows:
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V = [Fy cos(a) + F. sin(a)]/m

. —F.si F

&= g+ [~Fsin(@) + F-cos@)]/(mV) (5.55)
0=gq
g=M/I,

where V is the velocity, « is the attack angle, 6 is the pitch angle and ¢ is the pitch
rate, m is the mass, I, is the moment of inertia, Fy = gSC.(ct, g, 8¢1, 8¢2) + T cos yi +
T, cos y» —mg sin(0), F, = qSC,(«, q, 8.1, 8.2) + T sin yy + T, sin y, —mg cos(6),
M = GcSC(a, g, 8e1, 8¢2). For which g = pV?/2 is the dynamic pressure, p is the
air density, S is the wing area, c is the mean chord, 7 and T, are independent thrusts
with corresponding thrust misalignments y; and y». Cy, C;, C,, are of the polynomial
form defined as in (5.3-5.6), §.; and §,, are the elevator angles of an augmented two-
pieces elevator used as two actuators for failure compensation study. The notations
through the model (5.54) are illustrated as [1]. Choosing V, «, 6 and ¢ as the states
X1, X2, x3 and x4, and 8,1, 8.2, T1, T as the inputs u, u,, us, uyg, as shown in [29, 30],
there exists a diffeomorphism [, xT1" = T(x) = [T1(x), Ta(x), x3, x4]" such that
(5.55) can be transform into the PSF form, i.e.,

)'63 = X4

2
X4 = ﬂT¢(x) + Zi:l b,-xfui

and the zero dynamics £ = ¢(&, x) + P&, x)0, where ¥ € R* is an unknown
constant vector. Relative degree is 0 = 2. The parameters in the simulation study
are set based on the data sheet in [2, 3]. The fault case considered in this example is
modeled as

. ui(t), t <2
o = [ (1= pr)ur () +f'(x), 1 =2 () = 1)

where p;(x) = 0.4 cos(x3), f{'(x) = 0.2 + sin(x,). Initial values of system state are
chosen as x;(0) = 0.1, x,(0) = —0.1, x3(0) = 0.1, x4(0) = —0.1. Firstly, Matlab
LMI control toolbox is used to solve the matrix inequality (5.39). Therefore, one
can design the desired control (5.18) and further design the fault-tolerant controller
(5.53). Consequently, the observer-based fault-tolerant control input (5.53) is used to
control the faulty system. Figure 5.1 shows that the tracking errors can asymptotically
converge to a small neighborhood of the origin. When an actuator fault occurs at 2s,
keeping the normal controller, both tracking errors deviate significantly from zero
as shown in Fig.5.2. However, as shown in Fig. 5.3, when the proposed FTC (5.53)
is activated at about 2.2s, the better convergence performance is obtained, which
illustrates the effectiveness of the proposed FTC scheme.
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Fig. 5.3 Tracking error under faulty condition without FTC

5.5 Conclusions

In this chapter, an adaptive fuzzy tracking fault-tolerant control problem of a class of
uncertain strict-feedback nonlinear systems with actuator fault has been investigated.
FLSs are used to approximate the unknown nonlinear functions. By applying adaptive
command filtered backstepping recursive design, integral-type Lyapunov function
method and Nussbaum-type gain technique, an adaptive fuzzy control scheme is
proposed to guarantee that the closed-loop system is asymptotically bounded with
the tracking error converging to a neighborhood of the origin.
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Chapter 6
Adaptive Fault Tolerant Backstepping
Control for High-Order Nonlinear Systems

6.1 Introduction

It is well known that system physical components may become faulty which may
cause system performance deterioration or worth, may lead to instability that can
further produce catastrophic accidents. The fault effects require to be compensated
to enhance the reliability and safety of the system. Accommodating faults to maintain
acceptable system performances is particularly important for life-critical systems. In
order to improve system reliability and to guarantee system stability in all situations,
many effective FTC approaches have been proposed the literature.

Fuzzy logic systems (FLSs), as universal function approximators, have been
widely used to model the nonlinearities with arbitrary preciseness. Due to the capabil-
ity, fuzzy logic systems are also adopted to solve identification and control problems
in nonlinear systems [1-6]. Various adaptive fuzzy control approaches, based on the
feedback linearization, were developed for controlling uncertain nonlinear systems.
Robust adaptive backstepping control [1, 5-10] and observer-based backstepping
control [11-13] attracted much attention from many researchers, and many excellent
results were obtained during the past decades.

Recently, stable control problems of high-order systems attracted the interest of
many researchers [14-19]. In [14], the authors presented a continuous feedback
solution to the problem of global strong stabilization, for genuine nonlinear systems
that may not be stabilized, even locally, by a smooth feedback. The same authors
extended their results in [15], where they investigated the reference tracking problem
in nonlinear systems with disturbances. However, the control schemes in [14, 15]
do not guarantee the closed-loop systems’ stability or better tracking performance
under faulty conditions.

In this chapter, we investigate the problem of active FTC for a class of high-order
nonlinear uncertain systems with actuator gain faults. Compared with some existing
works, the following main contributions are worth to be emphasized:
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(1) In literature, results concerning FTC in the literature like [20-31] consider the
1-order systems. This chapter extends the results to the more general systems, i.e.,
so-called high-order systems as [32-37], and an observer-based active fault-tolerant
backstepping control scheme is proposed.

(2) Differing from the classical backstepping technology, our fault-tolerant control
scheme does not need computing the high order derivatives of virtual control signal
at each step of backstepping design procedure, which thus reduces the computation
complexity.

(3) In general, the denominator of the fault-tolerant control law contains the esti-
mate of the gain fault. If the denominator equals zero, a singularity occurs. In the
proposed FTC scheme, the controller singularity is avoided without using a projection
algorithm.

(4) In contrast with [20-25], the proposed FTC scheme does not require the a
priori knowledge of the signs of control gain terms.

The rest of this chapter is organized as follows. In Sect. 6.2, the problem formula-
tion, Nussbaum-type function and mathematical description of FLS, are introduced.
Actuator faults are described and the FTC objectives are formulated. In Sect. 6.3,
the main technical results of this chapter are given, which include fault detection,
isolation, estimation and fault-tolerant control scheme design. The aircraft control
application is presented in Sect. 6.4 and simulation results are given and demonstrate
the effectiveness of the proposed technique. Finally, Sect. 6.5 draws the conclusion.

6.2 Problem Formulation and Mathematical
Description of FLSs

In this section, we will formulate control problem. Then, the FLS description is
introduced.

6.2.1 Problem Statement

Considers the following nonlinear systems:

Xxi=x,i=1,...,n—1
i+1
m

. P

=)+ gi(0u] 6.1)

y=x
where x = [x1, X2, ...,%,]7 € R" denotes the state vector, y = x| denotes the
system output, u; € R, j = 1,2,...,m denote control inputs, p > 1 is a known

positive odd number, f(x) € R denotes an unknown continuous smooth function,
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gi(x) € R, j =1,...,m are complete unknown control gain functions, i.e., the
value and sign of g;(x) are both unknown.

Remark 6.1 System (6.1) is more general than the considered system in [18] which
was described as x; = x[’i > i=1,...,n—1andx, = u”. In addition, since actuator
faults were not considered in [ 18], only one actuator was used. In this chapter, the FTC
problem will be considered. In order to ensure the dependability of the controlled
system, redundant actuators are added which leads to an over-actuated system.

In practical application, actuators may become faulty. In this chapter, actuator
loss-of-effectiveness failures are considered, which can be modeled as follows.

@:@@mﬁsz“”mtzq (6.2)

where unknown function k;(x) denotes the remaining control rate, ¢; is unknown
fault occurrence time.

The control objectives, which are valid in normal (no fault) and faulty conditions,
are to design the proper control inputs # = [uy, ..., u,,]7 which ensure that the Sys-
tem output can track asymptotically the reference model signal y; with the tracking
error converging to a small neighborhood of the origin and the closed-loop system
is uniformly ultimately bounded (SGUUB). Under normal condition (no fault), u is
designed to ensure boundedness of the closed-loop signals and asymptotic stability.
Meanwhile, the FDI algorithm is working. As soon as actuator faults are detected
and isolated, the fault accommodation algorithm is activated and a proper FTC input
u is used such that the tracking performance is still maintained stable under faulty
situation.

In order to design an appropriate controller, the following lemmas are introduced.

Lemma 6.1 ([38]) Vg > 1, being an odd integer;, a, b € R, the following inequality
holds:
la +b|” < (la| + 1b)? < 277" [a? + b7 (6.3)

Lemma 6.2 ([38]))Vm >0€ R,Vn >0 € Randr(x,y) > 0 € R, the following
inequality holds:

(e, y) x|+ rn (e, )yt (6.4)

xm n<
™[yl mn mn

Lemma 6.3 ([11]) For « € R", 8§ € R™, M € R"<*™, and arbitrary matrices

X € R"X7a Y € RMaXm 7 RN lf|:;(T §:| > 0, then

T
—2a"MB < [Z} |:YT i(MT Y _ZM} [Z} 6.5)
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6.2.2 Nussbaum Type Gain

Any continuous function N(s) : R — R is a function of Nussbaum type if it has the
following properties:

hm sup — / N(g)ds = 400 (6.6)
1 N

lim inf —/ N(¢)dg = —o0 (6.7)
s—>—00 s Jo

For example, the continuous functions ¢ cos(¢), ¢% sin(¢), and es’ cos((/2)g)
verify the above properties and are thus Nussbaum-type functions [39]. The even
Nussbaum function €S’ cos((r/2)¢) is used throughout this chapter.

Lemma 6.4 ([40, 41]) Let V (-) and ¢ (-) be smooth functions defined on [0, t r) with
V(t) > 0,Vt € [0,ty), and N(-) be an even smooth Nussbaum-type function. If the
following inequality holds:

V(t) <co +/ (gN(s) + gdz, Vi €[0,1y) (6.8)
0

where g # 0 is a constant, and c, represents a suitable constant, then V (1), (1)
and fot gN(g)g"dt must be bounded on [0, t ).
Lemma 6.5 ([41]) Let V(-) and ¢(-) be smooth functions defined on [0, ty) with

V(t) = 0,Vt € [0,1f), and N(-) be an even smooth Nussbaum-type function. For
vt € [0, ty), if the following inequality holds,

t t
V() <co+ e_""/ g(T)N(c)ce'dT —i—e_""/ ce''dt (6.9)
0~ 0

where constant ¢; > 0, g(-) is a time-varying parameter which takes values in the

unknown closed intervals I = [I7', [T Twith O ¢ I, and c( represents some suitable
constant, then V (t), ¢(t) and fot 8(r)N(s)gdt must be bounded on [0, ).

6.2.3 Mathematical Description of FLSs

A fuzzy logic system consists of four parts: the knowledge base, the fuzzifier, the
fuzzy inference engine working on fuzzy rules, and the defuzzifier. The knowledge
base for FLS comprises a collection of fuzzy if-then rules of the following form:

I, oAl oAl oAl
R :tifxyis Ajand x; is A, --- and x, is A,,

.ol (6.10)
then yis B, | =1,2,..., M
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where x = [x;,...,x,]7 C R" and y are the FLS input and output, respec-
tively. Fuzzy sets Af and B' are associated with the fuzzy functions u, (x;) =

xifa,{

2
exp(—(=5+) ) and pup (y') = 1, respectively. M is the rules number. Through sin-

gleton function, center average defuzzification and product inference [42], the FLS
can be expressed as:

M n M n
Y =y (H B (x»)/Z (H K (x,-)) (6.11)
=1 =1 =1 \i=Il

where yl = max g/ p . Define the fuzzy basis functions as:

n M n
a0 = [T (x,»)Z(H i <x,->)
i=1 =1 i=1

and define 07 = [§', 72, ..., 9M] = [01,65,...,0y] and £(x) = [E(x), ...,
&u(x)]”, then the above FLS can be rewritten as:

y(x) =0"E(x) (6.12)

The stability results obtained in FLS control literature are semi-global in the sense
that, as long as the input variable of the FLS remains within some pre-fixed compact
set, where the compact set can be made as large as desired, there exist controllers
with sufficiently large number of FLS rules such that all the signals in the closed-loop
remain bounded.

Lemma 6.6 ([5, 6]) Let f(x) be a continuous function defined on a compact set 2.
Then for any constant ¢ > 0, there exists a FLS such as

sup | f(x) —0"E()| <€

xesf

In this chapter, using FLS, the unknown functions f(x), g;(x) and g;;(x), j =
1,2,...,m, are approximated as

f)=0fe,0), f&) =078,
8)(0) = 0LE,(x), §;(R) =0L&,®)
8 () = 0L &0 (X), 81 (R) = 0] £ (B)

Let define the optimal parameter vector 67, 6;; and 6, ; as
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j=argmin [ sup |f(x) — f(@I]

I xeU.zel

0, = arg min [ sup [g;(x) = &g;(¥,)l]

8158 yeU gl

Og; =arg min [ sup [gx(x) — &k (¥)I]

€
skISeki - yey £l

where .Qf, .ng, 24xj, U and U are compact regions for éf, égj, égkj, x and x, respec-
tively; ) rs Qg s ng j and x are the estimates of 9* 9;1 , ng j and x, respectively. Similar
to [11-13], The FLS minimum approximation errors and actual approximation errors

are defined as
er=f(x)—07TE,R), 8p = fx)—0]&r )
£ = 8j(x) — O3] £4j(R), 8y = g;(x) — O£ (%)

T a AT A
gkj = 8kj(X) — O ;Eekj (X), Sgnj = 8rj (X) — Ok (X)
Now, the following assumptions are made.
Assumption 6.1 There existunknown posmve real constants €7, &5, €5, 85, €ni» Ouis
and known positive real constants Mgf, M,;f, Mggj, Mggkj, such that |e /] < e}, eF <
Sf |8f| <947, 8* = M5f |8gj| = 8):/’ 8&! = MFgJ’ |<9ng| = 18gkj’ ;’kk/ = Mgkj'

Assumption 6.2 There exist known positive real constants My, Mg,; and My,
such that [|07[| < Moy, [167 || < Mpg; and ||67 || < Mog;.

In order to facilitate the descriptions, in the following, f(x), g(x), gkj(x), f (x),

8(R), 8 (%), £7(£), £ (£) and £y (£) are abbreviated to f, g, gij f. & 8uj- &7+ £
and &,;, respectively.

6.3 Main Results

In this section, the main technical results of this chapter are given. We will first
consider the stability control problem of system (6.1) under normal conditions, design
a bank of observers to generate residuals, investigate the FDI algorithm based on the
observers, and propose a FTC scheme to tolerate the fault using estimated fault
information.
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6.3.1 Fault Detection

In order to detect the fault, the following observer is constructed.

fc:”’ +LGy—9),i=1,...,n—1

f+z [8) + 8g1u” + 1 (y — $) (6.13)
$ =3 =
where [;,i = 1, ..., n are constant parameters that will be designed later.
Let £ = [£1, £, ..., £,]7 and define observer errors ¢; = x; — %;,i = 1, ..., n,

then observer error dynamics can be described as follows:

¢ = xip - )2,‘,;1
= (ei1 +xig)” =X = Li(y —3)

~ P 1 1 ap—l

=e —Lly—-y+ Zl  Creindl

b= f =420 (& =& = Egpuf —la(y =)

(6.14)

Using the notation ¢ = x — X, the above error dynamics can be re-written as:
é=Ae,+Re, —L(y—3)+d+ B(ds+d,) (6.15)

where €p = [efv .. ell d - Zl 1 1+1-x,p+llai = 1 .n— 1’df = f — f =
8f’dg:Zj l(gj gg])"t,s and

T
—r ry ll 1

d; 0
_rno ... 0 T 1, 0 0 1

In the following we will use the backstepping technique to design the fault-tolerant
controller.

Define
=X —Ya s =X —o Xy, .. X2, i =2,3,...,n (6.16)
where g = 0, 2,41 = 0,and o;_;,i = 1,...,n — 1 are virtual controls which will

be designed at each step, o, = u is the actual control input. The recursive design
procedure contains n steps. From Step 1 to Step n — 1, virtual control ¢;_ is designed
at each step. Finally an overall control law u is constructed at step n.
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Step 1:
From z; = x| — y4, one has

2 =X —ya=x=@+a)’+ Ly -3 —

b T 6.17)
=al+2  Craal L= =

Define |
Vi=Vu+V,, Viu= Ezf, V, =e' Pe

where P = PT > 0 denotes a matrix with appropriate dimensions. Differentiating
Vi1 with respect to time ¢ leads to

. . p P iop—i A .
Vil =z121 = z10] + 2 Zj:1 Clzyal™ +z2ili(y = 3) — 2154 (6.18)

Notice that, p + 1 > 2 is an even number. Differentiating V, with respect to time
t, from Lemma6.3, it leads to
Ve=2e"[P(A+K)+ (A+K)" Ple, +2¢" Pd +2¢" PBdy — " (PLC + CTLT P)e

[e ]T[X—PLC—CTLTP Y+ P(A+R)
¢p

<
YT +@Aa+pTp z

} [; ] +2¢T P(d + Bdy + Bdy)
p
(6.19)
. . . . . XY
where X, Y, Z denote matrices with appropriate dimensions, and [YT Zi| > 0.

From Lemma 6.2, one has

Z: : ezxz zk 1Ck_|€2|p U+Zk 1Ckp |)?2|p'07(ﬁ)
p—k (£ .

I:Zkzl C]]E;()—} . |62|‘” + [Zkzl C;; > o (1 k):| . |x2|p

Weileal” + wez|%2|?

(6.20)
) X —k ,(L)
where w,; = [ - Cf,;cr]  Wey = [Z{l C;”ch PF }

Define
___p

Azk 1C"k

where A > 1 is a design parameter. Since 0 < o < 1, one has w,|ez|? < %|ez|1’.
Therefore,

P k kap—k 1
D Crasd T < el +walfl”,

>
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Further one has
Qo ChbE™) < S (leal”)” +2(we2) (ol
Similarly, one has

S chekr <—|e,|"+z<wez> (2172 i =2....n

Hence,
Hleal? + we |2, |
1 R 1 N
d'd < [—leal’ +walfal”. ... ~leal” +weal %], 01 | o
slenl” + wealX, 1P
0
—Z . A2(|e, 1P)? + 2(we2)* (13:17)?
-~ 1P)2 " 2015 17)2
=1 Zi:2(|e,| P+ 2wa) (&)
leal”
. n ~
=leal?, . leal”, 01| = [+ D 2we) (%17
leal” =
0
lea|”
leal” n .
=leil” lexl’ o onleal”l| L | =@+ D 2we) (517
|eﬂ|p

=epep— (@) + D 2w (17
From Young’s inequality, one has
e'Pd <" PPTe+dd <" PPetele, — (@ + Y 2wl (%)
2e"BPd; = ¢ PBS; < ' PPe+ 8% < e PP e+ (85)7 < e’ PPe+ (Msp)'.
Further, one has

T TyT
o [el"[X—PLC—CTLTP+2PPY+PA+R)|[e] - .
< Ao +2¢7 PBd
V‘—[ep] [ ¥T +(A+R)TP Z41 Me,,]+ 0+2e g
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where Ay = —(e1”)? + 3, 2(we)*(|%:17) + (Myz)”, T denotes identity matrix
with appropriate dimensions.
Hence, one has

. P L. . R .
Vi <ziaf + 2 Zi:l Clzyal™ +z21li(y — §) — 2194 + Ao + 2¢” PBd+

e, YT+ (A+RTP Z+1 ey

[e]T[X—PLC—CTLTP~I—2PP Y~|—P(A~|—R)] |:e:|

Obviously, if matrices X, Y, Z, Q > Oand P = PT > 0 are chosen appropriately
XY
such that |:YT Z:| > 0 and

X—-PLC—-CTL"TP+2PPY+P(A+R)
T T pT <-0
YT+A+R'P Z+1

where I denotes identity matrix with appropriate dimensions, then,

. P Lo R X _
Vi <ziel +z1 ZFI Clzal™ +uli(y = ) — 21ya + Ao+

T
2¢" PBd, — [e} [e}
¢ ¢ €p ¢ €p (6.21)

Amin(Q) T P p j_J p—J
k()¢ TR 2. Caed

2 (y — $) — 2194 + Ao + 2¢" PBd,

Let Ag = 2111 (y — $) — 214 + Ao, one has

)\min(Q) eT

L 2 (P)

Petziaf +21,_ Chajal ™ + Ao +2¢ PBd, (622)

Thus, virtual control «; can be modified as

”(—lz _ 2o 71 € 2°
o) = 27T g T e (6.23)

0, 71 € ch
Remark 6.2 In general, virtual control «; can be chosen as follows

(—zz1— — (6.24)
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Just as pointed out in [41], for the above virtual control (6.23), controller sin-
gularity may occur since % is not well defined at z; = 0. Therefore, care must
be taken to guarantee the boundedness of the control. It is noted that the controller
singularity takes place at the point z; = 0, where the control objective is supposed
to be achieved. From a practical point of view, once the system reaches its origin,
no control action should be taken for less power consumption. As z; = 0 is hard to
detect owing to the existence of measurement noise, it is more practical to relax our
control objective of convergence to a “ball” rather than to the origin.

