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Preface

Hybrid systems (HS) are dynamical systems that involve the interaction of continu-
ous and discrete dynamics. The study of HS is motivated by the fundamentally hy-
brid nature of many real life applications. Over the last decade, significant progress
has taken place in modeling and simulation, verification, stability and controller
synthesis for HS.

Faults in automated processes often cause undesired reactions and shut-down of
a controlled plant, and the consequences could be damage to technical parts of the
plant or to its environment. Fault diagnosis (FD) and fault tolerant control (FTC)
are highly required for safety purpose, and aim at guaranteeing certain system per-
formances and/or properties to be maintained in spite of faults. In the past more
than 30 years, fruitful theoretical results on FD and FTC have been reported for var-
ious linear and nonlinear systems with many successful engineering applications in
practical systems.

FD problem for HS has attracted some attentions. However, to the best of the
authors’ knowledge, until now, the FTC issue for HS has not yet been intensively
studied. FTC method for HS deserves further investigations due to its academic
meaning as well as practical one.

1. Motivation from academic research

It is well known that the stability and some specifications of HS can be achieved
under quite rigorous conditions. Most of existing results are devoted to off-line
analysis and design, such that the HS works well as what it is expected. However,
faults may abruptly change system behavior, FTC strategies must be applied on-
line, not only to keep the stability but also to maintain some specifications of the
HS in presence of faults. This results in a great theoretical challenge, since many
classical FTC methods for non-hybrid systems can not be easily extended to HS.
FTC theory for HS needs to be developed.
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2. Motivation from practical applications
Many practical systems have to be modeled by hybrid models, e.g. chemical pro-
cesses, switched RLC circuits, intelligent transportation systems, etc. The safety
and reliability of these systems are needed, and FTC techniques for HS are highly
required.

The HS considered in this book consists of a series of continuous modes and
a switching logic. Switching from one mode to another is due to a switching law
generated from the switching logic. Faulty behaviors of HS are investigated sys-
tematically. Two main kinds of faults are considered: Continuous faults that affect
continuous modes; Discrete faults that affect the desired switching. In these two
faulty cases, the FTC design has two main objectives as follows:

1) maintain the continuous performances including various stabilities (e.g. Lya-
punov stability, asymptotical stability and input-to-state stability) of the origin and
the output tracking/regulation behaviors along the trajectories of HS.

2) maintain the discrete specifications that have to be followed by HS, e.g. a
desired switching sequence.

For HS with various switching, e.g., time-dependent switching, state-dependent
switching, impulsive switching and stochastic switching, a set of FTC methods
based on continuous system theories are proposed to maintain the continuous per-
formance. Two natural ideas are considered: One way is first to follow the general
FTC idea for non-hybrid systems, i.e., design FTC law in each faulty mode such
that its origin is stable (Lyapunov stable, asymptotical stable, input-to-state stable)
or the output regulation problem is solvable, and second to apply the standard sta-
bility results of HS. Another way is to research directly the stability of HS without
reconfiguring the controller in each unstable mode. It will be shown that FTC of HS
can be achieved through the balance among different modes i.e., the negative effects
resulting from unstable faulty modes are compensated for by that of stable modes.
This provides us a new clue to design FTC for HS.

For HS with certain discrete specifications, i.e., it has to follow some specifica-
tions imposed on the discrete part of the system, a discrete fault would violate these
specifications. As for such fault, one natural idea is to reconfigure the discrete part
after faults occur to maintain the specification, which can be achieved from discrete
event system (DES) point of view. Two major DES models, i.e. finite state machine
and Petri net are utilized. However, compared with pure discrete event systems, con-
tinuous system behaviors must be taken into account in HS. A set of novel schemes
are derived.

Some novel supervisory FTC techniques are also developed based on HS meth-
ods to improve non-hybrid (linear and nonlinear) system performances during FTC
period. Unlike the multiple model FDI /FTC method or supervisory control tech-
nique, the proposed supervision schemes do not need a series of models or filters to
work concurrently with the plant in order to identify the current situation, but only
rely on a simple switching scheme among candidate controllers.

The materials in the monograph have explicit and broad practical backgrounds.
Many examples are taken to illustrate the theoretical results, e.g. Circuit systems;
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DC motors; CPU process; Manufacturing system; Intelligent transportation systems
and electric automated vehicles, etc.

This book intends to provide the readers a good understanding on how to achieve
FTC goal of HS. The book can be used as a reference for the academic research on
FTC and HS or used in Ph.D. study of control theory and engineering. The knowl-
edge background for this monograph would be some undergraduate and graduate
courses on FD and FTC theory, linear sytem theory, nonlinear system theory, HS
theory and DES theory.

There are totally seven chapters in this book. Chapter 1 introduces some back-
ground knowledge on HS and FTC design, and also describes the main work of
the book. Chapters 2-4 provide new theoretical developments for the analysis and
design of FTC for HS with various switching properties, which are based on con-
tinuous system theories and FTC goals aim at maintaining the continuous perfor-
mance. Chapter 5 considers the HS with discrete specifications, which need to be
maintained in spite of faults, FTC issue is addressed from DES point of view. In
Chapter 6, some new supervisory FTC results based on HS methods are reported.
A four-wheel-steering and four-wheel-driving electric vehicle in LAGIS laboratory
is particularly focused on whose actuator faults are analyzed systematically and the
hybrid fault tolerant tracking control approach is applied. At last, in Chapter 7, the
perspectives of FTC for HS are predicated.

The authors are grateful to Prof. Marcel Staroswiecki, of laboratory SATIE from
Ecole Normale Supérieur de Cachan, France; Prof. Zhenyu Yang, of Technical Uni-
versity of Denmark, Denmark; Prof. Peng Shi, of University of Glamorgan, UK
and Prof. Gang Tao, of University of Virginia, USA, who have greatly aided this
research. Finally, we would like to acknowledge the support of research grants, in-
cluding National Natural Science Foundation of China (60874051), International
campus on safety and intermodality in transportation (CISIT), and Graduate inno-
vation research funding of Jiangsu Province (CX07B-112z).

Nanjing, China
September 2009 Hao Yang
Bin Jiang
Vincent Cocquempot
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Chapter 1
Fault Tolerant Control and Hybrid Systems

Both research areas of fault tolerant control (FTC) and hybrid systems (HS) have
been developed separately for several decades, and fruitful results appeared respec-
tively. However, until now, the FTC problem of HS has not yet attracted enough at-
tention, and needs to be investigated due to its academic meaning as well as practical
one. Many modern complex systems have to be modeled by HS and their safety and
reliability are quite important. This naturally motivates to study FTC for HS, which
is the topic of this book. In this chapter, we shall describe the relations between HS
and FTC, and present some examples of HS as well as their fault behaviors. Based
on these examples, we formulate the problems to be solved in this book.

1.1 Background

1.1.1 Hybrid Systems

HS are dynamical systems that often consist of continuous time (CT) and/or dis-
crete time (DT) processes interfaced with some logical or decision-making (LDM)
process. The continuous/ discrete time (C/DT) component may consist of differen-
tial/difference equations or continuous/discrete time state models. The LDM com-
ponent might be a finite automaton or a more general discrete event system. The
C/DT processes affect the state transitions of the LDM, and the LDM processes
affect the dynamic motions of the C/DT processes [80]]. The study of HS is mo-
tivated by the fundamentally hybrid nature of many real life systems, e.g., circuit
systems, flight management system, process control and intelligent transportation
systems. Over the last decade, significant progress has taken place in modeling and
simulation [80], verification [[122]], [46]], stability [22]], and controller synthesis
[110], for HS.

The HS considered in this book can be illustrated using Fig.1.1, which consists
of a series of continuous/discrete time modes (N maybe a finite or infinite number)
and a switching logic. These modes are switched among each other according to a
switching law generated from the switching logic. The framework in Fig.1.1 is gen-
eral and covers several different kinds of HS that have different switching properties

H. Yang et al.: Fault Tolerant Control Design for Hybrid Systems, LNCIS 397, pp. 1
springerlink.com (© Springer-Verlag Berlin Heidelberg 2010
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[ Switching scheme ]

Fig. 1.1 The HS model

or performance requirements. Let us take three interesting examples which will be
discussed in details in the following chapters.

Example 1.1: [138] A simplified CPU processing control system is shown in
Fig.1.2. The key control problem is to deal with the trade-off between the high-
speed computing and the physical constraints. The CPU needs to operate at high
clock frequency (voltage) to realize high-speed computing, while a high clock fre-
quency spends much energy and raises the CPU temperature, which often leads to
hardware trouble.

The system is naturally modeled as a HS with two modes.

Mode 1 (busy mode): the amount of CPU tasks is large while CPU temperature
is not too high.

Mode 2 (usual mode): the amount of CPU tasks is not large and more energy is
used for decreasing the temperature.

A state dependent switching law could be designed i.e., switching occurs when the
temperature or the amount of CPU reaches some given values.

Example 1.2: [140] A hose insertion task shown in Fig. 1.3 is a typical exam-
ple of manipulation of deformable objects. The fingertip of the robot arm inserts a
deformable hose on the plug. The motion of the hose and the fingertip are restricted
in x; — x, plane. The completed work is to insert the hose onto the plug. Such task

Cooling Fan vV

W~ !

T D T
» -

e o

Fig. 1.2 The CPU model
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Fig. 1.3 Hose insertion task

can be modeled as a HS according to different contact configurations between the
hose and the plug when the fingertip is at different positions.

Example 1.3: Consider a traffic flow control problem in intelligent transporta-
tion systems at the terminator of the bridge, where six roads are interconnected with
the bridge, as in Fig. 1.4. The roads r{", r§"" and r§" are the output roads to which
the autonomous vehicles (AVs) go from bridge, whereas the roads ", 74" and 4" are
the input roads from which AVs go to the bridge. There is a supervisor consisting
of a series of internal logic lights (similar to traffic lights for man-driven cars) for
input roads, such that the traffic flows from each input roads get into the bridge with
the prescribed sequence. The overall system is also a hybrid system involves the
interaction of continuous (AVs flows) and discrete dynamics (traffic lights).

It can be seen from the above examples that the structure of HS is very special and
complex, the analysis of fundamental properties of HS is also difficult and quite
different from that of the non-hybrid systems. This is because both continuous and
discrete dynamics and their relations have to be fully taken in account. The general
models of HS include hybrid automata [80], hybrid inclusions [42], and switched
systems [48]]. These modes capture both continuous and discrete dynamics of HS,
under which some properties of HS can be analyzed systematically.