Similar to [41], let define ‘QC:,- C §2 and .{2(9 s.t.
2 ={zllzl <} =2 -2 . i=1....m

where c¢;; > 0 is a constant that can be chosen arbitrarily small and “-" is used to
denote the complement of set B inset Aas A — B := {x|x € A and x ¢ B}. Thus,
virtual control «; can be modified as (6.23).

Step 2.

Since 7, = X, — ay, one has

3a1 Ap 3061

=X

A day R R
- )el(x£’+li(y—y))=x§"—
1

FEIC NPT
=(z3+ )’ — ) (6.25)
8a1 1
=a2 Z C’Z3 2 axl =0 3 Ho 8)21
Define

]2
V2=V1+§Z2

Differentiating V, with respect to time ¢, leads to

V2§V1+22zg=—ﬁ:(QP)) TPe—le—i—le [ ] p7 ]—l—zzaf—i—
222 C]z3oz2 J —zzgzl ]:OCjzza —J
Let
= 0, [ept < et 3 et
(6.26)
V, <— %}f(QP))eTPe — %z? + A+ 208 + 2 Zle Cizjal™ +2¢" PBd,

(6.27)
Similarly, choose a virtual control as follows
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p( 1 Al EQO
- 2T e (6.28)

03 Z2 € '(ZCA72

Substituting o, into (6.27), it yields

1, 1 ol
Mnin@) rp, 1o =%+ 2 Z',’ [ Crazay™! +2¢" PBd,
im

e Jmnl0)
= () 243 -
(6.29)

Step k:
Since zx = X; — ax_1, one has

.z k=1 aak 1
L =Xk — 21—1 (xl+1 +l1(y = 3)

k= 1306k 1
== 2, 5 @ Hln (= 9) 630

k—1 aak A
=<Zk+1+ak>f'—zl L og Gl O = )

14 P — k— 180lk 1
=af + ijl C;jazljc+1°‘f - Zz . (x1+1 +la(y—79)

Define {

Vi =Viei + =2}
2

Differentiating V; with respect to time ¢, leads to

. Ami 1 k—1
Vi < — MeTPe - = 21—1 Z,-2 + Ay + ol +

P i J P T
k ijl Clzi0 ' +2e" PBd,
where
p S i
e > [l ]+
Ak—] = k-1 0o
k—1 - N
2o D> Chlzkaf T+ [y = )]
Just as «y_1, virtual control ¢y, is chosen as follows
1 Apq 0
T(—=zzx — , k€82
(=2 Zk o (6.32)

O = 2 Tk
09 Zk e chk
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Substituting ¢ into (6.28), yields

y )\min 1 k P —j
Vi < —m—((QP))eTPe s at ijl Cizl ol +2¢" PBd, (6.33)
max

Step n:
Since z,, = X, — a1, one has

. " n—1 da,—1
in =Xn — zl_l r; (x1+1 +hp(y— Y))

~ m R . n—1 805 1
=f+ ijl @ +epul +1n(y -9 — Z,_l " (xl+1 g1 =)
m R R n 1 80( 1
=f—85+ ijl @j+epul +1(y—3) - 21_1 L (x1+1 + 41y — )

=6{Er+0f6r+vp+ 27:1 @ +epul +l(y - y)—

n—1 306,, 1
2 <x,+] +hp1 (=)
(6.34)

Define

1 s 1 1
Vy=Vo1+-22+—0L9 — § 0.0, 6.35

where ]/f = Ef +5f,)/f = )/f — ]/f, 9f = 9f —0f )/f = ]/f ff,égj = 9* —
O, 8g) = &y — Egjs bf, Vs, Oqj, &, are the estimates of 0%, V5. 055 €j» and 1y >
0, >0, n3 > () are adaptive rates.

Differentiating V,, with respect to time ¢, leads to

. Amin(Q) 1 I -1 =T - mo. AP
1 ~T/'\ 1 Y T 1 m ~T A -~ A
Ap1 — *9f9f — iy +2e" Pdg — . ijl (0,,0¢j +2gjégj)

Amin(Q) o7 12:” 1 2 Em 5. 2,0 T
S . - 1 = 1 ;

— > (OLbgj +Egjeg) + 6T nEr — —0 1)+ Pr(lznl — —7

- ijl(g, ¢i T Egjfe)) + 07 Gnkp — 0 + 74 (lznl = -7 p)

where
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p P —j -1 AT A A~
2ot D [ ol | 4+ 206 6 G + 1y = )+
n—1 aOln 1
Aot =1 20 [Z Cllztal T 1+ 1li(y = $)I1—

n— laan 1
> (x,+1+l,+1(y—y))+|zn|yf

Since
2" PBdy =3 2" Pulg; — & — b
:Zj 2" Pu(0;] &gj + £ — 03164 — 8g))u)
= Z:;] 2e" POk u] +
D2 Puey =Bl + D 2" Pulegy — egul
=2 2 PjEgu] + 3T 26T gl +
2 2 Paeg = el

from the above inequality, one has
¥ )\mm(Q) T ~T ~ m ~ N P
Vng—m —*Z Z-+Zn9_f§f+|zn|)’f+znzj=1(gj+5j)uj+
< P m T * N\, P
A1+ ijl 2eT Py (@5 + Egpuf) + D 2 Puleg) — e )ul—

1 T A | Y 1 m ~T A Y
P L A 5 R Z =1 Ugj0si +8gj%g))

mm(Q) T * p
Pe + + +2 Tp : . —
TP ax(P) e E [Zn(g] Egj) e’ Pp(egj — Egj)]’fi]

A

s 6 Eoi
T P 8J ~ . T p_ T8
ijl [ng(Ze Pukgju’ i )+ &g (e’ Pul i )+

~T 1 x - 1 X Z:L_ll 2
0f (Znéf—HGf)+Vf(|an—EVf) > + Ap—i
(6.36)
Choose control law 7, ;, i = 1, 2, ..., m and adaptation functions éf, )jf, égj, égj
as follows:
o N(&) (=32, — 21 .
i = Ui =0 = m , €82, (6.37)

0, zx € £2,,
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where ¢ = =122 — A,
O = mznts — by (6.38)
Vi =mlzal — 0,7y (6.39)
égTj = 2n3e” Pnégj”f + 140, (6.40)
égj = aneTPnu? + 1484; (6.41)

and ny > 0,1, > 0,n,; > 0 are design parameters, u; is a bounded control
input which is applied simultaneously to the ith actuator in the system (6.1) and the
observer (6.13).

Applying Young’s inequality, one has

810, = L0707~ 8p =~ 70, + 1010y < — 31676, + 5 orTe;,
’;—;wf = ’;—fow; —7n) = —Z—Z?ﬁ + Z—foy}‘ <= 2" 27T (2n 7P
%égjégj = %5@(8; — &gj) = _)ZZ Fo %~81821 S- Z;’gﬁj oty

Substituting the above inequalities into (6.36), it yields
. )\, i l n
Vv, < _Meﬂoe _ _Z- Zl?_|_
2 max (P) 2 i=1
m A A * . .
D @ e+ 2eTPn<eg, —&i)IN(9)¢ + ¢}

«T 77gJ *T g ’78/
gv+2 9f9f+( yf)+z 20051 05+ 5, (e))—i—

D 2@+ By + 267 Pulegy — eg_j>]N<g>g' +¢)

Ny 2 me Tgj a2 Ngj 3742
<—V,,+—M + X (M, + Ms; +§ M2 4+ 28y
& 2m or 2772( o ar) j=1"2m Osj 23 Sg’)

> (s + Ey) + 267 Paley — 5DIN(S)E + )

—gVu+u+hN() + )¢
(6.42)
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where
g = min{)\mm—(Q)’ l’ n_f’ 77_}/’ @’ o Ngm
2max(P) 2 21’]1 2}')2 2)73 2,73

nr
n=-—
2m

m o — -
) ﬂﬁ%Méj+Aﬂ

2 Ny = 7 \2
M2+ 2—;2(Mgf + Msp)* + i)

j=12n;3
h=2 L@ +Eg)) + 26" Palegy — &)

The above control design procedures and analysis are summarized in the following
theorem.

Theorem 6.1 Consider nonlinear system (6.1) under Assumptions 6.1 and 6.2, con-
trol law (6.37) and adaptive laws (6.38-6.41). If matrices X, Y, Z, Q > 0 and

p=PT >Oaresuchthat|:XT Yi| > 0 and

Yt 7z
X—PLC—-CTL"P+2PPY+ P(A+R)

[ Y+ A+ RTP Z+1 s-¢ (643)

we can guarantee the following properties under bounded initial conditions

(1) all signals in the closed-loop system are semi-globally uniformly ultimately
bounded;
(2) the vectors z; remain in the compact set 522 i=1,2,...,n specified as

(@is 87 71 s s )| 121l < V278, 18711 < V201
00— | 17e1 SV2mi 118511 < V2ns 12,

i T

- = i
8¢l < V/2m31, |le]] <

)\min(P)
whose size is (I = % + ¢y + Vu(0) > 0, which can be adjusted by appropriately
choosing the design parameters 01, M2, 13, N, Ny, Ng.1s - - - > Ng.m-

Proof Since vV, < —gV,+u+hN(g)+ 1)¢, one has

t
V(1) < % + [Va(0) — g]e_g’ +€_g’/(h1\’(§) + De #7¢dr

0 (6.44)

t
< Ve e / (hN(S) + e " &dr
g
0
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t
Applying Lemma6.5, we can conclude that, V,(¢), [ (hN(5) + 1)e " ¢dt and

0
¢ (t) are SGUUB on [0, 7). According to Proposition 2 in [39], if the solution of
the closed-loop system is bounded, then 1, = +o00. Let ¢, be the upper bound of

t
f (hN(g) 4+ 1)e 8" ¢dt, we have the following inequalities:
0

t t
et [N+ e edr < [N+ Deidr <
0 0

Thus, (6.44) becomes
7 _
V(1) < g +cg +Vu(0) =0 (6.45)

Hence, if matrices X, Y, Z, O and positive definite symmetric matrices P are

;(T ; > 0 and (6.38) holds, then, the proposed
control input (6.37) can ensure that V,, (¢) is bounded, namely, the closed-loop system
is semi-globally uniformly ultimately bounded. Noting the definitions of V, (¢) and

zi,i = 1,2,...,n, we have %zf < V() < pand 2175;9} < 1. Furthermore,
we have |z;| < /272, 1071| < /2012 Similarly, we have |7 < /2mft, [16,.1] <
N2, 1€ il < V203, [le]| < ‘/A_L_(P).Fromthe above analysis, we can conclude

that there do exist compact sets .Q? such that z; € .QZO ,Vt > 0. The proof is
completed.

chosen appropriately such that

From Theorem 6.1, one has

2[
llell < (6.46)
)‘min(P)
Furthermore, the detection residual can be defined as
J=1ly@®) =30l (6.47)

From (6.46), it can be seen that the following inequality holds in the healthy case:

2[
)\min (P)

J < IC]] (6.48)
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Then, the fault detection can be performed using the following mechanism:

J < Ty no fault occurred,
(6.49)
J > T, fault has occurred
where threshold T, is defined as follows:
2
T, =||IC 6.50
a = 1IC| — P (6.50)

6.3.2 Fault Isolation and Estimation

Since the system has m actuators and it is assumed that only one actuator becomes
faulty at one time, we have m possible faulty cases in total. When the sth (1 < s < m)
actuator is faulty, the faulty model can be described as:

ul = py(x)uy (6.51)

The faulty system (6.1) can be described as follows:

)'Cs,izxi.ﬂ, i=1,....,n—1

. m

Xsn = f + Zj:l gjuf — gspfuf (652)
J#s

Vs = Xs,1

After a fault has been detected, the isolation scheme is activated. Now, the fol-
lowing m nonlinear fault isolation observers are designed as follows:

)és,i :f;?i+] + Li (s _)A)s)» i=1,...,n—-1
Ron =0T+ Lo 8 Wl + Ly = §) + 01,8 + Bl
s =Ur&f ot 88 T gy T len (Y =Y gkr ghr ) U

Vs = X5,1 = st

(6.53)
where I;,i = 1,2,...,n,s = 1,2--- .m are constants, which will be designed
later, 6, &, - (X, v) is the estimate of g, (x, v)pf (x,), r =1,...,m.

Let Xy = [X5.1, X2, -« -» )?_Y,,,]T, the error terms e; = x; — X, and ey, = y; — ¥s

are respectively the state error and output error between the faulty plant and the sth
observer. The above error dynamics can be re-written as:

és = Ayel + Rye? — Ly(ys — 35) +ds + By (dy + dy + p5) (6.54)
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T ~ A N
where Esp = [egl’ ) ef,n] P df = f - g}ﬂéf’ Ps = gskspuf - [QngrSgkr + ggkr]uf’

dy =" -1 (8 — & — &g )u] and

iss itr
—r ry ls1 1 !
A= 1 s Rs = : s Ls = : s Cg = : 5
—rnO -0 ' Lin 0
3o Cfaeéisp,;k 0
d, = : By=|:
0 1

Similar to the previous subsection, differentiating V, = eST P;e; with respect to
time ¢ and using (6.20) and (6.54), it leads to

Vxe = ez Psés + ez" Pxes
= 28‘?[PS(AS + Ry) + (A + Rs)TPs]ef“‘
2e! Py(d + Bydy + Bydg + Bsps) — el (P,LCs + CILT Py)e,

From Young’s inequality, one has

el Pid < el P Pe;+d"d
n
= eZ-PsPses + esTpesp - (es,lp)z + Zi=2 2(we2)2(|x3’,-|f’)2

2exTPSBsdf = eXTPSBsdf =< eXTPS Pses + djzf =< 63 PSPXes + (8;)2
- 2
=< e‘Z-PsPses + (MSf)

Furthermore, one has
v e, 1" [X, — P,L,C, — CTLT P, + P,P, Y, + P;(A; + R,)] [ e N
T YxT + (As + Rs)TPs Zs+ 1 ef
Ao+ 2e” PB(d, + py)

el
(6.55)

2 n N -2
where Ag = —(e” )7 + 31, 2(we2) 2 (12,117)° + (Msf) "
In the following, stability analysis will be given at two cases, i.e., s =r ors # r.

Casel:s =r
Since
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m
=1

_n,T m *T ¢ T e . _ a2 NP
= 2! Psn(zj:l#s O3] &gj +egj — 03 Egj — Bgj)ul+

ze‘z‘PSBS(pS +dg) = 2eSTPS’1[Z (gj - g’] - ég])uf + (8ks — 8ks — g‘gks)ual',]
(G*IZ;Eng + Egks - aTkSSng - égks)"t.{?)
8 8
el Tp T P mn Tp = .,P
= 2 200 Ponlgibegl #2026 Pankggu+
m T L A% p
zj:l,j;ﬁs 2eg Psn(eg) sgj)uj+

T 7T T = T A
2ey PsnQZ’;](AY%_gks"ﬁg7 + 2eg Psnggksusp + 2ey Pyn(egks — 5;]“)“5

(6.56)
“/ < € ! Xs_RvLsCs_Cg-LZRv+ZRYPST YY+PS(AY+RS) €y +
se = ef YT+ (A; + R)T P Zo+ 1 ef
m T ;T p " Tp =~ .p
Ao+ ZFL#S 2e] PO &g ul + ZJ_:L#S 2e!l PoBgjul+
m
T N
Z},:l.j L, 26 Pu(eg — Egul+
26{ PsnéngSSgksuf) + ZesT Psnggksuap + ZesT Py, (ggks - é;ks)uf
(6.57)
where P;,, is the nth column of P;.
Similar to the above subsection, define
Ts,1 = Xs,1 = Vs
Ls,i = ),es,i - O(s,ifl(jes,lv ceey -xAs,ifl)y i = 27 37 e, n
1,
Vs,l = Vs,ll + Vse’ Vs,ll = EZS'I
1, .
Vii=Vsi1 + 3% i=2,3,...,n
and choose a virtual control oy ;, i = 1,2, ..., n —1 and practical control & ,j, j =
1, ..., m as follows
1 Ao
N(==z51 — —, 251 € 2°
s = ( 2! Zs,1 o ol (6.58)
0, z5s1 € 82, ;
”(—lZ 2 — —, 752 € 82°
g = 27 (6.59)
0, zs0 € 'chz
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Ar_q
N (—=zop — ——, zy0 € 20
o) = 270 g T otk (6.60)
O Ts,k S ch 2%
1 Ap
P N(S‘)(_Ezs,n - TI) 0
Qgnj = Uj = m » Zsk € QC:s;n (661)
{ 0’ s,k € QCLZH
where ¢ = —%zin — A1, “ch,z; i =1,...,n are defined as *chk in the previous

subsection. The adaptive laws are designed as follows:

07 =2mel Pukp+ 6, (6.62)
b= mlzal + 0,95 (6.63)

Bo; = 2msel Pgu” +ngify (6.64)
Egj = 2mel Puu”l + 11584 (6.65)
Ogts = 211467 Pugistt? + NgisBiis (6.66)
Eoks = 2ne] Putt? + NgrsBis (6.67)

where u; is a bounded control input which is applied simultaneously to the jth

actuator in the system (6.1) and the observer (6.53), and n; > 0, n, > 0, 3 >

0,74 >0,nr>0,1n, > 0,04 > 0,10, >0, ngrs > 0 are design parameters.
Define

V, =V 4 070, 4 524

s = Vs.n PR A yf
1 2m 2m (6.68)
215 L=tj=1,j#s (QT% +8 )+ ( ks Ok +8§ks)

Similar to the previous subsection, differentiating V; with respect to time 7, one
has

1
V <V¥ n Tt _9f 9]‘ + _yf )/f+ (nggggky + 8gks£gks)+

_Z/ IH&Y 6)g/ +881881]

(6.69)
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It is obvious that if

(6.70)

Xs - PSLSCS - CsTL?Ps +2Psps Ys + Ps(As + Rs) < _Q
Y[ + (A, + R)T P Zi+1 ’

where X, Y, Z denote matrices with appropriate dimensions, respectively, and

|:;(T §i| > 0, matrix Q; > 0, then from (6.69), one has

T
y y €s €s m T hT p
Vy <Viu — [ ,,] o} [ ,,} +Ao+ D 20 Pulggul+

m T A p
zj Lz Ze Pmeg,u/ + Z, Lz 2e; Py, (gq; — g*j)uj+

ZeTPangkségksur +2e! Psnegksu; + 2] Py (egks — Eppul+

(6.71)

9f9f + Vfo + ijl,j;és [9 egj +5g18g1] ngsegkf ‘|'5gks8gks
m n2 3 N4

Similar to (6.42) in the above subsection, considering (6.62-6.67), from (6.71),

one has ) B
Vi < —gVs +jig + (h(X)N(5)S + <) (6.72)

where

Ngj

+
j=lj#s 2n3 )

(MGZS’J + M‘?gl

n n

I =ﬁM9f L 2 My + M) Y
Ngks 2
28 (Mngs + Sgks)

g — min {1 77_f 7’_}/ E ngm Ngks Amin (Q)
272n0 2m 2037 2037 20 2himax(P)

5 )

h@ =2 Tan(@) +8g) + 26T Paleg — e+
Zn(gks + é:gks) + 26TPn(8gks - 8;/”)

Since V, < —g, Vi + jis + (R(X)N(5)¢ + &), one has

_ w
V(@) < B + [V5(0) — é—s]e_g” +e_”"/(f_l()?)1\’(§) + Dge *"¢dr

N

(6.73)

B v, @e s et [ REN(S) + Dée o™ dr

s

IA



6.3 Main Results 149

l -
Applying Lemma6.5, we can conclude that, V, (1), [ (h(X)N(5) + 1)¢e ¢7¢dr

0
and ¢ (¢) are SGUUB on [0, #/). According to Proposition 2 in [39], if the solution
of the closed-loop system is bounded, then ¢, = +o00. Let ¢, be the upper bound of

t _
f h(X)(N(c) + 1)ce#" ¢dt, we have the following inequalities:
0

et [N + et edr <,

Thus, (6.73) becomes ~
%®§?+%+%@=m (6.74)

Hence, if matrices X, Y, Z;, Q, and the positive definite symmetric matrix P

are chosen appropriately such that |:)),( P ;S i| > (0 and (6.74) holds, then, the proposed

control input (6.61) and adaptive laws (6.62—6.67) can ensure that V;(¢) is bounded,
namely, the closed-loop system is semi-globally uniformly ultimately bounded. That
is to say, all signals of the closed-loop system remain the following compact set £2;,

(Zl’ ef )/f, egjs Egjs ngss Egks e)‘ |Zl| =V 2“«:’ ||9f|| =V 2771“57
21 = |yf| <V 2n2 ks, ||9g/|| =V 2n3hs, |8g]| = 27)3:“’37

Ogks |1 < V2mapts, 1Eghs| < v/2nmapss, llel| <

mm(P)

Case2:s £ r
Since s # r, from the faulty (6.52) and the observer (6.53), one has

zeST Ps Bsps = 26;[' PsBs[(gks - gs - é:gs)”t{-’ + (gr - gkr - égkr)uf] (675)

From the adaptive laws (6.64—6.67), one has

Qgs 5& egks, égs 5& ggksa egr # ngra égr ?é ggkr

Itis noted that 2eTP B; [(gks gs — egs)uq 4+ (gr gk, §gk,)u,p ] varies infinitely

since Ggg =~ ngg, Gg, * ng,, sgY * 8ng and & sg, * 8gkr, which further cause that
Vi (¢t) varies infinitely. As a result, basically, all signals of the closed-loop systems
such as e; do not remain £2; using the above control law and adaptive laws.

The above design procedure and analysis are summarized in the following theo-
rem.
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Theorem 6.2 Consider the faulty system (6.52) under Assumptions 6.1 and 6.2, with
virtual controls (6.58—6.60), control law (61) and adaptive laws (6.62—6.67). If matri-
X Y5

YT 7, > 0 and

ces X, Y5, Zg, Qg > 0 and Py = PXT > 0 are such that

_ _TyT
[xé_ P,L,C; — CILT P, + 2P, P, Y, + P(A, + Rs)} —0,  (676)

YT + (A + R P Zo+1

then, we can guarantee the following properties under bounded initial conditions,
when the rth actuator is faulty,

(1) for s = r, the closed-loop system is semi-globally uniformly ultimately stable,
and all signals involved in the closed-loop systems remain a small neighborhood of
the origin, i.e., §21 specified as

(@12 7. 71 By g7 Bt B O 12| = V2085, 16511 = V2miss,
@2, = 4 1771 < V2mape, 1611 < V2nm3pa, 18| < anus,
||0gk5|| =V 2774/1«3’ |8gks| =V 2774:“’57 ||e|| =

mm(P )

(2) s # r, all signals of the closed-loop systems do not remain the compact set
2.

Remark 6.3 1t is valuable to point out that, if the design parameters such as
ni,i = 1,...,4, 05,0y, Neks> Ngj» J = 1, ..., m are appropriately chosen, fi; is
small enough, and all signals of the closed-loop system converge to a smaller neigh-
borhood of the origin, which means that better control performance is obtained.

Now, we denote the residuals between the real system and isolation estimators as
follows:

5 () =y =1ICe®l, 1 < s<m (6.77)

According to Theorem 6.2, when the rth actuator is faulty, i.e., s = r, the residual
es(t) must tend to £2;; while for any s # r, basically, e, (¢) does not belong to £2;.
Hence, the isolation law for actuator fault can be designed as

{ Jy(t) < T;, s = r = the rth actuator is faulty 6.78)

Jg(@t)>T,s #r

where threshold 77 is defined as follows.

T, = [IC], | 2
)hmin(Ps)
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6.3.3 Fault Accommodation

After that the fault information is obtained, we will consider the fault-tolerant control
problem of system (6.1), and design a fault-tolerant control law to recover the control
system’s dynamics performance when an actuator fault occurs. Firstly, we consider
the fuzzy control problem for the following nominal system without actuator faults:

xi=xf i=1,....n—1
i+1
= fO+D g
y=x1
. . T XY
Consider matrices X, Y, Z, Q > 0and P = P' > 0 such that yT 7 > 0 and

X—PLC—-CTLTP+2PP Y+ P(A+R) < 0
YT+ (A+R'P Z+1 =

virtual control laws (6.58—6.60), control input (6.61) and adaptive laws (6.62-6.67).
From Theorem 6.1, under Assumptions 6.1 and 6.2, the closed-loop system is
semi-globally uniformly ultimately stable, and all signals involved in the closed-
loop systems converge to a small neighborhood of the origin.
On the basis of the estimated actuator fault, the fault tolerant controller is con-
structed as
psu)

Us = <
p* + &y

(6.79)

where &, > 0is a design parameter, u" is the sth desired control input under healthy
condition, gy is the estimate of g;ky, which is used to compensate for the gain fault k;.

Theorem 6.3 Consider the high-order system (6.1) under Assumptions 6.1 and 6.2,
fault model (6.2), virtual and practical control laws (6.58—6.61) and adaptive laws
(6.62—6.67). If there exist matrices X, Y, Z, Q > 0 and P = PT > 0 with appro-

yT §i| > 0 and

priate dimensions, such that [
X —PLC—CTLTP+2PP Y+ P(A+R)

[ YT+ (A+R)TP Z+1 =-0 (6.80)

then, the faulty system (6.1) is asymptotically stable under the feedback FTC (6.79)

and all signals involved in the closed-loop system are semi-globally uniformly ulti-

mately bounded, converging asymptotically to a small neighborhood of zero, i.e.

16511 < V2010 1011 < /2000 g sll < 2ngisits, llell < /s,

where
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i 1 ng my ngl Ngm Ngks Ngks Amin(Q)
Hs *+C + Vs(0), gs = min{, —=—, ~——, =, ..., ; |2
e 272017 2 203" 2037 2ma " 2ma Amax (P)
— n 77
Ms =_fM2 L ( f)+
2m
" ngl 2 nng Ngks =2
Zj:l,j#? s (Mg, + M1+ 2= Mégks + 5 s S Mg

Proof Similar to the proof of Theorem6.1, it is easy to obtain the conclusions of
Theorem 3. The detailed proof is thus omitted here.

6.4 Simulation Results

In this section, a practical aircraft longitudinal motion dynamics, which can be
described as a 1-order nonlinear system, namely p = 1, and a high-order numerical
example where p = 3, are taken to show the effectiveness of the proposed fault
tolerant control scheme.

6.4.1 An Application to Aircraft Longitudinal Motion
Dynamics

In this subsection, we apply the proposed FTC scheme to diagnose and accommodate
failures in an aircraft longitudinal motion dynamics. The aircraft longitudinal motion
dynamics of the twin otter [43] can be described as 1-order nonlinear system as
follows:

( V= F, cos(a) + F, sin(w)

m
X —F, sin(a) + F, cos(x)
a=qg+
. mV (6.81)
0=gq
.M

Lq B Iy

where Vis the velocity, ais the angle of attack, 6 is the angle of pitch andgq is the pitch
rate, m is the mass, I, is the moment of inertia, and Fy = ¢SCx(c, q, 81, 802) +
Ticosy1+Trcos yp—mgsin(0), F, = gSC.(a, g, Se1, 8e2) + 11 siny1 +To siny, —
mgcos(@), M = qcSCp, (e, q, 8e1, Se2), Where g = %,OVZ is the dynamic pressure,
p is the air density, S is the wing area, c¢ is the mean chord, 7} and 7, are independent
thrusts with corresponding thrust misalignments y; and y,. The functions C,, C., C,,
are of the polynomial form: C, = C,ja + C0*+ Cy3 + Cyy (d18e1 + dad,2).C. =
C.1o + Crr0? + Co3 + Cog (di8e1 + dod2) + Cisq, Coy = Ci + Cppar® + Criz+
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Coa (d1801 + dr802)+Ci5q, where 8.1 and §,; are the elevator angles of an augmented
two-pieces elevators used as two actuators #; and u, for failure compensation study.
Choosing V, «, 6 and g as the states x;, x, x3 and x4, and 8.1, 8.2, T1, 1> as the inputs

uy, us, U3, ug, (6.81) will be put into the state form:

where

and 0, py,ai,az,, by, by, c1,c2,d1,do, y1, y» are unknown constant parameters
while pg is the gravity constant which is known. There exists a diffeomorphism
£, x17 =T (x) = [Ti(x), To(x), x3, x4]" such that (6.82) can be transform into the
parameter-strict-feedback form, where the positive odd number p = 1

[ %1 = (c] go(x2)x] + p1(x)) cos(x2)+

+ (X po(x2)x] + pa(x)) sin(xa)+

digi()uy + dogi(x)us + g31(x)uz + ga1 (x)uy

1
%2 = x4 — (cf po(x2)x1 + ¢1(x)x—l) sin(x2)+

1
(¢ po(x2)x1 + ¢>z(x)x—1) cos(x2)+

di1g(x)uy + dago(x)usz + g3 (x)us + gar(x)uy

)'63:)64

| X4 = 0T p(x) + b1x12u1 + b2x12u2

Go(x2) = [x2, 33, 11", 1 (x) = py sin(x3)
$2(x) = p1xaxi + posin(x3),
g1(x) = ale cos(xy) + azxf sin(x;)
&2(x) = —a1x; sin(xz) + azx; sin(xy)

g31(x) = cos(yy) cos(xz) + sin(y;) sin(xy)
841(x) = cos(y2) cos(xz) + sin(y2) sin(xz)

g326) = —cos(7) T2 4 ginyy) <202
X1 X
gunx) = — cos(yz)sm(xZ) + Sin(y2)005(x2)

X1

2 2.2 .2 2 4T
px) = [x1x27 X1X7, x17x1x4]

)'63:)64

2
X4 = 19T¢(x) + Zi*l b,-x%u,'
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and the zero dynamics £ = @&, x) + D(E, ), where ¥ € R* is an unknown
constant vector. The relative degree o equals 2. The aircraft parameters in the
simulation study are chosen based on the data sheet in [44]: m = 4600 kg,
I, = 31027kgm?*, S = 392m? ¢ = 1.98m, T, = 4864 N, T, = 212 N,
o = 0.7377 kg/m? at the altitude of 5000 m, and for the 0° flap setting. In addi-
tion, Cy; = 0.39, Cyxp, = 2.9099, C,3 = —0.0758, C,4 = 0.0961, C,; = —7.0186,
C,, =4.1109, C;3 = —0.3112, C4 = —0.2340, C,5s = —0.1023, C,,;; = —0.8789,
Cnr = —3.852, C,;3 =—0.0108, C,,4s = —1.8987, C,,5 = —0.6266 are unknown
constants. Reference signal y,is set as y; = e~%%. sin(0.2¢). The initial states
and estimates are set as x(0) = [75,0,0,15,0]" = ¢ %% gin(0.27), $(0) =
[0, 0, —0.004, 0]. It is assumed that the zero dynamics E=¢E x)+ PE, YV is
input-to-state stable with respect tox taken as the input. In addition, b;,i = 1,...,m
are assumed to be complete unknown, i.e., these values and signs are both unknown.
The fault case considered in this example is modeled as

oo jm@, <10 Fon
o= [ (1= pu(e). = 107 120710

where p;(x) = 0.4 cos(x3).

Firstly, the matrices inequality (6.43) are transformed to LMI, then by using
Matlab toolbox to solve the matrices inequalities, one can obtain symmetric matrix
X, Y, Z, P, Q, X;,Y, Zs, P, Qs and the nominal controller gains K;. Therefore,
one can design the desired control (6.37). Using this desired control, we can design
fault-tolerant controller (6.79). In this example, we assume that the system state is
not fully measured and thus the observer (6.53) is used to estimate the system state.
Consequently, the observer-based fault-tolerant control (6.79) is used to control the
faulty system. The simulation results are presented in Figs.6.1, 6.2, 6.3, 6.4, 6.5
and 6.6. From Figs.6.1 and 6.2, it is seen that, under normal operating condition,
the system states globally asymptotically converge to a small neighborhood of the
origin. Figures 6.3 and 6.4 show that, when an actuator fault occurs, when keeping
the normal controller, the system states deviate significantly from the neighborhood.
However, as shown in Figs. 6.5 and 6.6, using the proposed FTC (6.79), better tracking
performance is obtained, again.

6.4.2 A High-Order Numerical Example

Consider the following high-order nonlinear system

. 3

X1 = X

LT (6.84)
Xo = uj + U,
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The fault case considered in this example is modeled as

ui(t), t <10

i) =
(I = pr(x)ui(t), t =10 uy (1) = ux(1)

ul (1) =
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where p; (x) = 0.8 cos(2+x| +x,), the fault occurs at time t = 10s. As expected, we
can find that system output y follows well y; = 0 as shown in Fig. 6.7. Meanwhile,
Figs. 6.8 and 6.9 illustrate that, under the faulty condition, the system output y does
not converge to the desired reference signal without FTC, however, using FTC, the
system has better tracking performance.
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Fig. 6.9 State response under faulty condition with FTC

6.5 Conclusions

In this chapter, the fault-tolerant control problem for a class of uncertain nonlinear
systems in presence of actuator faults is discussed. We first design a bank of observers
to detect, isolate and estimate the fault. Then a sufficient condition for the existence
of an FDI observer is derived. Simulation show that the designed fault detection,
isolation and estimation algorithms and fault-tolerant control scheme have better
dynamic performances in the presence of actuator faults.
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Chapter 7
Neural Network-Based Fault Tolerant
Control Scheme Against Un-modeled Fault

7.1 Introduction

In control systems [1-34], actuator, sensor or component faults frequently occur,
which can cause system performance deterioration and lead to instability that can
further produce catastrophic accidents. Thus, to improve system reliability and to
guarantee system stability in healthy and faulty situations, many effective fault-
tolerant control (FTC) approaches have been proposed [1-3, 27-29]. In general,
the FTC strategies can be categorized into two classes: passive approach and active
approach. Passive FTC methods are robust control techniques with respect to an a
priori fixed set of faults [21-33]. Active methods consist of online reconfiguring or
reconstructing the controller to recover the stability and system performance as soon
as a diagnostic algorithm has detected the presence of a fault [34, 35].

However, in most of the results about FTC or fault detection and isolation (FDI) in
literature, the considered actuator or sensor faults are traditional affine appearances of
the control input or system output. That is to say, the fault can be expressed explicitly
as gain and/or bias fault, which is called modeled fault (MF) in this chapter. For
example, the actuator fault can be described as: u/ = g ru+by, where g, € [0, 1)
and by € R denote the remaining control rate and bias fault, respectively. Notice that,
gy and by may be constants or functions of time ¢ or the system state x. Unfortunately,
there exist some cases in practical applications where the fault cannot be expressed in
the above form. This class of faults is called un-modeled fault (UMF) in this chapter.
What’s more, the results concerning on FTC against MF cannot be extended directly
to FTC against UMF. Hence, the design of fault tolerant controller of systems with
UMEF is more challenging. To our best knowledge, up to now, there are only a few
results reported in the literature. In [36], the problem of adaptive FTC for nonlinear
systems with actuator NF was investigated. However, the results are only applicable
to second-order nonlinear systems rather than more general high-order systems,
which limit their practical applications. In [37, 38], robust detection and isolation
schemes for nonlinear faults were addressed. However, these FDI schemes worked
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under the condition that the system state variables and control inputs were bounded
before and after the occurrence of a fault, which is too restrictive. In addition, the
UMF was assumed to be a known function about control input and system state with
an unknown gain. Hence, how to control more general high-order nonlinear systems
with actuator UMF still is an important and open problem, which motivates us for
this study.

On the other hand, the active FTC scheme requires the fault information, which can
be obtained by fault diagnosis (FD). However, FD takes time to performance, which
means that there is some time delay between fault occurrence and fault accommoda-
tion. In this chapter, such time delay is called the time delay due to FD (TDDTFD).
What is worst, during the time delay interval, the considered system is always con-
trolled by the normal controller, which is designed under healthy conditions without
considering any faults. As stated in [39], in general, an active FTC law is designed
based on an open-loop system modeled as a function of fault parameters under the
assumption that they are immediately identified by an FDI model. As previously
pointed out, there is always some time needed to diagnose the fault occurring in
the system. When a fault occurs, the faulty system works under the normal control
until the fault is diagnosed and fault accommodation is performed, which may cause
severe loss of performance and stability. Hence, it is important to analyze the effect
of the time delay and to minimize its impact to the system. Unfortunately, only a few
results have considered the TDDTFD’s adverse effect on the stability of the system.
The work in [37—41] investigated the effect and provided some effective approaches.
However, the results in [37—41] worked well only under some restrictive conditions.
Therefore, another motivation of our work in this chapter is to minimize TDDTFD
and to reduce the adverse effect.