The stability and performance of HS are related to many factors including the
initial states, the decreasing rate of Lyapunov function of each continuous mode,
the frequency of switching, the switching sequence, etc. Two basic stability meth-
ods can be applied: multiple Lyapunov functions (MLFs) technique [22]
and dwell-time scheme [129]. MLFs method claims that the stability of HS
can be achieved if the value of each mode’s Lyapunov function 1) does not increase



4 1 Fault Tolerant Control and Hybrid Systems

Bridge

the first part the second part
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~ = Supervising
lights

Fig. 1.4 One terminator of the bridge

when the mode works and 2) is non-increasing over the consecutive time sequence
when the corresponding mode is just switched on. The dwell-time scheme intro-
duces a minimum time interval called “dwell time”, and claims that the HS is stable
if the interval between any two consecutive switching instants is not smaller than
the “dwell time”. The above two methods have been extended to HS with various
switching properties and stability requirements.

The control design of HS consists of continuous controller design in each contin-
uous mode and switching scheme design (e.g., switching instants design, switching
sequence design, this is also called “discrete controller design” [122]]). The former
one is similar to that for non-hybrid systems. Each continuous mode can often be
stabilized by its corresponding continuous controller. However, the individual sta-
bility of each mode is not enough to make HS stable. The latter one is special and
more required for HS, which plays an important role to stabilize the HS globally.

It will be shown throughout the book that the above two stability methods are the
basis of FTC design for HS, and both controller design clues will be followed. The
reader is refer to several excellent survey papers [22} [42] for the analysis of other
interesting properties of HS which is not closely related to the topic of the book and
thus is omitted here.

1.1.2 Fault Tolerant Control

Faults in automated processes will often cause undesired reactions and shut-down
of a controlled plant, and the consequences could be damages to technical parts of
the plant or to its environment, so fault diagnosis (FD) and FTC are highly required
for modern complex control systems. FD is concerned with detecting, isolating and
estimating the faults [18, 23 36, 03], while Fault Tolerant Control (FTC) aims at
guaranteeing the system goal to be achieved in spite of faults [10, 54} [154]).



1.2 FTC Problems of HS 5

In the past 30 years, fruitful results have been obtained in the area of FTC. Gen-
erally speaking, FTC can be categorized into two main classes: passive and active.
Passive FTC is designed with the consideration of a set of presumed failure modes.
The resulting control system performance tends to be conservative. It also has the
limitation to deal with unanticipated faults. In contrast, Active FTC reacts to the
occurrence of system faults on-line in real-time in an attempt to maintain the overall
system stability and performance. Two main potential advantages of Active FTC
are 1) the ability to deal with previously unknown faults with explicit FD and con-
troller reconfiguration, and 2) the possibility to achieve the optimal performance.
The reader are referred to [154] for more detailed development and bibliography.

1.2 FTC Problems of HS

Although the FD problem for HS has been addressed in some literatures recently
using Petri net technique in [153], bond graphs method in [90]], observer techniques
in [126], and parity space method in [20], etc., until now, few results have been
reported about FTC for HS.

It is well known that the stability of HS is achieved under quite rigorous condi-
tions as stated previously. Most of existing results are devoted to off-line analysis
and design, such that the HS works well as what is expected. However, faults may
abruptly change system behavior, FTC strategy must be applied on-line to keep the
system performance including stability of the HS in spite of faults. This prevents
many classic FTC methods for non-hybrid systems from being applied to HS.

Two main kinds of faults have been defined for HS with respect to the pro-
cess (C/DT or LDM) that is affected by : One is a continuous fault that affects
each continuous system mode, which corrupts the continuous state behavior of the
related mode. Recall example 1.1, if there exists a fault in voltage input channel
or clock frequency input channel, the system behavior may become unexpected in
busy mode or usual mode. Another one is a discrete fault that affects the switching
sequence. In example 1.2, if there exists an abrupt change of the fingertip’s posi-
tion due to physical faults of the robot arm, the prescribed motion sequence may
be changed. In example 1.3, the discrete faults represent the unexpected behaviors
of traffic lights, whereas the continuous faults describe the abnormal situations of
AVs flows.

Now we define a general HS model with faults.

Definition 1.1. A hybrid automaton with fault is a collection
A =(0,X,U,V, %Y, F ,Init,Inv,E,G,R) (1.1)

where

0 ={1,2,...,N} is the finite set of discrete states;
X is the set of continuous states;

U defines the set of continuous inputs;

V defines the set of discrete inputs;
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o [ = [ UF g4 denotes the set of faults, with F . and [ 4 respectively, continuous
and discrete.

F: QXX xUXF.— X represents the set of vector fields for each mode;

Y is the set of continuous outputs;

Init C Q x X is the set of initial states;

Inv: Q — 2X assigns to each mode an invariant set;

E :V x F; — Q x Q is the set of discrete transitions between modes;

G : E x Fy — 2% defines a guard set related to each (i,i') € E, where the system
can be switched from mode i to i.

R: Q0 x QxX — X is the set of reset maps.

The above model is an extension of usual hybrid automaton as in e.g., [80] and [46]
to the faulty cases. This model is also more general than that in where only
the parameter faulty cases are considered.

It can be seen from model (T.I)) that

- Continuous faults f . corrupt the equality constraints of the related mode. Such
kind of faults are similar to that considered in non-hybrid systems.

- discrete faults f ; affect the mode transitions by changing discrete transition set
E or the guard sets G. Both the switching instants and switching sequences may
be changed unexpectedly. Such faults are special for HS.

The FTC objective for HS is concerned with the system requirement, i.e., to guar-
antee the system goal to be achieved in spite of continuous and discrete faults. In
this book, two main system requirements are considered:

- Continuous performance goal, e.g., the origin of the HS is stable (Lyapunov sta-
ble, asymptotical stable, input-to-state stable) and the output regulation/tracking
problem is solvable.

- Discrete specification goal, i.e., the HS has to satisfy some constraints on discrete
modes, e.g., the switching sequence.

To investigate continuous performance goal, a class of HS (I.I) named switched
systems are considered which take the form

x = gG(x7u67f(T)
y = ho(x) (1.2)

where x € X, ug €U,y €Y, f5 € Fc. 0(t) : [fo,0) — Q denotes the switching
function, which is assumed to be a piecewise constant function continuous from
the right. The dwell period of a mode represents the time period during which this
mode is activated. The switched system model emphasizes the vector fields .%#
in (II), and captures the behavior of continuous dynamics using ordinary differen-
tial equations. The affect of the switching on each continuous mode is also clearly
represented. Such model allows us to analyze FTC problems using continuous sys-
tem theories, and to extend the existing FTC techniques of non-hybrid systems to
the hybrid cases.
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Fig. 1.5 The FTC clue for HS

Four kinds of switchings are considered:

- Time-dependent switching. Such switching occurs at a certain time instant. These
switching instants can be prescribed a priori and fixed, or designed arbitrarily by
engineers. The continuous states x are continuous at switching instants.

- State-dependent switching. Such switching occurs whenever the states reach
some given surfaces or satisfy an inequality. x are also continuous at switching
instants.

- Impulsive switching. Under such switching, x abruptly change due to the impulse
effect at each switching instant.

- Stochastic switching. Such switching is governed by some random processes, i.e.
Markov process.

The above various switchings are related with the guard set G, the discrete transi-
tions set E and the reset maps set R in (I.1), which determines switching properties
of system (I.2)). As for above different HS, the continuous performance can be inves-
tigated using various continuous system theories as shown in Fig 1.5. Some existing
FTC results for non-hybrid systems could be potentially applied and combined with
the stability conditions of HS. The main idea is to design the FTC law in each faulty
mode and develop an appropriate switching scheme such that the continuous perfor-
mance goal is maintained.

As for the discrete specification goal, one natural idea is to reconfigure the dis-
crete part of the HS after faults occur to maintain such specification. The continuous
system theories are limited in this case. However, the discrete-event system (DES)
supervisory control theories can be applied as also indicated in Fig. 1.5.
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A well known DES model named finite state machines will be utilized to abstract
the discrete part of (ILI)) as

(Q7E7 Td7 Qd07 Qdm)

where 7; denotes the activated discrete transition, Quo = Uv(x.q)emi ¢- Cam € Q 18
the set of marked states. Such mode captures the behavior of discrete dynamics.
The affect of the switching sequences is particularly emphasized. DES supervisory
control theory can be developed to reconfigure the switching sequence after
faults occur, which, together with some criteria imposed on continuous dynamics of
HS, achieves the discrete specification goal.

Another important HS model named Hybrid Petri net (HPN) originating from the
DES model Petri net (PN) are also considered. HPN inherits all the advantages of
the PN and effectively captures behaviors including concurrency, synchronization
and conflicts, which often appear in complex systems, e.g., the traffic flow control
problem in example 1.3. A HPN structure is the 5-tuple

(P,T,Pre,Post,h)

where P is a set of places, T is a set of transitions; The set of places P (resp. tran-
sitions 7T') is split into two subsets: discrete places (resp. discrete transitions) and
continuous places (resp. continuous transitions). Pre and Post assign the weights
between transitions and places. More detailed formulations will be given in Section
5.2. HPN is closely connected with hybrid automaton (LI}, a hybrid automaton can
be constructed associated with a given HPN as reported in [109]. Different control
schemes can be designed for continuous part and discrete part of HPNs respectively
such that the desired discrete specifications are maintained.

One of the motivations of HS research arises from the hybrid control problem.
HS may present different control configurations. Commutation from one configu-
ration to another one is described using discrete event system model as claimed
in [T17]. Thus the controlled system becomes hybrid due to the switching control.
Some novel supervisory FTC techniques are also developed based on HS methods
to improve non-hybrid (linear and nonlinear) performance during FTC period. The
hybrid automaton model (I.I)) can be applied after a minor modification, where each
mode denotes respectively faulty or healthy situations of the system. All the switch-
ing among modes can be controlled by the user. The discrete fault disappears.

1.3 The Structure of the Book

The rest of this book is organized as follows: Chapters 2-3 provide new theoretical
developments of FTC analysis and design for HS with time-dependent and state-
dependent switchings respectively. Chapter 4 discusses the HS with impulsive and
stochastic switchings based on some results in Chapter 2. These new approaches
are based on continuous system theories and FTC goals aim at maintaining the con-
tinuous performance. The switched system model (T.2) is utilized in Chapters 2, 4
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and Section 3.3. Chapter 5 considers the HS with discrete specifications, FTC issue
is addressed from DES point of view and the discrete specification goal is empha-
sized. HPNs model is applied in Section 5.2. The Hybrid automaton model (L) is
considered in Sections 3.2 and 5.1. As an important related issue of HS, supervisory
control problems are addressed in Chapter 6, some new supervisory FTC results are
reported based on HS approaches developed in Chapters 2-3. A four-wheel-steering
and four-wheel-driving electric vehicle in LAGIS laboratory is particularly focused
on whose actuator faults are analyzed systematically and the hybrid fault tolerant
tracking control approach is applied. In the final Chapter, several future research
directions are predicated related to FTC of HS.

Fig.1.6 shows the relations among chapters. One can follow the arrowhead se-
quence to read the book. the reader who is interested in continuous system FTC
theories can read Chapters 2, 3 and 4. The reader who focuses on supervisory con-
trol can read Chapters 2, 3 and 6. Chapter 5 is independent from Chapters 2-4 and
6, the reader who cares about DES only can read Chapter 5 directly.