In this chapter, we investigate the problem of adaptive active FTC for a class of
nonlinear systems with unknown actuator UMF. The design of the normal and fault
tolerant controllers is first analyzed. Then a novel neural networks-based FTC scheme
with fault alarm is proposed by using the implicit function theorem. Compared with
existing results, this chapter makes the following contributions:

(1) The actuator fault considered in this chapter is assumed to have no-affine
appearance of the system state variables and control input, which makes the control
problem more challenging;

(2) Compared with [36] where only second-order systems without external dis-
turbance were investigated, we study the adaptive FTC problem of a class of more
general high-order nonlinear systems in this chapter;

(3) In [37, 38] the system state and control variables were bounded before and
after the occurrence of a fault and the UMF was a known function of control input
and system state with an unknown gain. The FTC scheme proposed in this chapter
removes these assumptions. The theoretical developments and results of this chapter
are thus valuable in wider practical applications; and

(4) The proposed scheme has the advantage of having the property of the passive
FTC scheme as well as the traditional active FTC scheme that minimizes TDDTFD
and reduces the adverse effect. Moreover, the FTC scheme doesn’t require the FDI
model which is necessary in the traditional active FT'C scheme.
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The rest of this chapter is organized as follows. In Sect.7.2, the FTC objective
is formulated. In addition, the actuator fault model and mathematical description of
neural networks are given. In Sect. 7.3, the main technical results of this chapter are
given, which include the designs of the normal controller, the traditional passive fault
tolerant controller and novel adaptive fault tolerant controller. The example is pre-
sented in Sect. 7.4. Simulation results are presented to demonstrate the effectiveness
of the proposed technique. Finally, Sect.7.5 draws the conclusion.

7.2 Problem Statement and Description of NNs

In this section, we will first formulate the fault-tolerant control problem of a class
of nonlinear systems. Then, neural networks (NNs) are introduced and their mathe-
matical description is given.

7.2.1 Problem Statement

Consider the following nonlinear system

).C,' =x,-+1,i = 1,2,...,”—1
Xn = fo(x) +u+d() (7.1)
y=xi

where x = [x1,...,x,]7,u € Rand y € R are the state variables, system input and

output, respectively. The nonlinear function fy(x) € R is unknown and smooth, and
d(t) denotes the external bounded disturbance.

The control objective is to design an adaptive controller that generates u such
that the system output y tracks as accurately a desired trajectory y,(¢) as possible,
regardless of the disturbance d(t). '

Define x; = [x41, . . ., xan]¥, Where x4; = yg(,'fl)(t), i=1,...,n.

The actuator failure model considered in this chapter can be described as

u’ = flx,u),t >ty (7.2)

where f(x, u) is a nonlinear smooth function, with ¢, being unknown fault occur-
rence time.

Remark 7.1 In the literature, there are fruitful results about FD, FDI and FTC [42-
48]. However, most of them only pay attention to MF. In general, two kinds of
actuator explicit faults are considered: part loss of effectiveness of the actuators and
actuator bias faults. They can be commonly described as
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u' =gru,ul =u+by
and can be uniformly described as
ul = gru+by

where g,(0 < g, < 1) and b, denote, respectively, the remaining control rate and
bias fault, which may be constants or functions about time ¢ or system state x. In
addition, they are assumed to be bounded. However, in some cases, the fault cannot
always be described in the above affine form. The results as in [42—48] thus cannot
be applied in such cases. Therefore, it becomes very necessary to investigate UMF.

Define the tracking errors e as follows
e=x—xg=1ler,....,en)" (7.3)

Obviously, the control objective is that for any given target orbit y,(¢), an adaptive
fault tolerant controller u is designed to guarantee that the tracking error e is as small
as possible despite both the actuator fault and the external disturbance.

Define the filtered function s as follows:

5= Z: cie; (1) + e, (1) (7.4)

_ i=l _n—i ; _
where ¢; =C,_a"",i=1,2,...,n,

denotes a design parameter.
To design an appropriate controller, for the system in (7.1) and the fault model in
(7.2), the following lemma and some assumptions are used.

Ci—l _ (n=1)(n=2)---(n—i+1)

= iy anda>0€eR

Lemma 7.1 Let s be defined by (7.4).

(1)Ifs =0, then lim;_, o e(t) = 0;

(2)If |s| < aand e(0) € §2,, then e(t) € §2,, Vt > 0;

(3) If |s| < a and e(0) ¢ $2,, then 3T = (m — A, 25Vt > T, e(t) € §2,, where
2, ={e@®|lei| <2U=DAi=mq, i=1,2,...,n, j=1L2,...,m with>0€R
and a > 0 € R denoting the design parameters.

Assumption 7.1 There exists a known constant d > 0 € R, such that |d(1)| < d.

Assumption 7.2 There exists an unknown constant M; > 0 € R such that x; €
Q4 = {xalllxall < M4} CR".

Assumption 7.3 The sign of W is known and there exist unknown constants
a2
by>0€R,1=0,1,2 such that by < |2LE0| < py and |2LE| < by, Without

loss of generality, it is assumed that W > 0.

Remark 7.2 The purpose of Assumption?7.1 is to reduce the complexity of the nor-
mal controller. In fact, in the following FTC design in Sect.7.2, Assumption7.1 is
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removed where using an adaptive control technique. Assumption7.3 seems to be
restrictive. However, most of fault models in literature satisfy the assumption. In
fact, for UMF with the boundary assumption, i.e.,

where by < gy < by, Assumption7.3 is naturally satisfied, i.e.,

af (x, u)

2
0 f(x,u)| < by
u

by <
0= | =

| =lgsl <b1,0 =]
Obviously, if the assumption that the traditional MFs are bounded is extended to
UMFs, then Assumption 7.3 is also needed. In addition, it is worth pointing out that
by is only needed for analysis purpose, the exact value of b; is not required in the
controller design.

7.2.2 Mathematical Description of Neural Networks

Neural networks (NNs) have been widely used in modeling and controlling of non-
linear systems because of their capabilities of nonlinear function approximation,
learning, and fault tolerance. The feasibility of applying NNs to unknown dynamic
systems control has been demonstrated in many studies [49]. In this chapter, we use
the radial basis function NNs presented in [49]

h(z, W) = W'S(z)

to approximate a continuous function 4(z) : R"*> — R, where the weight vector
W, the basis function vector S(z) are defined as follows: W = [W;, W, ..., Wy]7,
S(2) = [51), $2(2), ..., sn(z)]" with N is the number of the NNs nodes. The func-
tion s;(z) = exp(—(Zf’:1 (z— aij)z)/(,u,-)z), w; > 0 is the center of the receptive
field, and a;; is the width of the Gaussian function. Let

Qw ={W W] < wn}, Wi*
=arg min [sup [i(z, W) —h(2)]]

Wey 262,

where w,, > 0 is a design parameter. For a continuous function /(z), we can obtain

h(z) = W*TS(z) + ¢*(z), where W* and £*(z) denote the optimal weight vector and

the optimal approximation error. Define two compact sets §2, and §2, as follows:
2, = { [xT,s,y]T|x € ,xy € .Qd}

Q. ={xlls| < ¢, x4 € 24}
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wherey = 37 cie;y) — x\”, 2 € R” is aenough large compact set, and ¢, > 0 €
R denotes a design parameter.

From the universal approximation results stated in [49], we know that NNs can
approximate any continuous function to any accuracy on a compact set. Hence, the
following assumption is made in this chapter.

Assumption 7.4 There exist an unknown constante > 0 € R, suchthat|e*(z)| < ¢.

For notational simplicity, we use e to denote o(-). For example, d is the abbrevi-
ation of d(¢).

7.3 Design of Adaptive NNs-Based Fault Tolerant
Controller

In this section, the main technical results are presented. First, the normal control
scheme is examined in its healthy condition. Then, the passive FTC scheme is inves-
tigated to compensate for actuator faults. Finally, a novel FTC scheme is proposed
to guarantee the control objective is met, despite the presence of actuator faults.

7.3.1 Design of Normal Controller (Fault-Free Condition)

In the healthy case, the system is described as follows:

)'c,-:x,-_,_l,izl,...,n—l
Xp = fo(x) +u+d(t)

From (7.4), one has
§=fox)+u+dt)+y

In the following, NNs are used to approximate the function fy(x) as WS‘TSO (x) +
gy (x), W, and &o are the estimates of the optimal weight vector W and &, respec-
tively, where |&;(x)| < €9, &o > 0 € R is an unknown constant.

Define the following function

Vo =s2/2+ (Wi W +8)/2no)

where W, = Wi — Wo, 8o = €0 — &0, and g > 0 € R is an adaptive rate.
Differentiating V,, with respect to time #, one has

Vo <sWiT So(x) + Isleo + su + |s|(d + |y ) — WI Wo/no — Eoto/mo  (1.3)



7.3 Design of Adaptive NNs-Based Fault Tolerant Controller 169
The control and adaptive laws are designed as follows:
u=—Wg So(x) — Isl@Eo +d + Iy —5/2
Wo = 195 So(x) + 11 Wo
g0 = nols| + 0180

where 7, > 01is a design parameter. Substituting the above control and adaptive laws
into (7.5), yields

. 1 e
Vo < —582 - %(WQTWO + &0&0)
0

Since UIWTW < ni WTW m -
T 00 Ty 0 0T g
_%gogo < _2”_,71053 + %Sg < _2”_);055 + 2%53
one has . L, m =7 M., M o Mo
Vo < —Es — %Wo Wo — 2—”080 + Z_r;ow”‘ + 2—)7080
< —20Vo+ 1o

where Ao = min{1, 1}, o = z%wi + 2”—17‘053, gy > 0 € R is the upper boundary of

&o and assumed to be known.

Remark 7.3 The assumption that there exists a known constant &y such that &g < &
seems restrictive. However, we should point out that the main objective in this chapter
is to control faulty systems with the fault given in (7.2), not the nominal systems (7.1).
In order to reduce the normal controller’s complexity, the assumption is made in this
chapter. In fact, the assumption can be removed using such techniques as adaptive
control.

Furthermore, we have the condition that
0 < Vo(1) < po/ro + (Vo(0) — po/Ro)e ™" < puo/2o + Vo(0)
Since s2/2 < Vp, then
5] = V2(0/20 + Vo(0) = a

Similarly, R
[[Woll < v/moa, €] < /moa
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From Lemma?7.1, one has
ec 2,

where 2, = {e(®)]| |e;] <2A " "a,i = 1,2,...,n).
The above analysis is summarized in the following Theorem.

Theorem 7.1 Consider the healthy nonlinear system (7.1) with Assumptions 7.1, 7.2
and 7.4. If the following control and adaptive laws are employed

u=—Wy So(x) — Is|Bo +d + ly|) — s/2 (7.6)
Wo = 10sSo(x) + m1 Wo (7.7)
Eo = mols| + méo (7.8)

then the closed-loop system is globally asymptotically bounded, all signals in the
closed-loop _system converge to the small neighborhood of origin $2y defined as
QO = {(Sv WOa 507 € )| |S| <a, ||W0|| = +/1oda, |§0| = +/Toa, |€i| = 21}"l_nas
i=1,...,n}.

Proof From the above analysis, it is easy to obtain the conclusions.

From Theorem 7.1, one has
0 < 5%/2 = Vo(t) < po/do + (Vo(0) — o/ o)™

From the practical point of view, the tracking objective is obtained if |s(7)| <
/289, where 8y > 0 € R is a designed parameter. Let

80 = Vo(t) < po/ro + (Vo(0) — a0/ro)e "

_
—In 30—"0
V(J(O)—%]

ty = ———— 7.
‘ " (7.9)

one has

We obtain from the above analysis that the tracking error e converges to a small
neighborhood of the origin £2', = {e(?)] |e;| < 2'A77"/280,i = 1,2, ...,n}, ie.,
e € £2',. Obviously, it is after ¢, i.e., t > t,, that the tracking control objective is
obtained. The time interval [0, #,] is spent to stabilize the tracking error dynamics,
which is named as stabilization time (ST) in this chapter.

Remark 7.4 In the literature, it is not required generally to develop the analytical
expression for ST. In this chapter, it is given because it will be used to design the
FTC scheme with fault alarm.
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7.3.2 Design of Passive Adaptive Fault Tolerant Controller

From (7.1), (7.2) and (7.4), one has

§= folx)+ flx,u)+d+vy (7.10)
h _ n—1 )
where y = > 77| cieip1 —x, .
Because of W # 0, by the implicit function theorem, there exists an ideal
control #*(x), such that

fox) + f(x,u*) =0
By the mean value theorem, one has
1
of (x,
f,u) = fx,u®) +/ 3 x. ) Mx)d/\(u —u*)
0 du;,

where A € [0, 1], and
uy, = ru+ (1 —1u* (7.11)

Hence, (7.10) can be rewritten as follows:

d
§ = folx) + b0, W) — u*) + b”(ju)] (7.12)
where |
b(x, u) = / WCM (7.13)
0 U

From (7.3) and (7.4), one has

= e b == > o) + v,
Furthermore, u#*(x) and b(x, u) can be rewritten as follows:
w*(x) = u*(x1, x2, ..o, Xy1, 8 + Y1)
b(x,u) =b(xy, X2, ..., Xp—1,5 + Vi, 1)
where y; = — > ciei(t) + xan.
To obtain the above control objective, the desired control law is employed as

follows: .
u=—k(x,,s)s+ WIS +u, (7.14)
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where z = [x1, X2, ..., Xp—1, 5gn(|x,]), s, 117, NNs are used to apprpximate a
unknown continuous function ¢(z) defined later by (7.42) as ¢(z) = w*TS(z) +
£*(z), W is the estimate of W* at time ¢, k(x,, s) and u, are defined by (7.45) and

(7.46), respectively.
Define the following Lyapunov function

-1

K 1
Vi) = / [ ﬂ(u)\a)d)\i| odo
0 0

where
af ()C s Uro )

Buss) = E
Uy = Mg + (1 — Mu*(x1, X2, ..., Xp_1, S + Y1)
Uy = =k +y1,0)0 + WS(z,)
Zo = (X1s ooy X1, 0 F y1,8g0(0) |0 + il 0, DT
Since 0 < by < %);”) < by, then

K 2 s 2

V) < —odo = s—, Vi > —odo = —
o bo 2by o b1 2b;

(7.15)

(7.16)

(7.17)
(7.18)

(7.19)

(7.20)

It is obvious that V; is a positive function with the property: V| — 0 as s — 0

and V| — oo ass — oo.
Differentiating V; with respect to time ¢, one has

- | -1 ol [ ﬂ(um)d)»]_l
Vi =s |:/ ﬁ(uka)d)\i| s+ ))1/ - odo—
0 0

G2
/ o Dy 01 3%%,0)%’&1"”‘
5 odo—

1

0 [fo ﬂ(u/\o')d)\:l
s |t 9B (dua T v

/Y fo o (8W) VZd)» odo

1
O [ o]

From 2@+n) _ d+y)
do 3)/1

, it gives

1
0 [/ .B(”A(r)d)\]
0

1 1 -1
/8)/1:3[/ ﬂ(uh,)dx] /oo
0

(7.21)

(7.22)
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Furthermore, one has

-1
s | [} Busy)d -1

/ [fo X ] de — /[/ ﬂ(um)dx] 4 (123)
0

do b(x u)

From Assumption7.3 and (7.16), one has

Br, ) = L) (7.24)

8”)\0
It follows that

1 1
B di= [ budi = by (1.25)
0 0
By (7.24) and (7.25) and x; = x;4, one has
Sl
+ )?/ —do
"o bo

/‘ B (Uss) sy
0

8”)\0 3)6,'

V< 58 n Y18
‘—b(x W | b(x,u)

w2
/ / 0B (o) 3u,\a
bo o |Jo

(
From (7.17) and (7.18), one has

_|_

Xir1dMh|lodo+ (7.26)

odo

) Wdx

8”Aa 8

814)“7 Uy au*(x)
=1— 1—A
8)6,- ax,- +( ) Bx,-

3l WTS(z,) .
=x—[ ] 41—
0x; 0x;

(7.27)

where u*(x) = u*(xy, X2, ..., X,_1, 5 + y1). Thus, one has

z+ld)"

/ 8,8 (u)»a) 8“Aa
0 Buka Bx,

(7.28)

+

Xit1

| 3| WTS(z,)
/ 3ﬂ(uxa)kdk‘ [ ]
0

U)o 0Xx;

1
/ aﬂ(“ka)(l _ )\.)d)\.' .
0

Bu,\g

ou*(x)

Xi+1

i
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From (7.16)—(7.18) and Assumption 7.3, one has

1 P " 1 b
/ Plso) s 4al < / bordh = 2 (7.29)
0 U)o 0 2
1 9 o 1 b
/ Flso) | _ 3y 5/ by(1 = 2)dr = 2 (7.30)
0 Ol 0 2

From (7.29) and (7.30), we can further derive (7.28) as

8 o 8 o
/ /f;(ux ) duy, Mg \odr] <
0 Ujo a-xl
&7 (7.31)
b |77 50 RIS
2t 4y 2 E
2 3x; T ey !
From the basis function’s definition, one has
N 2
0si(z6)  —2(x; —aij) i (@ —aij)
P ;2 : CXP(—jT)z]) (7.32)
J i i
Since N ,
i (z—aij) —(x; —a;;)?
exp _21—1 _ ij < exp( (x; ;‘;) )
(i) (i)
then ,
8si(ZJ) < 2|xj_dij|exp(—(xj—aij) )
oxj [T pf (i)
Obviously, if le’ a”‘ f then ai,;(z") has the maximum value, i.e., M <

V2 exp(— l) From the above analysis, we know that there exists a constant w;g > 0,
such that

o[ WS ()]

Xit1| =
E)x,-

7 9[S(zs)
8—‘ [xip1] < wiolxiq1l (7.33)

where w;y = SUD) 1} <u, {Zﬁzl (\/E/Mi) exp(—1/2)|w;|}. Itis necessary to point out,
||W|| < w,, is guaranteed in the following adaptive law (7.47). Furthermore, (7.28)
can be re-expressed as follows:



7.3 Design of Adaptive NNs-Based Fault Tolerant Controller

1 *
0B ()) Oty by Au*(x)
- iv1dA| < —(wiolx; i
/0 s Bx,-xH < 2(wo|x+1|+ o Xit1|)
Therefore,
1 s n—1 0 o) Oy
_2/ Z / Pltao) dus ——xiy1dAilodo
bO 0 i=l1 0 Bu,\a Bxl
s n—1
ou* (x)
= b Z( w10|xt+1| Xit1 )Gda
0 i=1
bzs n—1 Bu*(x)
37 Dy (D 5 / Z WD Dodo

In addition, because
1770 u

2 = r—= = 1S(z,)
ow ow
one has
0 o) s
/ B (u), )( uy, ) de'
0o e AW
0 o
5/ plux )Ad“ST(z”)W)<—’ST(z(,)W‘
0 8”)«7
Furthermore,
1 a o) o
L / Bluso) s ) Wdr|odo < (zU)W‘Uda
b 0o Oune AW

From (7.12), (7.26), (7.35) and (7.38), one has

14 +d b s
42[92 Z wiolxi+1|+
n—1 au*(x)
2b3< / >
Since u*(x) = u*(x1, ..., Xys—1, S + ¥1), one has
n—1
2b2/ Z
sz n—1
2b2/ Z

Vi <slu —u*]+

odo +/S )ST(Z(,)V?/‘ odo)

ad
" (x)le odo

our(xy, ..., Xp—1, AS + 1)
ax Xit+1
1

Ad

175

(7.34)

(7.35)

(7.36)

(7.37)

(7.38)

(7.39)

(7.40)
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Hence
y AT V +d
Vi <s(=k(x,,s) + W"'S(z) +u, —(2)) + S|+
by
) ] . (7.41)
52 - A
2 z wiolXi 1] + sz/ ’ST(ZG)W‘ odo
where
N bys n—1 8u*(x)
PR =u W~ 5 / D | A (7.42)

Since ¢(z) is a continuous function with respect to time ¢, it can be approximated
by NNs as follows:

9(2) = WS(2) +¢*(2)

Therefore,

. S2 n—1
Vi< = sk, ) —w) + kil > wioli |+

1/S
2 Jo

s (WTS(z) - W*TS(z)) +lsle

Vioedol+ ks lys| + ksls|+ (7.43)

where ky = by /b2, ko = 1/bg, k3 = d/by.
Adopting the control law:

U= —k(xy,s)s + WS + u, (7.44)

where s »
kG, ) = 5 + ki NsZsgn(s) + 7 > wiolxigi) (7.45)
up = —ka lys| —kals| — |s|¢ (7.46)

where IQ,, [ =1,2,3and ¢ are the estimates of k;, [ = 1, 2, 3 and ¢ at time ¢, respec-
tively, |e*(2)| < &, nw > 0 € R will be defined later.
Employing the following adaptive laws:
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' —nwS(z)s, if HWH < Wy,

or HWH = w,, and —WT S(z)s <0;

W= W WTS(2)s (7.47)
= nwS@)s +nw———""7—
|#]
if HW” = w,, and —WT S(z)s >0
&=mn.ls| (7.48)
X Ky n—1
= mOwNs*sgn(s) + 7 > wiolxisil) (7.49)
ko = 2 lys| (7.50)
ks = 3 Is (7.51)

where n; > 0 € R,l = W, 1,2, 3 are the adaptive rates.
For system (7.1) with actuator fault (7.2), by using the above control and adaptive
laws, we give the following theorem.

Theorem 7.2 Consider nonlinear system (7.1) and the actuator fault (7.2) with
Assumptions 7.1-7.4. If the control law (7.44) with (7.45) and (7.46) and the adaptive
laws (7.47)—(7.51) are employed, then the closed-loop system is globally asymptot-
ically stable, satisfying lim,_, oo|le(?)|| = 0 < lim;ooler(#)| =0,k =1,2,...,n

Proof Before Theorem 7.2 is proven, we give the proof of the inequality | S7 (z, ) W) <
2nwN|s|, where N is the numbers of RBF NNs nodes.

By (7.47), it is easy to find that W depends on the states.
(O If ||W|| < w,, or ||W|| = w,, and wT S(z,)s <0, then

ST (2 )W < nw ST (25)S(z5)ls |
Since |5;(z,)| < 1,187 (z4)S(25)| < N. Therefore, one has

1S"(ze)W| < nwN|s| < 2nwN]s|
Q) If ||W|| = w,, and WT S(z,)s > 0, then

2 ST (z, WWTS -
1S ()W < nwlIST (2)S(z0) + S22 Co)yy)

1w’
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Since |si(zo)| < 1, |ST (z5)S(z5)| < N. Therefore,
ST @) WW'S(z,) < [IWIIy
Noticing that ||Vf/||2 < N||W||2, one has

WIS
i’

1T (zo) W] < nwls|(N +

) = 2nwN]s|

Hence, by (1) and (2), it results in

b A b s
2 s o] oda < 2 / 2nwNlslodo
0
7.52
sz (7.52)
=nNw—5" b2 |S |
Now we give the proof of Theorem 7.2. Define
V=Vt T & —k2
g + 5 +Z, 3
where W = W* — W, =e — &,k =k; —k;,i = 1,2, 3.
Differentiating V with respect to time ¢, yields
. . 1 .=z 1. 3 1 -z
V)=V, — —WIW - —&e - > —kik; (7.53)
Y w Me 2 =1 2n;

Substituting the control law (7.44) and the adaptive laws (7.47)—(7.51) into (7.53),
yields )
V<-s2<0 (7.54)

Because V(¢) is a monotonous and non-increasing bounded function,V (+00)

exists, f:)roo s2(t)dt < V(0) — V(400),1i.e.,5 € L,. Andsince s, § € Lo, by using
Babalat’s Lemma, the following result is obtained:

lim,,008(t) =0
Furthermore, one has lim;_, o le; ()| =0,k = 1,2, ..., n.
Remark 7.5 Regarding Assumption7.1 and k3 = d /by, it is easily seen that Assump-

tion7.1 is not necessary for designing the passive FTC because k3 = d /b, can be
estimated by (7.51).
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Remark 7.6 The analysis in this subsection looks similar to that in [36], where
second-order systems were considered. However, the systems considered in this
chapter are more general and the design of the fault tolerant control scheme for such
systems is more challenging than that in [36]. In addition, we will propose a novel
active FTC scheme, which has wider application potentials.

7.3.3 Design of Novel Adaptive Fault Tolerant Controller

In the previously two subsections, the normal and passive fault tolerant controllers are
designed. In this subsection, we will construct a novel FTC scheme, which contains
both the advantages of the classical passive and active FTC schemes. Let us start by
recalling the passive and active FTC’s property.

Passive FTC is robust control techniques with respect to an a priori fixed set of
faults. Compared with active FTC, this approach is simpler, but more conservative.
In order to relax the conservatism of the passive FTC approach, active FTC method is
developed. In general, active fault tolerant control framework includes the following
steps: fault detection, isolation, estimation and accommodation. It is well known that
each step in the framework takes some time to complete.

In this chapter, the time delay between fault occurrence and fault accommodation
is called as TDDTFD. It is necessary to point out that, the considered system is always
controlled by the faulty actuators during the time delay interval, which degrades the
system performances and even damages the system. Hence, it is very important to
minimize its adverse effort on the considered systems’ performance when proposing
a proper solution.

In the following, we will propose a novel fault tolerant controller. First, we assume
that the fault occurrence time 7, is larger than the system stabilization time #, i.e.,
tr > t,. That is to say, the tracking objective has been obtained before the actuator
fault occurrence.

Form Theorem 7.1, we know that it is after ¢, i.e., # > t,, that the tracking error
has converged to a small neighborhood of the origin 2/, i.e., |e;(¢)| € §2/, which
means that the tracking control objective has been met. In other words, under the
normal controller, Vy(¢) < &y, t > ¢ in the healthy case.

Define the following function

1, if Vy(t) > g and ¢ > f,;

I1(Vy) =
(Vo) 0, otherwise
Now, based on Theorems 7.1 and 7.2, the fault tolerant controller is designed as
follows:
u=1—1IVo)unorma + 1 (Vo)uprrc (7.55)
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where wnormar = —=Wq So(x) = Isl8o = Is|(d + [y ) = 35, uprre = —k(xn, $)s +
wTs (z)) 4 u,. Correspondingly, the adaptive laws should be modified as follows:

Wo = (1= 1(Vo)) (05 So(x) + 1710 Wo) (7.56)
g0 = (1 — 1(Vo))(nos + n10do) (1.57)

— I(Vo)nwS(2)s, if IW]] < w,
or [[W]] = w,, and =W’ S(z)s < 0;

W= W WTS(2)s (7.58)
—I(Vo)(nwS(2)s + nw ————5—),
4l
i [|W]| = wy, and =W S(x)s > 0

&= 1(Vo)ne Is| (7.59)

A Ky n—1
ki = 1(Voym (nwNssgn(s) + >, wiolxisi]) (7.60)
ke = I(Vo)ma lys| (7.61)
ks = 1(Vo)ns || (7.62)

From (7.55), we can see that only one of the two controllers, i.e., U;orma and
uprrc, works at any one time. In fact, the fault occurred in the system can be
detected and the switch between u,,,q and uppre can be decided by the value of
the function 7 (Vp). Therefore, I (V) is called fault alarm.

The following theorem summarizes the aforementioned analysis.

Theorem 7.3 Consider system (7.1) and actuator fault (7.2) with Assumptions 7. 1—
7.4. If the control law (7.55) and the adaptive laws (7.56)—(7.62) are employed, then
the close-loop system is asymptotical stable with resulting tracking error converging
to a small neighborhood of the origin.

From the above analysis and the proofs of Theorems 1 and 2, it is easy to obtain
the conclusion. The detailed proof is omitted here.

Remark 7.7 1In fact, u,ormqe and upprc denote the normal controller (7.6) and the
passive fault tolerant controller (7.44), respectively. Obviously, the fault tolerant
controller (7.55) can be constructed directly from (7.6) and (7.44) and there is no
additional cost on the design and implementation of the controller (7.55).
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Remark 7.8 Notice that, if 1 (V) = 0, which means that the actuator is healthy and
the tracking error does not converge to a small neighborhood of the origin £2,
i.e., |ej(t)| ¢ §29, the normal controller (7.6) works while the fault tolerant controller
(7.44) does not; if I (V) = 1, which means a fault has occurred, then the fault tolerant
controller (7.44) is activated. By using (7.44), one can meet the control objective as
shown in Theorem 7.2. Obviously, the function 7 (Vp) can detect fault, which is why
it is called as fault alarm.

7.4 Simulation

In this example, a system is described as follows:

)'Cl = X2

. Il —e™ 2 .

b= (x5 + 2xy)sin(x2) +u +d (7.63)
y=x

where d(¢) = 0.5sin(10¢), x; = sint + cos(0.5¢). It is easily seen that by = 0.25,
b, = 2025,and b3 = 1.5. For this work, we use the following parameters: n, = ny =
ni=2,i=1,2,3, x(0) = (0.6, O.S)T, W e R'0 are taken randomly in an interval
(0, 1], and the sample time is 0.08s.

In order to demonstrate the efficiency of the developed techniques, the following
three fault models are considered. In addition, for comparing with the results obtained
in this simulation, the fault occurrence time 7y = 10s.

Case 1: bias faults
Bias faults are common in practical applications. They can be described as follows:

f u,t <10
u =
u+bf,tZTf

In general, depending on whether the value of b is constant or not, the faults can
be categorized into two classes: constant bias faults and time-varying faults. In this
simulation, it is assumed that by = 2 cos(xx2).

Simulation results are shown in Figs.7.1, 7.2, 7.3 and 7.4. From Fig.7.1, using
the proposed fault tolerant controller (7.55), the good tracking performance has
been obtained while the tracking errors globally asymptotically converge to a small
neighborhood of the origin shown in Fig. 7.2. Figures 7.3 and 7.4 show the simulation
results using the fault tolerant control scheme in [50]. Comparing Figs.7.1 and 7.2
with Figs.7.3 and 7.4, it is clear that the time delay due to FD in the fault tolerant
control scheme proposed in this chapter is smaller than that in [50].
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Case 2: gain faults

Another class of common faults are gain faults, which are considered in [6, 16—18].
It is commonly described as:

u,t <10
ul =

gru,t =Ty
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Fig. 7.3 The time profiles of y and y,; under the control scheme in [50]
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where 0 < g < 1. Similar to bias faults, according to whether g ¢ is constant or not,
they can be categorized into two classes: constant gain faults and time-varying faults.
In this simulation, we set gy = 1 4 0.2 sin(u).

Simulation results are shown in Figs.7.5, 7.6, 7.7 and 7.8. From Fig.7.5, using

the proposed fault tolerant controller (7.55), good tracking performance has been
obtained while the tracking errors globally asymptotically converge to a small neigh-
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Fig. 7.6 The time profiles of tracking errors with (7.55)

borhood of the origin shown in Fig.7.6. On the other hand, using the fault tolerant
control scheme in [50], we obtain different results, which are shown in Figs.7.7 and
7.8. Comparing with Figs.7.5, 7.6, 7.7 and 7.8, it is easily seen that the time delay
due to FD in the fault tolerant control scheme proposed in this chapter is smaller than

that in [50].
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Case 3: complex faults

In Cases 1 and 2, only gain faults or bias faults are considered. We now consider
complex faults, which contain not only gain faults but also bias faults. The considered
fault model can be described as follows:
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u,t <10
gru+byt>Ty

ul =

In this simulation, we use g5 = 1 + 0.2sin(u) and by = 2 cos(x;x7).



7.4 Simulation 187

0.25

o
)

©
i
o

o
N

0.05

-0.05

-0.1

The system out y and the desired trajectory Yy

5 10 15 20
t/s

Fig. 7.11 The time profiles of y and y; under the control scheme in [50]

0.5
—81
04l SERRETCA |
~ 03F |
o
o
c
©
o 0.2F b
4
<
@
o 01F |
£
=
S
S
=

0 5 10 15 20
t/s

Fig. 7.12 The time profiles of tracking errors under the control scheme in [50]

Simulation results are shown in Figs.7.9,7.10,7.11 and 7.12. Figure 6.9 shows the
response of y and y, using the proposed fault tolerant controller (7.55), good tracking
performance has been obtained while the tracking errors globally asymptotically
converge to a small neighborhood of the origin shown in Fig.7.10. However, if the
FTC scheme in [50] is used, then the simulation results shown in Figs.7.11 and
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7.12 are obtained. From Figs.7.9, 7.10, 7.11 and 7.12, it can be easily seen that the
time delay due to FD in the fault tolerant control scheme proposed in this chapter is
smaller than that in [50].

From the simulation results in Cases 1-3, it can readily verify that the control
scheme proposed in this chapter can minimize the time delay due to FD.

7.5 Conclusions

In this chapter, we have investigated the problem of adaptive FTC for a class of
nonlinear systems with unknown actuator un-modeled actuator faults. The design
of the normal and fault tolerant controller is first analyzed. Then a novel neural
networks-based FTC scheme with fault alarm is proposed by using implicit function
theorem. The proposed scheme has the advantage of passive FTC scheme as well
as traditional active FTC scheme’s property and minimizes TDDTFD and its the
adverse effect. Moreover, the FTC scheme doesn’t require the FDI model which is
needed in the typical active FTC scheme.
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Chapter 8
Performance Analysis of the Effect of Time
Delay Due to Fault Diagnosis

8.1 Introduction

In modern control mechanisms, various systems components such as actuators, sen-
sors and processors may undergo abrupt failures during plant operation. To improve
system reliability and to guarantee system stability in all situations, many effective
fault-tolerant control (FTC) approaches including passive FTC and active FTC have
been proposed in literature. Active FTC uses a fault detection and isolation (FDI)
module and accommodation techniques. Generally speaking, there is always some
level of time delay, which is called as the time delay due to fault diagnosis (FD) in
this chapter, to detect, isolate and estimate the faults occurred in the systems [1].
When a fault occurs, the faulty system works under the nominal control until the
fault is detected, isolated and fault accommodation is performed, which may cause
severe loss of performance and stability. To our best knowledge, there are few chap-
ters considering the time delay’s adverse effect on the stability of the system. [2-5]
tried to investigate the problem. However, the results in [2-5] were obtained under
some restrictive conditions. Furthermore, the analytical expression of the time delay
due to FD did not be given explicitly in [2-5], which motivates this chapter, again.

In this chapter, we investigate the problem of FTC for a class of uncertain systems
with actuator time-varying faults. The time delay due to FD is derived strictly, and
it‘s effect on system performance is analyzed. Compared with the existing results in
the literatures, see for example, [2—5], the contribution from our work is as follows:
(i) The time delay due to FD is derived strictly and its analytical expression is provided
explicitly. In addition, its adverse effect on the system performance is analyzed and
a proper solution to minimize its adverse effect is given; and (ii) The conditions that
the magnitudes of the faults should be satisfied such that the faulty system controlled
nominal controller maybe bounded even stable during the time delay interval are
derived; and
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The rest of this chapter is organized as follows. In Sect. 8.2, Actuator faults are
integrated in such model and the FTC objective is formulated. In Sect.8.3, a FTC
scheme is given, which include fault detection, isolation, estimation and fault accom-
modation. In Sect. 8.4, the analysis of the effect of the time delay due to FD is devel-
oped. Simulation results of a fourth-order lateral F-8 aircraft model are presented to
demonstrate the effectiveness of the proposed technique in Sect. 8.5. Finally, Sect. 8.6
draws the conclusions.

8.2 Problem Statement

Consider the following system

x(t) = Ax(t) + Bu(t) + H(x(1)) &1

y(t) = Cx(1) '
where x(8) = [x1(8), -, x, ()] € R", u(@®) = [u1(t), -+, un(®)]’ € R" and
y@©) =1[yi(®), -,y ()1" € R? denote system measurable state vector, control

input and system output, respectively, A, B and C are known real matrices with
appropriate dimensions, H (x(¢)) = [h(x(t)), -+ , hy (x(N]" € R", h;(x(t)) € R
(i =1,---,n)is an unknown nonlinear smooth function, which denotes the uncer-
tainty and modelling error.
Actuators may fail. In this chapter, the considered fault model can be described
as follows:
wl (t) = wi(6) + fi(0), 1 > tr (8.2)

where f; denotes an unknown but bounded signal, 77 is an unknown fault occurrence
time.

The main task in this chapter is (i) to design FTC scheme for system (1) such
that its states can follow those of a reference model under both normal and faulty
conditions; (ii) to quantitatively analyze the time delay due to FD influence on the
system performance. A fault tolerant scheme is first proposed to detect, isolate,
estimate and accommodate faults occurred in the system controlled. Meanwhile, the
time delay is derived strictly and its analytical expression is provided explicitly. Then,
the analysis of system performance degraded by the time delay is developed, and the
conditions that the magnitudes of the faults should be satisfied such that the faulty
system controlled by the normal controller remains bounded even stable during the
time delay interval are derived. In addition, the corresponding solution to the adverse
effect of the time delay is proposed.

The reference model has the form as follows:

[Xm(f)=AmX(f)+Br(l‘) (8 3)

ym (1) = Cx(1)
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where X, (t) = [Xpu1 (1), - -+, Xpn(1)]" € R", r(t) € R™ and y,,(t) € R? denote the
state vector, input and output of the reference model, respectively, A,,, B and C are
known real matrices with appropriate dimensions.

Under normal system operation (fault-free), subtracting the reference model from
the system (8.1), it follows that

R(1) = ApZ (1) + (A = Ap)x(t) + Blu(t) — r(H)] + H(x) (8.4)

where X (1) = x(t) — x,,(¢), representing the tracking error.
For the system (8.1) and fault model (8.2), the following assumptions are made
in this chapter.

Assumption 8.1 Matrix B is of full column rank and the pair (A, B) is controllable
and (A, C) is observable.

Assumption 8.2 f;(¢) and f;(¢) are bounded, i.e., | fi(1)| < fi, | f;(t)| < f», where
f1 > 0and f, > 0 are known real constants.

As a universal approximation, fuzzy logic systems (FLSs) have been widely used
in control field. In this chapter, the unknown smooth function 4; (x) will be approxi-
mated by FLSs as follows: 4, (x, 6;) = Gi*TEi (x), where 6" denotes the optimal para-
meter vector and &; (x) is the fuzzy basis function, which defined as in [6—11]. Optimal
approximation error is defined as &; = h; (x) — 6;*T & (x).

Assumptlon 8.3 ¢; and 9* are bounded, i.e., |&;| < &, & < M;,, and ||9*|| < M;y,
where ¢ > 0 is an unknown real constant, M;. > 0 and M,y > O are known real
constants.

Remark 8.1 Ingeneral, H(x(¢))in(8.1)is assumed to be satisfied so-called matching
condition in literature. This condition is strict and not always satisfied in practical
applications. This chapter, however, removes this condition.