Chapter 2
Hybrid Systems with Time-Dependent Switching

This chapter considers a broad class of HS whose switchings are activated according
to time functions, i.e., a switching occurs at a certain time instant. These switching
instants can be prescribed a priori and fixed, or designed arbitrarily by engineers.
The motivation of researching HS appears from many practical systems e.g., circuit
system, and also the switching control ideas. In this chapter, several FTC methods
are presented for such HS. Two natural ideas follow: One way is to design FTC
law in each faulty mode such that it is stable (Lyapunov stable, asymptotical stable
or input-to-state stable) or the output regulation problem of each mode is solvable,
then apply the standard stability results on HS (see sections 2.1-2.3). Another way
is to research directly the stability of HS without reconfiguring the controller in
each unstable mode (see sections 2.4-2.5). These two ideas will be developed in this
chapter. The switching control techniques as developed in Chapter 6 also have their
roots in this chapter.

2.1 Output-Input Stability Technique

In this section, we apply the output-input stability concept proposed in [70, to
the FTC design of HS with continuous faults.

The concept of output—input stability (OIS) is a robust variant of the
minimum-phase property for general smooth nonlinear control systems. Its defi-
nition requires the state and the input of the system to be bounded by a suitable
function of the output and derivatives of the output. Our objective is to provide a
fault tolerant strategy for a class of hybrid nonlinear systems, in which each mode
is output—input stable in the healthy situation and without full state measurements.
The main ideas are that:

1 An observer-based FTC method is proposed for each output—input stable mode
to make each mode asymptotically stable whenever faults occur during its dwell
period,;

2 A set of switching laws based on this FTC method are designed to guarantee the
asymptotic stability of the overall HS.

H. Yang et al.: Fault Tolerant Control Design for Hybrid Systems, LNCIS 397, pp. 11
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To make this section more readable, we first discuss the FTC for nonlinear systems
in the following two subsections 2.1.1 and 2.1.2, then extend the obtained results to
hybrid case in subsection 2.1.3.

2.1.1 State Feedback Control for Nonlinear System
Consider the following affine nonlinear system with faults

X=f(x)+Gx)u+Ex)fa
y = h(x) (2.1)

where x € R" is the non measured state, u € R™ is the input, y € R? is the output, and
only the case m < p is considered. Functions f(-), G(-), E(-) and h(-) are smooth,
and it is assumed that u € ¥, the set of k times continuously differentiable functions
u:[0;00) — R™, with k > 1. Forall u € €*, derivatives y, j, . .. ,y(k“) are assumed
to exist and to be continuous.

The fault effect is modelled by a “fault pattern”, described by the distribution
matrix E(x) and a “fault parameter” f, € R¢, which can be time varying, and is sup-
posed to be norm bounded, i.e., 3f; : |f,| < fi. The fault pattern describes the family
of faults that are investigated [152]], as identified e.g. through standard methods like
failure modes and effect analysis (FMEA) [10]. The fault parameter describes the
size of the fault, and its time evolution. It is assumed that the distribution matrix
E(x) satisfies the so-called matching condition

E(x) =G(x)-W(x) (2.2)

i.e. it can be factorized as (2.2)) for some m x d continuous matrix W (x). The inter-
pretation of the matching condition is that the effect of faults can be described by a
deviation of the control signal. This model covers actuator faults and a large number
of system faults.

Definition 2.1. [70] System (Z1) with f, = 0 is called output-input stable if there
exist a positive integer N, a function B of class &L, and a function y of class
e such that for every initial state x(0) and every input u € €N~ its solution x(t)

satisfies ’ (ig; ) ‘ < B(|x(0)],1) + y(HyNH[OJJ (2.3)

for all't, where'y, Lyt yT, . ,y®nT,

Note that (2.3) implies

) < B0+ (], ) 24
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According to [70], the system is said to be weakly uniformly 0-detectable of order
N if inequality (Z.4) holds, or just weakly uniformly O-detectable when an order is
not specified.

The weak uniform O-detectability is independent on any input, which implies that
even when the faulty system is not output-input stable any more, it is still weakly
uniformly O-detectable if faults satisfy the matching condition (Z.2)). This property
is very useful for FTC.

The following structure algorithm will be helpful to construct the feedback con-
troller later. Due to the structure of the fault distribution matrix (2.2), the term
G(x)u+ E(x)f, is written as G(x)i where i = u+ W (x) f,.

Algorithm 2.1. nonlinear structure algorithm
Step 1: Define hy(x) £ Lyh(x), Jy(x) £ Lgh(x). Differentiating y with respect to
time along the trajectories of (2.1) gives

y=hi(x)+Ji(x)a 2.5

Assume that matrix J (x) has constant rank ry and a fixed set of r| rows that are
linearly independent for all x, these rows are taken as the first r; rows of Jy (x).

Denote hy(x) and hy (x) as respectively the first ry and the last p — r; components
of hy(x), then Eq.[Z3) is divided into two parts as

V) = 711(x) +Ji(x)a
and .
Vri+1op = hy(x)+J1(x)i (2.6)

where (-)1._j denotes the first k elements of the signal. J\(x) is a matrix of full row
rank, and Jy(x) = fi(x)J1 (x) for some (p —r1) x ry matrix fi(x).
Define hy(x,91._,,) 2 hi(x) + fi(x) 1., — 11 (x)). Eq.(2:6) can be rewritten as

Yt =M1 ) (2.7)

Step 2: Similar to Step 1, define
1

F o " - ohy, . ”
hZ(x7y1...r1 7y1...r1) £ thl (X) + 2 ayl (x7YI...r1 )yl

i=1 9Yi
H(x31.n) = Lohi(x)
Differentiating (2.7) leads to
).}r1+1...p = EZ(XJ’I...rl ayl...rl) +~f2(xa)>1...r1)’/7 (28)

The termination condition of the structure algorithm at Step 2, denoted as C 1, is
as follows:
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C I1: The matrix | > i (x) is continuous and has constant rank m and there is
J2(x7yl...r1 )

a fixed set of m—ry rows of Jr(x,y1...,,) which together with the rows of J, (x) form a
linearly independent set for all x and y1 .. ,,. These rows are taken as the first m —ry
rows of Jo(X,y1._.r,)-

Denote ha(x) and 5 (x) as respectively the first m — ry and the last p —m components
of hy(x). Under C 1, since m < p, Eq.(Z.8) can be written similarly to Step 1 as

yrﬁ»l...m = ljl2(x7yl...r1 75;1...1’1 ) +J2(X7)"1...r1 )’/_t

and
).;m+l...p = h2<x7yl...r1 7y1...r1 ) +12(-x7y1...r1 )’Z (2.9

The following Lemma is a special case of Theorem 1 in [[71]], therefore its proof
is omitted. It gives a necessary and sufficient OIS condition.

Lemma 2.1. Under the termination condition C I, the system (2.1) with f, = 0 is
output-input stable if and only if it is weakly uniformly 0-detectable.

Based on Algorithm 2.1, a state feedback controller is now designed for the healthy
system, m = p is considered, the extension to m < p is straightforward. Two as-
sumptions are imposed.

Assumption 2.1. The vector y,, 11,... . is not affected directly by input signals, which
results, for an output-input stable system (1) with f, = 0, in the fact that f1(x) =0.

A

Assumption 2.2. Let y € R>"~"1 & Ol Y stoms ¥ 1) - When f = 0, there
exists an invertible map T : R" — R¥" "1 such that y = T (x).

Since m = p, Eq.(2.9) is removed. Under C 1 and assumptions 2.1-2.2, the algorithm
2.1 leads to .
Yir | _ | P1(x) Ji(x) | -
.. =|v + i 2.10
{erl.-.m] [hz(X) Ja(x) 10

where }Vlz = ilz, 12 = J~2

The state feedback control design consists of the following three steps:

Step 1: Choose a Hurwitz matrix Ay, which gives y; , = Ajoy1..,, provided
that J; (x)iz = 9 (x) with

B (x) éAloyl...rl — hy(x)

Step 2: Choose two (m — ry) x (m— r;) matrices Ay and Ay such that

Vrit1m = A21Yr +1..m +A20Vr +1..m

The matrix AO I<"’_’XX<"’_’1> is Hurwitz provided that J, (x)it = 9, (x) and
20 21
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v

0 (%) £ A1V +1..m + A20¥ry +1..m — 2 (%)

Step 3: Design the state feedback controller u,(x) as

~1
w2 [16] " [60] e
Define M

hl(x) ]](X)

hX(X)é 0 ) Jx(x)é 0
Jia (x) J2(x)
A 0 0
AZ21 0 0 Iy r)x(mn)
0 Ay Az

Then under the control u,(x), the system (2.10) is augmented as
K =hy(x)+ Ty (xX)u, = Ay (2.12)

Therefore, u,(x) in (Z11) asymptotically stabilizes system (212) if A19,A2, and
Ay are chosen such that A is Hurwitz. An “optimized” choice of A can be refered
to [61]]. The weak uniform O-detectability implies that the closed-loop system is
stabilized.

2.1.2 Observer-Based FTC for Nonlinear System

Now we provide an observer-based method to stabilize system (2Z.I) under both
healthy and faulty conditions.

The FD scheme in [56] is first applied to provide rapid and accurate estimation
of states and faults. Denote £ and f, as the estimates states and faults respectively.
Using the differential geometry theory, we can obtain (see [36] for details) a global
diffeomorphism z = N(x) with N(0) = 0 and z € R” that satisfies

2] < u(A7)[2(0)exp(=A71) (2.13)

where 7 2 7 —2, * > 0, u(A1*) > 0 is polynomial in A*. We can also get from [56]
that f,(t) — fu(t) — 0 when z() — £(t) = 0. This means that rapid and accurate fault
estimates can always be obtained when faults occur.

The following two lemmas provide the control strategy for the healthy case and
faulty case respectively.

Lemma 2.2. Suppose that the output-input stable system (2.1) with f, = 0 and m =
p satisfies C 1 and assumptions 2.1-2.2. Given an initial x(0), there exists a constant
€1 > 0 such that if |7(0)| < &1, then the control u(£) = u, (%) makes the origin of the
closed-loop system asymptotically stable.
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Proof : In the healthy case, system (2.12)) controlled by u, (%) is rewritten as
3= Ay + 2y () () — () (2.14)

_ Let P be the symmetric positive definite solution of the Lyapunov equation
AP+ PA = —Q with a given matrix Q > 0. Consider the Lyapunov function
V = x " Py, its time derivative with respect to (Z.14) is

V= —x " Qx+2x " PIy(x)(u(®) — u(x))
< —Aanin(Q) X [? + 21| - [P] - [ (x)] - [u(®) — u(x)] (2.15)

Consider the given initial x(0), and define Q = {y : V(x) < x(0)"Px(0)}, which
are the level sets of V with respect to y (see Chapter 4 in [62]]).