In the following, for the convenience of notation, e(-) is simplified into e. For
example, x is the abbreviations of x (¢).

8.3 Main Results

In the section, a FTC framework, which includes the following steps: fault detection,
isolation, estimation and accommodation, is proposed. Meanwhile, the time spent at
each step in FD is derived strictly.

8.3.1 Fault Detection

A normal state feedback controller is firstly designed to guarantee the tracking error
asymptotical converges to a compact set under the healthy condition (fault-free).
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Take the tracking error as residual signal. After the tracking error has converged to
a compact set, if the residual abruptly becomes large and does not belong to the
compact set, then it can be concluded that a fault occurs in the system. The following
result is given to explain the detailed design procedures.

Theorem 8.1 Under Assumptions 8.1-8.3, if there exist matrices K, P = PT > 0,
F and Q > 0 with appropriate dimensions such that the following condition holds

P(A, +BK)+ (A, +BK)'P <—-Q (8.5)

and the following adaptive and control laws are applied,

b; = 2xpi&i(x) — 166; (8.6)
& = 2xisgn(Xpi) — 0o (8.7)
u=Ki+r—BY([A—Aylx+ H + sgn(xT P)&) (8.8)

then, the error dynamics (8.4) is stable and all signals in the closed-loop system are
asymptotically bounded belonging to a neighborhood of the origin, i.e., §2 defined

as follows:
o- (%, 0, DX < Va/Amin(P), 10:]] <
V28| < NV2a,i=1,2,---,n
where H = [hy, - - -, ﬁn]T, g=181,-- .81 h = éiTéi(x), 0; and &; are the esti-
mate values of h;, 6] and &7, sgn(xTP) = diag{sgn(x,1), - ,sgn(X,n)}, Xp; is

the ith entry of T P, 19 > 0 € R and n, > 0 € R are design parameters, B is the
generalized inverse matrix of matrix B.

Proof Define V =" PX + 3" (676 +&%)/2, where ; = 0* — 0,8, = &* — &,.
Differentiating V with respect to time #, one has

V =x"(P(A, + BK) + (A, + BK)T P)i+
25T PH — 23" P(H + sgn(zT P)8)—

Z;l (77097@1‘ + 1eEid))

Since )
2xTPH — 23T P(H + sgn(XT P)&)

<D 250 &) + sgn (%))
from (8.5)—(8.7), one has

vV <-i"0x + zi:l (66 6; + n:Ei2)
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Since 676, < —676,/2 4 6;767 /2 and &8 < —&2/2 + (¢)*/2, from Assumption
8.3, one further has

V—fT0E—>" bl f+nED/24n=—2V+p

M3 40 MZ, . ;
Where n = 2:1:1 % and A= {;:mm(Q) No M }

mx(P)° 27 2
Since %(V(t)e“) < e* 1, one has
V() < /x4 (V) — u/Me™ < u/x+ V(0) (8.9)

Leta = ju/% + V(0), one has ||%]| < v/a/Amin(P), 16;]] < v2«, and |§;| < /20,
which imply that all signals in the closed-loop system is asymptotical bounded
belonging to the compact set £2.

From (8.9), it is easy to find that V(¢) has the following property: It decreases
while time ¢ increases. Since Amin(P)X7 X < ¥7 PX < V(¢) one further has

IEI < V(/2 + [V(0) = pt/Rle ™) /din (P)
Now, the residual is chosen as Jp = ||X|| = |[[x — x,,]|. Choose §p > 0 € R and let

§p = | MAHEOTe 2 e ' then one has

fo = — |:1n )"min(P)aD - //L/)‘i| /)\
[V(0) — /2]

It is necessary to indicate that, it is assumed that there is no any fault occurred
in actuators in the early stage in this chapter. A fault detection can be performed
conveniently utilizing the following mechanism:

Jp > épandt > ty fault has occurred;
otherwise no fault occurred

Remark 8.2 Once faults occur at t = tp > f;, system state x varies at once, and
the residual Jp thus has the same change, generally speaking, becomes greater
than Jp(#). Hence, the faults are almost immediately detected, where 77 is fault
occurrence time. That is to say, fault detection time ¢p =~ tp. Therefore, using the
mechanism, there is almost no additional time spent to detect fault.
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8.3.2 Fault Isolation

Since it is assumed that only one single actuator fails at one time, there are m faulty
cases. For each faulty case, we design an observer. The norm of the observer error
between the actual system state and each observer state is defined as a residual signal.
Hence, m residual signals are obtained. Then, residual signals are evaluated. For the
residual signals, only one is smaller than a given value (called as threshold) while
the others are larger than the threshold. Therefore, the fault is isolated. The details
is given in the following.
When the sth (1 < s < m) actuator is faulty, the faulty system can be described
as:
[xs—Axs—l—Bu—i—bsfs—i—H (8.10)

ys = Cx;

where B = [by, -+ ,by], by € R"™',1 <i <m, f, is the time profiles of the sth
actuator fault described by (8.2).
The following observers are constructed to isolate the fault.

ir:AxAr"i_L(yg_j}r)‘I_Bu‘l‘ r=1,~~~,m
beiy fi + H + sgn(e! P)M; (8.11)
)A)r = Cﬁr

where X,, y, are the rth observer’s state and output, respectively, i, =T el P/llel P,
L € R""ischosensuchthat A — LCisHurwitz, H = [hy, -+ , h,] ,h; = OiTSi()?),

Mg = [Mlg,"' ,A;I,,E]T, 1\;1,-5 and éi are the estimate values of H, h;, Mg =
[Mig, -+, Mue]", Mie and 6F, Mz will be defined later, sgn(e’ P) = diag
{sgn(ep1), -, sgn(ep)}, ep; is the ith element of the vector eST,P, ey = Xy — Xy
denotes the state error between the faulty plant (10) and the rth observer (11),
P = PT > (0 denotes matrix, which will be defined later.

From (8.10) and (8.11), the error dynamics is obtained:

Fors =r,
e =(A — LC)ey, + by(fy — pus f1) + H—
. . . (8.12)
H — sgn(e,, P)M¢
Fors #r,
éxr :(A - Lc)exr + bxfs - br/'erl + H—
(8.13)

H— sgn(esTrP)A;Ig

Theorem 8.2 Under Assumptions 8.1-8.3, if there exist matrices L, Q > 0 and
P = PT > 0 with appropriate dimensions, such that the following conditions hold,
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PAA—-LC)+(A—LO)TP<-0 (8.14)

and the following adaptive laws are applied,
0 = 2e,i8(2) — nod (8.15)
Mie = 2e,i58n(ep) — na Mie (8.16)

then when the rth actuator is faulty, for s =r, lim;_, e, € §2;, and for s #r,
lim,_, o5 ¢ $2;, where ny > 0 € R and

o (esrs Oy Mig ) llesr || < v/ar /Amin(P),
1 = ~ ~
0] < +2ar, IMig| </207,i=1,---,n

Proof Define V; = el Pe,, + > (6] 6; + M%) /2.
(1) For s = r, differentiating V; with respect to time ¢, and using (8.12), one has

Vi <—el Qes +2e! Phy(fy — s fi1)+

T _ A _ n ~T"" A. ;‘
2¢! P(H — H) Z;:l 676, + Mz M)

From p; = —e! P/|lel P||and Assumption 8.2, one has2e! Pby(—us fi + fi) < 0.
Since the abstract value of each entry of éiT (x) is less than 1 [11], one has

2e[, P(H—H) < 2,0 5(%) + sgn(ep) Mig)

where M;z = V2N||6/|| + > '_, &f, N is the number of fuzzy rule. And since
2e! Pby(f, — iy f1) < 0, one further has

Vi< —el Qe+ > 20,0 &) + sgnlep) Mig) -
2;1 (670 + Mic M)

Similar to Theorem 8.1, substituting (8.15) and (8.16) into the above inequality, it
yields
Vi< —e) Qe — > (00 + M)/2+

Ziz] (607707 + ny (Mie)*) /2
From Assumption 8.3, one has

Vi<—AVi+u
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where
A= {)\min(Q)/)‘max(P)’ 719/2, 778/2}7

n n 2
n= zi:l (o My + nu (V2N Mig + Zi:l M) )/2.
Since %(V(t)e“) < e 1, one has

jz Ky 5y M
0<Vi(t) < —=+1[Vi(tp) — — < -
< 1()_A+[ 1(tp) A]e =5

+ Vi(tp) (8.17)

Let a; = % + Vi(tp), one has |le || < /&7 /Amin(P), [|6i1| < /207, and |M;e| <
+/2a;, which imply that all signals in the closed-loop system is asymptotically
bounded belonging to compact set £2;.

(2) For s # r, according to (8.13), one has

éy = (A= LO)ey + by fy — bpur fi + H — H — sgn(el, P)M

Because matrix B is of full column rank (Assumption 8.1), by and b, are linearly
independent. Therefore, the following inequalities do not always hold

zesTrP(_berfl + bsfa) <0
What’s worst, 2eST,P(—b, wr f1 + by f) varies infinitely since by and b, are linearly

independent, which further cause that V; (¢) varies infinitely. Thus, lim,_, e, ¢ £2;.
From (1) and (2), we obtain the conclusions.

Now, denote the residuals between (8.10) and (8.11) as follows:
T = llegll = |xg =% ||, 1 <r <m (8.18)
From Theorem 8.2, if s = r, then one has
hanin (P)les (D117 < €™ dnax (P) e (1) |
Jor =V hmax (P) [ dmin (P ey (i) |7/
If s # r, from Theorem 8.1, one has
Jor >V hnax (P) [ Amin(P) e (1) |12

Therefore, fault isolation can be performed conveniently using the following mech-
anism:

Jsr < T;, r = s = the rth actuator is faulty
Jsr > T[, r 7& S
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where the threshold 7; is defined as 77 = /Amax(P)/Amin(P)||es- (tp)|le />, Fur-
ther, let 8; = +/Amax (P)/Amin(P)|les, (tp)|le /2, one has

87
—— (21 A 8.19
g ( " A/—xmaxw)/xm(zﬁn|en(tD>||)/ ©1

From the above analysis, we can obtain, if fault occurred at t = ¢ in the sth actuators
has been detected at t = 7p, the fault can be isolated at t = ;. Obviously, the time
interval [#p, t;] is spent to isolate the fault, which is named as fault isolation time
(FIT).

8.3.3 Fault Estimation

Assuming the sth (1 < s < m) actuator is faulty. The faulty system can be described
as:

XxX=Ax+Bu+b,fy+ H
{ £ (8.20)
y=Cx
To estimate the fault, an observer is presented as follows:
[)é:Ax—f-Bu—f-bsfs+L(y—)7)+ﬁ+sgn(eTP)M§ 821)
j=Cx '

where fs is the estimate values of the fault f(¢) at time 7, 1\;15 is defined as in (8.11).
Define e = x — % and f, = f; — ﬁ, then error dynamics is obtained:

é=(A—LC)e+byfs + H— H — sgn(e’ P)M; (8.22)

Now, the stability of the error dynamics is analyzed to obtain the fault estimation.
The details are given by the following theorem.

Theorem 8.3 Under Assumptions 8.1-8.3, if there exist real matrices P = PT > 0,
L, F and Q > Owithappropriate dimensions, such that the following conditions hold

PA—LC)+(A—LC)TP <—-0Q (8.23)
and the adaptive laws are adopted

0, lffa = fi andzr)]eTPbs > 0or

s fi = —f1 and 2n1e” Pb < 0; (8.24)

ZmeT Pby, otherwise

.
Il
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b1 = 2ei(3) — ol (8.25)

Mg = 2episgn(ey) — nyMig (8.26)

where by is the sth column of B, n1 > 0 denote the adaptive rates, then, the error
dynamics (8.22) is asymptotically stable and all signals involved in the closed-loop

system are semi-globally uniformly ultimately bounded, converging asymptotically
to a small neighborhood of the origin 2§ defined as follows:

o (e,0;, Miz, fo)l llell < v/ot/Amin(P),
E = ~ ~ ~
Ifil < V2ma, 116:]] < V2, |Mic| < V2a

where o = jup /Mg + Ve(t), Ap = min{ '"‘“((g;, N9/2,ne/2,1}, weg =2£Qf +
n 2
)/ +wand =277 oMy + (V2N Mg + X1 Mig))/2.

Proof Define the following smooth function
VE:eTPe—I—LfZ—i-lZ 6 6; + M7y) (8.27)
27]1 s 2 ’

Differentiating Vg with respect to time ¢, considering (8.23)—(8.26), similar to
Theorem 8.2, yields

1 - .
vEs—eTQe+Efsfs—Z 66 6 +n:ED 2+ (8.28)

where ju = 3" (ng M2, + ny (VZN Mig + M;.)*)/2. Since | fy| < f1, which can
be guaranteed by using the adaptive laws (8.24), and Assumption 8.2 (i.e., | f;(1)| <

fi1, and |fy(t)| < f») are satisfied, one has fva f‘ + W Hence, (8.30)
can been rewritten as follows

Ve < =g Ve(t) + e

where Ag = min{Anin(Q)/Amax (P), 19/2, 1 /2, 1/m} and ug =211 2 f1 + f2)/
n1 + . Then, one has, %(VE (t)e*") < e*=! . Furthermore,

0< Vi) < B2 4+ Vi) — EEje 7 <2< 4 vy
AE AE AE

Leta = 42 + Vi (0), onehas [lex|| < v/ot/hnin(P), [16:1] < v/20, | Mig| < v2aand
| fs] < &/2ma. This ends the proof.
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From Theorem 8.3, one has

rmin(PYle@I? < Vi) < 22 4+ (Ve () — LEye et
AE AE

EE 4 Chanax(P)les (1) |2 — L5 ) et

lle(Il = o (P)

From the engineer point of view, the estimation objective is obtained when ||e(?)|| <
Og, where 8 > 0 € R. Let

l)’:_;? + ()‘max(P)HeX(l‘[)H2 — l;_EE)ef)LEtE
)‘min(P)

Sp =

Amin (P)83—5E .
WM)/AE. From the above analysis, up to t = g,
‘max s\ 7@
the fault occurred in the sth actuator which has been detected and isolated at the
point-in-time ¢ =t and ¢ = #;, has been estimated. Obviously, the time interval

[#;, tg] is spent to estimate the fault, which is named as fault estimation time (FET).

one has g = —(In

8.3.4 Fault Accommodation

On the basis of the estimated actuator fault and Theorem 7.1, the fault tolerant
controller is constructed as

A

ug =u — f; (8.29)

where u f’ is the sth normal control input, fs are the estimations of f;, which are used
to compensate for the fault.

Notice that, in this chapter, it is assumed that fault accommodation is activated
immediately as soon as fault has been estimated. That is to say, controller switching
is assumed to do not take any time.

8.4 Analysis of Time Delay’s Effect on Systems
Performance

In Sect. 8.3, the mathematic development of the time spent at each step of FT'C has
been derived strictly and its analytical expression has been given. In this section, the
level of the adverse effect of the time delay due to FD is firstly analyzed during the
time interval [z, tg], and the corresponding solutions are proposed to minimize the
effect.
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0 I e In 1 Iy )
T Fault Fault Fault Fault Fault
Stability . . . i .
PP occurrence detection  isolation  estimation  accommodation
time time time time time

Fig. 8.1 The fault diagnosis and accommodation time sequence

In order to describe clearly the problem, let us recall the procedures of FTC. In
general, FTC framework includes the following steps: fault detection, fault isola-
tion, fault estimation and fault accommodation (Fig. 8.1). Each step need some time.
Clearly, the time spent to FD contains not only FDI but also the other steps. Thus, in
this chapter, the time delay is called as time delay due to FD. It is necessary to point
out that, the considered system is always controlled by the faulty actuators during
[tF, 14], which degrades the system performances even damage the system. Hence, it
is very important to analyze its adverse effort on the considered systems performance
and to propose a proper solution.

Itis assumed that only an actuator is faulty. Without lost of generality, it is assumed
that the ith actuator is faulty (u lf = u; + f;). Then the faulty system can be described
as follows:

X=Ax+Bu+BF,+H

where vector F; € R"*! is the vector whose ith component equals to f; () and the
others equal to zero.

Similar to Theorem 8.1, differentiating V = ¥” PX + >1_, (67 6; + £%)/2 with
respect to time ¢, and considering control law u = KX +r — BT ([A — A, ]x + H+
sgn(xT P)#), inequality (8.5) and adaptive laws (8.6) and (8.7), one has

S« —iTOF 425 PR =S (1,876
V <—x"Qx +2i"PB;f; Zi:l (1667 6, +

, B , ) (8.30)
neED/24 D a6 07 4 me(e))/2
where B; is the ith column of B.

Note that, compared with Theorem 8.1, there exists an additional term 2xTPB, f;
in (8.30) that degrades directly the system performance. In order to show the degree
of its adverse effect on the system performance, the above inequality (8.30) is been
further derived as follows:

V < AV 4 A (SOIBifilP + 1 (8.31)

where & = min{$2288 — 0 (PSP), 19/2,0:/2,1/2), =01 (na M, + 1,

M 528) /2, matrix S = S~ > 0 with appropriate dimensions. Obviously, if the fault
fi (¢) satisfies the following property:
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P()t - )Lmax(PSP)) + 1%
)"max(Sil)”Bin

i < fi < \/ (8.32)

where V(tr) < p, p > 0 € R denotes a constant, one has V(t) <O0on V(tr) = p.
Thus, V() < p is an invariant set, i.e., if V(tf) < p, then V(¢) < p for V¢ €
[tF, tg]. Further, from (8.32), it is easy to find that V(¢) is also bounded by
kmax(S71)| |Bl | |2f12 + .

On the other hand, if the fault f;(#) does not satisfy the property (8.32), then
one does not have the following conclusion: V() <0on V() = p. That is to say,

if f1 >,/ %, controlled by nominal controller defined by (8.8), the

tracking error between the faulty system and the reference model does not belong to
the compact set §2 during the time interval [tz, t¢].

Remark 8.3 1Tt is necessary to point out that, it is during the time interval [tr, tg]
that the stability of the faulty system is investigated. The initiation condition is set at
the point-in-timet = ¢, not at the time point ¢ = 0. Thus, the conclusion obtained
is, V(¢t) < p for allr € [tF, tg], not forall r > 0.

In the following, it is assumed that the fault f;(#) satisfies the property (32), and
we will try to seek a proper solution to guarantee the tracking error between the faulty
system controlled by the normal controller and the reference model still belongs to
an acceptable small neighborhood of the origin during the time interval [#f, tg].

Integrating (8.31) on the time interval [z, t£], one has

Vtg) < A+ (V(tp) — A)e*(l*kum(PSP))(IE*IF)

—1 22 . - ~T o~ ~ ~
where A = W Since Amin (P)||X]1> = Amin(P)%7% < #T PX, one has

hamin(PYIFI2 < EL (v (0) — ELjee
A MM

where (1] = Anax (STOIIBi|P fi + wand Ay = A — Amax (PSP).
Further, one has, for Vr € [tr, t£],

Xl <

/A + Ganax (P ()2 = D)= O (PSPIG 10 (8.33)
Amin (P)

On the other hand, from Theorem 8.1, one has

V(1) < w/h+ (V(©O0) = u/Me™ < pu/a+V(0)
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Further, one has, for Vr € [tr, tr],

(8.34)

© ] = 2 _ By p—Ali—tr)
ol s\/l +(Amdx<P)||Ax(tF)|| L)
min(P)

where
o = M/)‘ +V(@©), A= {)Lmin(Q)/)‘max(P)’ '70/2’ n£/2}

p= (oM +nM)/2.