Note that |u(£) — u(x)| is continuous within the region €2, and vanishes when
£—x=0,1i.e.,Z=0. There exists two constants & > 0 and & > 0, such that |7;| <
& = |u(£) — u(x)| < x1|Z|. From inequality it follows

V < ~Amin( Q)2+ 2811 P12/ enan (U () (0)) (g
< — (1= 1) Amin(Q) |x* (2.16)

2k |P|- ‘22|\/(ﬂfmax(-];(x)‘]x(x)))(xeg)
7Amin(Q)

where ¥(-) is aclass % function. There exists a constant & such that |Z| < &, satisfies
.17). Based on [62]], the choice of |7(0)| < &, where &; = min(&;, &, ), clearly results
in )y being input-to-state stable with respect to Z. Note that lim;_,.. Z(¢) = 0. Hence the
origin of the system (2.14) is asymptotically stable. On the other hand, the map T (x)
is invertible and not affected by the observer, and system (2.1)) is weakly uniformly
0-detectable, which leads to the asymptotic stability of the origin of the system. O

Vx| > L29(%),0<r<1 (2.17)

Lemma 2.3. Consider the output-input stable system 2.1) with f, =0 and m = p
satisfying C 1 and assumptions 2.1-2.2. Let a fault occur at t = 0. Given an ini-
tial x(0), there exists a constant €& > 0 such that for all |22(0)| < &, the con-
trol u(%) = u,(£) — W (%) f, makes the origin of the closed-loop faulty system (2.1)
asymptotically stable.

Proof: In the faulty case, the system (Z.10) controlled by u, (%) — W (£)f, is rewrit-
ten as

3= Ax - 0(5) (0 (®) = () ) + T COW (D) (fa = ) 050 (W () = W(E)) fa
(2.18)
The time derivative of V along is

V= =17 0x+ 20 PI ()| (0a(8) — ()
AW (fa— fa) + (W(x) —W()?))fa] (2.19)
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There exist two constants £ > 0 and &, > 0, such that |7| < & = |N(t) — N(¢)| <
K»|Z| within . Similarly, there exist two constants & > 0 and k3 > 0, such that
lz] < & = |W(x) — W(%)| < k3|%2|. Following ([2.19), appropriate selection of 7,
leads to

V < —Auin(Q)x*+E (2.20)

= 220 1Pl [21- / Gansx U 10)) (g
[+ 1o/ (G (170) A WTW)) )+ R3] (221)

where 1) is defined as in [36]]. Given a physical bound of control signals and f, the
value of Amax[1 " 7] within £ can be estimated. As in Lemma 2.2, there exists a con-
stant & > 0 such that |7(0)| < & makes the origin of system (2.14) asymptotically
stable. On the other hand, from the structure of faults in (2.2)) and Assumption 2.2,
T (x) exists and is still invertible, the faulty system (Z.1)) is still weakly uniformly
0-detectable, which leads to the asymptotic stability of the origin of the closed-loop
system. O

The following theorem provides a reconfiguration strategy based on the previous
analysis.

Theorem 2.1. Assume the output-input stable system (Z.1) with f, = 0 and m = p
satisfies C 1, assumptions 2.1-2.3. Faults are assumed to occur at t = ty. Given
a x(0), there exists a constant @ = min(gy, &) such that for all |7(0)| < o, the
following control

X a un (%), 1€0,174)
us(£,114) = { (8 — W (&) fo, £ € [170,09) (2.22)

makes the origin of the closed-loop system asymptotically stable, where tgq is the
time instant when the fault has been estimated.

Proof: From Lemma 2.2, under the control u,(£) with the initial |Z(0)| < @, one
has V < 0,Vr € [0,17), and y(17) € , where Q C Q. Eq.2.I3) implies |2(t/)| <
|Z(0)|. On the other hand, the fault can be detected at 7, =t if |Z(0)| < o (see [56]
and [142]), which means the faults are detected rapidly. Therefore, after t = trds
inequality (Z20) holds under the control u,,(£) — W (%) f,. The result of Lemma 2.3
is then applied to complete the proof. m|

Remark 2.1. Theorem 2.1 provides a flexible control architecture which guarantees
that V < 0 Vt € [0,e0) whenever the faults occur, this property is very suitable for
HS [[I42)]. The proposed strategy treats the healthy system and the faulty system with
different controllers, which leads to good system performance in the sense of FTC.

Example 2.1: A DC motor example is employed to illustrate a potential ap-
plication field of this approach. A series DC motor is a DC motor where the field
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circuit is connected in series with the armature circuit [19]. Under the hypothesis
that there is no magnetic saturation, the modified model of this system is expressed
as follows:

X1 —kix1xy — Ile +u; +Lf;,
Bl = | —kxnt+id-5 (2.23)
X3 up + 2k1x1 f,

e

where x; = ¢ denotes the flux, x = @y denotes the speed, x3 = T} denotes time
varying load torque, u; and u; are the voltage inputs. the speed and the flux are
measured.

Let us first consider the healthy case (f, = 0). Since x; = y1, X, = y2, and |x3| =
T3 +kaya — 51y} < 2] +Jkalya| + X [y1 2, it is seen that the healthy system is
weakly uniformly O-detectable of order 1. The output derivatives are

)= Laersdy )+ ool [a)
» kz)Q-t- JLxl J 00 U

so r; = 1, differentiating the equality of y, leads to

kiky 5 ko Zk% 5 2kiR 4

. 2%k 17| "
Vo =kixp — L x1+1x3—JLx1x2 JI2 1+[JL1x1 ][uz}

1 0

The matrix [ %y } is always nonsingular. The map T : x — y is also invertible
JLM Ty

and not affected by the observer. C 1 and assumptions 2.1-2.2 are satisfied. From

@-10), uy, can be designed as

y [ k1x1x2+(z— 1)x; }
LB = et = g o (k)
which makes A Hurwitz.
Now consider the faulty case. It is clear that W (x) = (L, 2k;x;) ", f, is an actuator
fault that affects both control channels. The invertible transformation z; = x», 7o =
-+ JLxl , 73 = x1 puts system (2.23) into the form

{21} _ [22—k2y1 ] (2.24)
22 25 ya(kiyrya + Byy —up) — 2
v =2 (2.25)
R
3 = —kiy1y2 — IR +ur+Lfa (2.26)

Y1 =23
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Fig. 2.1 State trajectories

Eq.(2.26) does not involve the estimation of z; and zp, which implies that fault
estimates are obtained without any estimation error. So the fault can be detected
and compensated immediately after the fault occurs. Under control u,(x), one has
X = Ay, where x = (y1,2,52) -

In the simulation, the parameters are [19]: R = 0.0247, L = 0.06, J = 30.1, k; =
0.04329, ky = 0.0033. The initial x(0) = (0.5,0.1,1)". £(3) = 0.85. The fault is
considered as

< .
£ = { 0, Os <t<2.5s 2.27)

0.5+0.2sin(51), 2.55s <t < 10s

Fig.2.1 shows state trajectories, the origin of the closed-loop system is asymptoti-
cally stable in spite of faults.

2.1.3 FTC for Hybrid Systems

The above FTC solution is now extended to a class of switched systems taking the
form

X = fo(x) +Gs(x)ug + Es(x) fuc
y = h(x) (2.28)

where each mode satisfies all the conditions in Theorem 2.1. o(¢) : [fg,0) — Q =
{1,2,...,N} is a switching signal, which is assumed to be a piecewise constant
function continuous from the right.

The switching property is considered as in [29]: (a) the switching sequence is
fixed, (b) there is a series of dwell periods A#;; for mode k when it is activated for
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the jth time and mode k switches to mode (k4 1) for the jth time at # = #;; when
At(;11); 1s elapsed, (c) the states do not jump at the switching instants.
The observer-based method in Section 2.1.2 is modified for the HS as follows:

e The observer and the fault estimates scheme are switched according to the current
mode at each switching time.

e The initial states of the current observer are chosen as the final states of the
previous observer. The fault estimates are set to zero at each switching instant.

We also need to impose a condition on the above switching law such that the
weak uniform O-detectability of the overall HS can be guaranteed.

Assumption 2.3. Aty (k= 1,2,...,N) are large enough such that for any s € R+,
we have B
Br1(2Bi(25,Ati), Atynyj) < As <s Vke Q (2.29)

where 0 < A < 1 and Bi(k € Q) satisfies (Z4) for mode k.

Lemma 2.4. Consider the HS (2.28) satisfying Assumption 2.3 in the healthy case.
Then, the overall HS is weakly uniformly 0-detectable.

Proof: Lemma 2.4 is an extension of Theorem 1 in to the weak uniform 0-
detectability case, its proof is omitted. O

Let Vi, ug (%,174x), 0 be respectively V, us(%,174), @ for mode k. The FTC problem
for the system (2.28) with unfixed dwell periods and fixed dwell periods will be
discussed respectively.

Theorem 2.2. Under Assumption 2.3, consider the HS (2.28) under a family of con-
trol laws ug(%,174x). There exists a constant @y such that |7,(0)| < oy with a given
x(0). If, at any time instant t, the following conditions hold:

Z(0)] < Wi (2.30)

Vi1 (X (@) < Vi1 (X (1) (j-1))), J>0 (231
then, choosing Aty > T — tyj, which satisfies (2.29), and setting 6(t) = k+ 1 at
t =ty + Aty guarantee that the origin of the overall HS is asymptotically stable.

Proof: If the initial |Z(0)| < ay for some k € Q, it follows from Theorem 2.1 that
Vi < 0 as long as mode k remains active. If at some time instant 7 one has |7(7)| <
011, and o(f) = k+ 1 is set on, then for all 1 € [f,1;; + Aty;), Vir1 < 0 as long as
o(t) = k+ 1. It is concluded that if the k”* mode is activated only when |3()| < ax,
then

Vo(t) <0, Yo(t) =k (2.32)

Moreover, from (Z.31)), for any admissible switching time #;; one has

Virt(X ts 1)) < Viert (X (tgeny (j-1))) (2.33)

Since the k™ faulty mode is still weakly uniformly O-detectable, and T always ex-
ists, the Multiple Lyapunov function method can be applied to conclude that the
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origin of the hybrid system is Lyapunov stable. On the other hand, for each switch-
ing time #;, j = 1,2, ... such that G(t,j;-) = k, the sequence Vg, ) is decreasing and
positive, and therefore has a limit { > 0. One has

lim [Vk+l(7f(t(k+l)(j+l))) —Vk+1(%(f(k+1)j))] ={-(=0

]

Note that there exists a class J#  function o such that

0= ,15130 [Vk+1(x(f<k+1)(j+1))) —Vk+1(l(f<k+1>j))]
< }L{lc[—a(llx(f<k+1>j||)] <0 (2.34)

Inequality (2.34) together with Lemma 2.4 implies that x(¢) converges to the origin,
which combined with Lyapunov stability, leads to the asymptotic stability of the
origin of the HS. This completes the proof. a

Remark 2.2. Inequality (Z.31) is used only when the target k+ 1" mode has been
previously activated. Actually, when only a finite number of switchings is considered
over the infinite time-interval, Inequality (Z.31) can be relaxed to allow for finite
increases in Vi1, (see [28]] and for some analysis). In this case, inequality
(230) alone is sufficient to enforce the asymptotic stability of the origin.