Compared (8.33) with (8.34), one can find, the additional term 2x” (¢) P B, f; () not
only decreases the convergence rate of the state tracking error, where the convergence
rate e *~'F) has decreased to e~ *Amx(PSPDU=Ir) byt also enlarges the bound of
the convergence set §2 defined as follows: Vt € [tr, t£],

xOHx®l =

2= Lt Omax (P|IX(tp) |2 — L)eH0=1r)
)\min(P)

which has been replaced by the set £2” defined as follows: for V¢ € [tF, 1],

XX =

2 = / A + CGanax (PIF () |2 = A)e—G—mn (PSP
)\min(P)

Therefore, the nominal control should be modified to guarantee the stability of
the faulty system for all ¢ € [tF, tg].

From the above analysis, if the fault satisfies the property (8.32) and matrices
P=PT>0,S=8">0,K and Q > 0 are chosen such that P(A,, + BK) +
(An + BK)TP + PSP < —Q, then, one has

V<MV +m

where A1 = A — Amax(PSP), i1 = Amax (S~ B;i||% f1> + . Further, one has, for
t € [tg, tr]

_ B4 e (PYE ()| — e a=te)
x®ll <
)\min(P)
Theorem 8.4 Consider the tracking error dynamics (8.4) with actuator fault (8.2)

satisfied (32), Assumptions 8.1-8.3. If matrices P = PT >0, S=S" > 0, K and
Q > 0 are chosen such that



8.4 Analysis of Time Delay’s Effect on Systems Performance 205
P(A,, + BK) + (A, + BK)TP + PSP < —Q (8.35)

and the following adaptive and modified normal control laws are applied,

B; = 2,0 (x) — 0o (8.36)
& = 2xpisgn(xp) — N (8.37)
u=Ki+r—BY([A—Aylx+ H+ sgn(ZT P)&) (8.38)

then, for all t € [tr, tg), the tracking error dynamics (4) still is stable with state
tracking error asymptotically converging at the convergence rate e ''='F) to the
compact set §21, specified as,

xOIIxXOI =

2= \/ Bt G (P [F )| — 2)e1te )
hnin(P)

Proof From the aforementioned analysis, it is easy to obtain the conclusion. The
detailed proof is omitted here.

Remark 8.4 1t should be mentioned that, if (8.35) holds, then the inequality (8.5)
holds, too, which means that, the modified nominal controller which satisfies (8.35),
still guarantees that the healthy system (1) has good tracking performance during
[O’ Iy )

8.5 Experimental Results

To demonstrate the effectiveness of the proposed approach, an unmanned helicopter
platform THeli260 shown in Fig.8.2, is used in the experimental study. In gen-
eral, unmanned helicopter includes four independent input signals, namely lon-
gitudinal, latitudinal, heave and heading inputs. The internal dynamics includes
main rotor flapping dynamics, heading rate gyro dynamics, force/moment dynamics
and translational dynamics. The mathematical description of helicopters is essen-
tially nonlinear and time variant, which can be approximated in a linear form with
nonlinear uncertain terms as in literatures such as [12] and [13]. The system can
be divided into three subsystems, namely tip-path-plane subsystem, heave-heading
subsystem, and position-velocity subsystem. The position-velocity subsystem can
be described by (8.1), where the state x = [x1, X2, X3, X417 = [px, Py, vy, vy]7, the
input u = [uy, ux]” =[6, ¢]7, and
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Fig. 8.2 THeli260 unmanned helicopter

00 1 0 00 0
00 0 1 00 0
A=loor, 0 ['B= 0" "= |Rua
00 0 Ry, 0 g Ry

These variables’ specification is given as follows: p, is latitudinal position, p, is
longitudinal position, v, is latitudinal velocity, v, is longitudinal velocity, 6 is roll
angle, ¢ is pitch angle, a, Latitudinal flapping angle, b is longitudinal flapping angle,
by is longitudinal flapping angle, and g is gravity constant.

THeli260’s diameters of main rotor and tail rotor are 1.77 and 0.27 m respectively.
In this study, an external avionics system is designed and installed to update the vehi-
cle to an autonomous flight platform, which includes flight controller, flight computer,
barometer, ultrasound unit, wireless router, et al. its total weight is about 10kg. For
this THeli260, R, = —9.81, R, = 9.81, R,, = —0.0076 and R,, = —0.0093.

The ultimate objective in this chapter is for the helicopter to track a predefined
position trajectory x,,(¢), which are the states of the following model defined as (3)
with

—3.598 14.8468 —35.18 —21.96
—0.0377 —0.1397 5.884 —0.3269
0.0688 —1.0011 —0.2163 0.0814

0.9947 0.1027 0 0

Ay =

B, =B,C, =C,r=/[sin(t) cos(t)]”
We consider the case where only an actuator fails at one time:

ur(t), t <20

o o
up (0 = ur(0), uy ) = [ s (1) + 1.2sin(), > 20
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The experimental results are presented in Figs. 8.3, 8.4, 8.5 and 8.6. From Fig. 8.3, it
is seen that, if no actuator fails, the tracking errors globally asymptotically converge
to a small neighborhood of the origin. From Fig. 8.4, it is easy to find out that by
using the proposed FTC (8.29), the state tracking errors become globally asymp-
totically bounded. Under the condition that the fault satisfies the condition (8.32),
the modified normal control (8.38) is employed and the result is obtained shown
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Fig. 8.6 State tracking error under the FTC approach in [14]

in Fig.8.5. Comparing Fig. 8.4 with Fig.8.5, it can been seen that better tracking
performance during the time delay due to FD can be obtained by using the modified
normal control (8.38), while the normal control (8.29) cannot guarantee the same
better performance. This means that the time delay’s adverse effect on the system
performance is more serious, and further indicates the modified normal control (8.38)
can alleviate the adverse effect of the time delay due to FD.
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To compare with the works in [14], using the FTC approach in [14] where the
nonlinear term H (x(¢)) was not considered, the controlled system is not stable even
in the fault-free case, as shown in Fig. 8.6. This further illustrates the effectiveness
of the FTC approach presented in this chapter.

8.6 Conclusions

In this chapter, the problem of FTC against actuator time-varying faults is investi-
gated, and an FTC scheme is proposed to guarantee that all signals in the closed-loop
system are globally asymptotically bounded. At the same time, the time delay due to
FD is derived strictly. Further, the analysis of control performance degraded by the
time delay is developed, and the conditions that the magnitudes of the faults should
be satisfied such that the faulty system controlled by the normal controller remains
good tracking performance during the time delay interval are derived. In addition,
the corresponding solution to the adverse effect of the time delay is proposed.
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Chapter 9
Adaptive Fault Detection for Uncertain
Time-Delay Systems

9.1 Introduction

Time delay phenomenon often exists in the practical applications because of informa-
tion transmission. It has been proven that such time delay will causes the performance
degradation of the controlled systems, even instability. Hence, the research of such
class of time delayed systems has become a hot issue on [1-6]. Design of observer
including fault detection observer is an important and challenging problem. The main
difficulty lies in handling the time delay [7]. For example, consider a simple system

[x(t) = Ax(t) + Ayx(t —d) + Bu o1

y(t) = Cx(1)

where x, y and u denote state, output and control input, respectively; A, Ay, B and
C are known real matrices; d is a constant. In most of the existing results such as
[8], its observer often is designed as:

R R 9.2)
y() =Cx()

[ 2(1) = AR(1) + Agk(t — d) + Bu + L) — y(1))
where L is observer gain matrix. Notice that, the first equation in (9.2) contains
time delay term x(r — d). Obviously, if d is unknown, then observer (9.2) is not
reasonable and does not work in practical applications. Hence, how to avoid the
above shortcoming and design a proper observer for dynamical systems becomes
important and practically useful, which is the first motivation of our work.

On the other hand, faults/failures inevitable occur in the system parts such as
actuators and sensors, which will lead to the decreasing of the system performance.
In order to compensate for these faults/failures, various fault-tolerant control (FTC)
methods are proposed [9-68]. Among these FTC methods, active FTC methods
is more common and important useful [43-53]. Fault detect (FD) is the first and
© Springer International Publishing AG 2017 211
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important step in active FTC method [9]. In general, the so-called FD observer is
designed to detect the faults occurred in the system. Recently, the FD problem of time
delay systems has drawn wide attentions. For time delay systems, however, most of
the FD observers proposed in literature are similar to (9.2), which also have the same
shortcoming, i.e., the FD observers contain the unknown time delay terms. In [8],
an asymptotic value of the norm of state estimation error vector is taken as a fault
indicator. However, the asymptotic value cannot be accessed in practical applications.
Therefore, how to design an efficient FD mechanism is another motivation of this
work.

Uncertainty/nonlinearity is common in the controlled systems. In general, as [8],
the uncertainty is assumed to be known and to satisfy the so-called Lipschitz con-
dition. Indeed, under the condition, control design and system stability analysis are
simplified largely. It should be pointed out that, however, this condition could not
be always satisfied in practical applications. Hence, how to efficiently detect the
fault occurred in nonlinear systems where the uncertainties do not satisfy Lipschitz
condition is particularly valuable and helpful, which also motivate us for this work.

In this chapter, based on the above-mentioned works, the FD problem of time
delay systems is considered, where neural networks (NNs) [59, 69, 70] are used to
approximate the unknown smooth functions. Compared with the existing results, the
contributions of our work are as follows:

(1) First, a novel adaptive neural networks-based fault detection observer is con-
structed for a class of uncertain time delay systems. In the observer design, by using a
suitable adaptation mechanism, the real value of time delay can be estimated online,
which means that the conditions (the time delay should be known) and shortcoming
(the fault detection observer contains the unknown time delay) are removed.

(2) Next, different from [8] where the uncertainty was assumed to satisfy the
Lipschitz condition, the condition is relaxed in our work, and it is just required that the
norm of the uncertainty is less than the sum of unknown functions. Thus, the algorithm
proposed in this chapter can be used in the widespread practical applications.

(3) Furthermore, a novel fault detection mechanism is proposed, which is more
efficient for FD under practical conditions.

The rest of this chapter is organized as follows. Section 9.2 gives the problem for-
mulation and the preliminaries of neural networks are presented. In Sect. 9.3, a novel
adaptive NNs-based fault detection observer is proposed. In Sect.9.4, simulations
are presented. Finally, Sect. 9.5 draws the conclusions.

9.2 Problem Statement and Description of NNs

In this section, we will first formulate the fault detection problem. Then, the mathe-
matical description of NN is introduced.
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9.2.1 Problem Statement

Consider the time-delayed system

X() = Ax(t) + Agx(t —d) + Bu(t) + g(x (), x(t — d); t)
y(@) =Cx(1) (9.3)
x(t)=@@), te[—d,0]

where x(t) € R" is state, u(t) € R™ is input and y(¢) denote output; A, Ay, B and
C are known real matrices with appropriate dimensions; d € R is unknown and
satisfies 0 < d < d, d is a known real constant;

g() =1g1(), &)+, 81" € R",

gi() = gi(x(®),x(t —d);t) € R,i = 1,2,...,n are the uncertainties, which
denote model uncertainty, external disturbance, time-varying parameter variation,
and system nonlinearity; ¢(¢) is an arbitrarily known continuous bounded function.
Throughout this chapter, (A, C) is assumed to be observable and only system
output y is measurable.
In this chapter, the faulty system can be described as follows:

x(1) = Ax(t) + Agx(t —d) + Bu(t)+
glx(t), x(t —d)it) + f(x(t), u(t); 1)

y() = Cx(1)

x(1) = (1), t € [—d, 0]

(9.4)

where f(-) € R" denotes the unknown faults occurred in actuators or the other
system components.

The aim of this chapter in this chapter is to design a suitable adaptive observer
and more efficient fault detection mechanism for system (9.3) to detect the occurred
faults.

For notational convenience, let us define the following notations: g; = g;(-) and
g =1g1,82 - ,g". Inaddition, x(¢) will be abbreviated as .

Assumption 9.1 There exist two unknown smooth functions g;;(x(¢)) > 0 € R,
gin(x(t —d)) = 0 € R and an unknown real constant g;3 > 0 satisfying

lgil < g (x(?)) + gn(x(t — d)) + gis-

Assumption 9.2 Time delay d is bounded, namely, there exist two known real con-
stantsd >0 € Randd >0 € Rsuchd <d <d.

Remark 9.1 In [8], the nonlinear function g; was assumed to be known satisfying
the Lipschitz condition. However, this condition could be not always satisfied in



214 9 Adaptive Fault Detection for Uncertain Time-Delay Systems

practical applications. In such case, the results in [8] would not work. In this chapter,
the condition is replaced by Assumption 9.1. What’s important, it is not necessary
that g;;, gi» and g;3 are known, which relaxes largely the condition in [8]. Thus, the
proposed method in this chapter can be used in the widespread practical applications.

9.2.2 Mathematical Description of NNs

NNs have been widely used in controlling of nonlinear systems due to their capabil-
ities of nonlinear function approximation [69]. In this chapter, RBF NNs

h(Z,0)=0"e(2)

will be used to approximate a smooth function 2 (Z), where the weight vector 6, the
basis function vector £(Z) are defined as follows:

0=(01.6,....00",
§(2) = 61(2),6(2). ... 8n2),
6.(2) = exp(=(X | (5 = i)/ (1)),

i > 0 denotes the width of the receptive field, and a;; denotes the center of the
Gaussian function, z; denotes the jth element of Z, p denotes the dimension of Z,
N is the number of the NNs nodes.
In this chapter, fori =1, ...,n, g;1(x(¢)) and g;»(x (¢ — d)) are approximated by
NNs as: A .
g0, 0) = Bl En (1)

St — d), ) = 05Ex (G (1t — d))

Optimal parameter vectors 6;;, and 6,,, are defined as

05 =arg min [ sup |gi(x() — 0 &G
Onestn xeU., kel

0 =arg min [ sup [gin(x(t —d)) — 68 (Rt — d))]

o e$2: T
2SR reU,zel

where £2;1, £2;5, U and U are compact regions for éil, é,-g, x and x, c?, éil and é,-g are
the estimates of d, 6; and 65, respectively.
The NNs minimum approximation errors are defined as
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ein = gin(x(t)) — 05 &1 (X (1)),
g2 = g (x (1 — d)) — 05 & (R (1 — ).
Now, the following assumptions are made throughout this chapter.

Assumption 9.3 [g;| < & and |g;5] < &, where g], > 0 € Rand ¢}, > 0 € R are
unknown constants.

9.3 Fault Detection Observer Design

For (9.3), the FD observer is designed as:

(1) = AR(t) + AgR(t — d) + Ay A, + Bu(t)+
L(3(1) — y(0) + sgn(e] F)§ + A,

(@) = Cx()

) =0,1e[—d,0

9.5)

where X(¢) € R" is observer state, u(#) € R™ is observer control input, and y(¢) is
observer output;

sgn(e}T,F) = diag{sgn(eyTFl), R sgn(eyTFn)}
g =281+8 +&

g1=1810,....8ml"

A

& =182, 8ml"
83 =1[813, ... 8ml"

gi1 (= 811 (x(2))), &2 (= 8in(x(t — d))) and 83 are the estimates of unknown smooth
functions g;1, g;» and unknown constant g;3, respectively; g;1, g;» and g;3 are defined
in Assumption 9.1, F; (i= 1, 2, ..., n) is the ith column of matrix F, which satisfies
the following condition

(FfTo)yr =p (9.6)

real matrix P = PT > 0 will be defined later, ey =y— v, d is an estimate of d , Ay
and A, are robust terms to be defined later.
Denote
e () =x(t) — %), eqg=x(t—d)— %t —d)
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Then, from (9.3) and (9.5), the observer error dynamics can be described as follows:

6x(t) = (A — LO)er(t) + Aux(t — d) — Agk(t — d)+
g—AgAL — Ay
= (A= LC)er(t) + Agx(t —d) — Agk(t —d)—
Agx(t —d) + Agx(t —d) + g — AgAy — Ay
= (A — LC)ey (1) + Agex(t —d) + Agi(t — d)—
Agk(t —d) 4+ § — Ay — Ay

9.7)

where § = [g1. ..., &,]" and

g = g — sgnle] F;)(&in + 8in + &i3).

Note that, Ayx(r — d) is added to and subtracted from the right side of (9.7).
Remark 3: Many researchers study the observer design of time-delayed systems
in literature. For example, consider

$(1) = Ax(t) + Agx(t — d) + Bu(r)
y(t) = Cx(1)
x(t) =), te[—d,0]

where x, y and u denote the system state, output and input, d > 0 € R denotes the
time delay. In general, as doing in [8], the FD observer was given as:

() = AZ(t) + Ak (t — d) + Bu() + LG(t) — y(1))
y() = Cx(1)
) =0,1re[—4d,0

then we obtain the error dynamics
ex(t) = (A — LC)e,(t) + Agex(t — d)

However, as Jiang pointed out in [7], the shortcoming of the aforementioned observer
is that d must be known. If not, the observer does not work in the practical applica-
tions. Hence, for avoiding the shortcoming, a novel fault detection observer (9.5) is
designed in this chapter.