Many real systems work under a series of prescribed dwell periods, i.e., Aty is fixed.
In this case, the goal of FTC must be achieved before each switching time whenever
the faults occur. This is possible because the decay rate of Vj can be estimated. We
have the following corollary.

Corollary 2.1. Consider the HS (2.28) under a family of control laws u(%,tsar)
with fixed At; k € Q which satisfies (229). If each faulty mode satisfies (iv), T
exists and is still invertible, and there exists a constant @y, such that |72(0)| < ay,
then the origin of the overall hybrid system is asymptotically stable.

Proof: Tt is clear from (2.13)) that appropriate selection of A makes (Z.30) hold at a
given 7 ;1);. On the other hand, inequality (2.20) in Lemma 2.3 leads to

Iy Amin (Qk)
/’Lmax (Pk)

Note that = is bounded within a known region and converges to zero, so the trajec-
tory of V; can be estimated by (2.33). The results of Theorem 2.2 can be applied to
guarantee the asymptotic stability of the origin of the HS. O

Vi < —Amin (00X >+ 5 < —uVi+ 5 W (2.35)

2.2 Overall Fault Tolerant Regulation

This section extends the classical output regulation theories to hybrid nonlinear sys-
tems and analyzes its fault tolerance in the presence of continuous faults modeled
by the exosignals.
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2.2.1 Fault Tolerant Regulation for Nonlinear Systems

The considered system takes the general nonlinear form

X(1) = G(x(t),ult), f(1)) (2.36)
¥(t) = H(x(1), f (1)) (2.37)
f(e) = S(f(r)) Vi >1s, with f(t) =0 Vi € [0,17) (2.38)
e(t) = y(1) =y (x(1)) (2.39)

with measurable state x € R”, input u € R”, output y € R™. The regulated error
e denotes the output tracking error between y and the continuous reference signal
vr(x) : R* — R™. The vector fields G, H are assumed to be smooth and known.

Once the fault occurs, the fault signal f € % C RY is generated by the neurally
stable exosystem (Z.38)), i.e., dS(0)/d f has all its eigenvalues on the imaginary axis,
which means that f is always bounded. The function S is also assumed to be smooth
and known. Such model effectively describes process, actuator and sensor faults.

The following assumption is a basic requirement for the state feedback output
regulation design [53]].

Assumption 2.4. There exist some u = o.(x, f) with f = 0 such that x = 0 of healthy
system (2.36) x = G(x, &t(x,0),0) is asymptotically stable.

Definition 2.2. Fault tolerant regulation problem (FTRP) for system (2.36)-(2.39) is
to find a FTC law u = o/(x, f) such that Vx(0) € X with & C R" a neighborhood
of 0 and V' f € F, the trajectory of the closed-loop system (2.36) x = G(x, ot(x, f), f)
is bounded ¥t > 0 and lim; . (1) = 0.

Theorem 2.3. Suppose that the fault f can be detected/approximated accurately,

and there exists a u = o(x, f) satisfying Assumption 2.4. The FTRP for system

2:38)-2.39) is solvable if and only if there exists a €% mapping x = n(f) with
7(0) = 0 defined for (x, f) € & x .F satisfying

S(f) = G(=(f), a(n(f), f):f) (2.40)

0=H(x(f),f) —yr(m(f)) (2.41)
Proof: The proof follows the same way as that of Theorem 8.3.2 in [33]], which is
thus omitted. m]

Remark 2.3. It can be seen that FTRP is similar to the general output regulation
problem with disturbances. Theorem 2.3 provides necessary and sufficient condi-
tions to solve FTRP in the classical faulty case. The existence and the design of
7n(f) and o.(x, f) have been deeply investigated in many literatures, e.g. [I53], [52],
which are not focused on here.

2.2.2 Opverall Fault Tolerant Regulation

Now we consider the hybrid case. The system is
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X(t) = Gy (x(2) gy (1), for) (1)) (2.42)
y(t) = H(x(t), fo) (1)) (2.43)
Joi)(t) = So0)(fo) (1) V1 =17, with f5 (1) =0 Ve € [0,17)  (2.44)

where o(¢) : [0,00) — Q also denotes a piecewise constant switching function.

Assumption 2.5. There exists a family of controllers u; = 0;(x, f;) for i € Q solving

the FTRP for system (2.39) and (2.42)-(Z44) with o(t) = i.

Assumption 2.5 means that the FTRP of each mode is solvable individually. The
following definition is an extension of FTRP to the successional faulty case.

Definition 2.3. Overall fault tolerant regulation problem (OFTRP) for system (2.39)
and (Z42)-12.49) is to find a switching scheme among u; = 0;(x, f;), i € Q such that
Vx(0) € 2" andN'f; € F, the trajectory of the closed-loop system (2.42) is bounded
vt > 0 and limy_ (1) = 0.

Before solving the OFTRP, we give an important concept as follows

Definition 2.4. [49]: Let Ny (T,t) denote the number of switchings of G over the
interval (¢,T), if there exists a positive number T, such that
T—t
Ng(T,t) < No+ . VT >t>0 (2.45)
where Ny > 0 denotes the chattering bound, then the positive constant T, is called
average dwell time (ADT) of ¢ over (¢t,T).

Definition 2.4 means that there may exist some switchings separated by less than 1,,
but the average dwell period among switchings of modes is not less than 7,.
The following theorem establishes the sufficient conditions to solve OFTRP.

Theorem 2.4. Consider a system (2.39) and (2.42)-(Z.44) satisfying Assumption
2.5. Suppose that each fault can be diagnosed without delay, and each FTC law
u; is applied once a fault f; occurs. The OFTRP is solvable if

Cl) 1, > lnaB, where B £ max;cg Bi, a £ min;eg a;.

and either C2) or C3) holds for k= 1,2,...

C2) T () (o) (1) = T () (fo(n) (t)-

C3) —(a—"B)(t —1;) +Ink < —a*t, fort > t; and a* > 0.

Ta

Remark 2.4. Before proving Theorem 2.4, we provide some insight into the con-
ditions C1)-C3): Cl) requires that the switching of modes is slow averagely, i.e.,
the frequency of switching is not too much. C2) imposes a condition on the map-
ping m; and the fault value f;. It can be seen that if there is a common mapping
x = 7t(f) for all modes, and fs(;, ,)(tx)) = 0, then C2) holds. Generally, C2) is
hard to satisfy even in the linear case [76]. In the absence of C2), C3) requires
that the dwell period of each mode is long enough. C3) can be verified by checking

whether Ink + (a — 12:3 e < (a— 1‘;5 —a*)t holds or not for t € [ty ty41).
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Proof of Theorem 2.4.: Since mode o(#;) in the time interval [f,#1) is controlled
by ug(y,), thus its FTRP is solved from Assumption 2.5. According to Theorem 8.3.2
in [S5]], a center manifold x = g, ) (f5(,)) of mode o(#) is locally attractive, i.e.,

1x6(t) = T4 (Fora) ()] < Be™ ™) (1) — o) (fo(r) (06)) ], 11 St <ty (2.46)

Similarly, in [#;_1,7) one has

x(te ) = o) oty (e )] < Be U %0 |x(t1) — Ty fo ) (t-1))]
(2.47)
Combining 2.46) with 2.47) yields

|x(t) — nﬁ(fk)(fc(fk)(t))‘ < Be =1 x(tx) — nﬁ(fk71)<f6(’k71>(tk))
Ts(y_ 1) (fcr(tk,l)(tk)) ~ o () (fc(’k) (%))
< B0V x(n ) — g ) (Fo ) (-1))]
_’_Befu(l*lk) |”G(tk,1) (fg(tk71 ) (tk)) — ﬂc(tk) (f(y([k) (tk)) ‘ (248)

By induction, we obtain
(1) = o) (fo(r) ()] < B e 1x(0) = g (0) (f5(0) (0)))
k
+Y, (Bse_”<t_”‘"”‘> 1T, ) (fo ) tk—st1))
s=1

oty oty (rs))l) 249)

1

From C1), we can pick A = a — . Based on (2.43), we have

nB _ InB
1, > We have 7, = (-2,

)
Bk+lefu[ S BNO+1€T[H InB—at < BN0+]€711 (250)

If C2) holds, each term of the sum in (2.49) is zero. Substituting (Z.30) into (2.49)),
we further have

(1) = T ) (fo) (1) < B e H(x(0) = T (0) (for(0) (0))] (251

Inequality 2.51) means that x — 75, (f5(,,)) still converges to zero V¢ > 1, Vx(0) €
2 and Vf; € #. By continuity of H and y, in each [t;_i,%), it follows that
lim,_ge(t) = 0.
If C2) does not hold, one has from C1) and (2.43) that
BSefu(tflk,Jq,l) S BN0+’7tk.;J+lefu(tflk,J+l)
< BNOerT:zHI InB—a(t—t_s+1)

< BNog=A(=tk—s11) (2.52)
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Since each f; is bounded due to the neurally stable exosystems, there exists a con-
stant & > O such that Vk = 1,2,...,and 1 <s <k

‘no(tk,x)(fc(tk,x)(tkfx+l)) - ”o(z,c,m)(fo(z,(,m)(tkfm))‘ <& (2.53)

It follows from ([2.33) and C3) that

k
)y (Bse_w—t"’” Mt St ) (tesi)) = Tot ) Foty i) (esi)) |>

s=1
k
< EBM 2 e Mi—lst1)
s=1

S gBN()elnkfl(tflk)
< tg'BNoe—a*f (2.54)

By substituting (2.50) and 2.34) into 2.49), we conclude that x — 75, ) (f5(;,))
converges to zero V¢ >, Vx(0) € £ and Vf; € .%. The result follows. O

2.3 Multiple Observers Method

2.3.1 Problem Formulation

Differently from sections 2.1-2.2, we address a class of HS with both continuous
faults and discrete faults in this section. The system takes the form

X(t) = Aox(1) + 8o (x(2),1) + Bous (1) + Es f5 (1) (2.55)
y(t) = Cx(t) (2.56)

where x(1) € R" is the non measured state, y(z) € R? is the output, us(t) € R”
is the control. A, Bs, Es and C are real constant matrices of appropriate dimen-
sions. (As,Bg) is controllable. g4 (x(7),¢) is a continuous Lipschitz function, i.e.,
|85 (x1,7) — g5 (x2,1)| < Lg|x1 —x2|, where Ls > 0 is called the Lipschitz constant.
Moreover, g5(0,7) = 0.

The continuous actuator fault is modelled by a “fault pattern” as in Chapter 2.1.
Suppose that there exists two constants fO and f1 such that |f5| < 2, |£<| < fL.
Such fault model covers all faults that result in a deviation of the control signal from
normal.

Define O = {1,2,...,N}, where N is the number of modes. 6(t) : [fy,e°) — Q
denotes the switching function as in sections 2.1-2.2. Denote ¢; as the jth switching
instant of the system (Z.23)(2.36). Atz;, the system switches to mode k, where k € Q,
j=12 ...

The switching property is considered as in [29]: a) the switching sequence is
fixed. b) there is a series of prescribed dwell periods between each switching. We
also assume that the states do not jump at the switching instants.
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The discrete fault is represented by the faulty switching function o(z), that
forces the system to switch to a mode which is not the prescribed successor at
the switching instant. Similarly, oy (7) denotes the healthy switching function. If
o(t) = oy (1), then there is no discrete fault in the current mode.

The FTC problem in this section can be described as: Keep the states of system
(2:33)-2.36) always bounded and make them converge to a small closed set in spite
of continuous and discrete faults.

Different from sections 2.1-2.2, the FTC of discrete faults must be taken into
account as in and [143]]. Since the current mode after each switching time
may be unknown due to discrete faults, some identifying work must be applied
for a short period. Some related work can be seen in [129], [68], and [20].
Whatever method used, the necessary time period in which mode is identified (due
to computation time, decision time) may cause instability. How to overcome this
finite delay is a problem to be addressed.

The main idea is as follows: 1) For the continuous faults in each mode, an adap-
tive observer technique is proposed to provide the rapid fault estimation, based on
which the FTC law is designed. 2) For the discrete faults, a novel model-free sliding
mode observer is designed, which together with a series of observers related to sys-
tem modes, can identify the current mode quickly while guaranteeing the stability
of the system during each transition period. 3) The above two FTC strategies are
combined with the average dwell time scheme such that the states of the overall
hybrid system are always bounded and converge to a small closed set.

2.3.2 FTC for Continuous Faults

In this subsection, only f& () is addressed. We introduce the input-to-state practical
stability and a lemma that will be used later.

Definition 2.5. [I13|] A system % = f(x,u) is said to be input-to-state practically
stable (ISpS) over [0,t) w.r.t. u if there exist functions B € ' %L, a,y € K, and a
constant ¢ > 0, such that for any bounded input u and any initial condition x(0), we
have

o(x(0)]) < B(x(O)],0) + v(llullps) +¢, VE=0

Note that when ¢ = 0, ISpS becomes input-to-state stability (ISS) [114] (see also
Definition 4.1 in Chapter 4).
It has been proven in Section VI of [113] that the following property holds.

Lemma 2.5. If there exist oy, 0p, 03, V1 € Hw, G > 0 and a smooth function V :
R" — R such that

o ([x]) < V(x) < on(lx]) (2.57)
V(x) < —os(x]) +n(lul) + g (2.58)

Then the system x = f(x,u) is ISpS over [0,t) w.r.t. u.
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If ¢; = 0, then V is called ISS Lyapunov function[[114], and the system is ISS under
@227 and ([Z.38) with the state x and the input u (see Lemma 2.14 in [T14]).

Now let us consider the system 2.33)(2.36) with o(7) = k for some k € Q starting
fromt =¢;

x(t) = Apx(r) + gi(x(2),1) + Brug (1) + E £ () (2.59)
y(t) = Cx(1) (2.60)

Assumption 2.6. There exists a matrix Ky, such that Gy(s) = C[sI — (A — K;.C)] "' Ey,
is strictly positive real (SPR) :

Vo > 0:Re(Gr(jw)) >0 (2.61)

Moreover
min Gpin (A — KiC — jol) > Ly (2.62)
WERT

where Owmin (M) is the smallest singular value of M.

Remark 2.5. Assumption 2.6 is a restriction on the triple (Ay,C,Ey}) in terms of the
fault to residual transfer of the observer-based residual generator associated with
the linear part of the system. A known necessary condition for Gi(s) to be SPR is
that (Ay,C) is observable and CE}, is of full column rank. It should be noted that CEy,
being of full column rank is a standard assumption in fault isolation problem [10].

Under Assumption 2.6, it has been proven in that for any given matrix Q) €
R > 0 and scalar € > 0, there exist two matrices P, € R"*" > 0 and R; € R4
such that

P.E,=C'R; (2.63)
and
P2
(Ay — KiC) T P+ P (A — K C) + €21, + é‘ +0,<0 (2.64)
The FD scheme for mode k is designed as
% = Ak +gi(£,1) + Bune + Ex f§ + Ke(y — 9) (2.65)
fe = TR (y—9) — %I f¢ (2.66)
$ = C# (2.67)

where (1), f¢ (), (t) are the estimates of x(¢), f¢(¢),y (¢). The weighting matrix
I, = I;CT > 0, and the constant 1% > 0 are chosen such that % — lmax(l"k_l) > 0.

Remark 2.6. The diagnostic scheme (2.63)-(2.67) plays an important role to diag-
nose the f. Our goal is to stabilize the system, we neither care about when the fault
occurs nor design a so-called detection observer as in [58)] to detect the fault. The
diagnostic scheme (2.63)-([2.67) always works no matter the mode k is faulty or not
(i.e., the normal condition can be treated as a special faulty case where f =0).
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Denote ey (1) = x(t) — £(t), ey(t) = y(t) — 9(t), ep(t) = fE(t) — f¢(t), we have the
following lemma:

Lemma 2.6. [57)] Define a set Sy as

Sk = {(exﬂef)

oin (P el + A7 e < fj;}

where
A —1 1,2 2 N min(ckl, Ck2)
Be=Amax (I} ) (f) +Gk(f1?) y Ok = max e (PY), ﬂ«max(rl‘;l)]
k1= min(Qk) >0, 2 £ O — Amax (1) >0 (2.68)

Then under Assumption 2.6, the fault diagnostic scheme (2.63)-(2.67) guarantees
that (ex,ey) of mode k converges to Sy exponentially at a rate greater than e~ %',

The following lemma gives a relation between ey and ey.

Lemma 2.7. Under Assumption 2.6, the fault diagnostic scheme (2.63)-(2.67) guar-
antees that ey is ISS w.rt. ey, i.e., there exist B € X L, Qo Yok € Heo sSUch that

ek (lex(1))] < Ber(lex(t))],1) + Ve (llerlly; ), Ve =15 (2.69)
Proof: From (2.39), 2.60), (Z.63) and 2.67), we have
éx = (Ar— KiClex + gi(x,t) — gi(%,1) + Exey (2.70)

Choose a Lyapunov candidate O, = eIPkex, its derivative w.r.t. time along (2.70) is

@k = 6’; [Pk(Ak — KkC) + (Ak - KkC)TPk]ex
+2e, Pi(gi(x,t) — g(%,1)) +2e] PiErey

Note that, for two vectors ay, a3, it holds that 2a; "ay < la; "a; +€a, "a, fore > 0.
Similarly, we can show that

P2
ZeIPk(gk(x,t) —gr(£,1)) < ej é‘ ex+£L% ejex (2.71)
From (2.64), we have

< —eI Orex + 2eIPkEkef

_ 2 BESF,
<(—Amin(Qk) + €1)ex|” + N lef] (2.72)

where €; > 0 is chosen such that — Ay (Or) 4 €1 < 0. Inequality (2.72) implies that
Oy is an ISS-Lyapunov function with the state e, and the input ;. From Lemma 2.5,
the result follows.
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Moreover, we have

@k < _ﬂ'min(Qk)'i‘gl

o /’Lmax (P k)
Using the differential inequality theory (see Chapter 2 in [84]]), we can obtain

PE|?
| k k‘ ‘€f|2A

O+ le@k+l2‘€_f|2

1
O < DO, (1) + / M gle (1) 2dT
1j

1
<O (1) + sup {nles(7)]*} / MTdr
7

T 1)
1
<) Do (P |ex (1) 2 + . Sup {wles()]*} (2.73)
~ ~ Z T Horefty)
Bet(lex(tj)]0) N e y
Yek(llerlly;.0)

Define () = Amin(P¢)(+)?, which, together with B, ¥.x in 23, leads to
(2.69). This completes the proof. o

Supposed that e¢(¢) is norm bounded in each [t;,¢;1). Inequality means that
given an initial |e,(z;)| (or a bound of |e,(¢;)|, the value of |e,| can be estimated.
Define

ex(t)est = Oy 0 Bopr (lex(t7)]1) + 0t 0 Yo (e (Dl ) 15 St <tj01 (274)

ex(t)est is the estimates of |e,(7)|. It follows that |ex(¢)]| < ex(t)es-

Now we are ready to design the FTC law. Since (A, By) is controllable, let W, =
WkT > 0 be associated with a given symmetric positive definite matrix H by the
Riccati equation

A;Hk—f-HkAk—ZHkBkBkTHk—G—Wk =0 (2.75)

The design of the proposed fault-tolerant controller makes use of the two follow-
ing assumptions.
Assumption 2.7. Given a solution Hy of (Z.Z23), there exists a bounded function
M (x,2) > 0 such that

e Hygye(x,0)] < My, ) | T Hy By | (2.76)

Assumption 2.8. rank(By, Ey) = rank(By).

Remark 2.7. Inequality (270) is not restrictive. Since g;(0,t) = 0, from the Lips-
chitz condition, one has |gi(x,1)| < Ly |x| and |x" Higi(x,1)| < Ly |x" H| |x|. Since
(Ag,By) is controllable, the ratio ‘xTHk’ / ’xTHkBk’ is homogeneous and its
maximal value is found by solving max(|x " Hy|) under the constraint |x" HyBy| = 1
providing some bounded solution x*. Assumption 2.8 is naturally satisfied for the
actuator faulty case. Indeed, rank(By,) = rank(By, E}) < Im(Ey) C Im(By) which is
equivalent to the existence of By such that (I — BiB})E; = 0.
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The fault-tolerant controller is constructed as

ug(£) = gy (£) + uia (£) (2.77)
where
) (£) & —B) Hik — BiE Y, (2.78)
N (%,1)

o (£) £ O(£), (%) 2 mi(%,1)B] Hik (2.79)

ok(®)]+ /2
with € an arbitrarily small positive scalar.

Lemma 2.8. Suppose that assumptions 2.6-2.8 are satisfied, under the feedback

control (ZZ70)-@2Z9, mode k in @ZINZ60) is ISpS over [tj,t) w.rt. ey, ey and a

constant g > 0.