Define the following smooth function

Vbe, = el (t) Pe, (1) 9.8)

where P = PT > 0 is defined as in (9.6).
Differentiating Vp,, with respect to time ¢, we have
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Ve, =e! (1)(P(A — LC) 4 (A — LC)T P)e, (t)+
2el ()P Ayec(t —d) +2el (1)PAE(t — d)— (9.9)
£t —d) +2eT(1)Pg — 2T (1)P(AgA) + Ar)

From Young’s inequality, we have

2eT (1) P Ager(t — d)

9.10
<elt)PAST AL Pey(t) + el (t —d)Se,(t — d) G109

where real matrix S = ST > 0.
From Assumption 9.1, it follows

2T (1) Pg
=D, 2 (P
=D 26l (OPi(gi — sgnley F)g)

<D (12e] O Pillgi| - sgn(e] F)2e] () Pig)

where P; is the ith column of matrix P.
From (9.6), we know, P = (FTC)T and P = PT > 0. Further, we have

el (P = el ()F;
Hence, we have
2T (1)Pg
n T n T ~
<D R OFg| =D [12¢]()F|g
= zi:] 2] (1) Fil(gin + gi2 + gi3)—

D [2e]OF@in + &2 + i)
=D 2] OFi|@n + &+ &)
=D 2] OFI07 61 (R (0) + e (R ()~

Ongn (R(1) + 05 En(R(t — d))+

en(X(t — d)) — OnEn(G(t — d) + &3]
<D 2] 0PG5 + 0580 + &)+

D 2 OFE +eh)

©.11)
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N -~

where §;; = 0 — 01,6 = 65 — é,-z, &1 and &;, are the abbreviations of & (x (1))
and &, (X (t — c?)), respectively.
Substituting (9.10) and (9.11) into (9.9), it yields
Vpe, <el (1)(P(A — LC) + (A — LC) P)e,(t)—
2el (t)P(AqA1 + A+
el (tYPAST' AL Pe, (1)+
T
2eT(HPAJ(R(t —d) — R(t — d)+
D el OFIG 5 + 6580 + i)+

D e OFIE +eh)

Define the following smooth function

t
Vo1 =Vpe, + / el (s)Sey(s)ds+
t—d

n 1 ~ - 1 ~ -
—056, + —0L6; 9.13
Zi:l[znl il 1+27”2 i2 2]+ ( )
1

n 1
S lae e
i=1 [2773 sist T ]

where & = e — &, ¢ = ¢, +¢}5, & istheestimate of ¢/, 1, > 0 € R, 1 =1,2,3,4
are adaptive rates, [ is an identity matrix.
Differentiating Vp; with respect to time ¢, it yields
Vb1 =Vpe, + €] (1)Sex(1)—
el (t —d)(S+2De,(t —d)—

n 1 - 1 ..«
ZA [—6,0i1 + —60:2]— ©.14)
i=1m 2
oL 1
ZA 83813 + —é&iéi]
=1 N4

Substituting (9.12) into (9.14), it yields



9.3 Fault Detection Observer Design

Vpi < el (D Z1ec(t) — 2e] () P(AgAr + Ar)+
2eT(1)PAG(R(t —d) — £(1 — d))+

AT A T 1
> 16502ef O Filgn — —0i0)]+
= m

219

n ~ 1 x
> 165(2el (O Filsn — —0i)1+ ©.15)
=1 ! n2
n , 1.
> &6l (Fi - —gi]+
i= m
n 1.
> [l2el (1) File] — —&é;]
=17 M4
where
E=(P(A-LC)+(A—LC)"P+PA;S'ATP +5) (9.16)
Now, A; and A; are designed as follows:
Ay = sgn(el (N Fa) (12t — )] + %)) 0.1
Ay = sgn(el (1) F)é '
where
sgn(e] Faq) = diag{sgn(e] Faa), ..., sgn(e; Faan)},
sgn(ey ()F) = diag{sgn(ey Fy). ... sgn(eg F,)},
Fuagi and F;,i =1, ..., n,denote the ith column of matrix F4, and F, respectively,
. - N - . AT
[x(t =d)| =[lx1(t =d)|, -, %t — )] ,
|£m| = [)?mlv ceey ),C\mn]Ts
)emi = max()grglz{lfei(t - T)'}v i = 17 RN (N
matrix F satisfies (9.6), while Fy4, satisfies the following condition
PA, = (FL,O), (9.18)
and
g = [é]7~"9§n]T
From (9.6), (9.17) and (9.18), we have
— 2T (1)PAGA, + 2] (1)PALGR(t —d) —2(t —d)) <0 9.19)
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2ef (NPAy = 2] (NFilé (9.20)
Substituting (9.19) and (9.20) into (9.15) and considering (9.6) and (9.18), one has
Vpi <el (1) Ere (1) +
mAT n T 15
2. 10102eS (O Filgi = -0+
S 165027 (00 Fi g — — i)+
=1 2SSy TSI T, T 9.21)
n 1.
> LEn2e] (Fi| — —g3)1+
i=1 UK

"o T |
E &i(|2e, (O F| — —&)
i=1 ! N4

In order to derive the adaptive law of d,d e}T. (t)ey(t) is added to and subtracted from
the the right hand of (9.21), then, we have

Vpr < ef(t)Elex(t)_F
"orgT T 1 x
Zi:l 16;1 (12, (1) Fil&i — E@il)]‘l‘
"orpr T 1z
Zi:l [9"2('26‘\' () Fil§in — n—@t2)]+
" 1 .2 (9.22)
Z._l [gi3(|2€)T,(l‘)F,-| — e+
- Uk
" P T 1 2
S E(2el OF| - —d)+
i=1 y N4

de] (ey(t) — de] (t)ey (1)

where d = d — d.
Since e, = Ce,, we have

de] (t)ey(t) = del (1)CT Ce, (1)

And since B A
d=d—d and el (t)C"Ce,(t) > 0,

we have
de] (ey(t) = del (1)CT Ce, (1)
= (d — d)el (1)CTCe, (1)
=del (1)CT Ce,(t) — de! (1)CT Ce, (1)
<del(1)CTCe, (1)



9.3 Fault Detection Observer Design 221

where theAprop_erties: 0<d<d (Assumption 9.2) and 0 < dA, are used. Note that,
0 <d <d < disensured by adaptive law (9.31). Further,

Vpr < el (t))(8) +dCTCe, (1) +
AT n T 15
2. 101 02e] OFi 80 — -0+
AT T 1
D 10502e] O Filin — —0i)]+
) " 9.23)
> L@s2e] ()Fi| — —g3)1+
i=1 m
noo r 1.
> E(2ef (P — —&)—
i=l N4
del (1)ey (1)

If Q>0¢e R, L e R" and P=PT > 0 e R" are chosen to satisfy the
following inequality,

P(A—LC)+(A—LO)TP+

) (9.24)
PA;ST'ATP+S+dcTCc < -0
then (9.23) can be developed as follows:
Vpi < — el (1) Qex(t)+
n =T T 1 A
> 101(2ef O Filgn — —0;01+
= ni
no AT s T 1z
D, 10502e] O Fili — —0i)]+
7 (9.25)

no_ 1.
> &a(2el (1)Fi| — —&i3)]+
i=1 ’ UE
noo_ T 1.
> E(2el (F| — —&)-
=1 ! N4
de] (1)ey (1)
Define the following Lyapunov function
1 -
Vp=Vp + —d
215

where ns > 0 is a design parameter.
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Differentiating Vp with respect to time ¢ and considering (9.25), it yields

Vp < — el (1) Qe. (1) +

n AT T 14

> 105 (2el (O Filgn — —i)1+
i=l m
n ~T T 1 x

> 185(2el () F;lgn — —0i)]+
i=1 2
no 1.

> [an(2e] OF] — —gi)1+
= 3
noo . 1.

> E(2ef (OVFi| — —&)—
i=l Y N4

~ T 1 A

d(el (e, (t) + —d)
: ns

Define the following adaptive laws

A

01 = mi|2e] () Filgn — o101
0i2 = m|2e] (1) Fil& — 026;2
& = m|2el (O Fi| — 03

A T N
& = nal2e; () Fi| — 04¢;

K, ifd < <dor
d=1 d=dord=d)anddxc <0 ,d<d0)<d
0, if(d=dord =d)anddk > 0
wherei = 1,...,n,0; > 0,] = 1,...,5 are design parameters, k
ey(t)—asaAV.

(9.26)

(9.27)

(9.28)

(9.29)

(9.30)

9.31)

—nsel (1)

Note that, under the initial condition that d < d (0) < d, the adaptive law (9.31)

can guarantees that . B
d<d(t) <d, fort >0

In fact, it is easily derived by lyapunov stability theory. Let us define the following

Lyapunov function
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Differentiating V; with respect to time 7, we have
V, =dd

The following analysis will be derived in two cases.
Case 1: the first condition of (9.31) holds
Since
c_lfcfgc?or(c?:c?orc?:d)andczkfo

we have ) . . .
Vi = dk = d(—nsel (1)ey(t) — o5d) <0

Case 2: the second condition of (9.31) holds
Because o .
(d=dord =d)anddk > 0

we have ) .
Vi=d-0=0

From Cases 1 and 2, using Lyapunov stability theory, we have the following results,
d<d() <d, fort>0.

Note that, . .
0 = —nse] (t)ey(t) — o5d — (—nse] (H)ey (t) — osd)

Thus, the adaptive law (9.31) can be rewritten as follows:
K, ifd < d <dor
(3 =dord =d) and dk <0

— nsel (ey (1) — osd — (—nsel (e (1) — osd),
if(d=dord=d)anddk > 0

d=

Substituting adaptive laws (9.27)—(9.31) into (9.26), it yields

Vp < —el (1) Qe.(t) + Id(—nsel (e (1) — osd)+
Zizl(méflén + 020500+ 9.32)
zi:1(03§i3§i3 +04Ei8;) + osdd

where I = 0 (or 1), if the first (second) condition of (9.31) holds.
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If the second condition of (9.31) holds, namely,
(c? =dord =d) and dic > 0

then . R
Id(—nse] (t)ey(t) — o5d)

-dd .
= Idﬁ(—nsey (t)ey (1) — os5d)

Note that, |
dd = 5[al2 —d*—d—-ad)? (9.33)

If d = d and d(—se! (t)e, (t) — o5d) > 0, then
dd <0

On the other hand, if d = 0 and c?(—n5ey7 (t)ey (1) — asd) > 0, then
dd =0

Hence, we have .
dd <0

And since dk = c?(—nSeyT, (t)e, (1) — o5d) > 0, we have
Id(—nse] (t)ey(t) — osd) <0
Therefore, (9.32) can be further derived as

Vp < —el (1) Qe (0)+
zi:l (016,01 + 02050:2)+ (9.34)
27:1 (038i38i3 + 0uFifi) + os5dd
Since éi] =6} — éil, using Young’s inequality, we have
010,01 = 010}(67, — 6)
= —010/1011 + 016,16}, (9.35)

1 AT A 1 * *
< —50195951 + 5019i1T9,-1
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Similarly, we have

1 1 *T n*
(729129,2 < —502912@2 + 2029 912
~ A I, 2
038i38i3 < —5038,-3 + 503&'3
= A I, 1
048;i& < _5‘7431‘ + 50'451'

Jd < — oyl + Losd?
(o — =0 — 0
5 = 2 5 2 5
Since

Amin(@)el (e, (1) < el (1) Qe (1)

then substituting (9.34)—(9.38) into (9.33), it yields

Vp <— min(Q)eT(l‘)ex(f)—
> 9,19,1 + 2 o 2050)—

n a »

Z 3g,23 —8,-)——d+
2ns

S o+ oo

n 03 ) )
C (—gh + —8,- ) + B
zl:l 293°0 T 2y 275

Let ;
w= Z 1 2n i +2_ o 0R)+

(B ey B
:E; 1°2n3 2n4 2ns

then (9.39) can be re-written as follows:
Vp <— Amm(Q)eTmex (r)—
> 1(2 010 + 3y 02—

n O’3~ - 0’5..,
SR ) - 2P

i=1"2n;3 204 2ns
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(9.36)

(9.37)

(9.38)

(9.39)

(9.40)

(9.41)
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It can be seen from (9.40) that, if

o5 -
Amin(@)el (Dex () + ——d*+
2ns

no 0| xpx 02 ~7~ 03 .o 04 -
(=016 + =050+ ——83+ —E&) > 1
2. 2 ! 2 T 23t 2y

then VD < 0. Hence, set 2 defined as:

05 ~
)"min ’ _d2
ex7 (Q)ex ex + 27]5 +
6i1, "9 grg
: Zi:l 2n it
2 = 02, nooy s =K
83, Zi:l 2_77291‘291‘2)"‘
i " Ty O
. 8z + &)
z’=1 20377 7 2y

is aninvariable set. This implies that e, 67[ 1,62, gizand d are asymptotically bounded,

namely,
~ |21 5 2mp 203
[6;11] < s B2l < s gl < ,
[oa] 07 o3
m
llexll </ ——=,
* )\min(Q)

Itis necessary to point out that the size of £2 can become arbitrarily small by adjusting
the parameters: o; and n;,i = 1,2,...,5.

Now, the following theorem is given to summarize the above design procedures
and analysis.

Theorem 9.1 Consider system (9.1) and observer (9.5) with Assumptions 1 and 2,
if there exist matrices L, F, Faq, Q >0, S > 0and P = PT >0 satisfying (9.6),
(9.18) and (9.24), and adaptive laws (9.27)—(9.31) are used, then error dynamics
(9.7) is asymptotically bounded with all the signals in the closed-systems converging
to an adjustable neighborhood of the origin.

Proof From the above analysis, it is easy to obtain the conclusions. The detailed
proof is thus omitted here.

From Theorem 9.1, we have

llexll < | —E—
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Let us define detection residual

R(®) = [ly(®) = YOIl = [|Cex 0|

Obviously, in the free-fault case, one has

RO < 1(C11 [

Hence, by using the following mechanism, fault detection can be performed,

R(t) < T, no fault occurred,
(9.42)

R(t) > T; fault has occurred

where T, = ||C|| AL@

Remark 9.2 1t can been seen that, if there is no fault in the controlled system, then

lim,_, e, (t) = 0. If some actuator faults occur in system, then lim,_, e, (t) # O.
Thus, in some existing works, the fault detection is designed as:

lim;_, e, (t) =0, no fault occurred
lim,_, e, (t) #0, fault has occurred

observer (9.5) was taken to as the FD observer of system (9.1). However, e, (c0) is not
available in practice applications. Thus, e, (00) # 0 cannot be seen as an indicator
to detect fault occurrence or not. Hence, (9.32) is more efficient mechanism for FD
in practical applications.

9.4 Simulation Results

The following time delayed system is considered:

X(1) = Ax(t) + Agx(t —d) + Bu(t) + g
y(t) = Cx(1)
x(t) =), te[—d,0

40 0.1 0 0
A:[IQJ’M:[Q2Q4’B:L]

C— 050 | x1(@®)sin(xz) + x2(t — d)sin(xy)
T 0 1T | xa()cos(xy) +x1(t —d)cos(xy) |’

where
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time delay d = 0.5, ¢(t) = e~ ! — 0.1e™".

In this simulation, it is assumed that the fault occurs at 6s in the system.

Note that (9.19) can be transformed to the the following linear matrix inequality
(LMI),

PA—YC+ATP-CTY'+5+0 PAs] _,
ATP -5 =

where Y = P L. By solving this LMI, we can have:

_[170960.05907 17414 0
10059015033 "% T | o0 17414 ]
y _ [-5:9088021917 | _ [-348560.0911
= 1.0779 1.6224 " " T | 0.8537 1.0756

and
F |:2.5102 0.0590i|

0.1180 1.5033

The simulation results are shown in Figs. 9.1, 9.2, 9.3, 9.4, 9.5, 9.6, 9.7 and 9.8.
From Fig. 9.1, It can be seen that the state observe errors are bounded, which implies
that the proposed observer has a better convergent property, while Fig. 9.2 shows the
residual signal asymptotically converges to the small neighborhood of the origin.
Figures9.3, 9.4, 9.5 and 9.6 also show the closed-loop system signals are bounded.

0.01

x1

- - - €

0.005 b

-0.005} ’ 1

State observer errors

-0.01F 7« 1

-0.015F, 1

-0.02
t/s

Fig. 9.1 The state observer errors (no fault)
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0.03

0.025

0.015

Residual signal

0.005

Fig. 9.2 The residual signal (no fault)
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041

031
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0.1 . . . .
0 2 4 6 8 10

ts

Fig. 9.3 The norm of éll (no fault)

However, when a fault occurs in the system, Fig.9.7 shows that, the residual signal
significantly deviates from the origin, and the alarm occurs. Correspondingly, the
state observe errors significantly deviates from the origin, too, shown in Fig.9.8.
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Fig. 9.4 The norm of O12 (no fault)
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Fig. 9.5 The norm of ;3 (no fault)
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0.15

0.1F

0.051

-0.05

State observer errors

-01f

-0.15 ]

ts

Fig. 9.8 The state observer errors in faulty case

9.5 Conclusions

In this chapter, the fault detection problem of uncertain time-delayed systems is
studied. To overcome the shortcoming in existing works where the exact value of
time delay needs to be known, a novel adaptive NNs-based fault detection observer
is designed, which can estimate online the unknown time delay with system state.
Simulation results show the effectiveness of the technique proposed in this chapter.
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Chapter 10
Conclusion and Future Research Directions

10.1 Conclusions

With the development technology, modern control systems, such as flight control
systems, become more and more complex and involve an increasing number of actu-
ators and sensors. These physical components may become faulty which may cause
system performance deterioration, may lead to instability that can further produce
catastrophic accidents. Hence, the study of fault diagnosis and fault tolerant control
for dynamic systems has important theoretical and practical application significance.
This book focuses on the issues of adaptive fault diagnosis and fault tolerant control
for uncertain systems including linear and nonlinear systems. The main contributions
presented in this book include

1. A general composite fault model with infinite number of faults is proposed, which
can deals with both time-varying gain and bias faults, and FD and FTC for nonlin-
ear systems with such faults occurred in one or multiple actuators are investigated,
respectively.

2. The FD and FTC problem of uncertain strict-feedback systems is considered.
Based on adaptive technology and other control techniques and/or methods, two
modified backstepping FD and FTC schemes are proposed, where the computation
complexity is significantly reduced.

3. By using the implicit function theorem and exploring the useful property of the
basis function of the radial basis function neural network, FD and fault compen-
sation for un-modeled faults are discussed.

4. The fault detection problem of uncertain time-delay systems is considered, and
a novel adaptive fault detection observer is proposed, which can estimate the
unknown time delay.

5. The time delay due to fault diagnosis and isolation (FDI) and its influence on the
controlled systems performance are quantitatively analyzed.
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10.2 Future Research Directions

Fault diagnosis and fault tolerant control for uncertain systems is a hot research topic
that has important both academic meaning as well as practical one. This book has
presented several recent results and applications on this topic. There exist still a
great number of crucial and fundamental issues to be exploited, which are open and
challenging. To the best of our knowledge, some problems are listed as follows.

1. Research on FD and FTC for nonlinear time-delay systems
Although Chap. 9 of this book has considered a class of time-delay systems
and proposed some FD and FTC methods, the FD and FTC problem of time-
delay systems, in particular, nonlinear time-delay systems is still challenging.
How to design FD observer for the nonlinear time-delay systems is one of main
difficulties, which deserves further research.

2. Research on FD and FTC for networked multi-agent systems
Cooperative or distributed control of multi-agent systems has attracted exten-
sive attention from the control community for the last decades. Although fruitful
results are and obtained in literature, most of the existing works only focus on the
healthy case, namely, there is no any faults in networked multi-agent systems. In
fact, networked multi-agent systems are more complex than single-agent systems
because they have a great number of physical components. Obviously, multi-
agent systems are quite likely to be faulty. Hence, FD and FTC for networked
multi-agent systems is necessary and important.

3. Research on discrete-time systems
This book focuses on continuous-time systems. Discrete systems including certain
and uncertain, linear and nonlinear systems are of interest in many practical
systems, e.g., digital control systems, networked control systems, etc. Although
fruitful results have been obtained for discrete systems, their stability analysis in
the presence of faults would become much more difficult. The research on on FD
and FTC for discrete-time systems is still interesting.

4. Research on FD and FTC for switched nonlinear systems
Switched systems, in particular, switched nonlinear time-delay systems, are used
to model many practical systems. Due to the existence of switching and a time
delay, the stability analysis of switched time-delay systems has new challenges,
especially when the systems are faulty. Although there are abundant results on
FD and FTC for switched systems reported in literature, most of them only focus
on actuator or sensor faults. The other faults, for example, the faults occurred in
the switching single, are not investigated deeply.

5. Research on FD and FTC using Filippov-framework
In control theory, system dynamics is usually described by the first order dif-
ferential equation on system state and control input. Note that, it is under the
assumption on the smoothness of the vector field that most of the existing results
in analysis and control of dynamical systems are established, namely, the right
hand side of the differential equation must be continuously differentiable.
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However, when a fault occurs in system, the right hand side of the differential
equation does not remain continuously differentiable, and becomes discontinuous.
That is to say, the above assumption does not hold, and the systems controlled
become discontinuous systems. Although there are many researchers begin to
consider systematic design problem with the Filippov framework in recent years,
they do not investigated the faults occurred systems. Therefore, it is still a chal-
lenging problem to establish an analysis approach with the Filippov framework
for FTC systems.
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