Proof: Applying the control to (2:39) results in the closed-loop dynamics
x=(Ar— BkB,ij)x + BkB];erex + Erer+ gk(x,1) + Brupa () (2.80)

Consider a Lyapunov candidate Vj (x) = x Hyx, where Hy > 0 is defined by 2.73).
Its derivative along the system is

Vk § —ﬂ,min(Wk)|x|2 +2‘HkBkBkTHk‘ . ‘X‘ . |ex\
+2|HyEx| - x| - |es| + 2x T Hi[Brugo (%) + gi(x,1)]  (2.81)

From (2.79), one has

ZXTHk[Bkqu()C) +gk(X,t)]
20 n) T HyBe? + 2x T Hygr (e ), 1) [T HiBy| + ex Hygr(x,1)
B Nk (x,0)|x T HyBi| +€/2
(2.82)

Substituting (2.76) into (2.82) yields

elx" Higi(x,1)]
2T [Besin(e) 4 )] < ) <eg 2.83
k[Briia (x) + 8i(x,1)] < N (x, 1) [x T H By | +€/2 — e

Assumption 2.7 guarantees that the control u; (x) is continuous and locally bounded.
There always exists a number & > 0 such that |u; (£) — ugo (x)| < |ey| for a small
|ex|. Due to the convergence of the estimation in Lemma 2.6, it follows that

2xTHk[Bk(uk2()2) — Mkz(x)} < 2|HkBk| . 6k‘3x| (2.84)

where 6 > 0. It also holds that

|ex‘2

|H BB, Hy|?
2|HiBiB] Hy| - |x| - |ex| < &2]x]* + 82"
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H E;|?
AHE -] lef] < sl + T o

where &, & > 0 are chosen such that — A, (Wy) + & + €5 < 0. Substituting two
inequalities above and (2.83), (2.84) into (2.81)), one can further obtain

Vi < (= Amin(Wi) + €2 + &) x|
H BB, Hy|? HE,|?
| 1HiBiBy k'kﬂz+2u@BH.&kﬁ+ﬂ kk'kﬂ2+e
& &
From Lemma 2.5, the result follows. O

Based on previous analysis for single mode, now we consider the HS (2.33)(2.36).
It can be obtained from Lemma 2.8 that there exist continuously differentiable func-
tions Vi : R" — R>o, k€ Qand 71 (+), 7o(+) € H, such that Vp,q € O

o |x)? < V,(x) < oplxf? (2.85)
Vo(x) < —=AVp(x) + Ti(lex]) + Pa(les]) + 0 (2.86)
Vp(x) < uvy(x) (2.87)

where constants &y, 0, Ag, ¢o > 0, 4 > 1. The existence of u is automatically
guaranteed for the quadratic Lyapunov functions, e.g., L = 0/ @.

Since no discrete fault is considered, the system follows the prescribed switching
sequence at each switching instant. The observer is modified for the overall system
as follows:

e The fault diagnostic scheme is switched according to the current mode at each
switching instant.

o The initial states £ of the current observer are chosen as the final states of the
previous observer. The fault estimates fk” are set to zero at each switching instant.

The following theorem provides a FTC strategy for the overall system with con-
tinuous faults.

Theorem 2.5. Consider the HS (Z33)([2.36) with an initial x(0), each mode satisfies
assumptions 2.6-2.8. Let the switching function ¢ have an ADT t,. If 1, > 1%‘,
where p1 and Ay are chosen from 2.86)-Z.82), and ex(t/(k+1))est < ex(t!(k))est
where t/ (k) denotes the time instant that mode j is activated for the kth time, then

under the diagnostic scheme (2.63)-(2.62) and controller (2.72)-2.Z9), the states of

the overall switched system are always bounded and converge to a small closed set.

Proof: Define GE(A) = [ e*dds, where @ 2 7, (|ey|) + P(lef]) +co. Let T >0
be an arbitrary time. Denote by 71, ...,y (1) the switching instants on the interval
(0,T), where N (T,0) is defined in (2:43). Similar to , consider the function

W(s) 2 Vg, (x(s)) (2.88)
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Since o (s) is constant on each interval s € [t;,¢;41), from (2.86), we have W (s) <
PSP Vs € [tj,tj+1). Integrating both sides of the foregoing inequality from #; to
t;1 and from (2.87), we obtain W (r1) < (W (z;) + G;j:“ (o)) Tterating the fore-
going inequality from O to Ny (7,0), we get

No(T,0)
W(T’)guN"(TO( )+ 2 uIGT (A )) (2.89)

where T~ denotes the time instant just before T.

Pick A € (0,49 — 1n“) we have 1, > (Xo /1) Based on (2.43), we have

. T .
pNo(T0) =) < Mot 5, —j+1-1

§u1+NoeTa(%7A)(‘L€ —1-)) < ul-ﬁ-Noe(lo—l)(T—fjH) (2.90)

and

) 1] ;
Gy (o) = [ erdas s oGy @

7

Substituting (2.90), (Z.91) into [2.89) yields

Ng(T,0)
W(T™ )<“NU(T0) 0)+ z u1+NOe/10 ATG’/H( )
j=0

N (T,0)
SHHNO(AT( AT —(M—A) raW 0)+ 2 EAOTGIJH )

<plHNog AT Aol (W(O) +GI(A ))
It follows that
o |x(T)[> < p' 04T (3, |x(0) > + Gy (1))

1/._ _ _
< p! oA g |x(0 )|2+#1+N°/l (71(||€x||[0,r)) +Y2(||6’f||[o,r))> +3

where § £ (u'*%0-gy) /2.

This implies that the HS is ISpS w.r.t. ey, e and a constant ¢ > 0. On the other
hand, the inequality ey (t/ (k+1))es < ex(2/(k))es guarantees the global convergence
of ey, which together with the boundness of ey leads to convergence of the states of
the overall HS to a small closed set. This completes the proof. O

Roughly speaking, Theorem 2.5 shows that, if the average dwell time is large
enough, then the overall HS is stable and the states are bounded whenever the con-
tinuous actuator faults occur in each dwell period.
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2.3.3 FTC for Discrete Faults

Since the discrete faults violate the prescribed switching sequence, one would nat-
urally try to first identify the current mode at the beginning of each time interval
[tj,tj+1) using a short time period At; < t;,1 —t;, and then control the identified
mode in the rest of the time interval.

In this section, a model-free sliding mode observer is proposed to estimate the
states of current unknown mode, which together with a series of observers accord-
ing to system modes, can identify the current mode quickly while guaranteeing the
stability of the system in each At;.

In each At;, the control signal is set to zero, thus no continuous fault signal ap-
pears in At;.

The system ([2.39)-(2.60) without input can be written as

x(t) = Apx(t) + gu(x(1),1), y(r)=Cx(z) (2.92)
where k' € Q is unknown. The system (2.92) is rewritten as
(1) = Ax(t) + Fu(x(1),1), y(r) = Cx(t) (2.93)

where Fy (x,t) £ Ayx+ g (x,t) — Ax, A is a matrix such that the pair (A,C) is ob-
servable. There exists a matrix L such that A — LC is Hurwitz stable. Denote P as the
symmetric positive definite solution of the Lyapunov equation (A — LC) " P+ P(A —
LC) = —Q with a given symmetric positive definite matrix Q.

A model-free sliding mode observer is designed as
(1) = Ax(t) +5(ex(1), pj) + LOy(1) = 5(1)),  5(t) = Cx(r) (2.94)
where &, £ x — &, and

p-1cTCé,
S(x(1),pj) = g |Ccéxz)|(t)pj

with a constant p; > 0 which will be designed later.
From ([2.93) and (2.94), we have

&u(t) = (A— LC)2,(r) — S(@:(t), p;) + Fu(x(1), 1) (2.95)

Assumption 2.9. There exists a bounded function hy (x,t), |hy (x,1)| < p|x| for p >
0 such that

F(x,1) = =P 'CThy(x,1) (2.96)

Remark 2.8. Eq.(2.90) is not hard to be satisfied if Fi(x,t) is bounded. It is clear
that there exists a constant F > 0 such that |Fy (x,t)| < F|x|. If x is bounded in At;
(which will be shown later), then |Fy(x,t)| is naturally bounded.
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Lemma 2.9. Under Assumption 2.9, there exists a p; > 0 such that, if the states in
each At are bounded, then the origin of the system (2.93) is asymptotically stable.

Proof: Consider a Lyapunov function candidate V (é,) = &/ Pé,. Its derivative along
the system (2.93) is

V = —&| Qe,+2&] PFy(x,t) —2|Cé|p;
< —&. Qe +2|Ce,|- |x|p —2|Ce.|p; (2.97)

If |x| is always bounded in Az}, then we can choose a p; large enough such that
V < —é! Qé, in At;. This completes the proof. O

In order to identify the current mode, a series of following observers are also needed
observeri: %; = Ai%i + gi(%i,t) + Ki(y — %), yi =C%;, i€ Q (2.98)

which are the same as (2.63)-(2.67) without u; and fl‘ e,; denotes the state estima-
tion error using observer i.

The sliding mode observer in and all observers in are invoked to
estimate the current mode simultaneously in A¢;. Set the initial states of observers
to £(#;) att =1t;. It is supposed that all modes are discernable [20], i.e., for mode
i without input, |ey;| converges faster than |e,;|,Vj € Q,j # i . This is a quite gen-
eral condition for switching control problem as for instance in [20],[129] and [68].
Roughly speaking, it means that all the modes are not overlapping.

The identifiability is analyzed in the following lemma.

Lemma 2.10. The current mode k' can be identified at time instants tj + At;, where
Atj can be made arbitrarily small.

Proof: Tt is evident that |e /| — |&,] < |X—&p| < |ew ]|+ |€x|, one has
‘X_jel‘ - ‘X_jek’| > e Vie Q7l #k/

where y £ |eyi| — 2|&:| — e, |- All observers share the same initial states at r = 7,
so x(t;) < 0. From Lemmas 2.7, 2.8, and (2.98), it follows that if the current mode
is mode K/, then |e,/| converges to zero at a given rate depending on Ky and Qy.
Lemma 2.9 ensures |&,| also converges to zero at a given rate. Note that all modes are
discernable, there always exist K/, Oy, L, O and p; such that (1) > 0Vr > 1;+ At;
with arbitrarily small A¢;. It follows that |¥ — £| is minimal Vz > t; + At;. This
implies that mode k’ can be identified. O

The work of identifier is to find £ that is most similar to X. Although A¢; can be
made arbitrarily small as in Lemma 2.10, a small delay is necessary to overcome the
possible overshoot of the state trajectories. Since X;, £ and X are all continuous and
measurable, in the real implementation of the identifier, high order time derivatives
of the signals can help to find the similarity (as using 1-order time derivative of
signals in the simulation).
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The following assumption is imposed to avoid that the system states escape into
infinity or a large region before a proper controller is invoked.

Assumption 2.10. The At; determined by Lemma 2.10 is always within the follow-
ing set
Qui; 2 {A1| AL <ty — 1 and |%(t; + Aty)| < &|x(1)[} (2.99)

where E>1,VK € Q, j=1,2....

Remark 2.9. The selection of & depends on system dynamics. Assumption 2.10 is
not hard to be satisfied, since At; can be made arbitrary small (due to Lemma 2.10).
If the system without control is still stable or divergent slowly (this is the ideal case),
then it is also possible that |X(tj + At;)| < £|%(t;)| when the current mode is detected
att+Atj.

From (2.99), lemmas 2.7 and 2.9, we have
[x(tj + At))] < [x(1j + At))| + [ex(t; + At;)]|
< |x(tj+ At)) |+ \/ageé‘4A’.i|éx(tj)\

S ‘X(IJ +At})‘ + \/a3ex(tj)ext
< EIx(7)| +¢&; (2.100)

where &3 > 0, &y < 0 are determined by P, Q. k” denotes the mode activated in
[tj—1,t;). Note that £; > 0 can be calculated from the estimates ex(t;)es in 2.74).
The main contribution of inequality is that it provides a bound of |x(f)| in
At, which can be used to design p; in (2.94).

The proposed identifier in this section has three good properties:

e It can provide accurate state estimates after each At; .

e [tis not affected by continuous actuator faults since no control signal are applied
in At e

e It avoids the large transient overshoot of states in At;.

2.3.4 FTC Framework

Based on the analysis in sections 2.3.2-2.3.3, the FTC problem for both continuous
and discrete faults is discussed in this section. Fig.2.2 shows the block diagram of
the framework, where the plant is connected with three parts: a series of observers
and controllers, a model-free observer, and an identifier. The fault tolerant control
framework works as the following procedure:

1) At switching instant tj, stop the fault diagnostic scheme (2.63)-(2.67), set control
signals and fault estimates to zero.
2) Invoke the model free observer (2.94), a series of observers (2.93), initialize all

observers at tj with the same states X(t;).
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Fig. 2.2 The FTC framework

3) Choose pj by (2.972) and (ZI00), invoke the identifying scheme in Lemma 2.10
into the system.

4) Determine At; based on Lemma 2.10.

5) Attj+ Atj, stop the identifier, apply the fault diagnostic scheme (2.63)-(2.67) and
controller (27)-12.79) into the system according to the current mode.

6) At switching instant tj, go to 1).

The following theorem is given to guarantee the stability of overall system with
both continuous and discrete faults.

Theorem 2.6. Consider the HS (Z3)(2.36) with an initial x(0) satisfying assump-
tions 2.9, 2.10, with each mode satisfying assumptions 2.6-2.8. Let the switching
function ¢ have an ADT 1,. If 1, > 1%1, and ex(t/ (k+1))esr < ex(t/ (k))ess, then the
proposed FTC framework guarantees that the states of the HS are always bounded
and converge to a small closed set.

Proof: Following the result of Theorem 2.5, we have
Wi(tje1) < (Wt +At) + Gy, (h) (2.101)
If the current mode is mode &, then
W (tj+ Atj) = UV, (x(1; + At))) (2.102)
From Lemma 2.9 and (2.99), we have
() +A4)| < |ex(tj+ Aty)| + (2 + At))]

< ae® e, (1)) + £l (1) — x(t;) +x(1,)
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(v @se™8 4 E)le(t) + Elx(t) (2.103)
From (2.126), we further have

Vi (x(t; + At))) < Gax(t; + At;))?

=~ £2
< 200y o+ Ol + %S Velaly) @104

~.£2
Define y/(t;) £ 205 ( (v Gze®At + E)|en(t)) P, Ay 2 2021§ ) 2041} Tn each pe-
riod At;, there are no input and continuous actuator fault, so ef(t) =0Vt €
[t,1;+ At;), and it is natural that G/ ’frl A d 71 (X). Tterating the inequality

2.101) from 0 to N together with m where NG denotes Ng(T,0), we get

No—1 No—1

No—1
w(r) < (ue I1 A)W(0) + %, (e ittty () T 4)

S=1
No—1 No—1

Tyl )+ X (071G o) [T &) + 4G, G
=1

I=j

Since At; is a bounded small time period, there exists a constant A > 0 such that
HN" 'A< AVie{l1,2,... No—1}. Note that % < ¢%T one has

W(T™) < uMeAw(0) + M A Z No iy (1)) + pe™" wling 1)

+A Y (WG (M) +uGy, | (R) (2.105)

From ( and Z.91), we get uo— ’“G (Aﬂ) < ,u”NOe (R0=2) Td’ (A), for
0<A< AO Taking the forgoing 1nequa11ty 1nto , and followmg the same
way as in Theorem 2.5, we can finally obtain

0 [x(T))> < Ba(|x(0)],2) + ¥e([l2x (1) | jo.7))
+Yex(llexllo,r) + Yer(lerllpory) + S (2.106)

where B, € XL, Yo, Yex, Yef € He, G > 0 are determined from (Z.J03).

The inequality implies the ISpS of HS w.r.t. (1), ef(1), &x(t;) and a con-
stant & > 0, where j = 1,2.... which, together with e (t/(k+1)).5 < ex(t/(k))est
and the boundness of e guarantees the global convergence of the states of the sys-
tem to a small closed set. m|

Remark 2.10. Note that é.(t;) is a discrete vector, since its value is captured only at
each switching instant. Moreover, it has been shown that |éx(t;)| Vk € Q is bounded.
Theorem 2.6 also implies that the value of Atj € Qn,; does not change the system’s
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ISpS property. Appropriate selection of At; can reduce the bound of x in the sense

of ISpS in (Z108).

Remark 2.11. Switching the input between the nominal control strategy and zero
value has been shown to be an efficient way for performance-based FTC [[103]. It
is natural for HS that, at each tj, the controller is switched on according to the
next mode. Setting the input to zero during a short period after each switching is
reasonable.

Example 2.2: A m-phase switched reluctance motor (SRM) system is em-
ployed to illustrate a potential application field of the approach. x = [6,,, @] " is
the state, where 6,,, ®,, denote the angular position and velocity of the motors.

The simplified system model is expressed as follows:

0=,
) Ke . bi Ci . _
w’":_J; Sll’l(em)—‘]’;(l)m-l-]’;u,‘, l:1,2,...,m

where J,, denotes the inertia of the motor. x, > 0 is the elasticity constant. u; is the
voltage applied to the motor of phase i, with b; and ¢; being the related viscous fric-
tion and the amplifier gain. In the simulation, 7 = 3 is considered. The parameters
are J,, = 0.935 kgm?, x, = 0.311 Nm/rad, by = 1.17 Nms/rad, by = 2.23 Nms /rad,
b3 =0.54 Nms/rad, cy =20.196 Nm/V, c; =35.31 Nm/V, c3 = 12.44 Nm/V . We
further describe the model by the general form [2.33)-(2.36) with

0 1 0 1 0 1
Ar= {o —1.2513} Az = {0 —2.385} A3 = {o —0.5775}

0 0 0 0
Bi= {21.6} B2 = [37.765] B3 = [13.305} 80 = {—O.333sinx2]

The position of the motor phase can be measured via the shaft position sensor, while
the motor velocity is often estimated by timing the interval between phase commu-
tations of SRM. A coupled output signal of the angular position and velocity is
obtained shared by all phases, the output matrix C = [1 2].

The continuous actuator fault is considered only in mode 1 with E; = [0 —
12.5]". The matrix K; and Q are chosen as

3 0.1105 —0.0007
k= [—1.8}’ Q= {—0.0007 0.0986 }

Solving Eqgs.(2.63)-(2.64), we obtain R; = 0.3225 and

p _ [ 0:01570.0258
1= 10.0258 0.0516



2.3 Multiple Observers Method 39
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Discrete fault

Fig. 2.3 An illustration of system’s behavior

On the other hand, by choosing W; = I, we obtain the matrix H; from 2.73)) as

4 [1:03300.0327
1= 10.0327 0.0325

The bounded function 1 (x,1) is selected from @2.76) as

ey — 033310015151 —0.0377x)
MD="10.3266x, — 0.81501|

Take I1 = 20, ¥ =8, € = 0.01. The related parameters of modes 2 and 3 can be
obtained following the same way as for mode 1, which is omitted.

The considered switching sequence is: mode 1— mode 2— mode 3 as shown in
Fig. 2.3. Ny = 0. From (2.126)-@2.87), choose u = 35, Ay = 0.8. The switching in-
stants are prescribed as t; = 7s, t = 14s, which satisfy the ADT scheme in theorems
2.3 and 2.4. The system is initialized in mode 1 with x(0) = [0.05 0.2]".

f7 is assumed to occur at t = 1.5s as

Fo() = 0, Os<t<1.5s
Y7 000.540.3sin(4nt), 1.5s <t < 7s

which corresponds to an increase in the friction of the motor, that makes the voltage
deviates from normal situation. Fig. 2.4 shows the fault estimation performance,
from which we can see that fl‘ follows f} rapidly with a very small overshoot.

The discrete fault occurs at t = t; = 7s, which represents the abnormal switching
behavior of the motor phase that makes mode 1 switch to mode 3 as in Fig. 2.3. At
t = 7Ts, the identifier scheme is invoked. The parameter of the model free observer
in is designed as

- [o1] - [28] 5 [270554.5351
A= {0 —1}’ L= [—1.6}’ P= {4.5351 9.0703]
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0.6384 0.6540
0.6540 1.8141
lected as 3. The speed of the rotor can cause an increase of the current after the cor-
responding voltage control has been switched off. As a consequence, such residual
current can have an adverse effect on torque production at each switching instant. To
avoid an unexpected oscillation of rotor, we select & = 2. From (2.97) and (2.100),
we can also choose p; = 5. A boundary layer compensator technique [130] is used
with a bound number 0.02 to eliminate the chattering.

where P is obtained with Q = [ ] . There exists a h(x,7) with p se-

0.8

061

0.4r-

021

0 V_— |
— fault estimates
continuous fault
I I I
0.5 1 1.5 2 25 3 35 4 45 5
s

Fig. 2.4 Fault diagnosis

7 74 7.2 73 74 7.5 0 2 4 6 8 10 12
tis s

(a) Identifier performance (Jx— £3|: solid; |x— (b) States trajectories
X|: dotted; |X — £ |: dash-dotted)

Fig. 2.5 FTC performance
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Fig. 2.5(a) shows the performance of the identifier. Although |X— £ | is minimal at
the beginning, | X — £3| is minimal and decreases at 7.35s, while |¥— £;| and | — £, |
still diverge. This implies that Mode 3 and consequently the discrete fault can be
identified with A#; = 0.35. The controller and fault diagnostic scheme for mode 3
are invoked into the system at r = 7.35s. The state trajectories throughout the system
process is shown in Fig. 2.5(b), it can be seen that the states are always bounded.

2.4 Global Passivity

In sections 2.1-2.3, we designed FTC law in each faulty mode such that it is stable,
then applied the standard stability results for HS. In the following two sections, we
will research directly the stability of HS without reconfiguring the controller in each
mode. We introduce, for the first time, the passivity theory into the FTC analysis
of HS.

2.4.1 Passivity and Fault Diagnosis

Passivity theory, that provides a bridge between achievable system performances
and energy-like considerations, has been widely used to analyze stability of non-
linear systems, where systems can not store more energy than that supplied by the
environment outside [127]]. Passivity concept has also been adopted for switched
and HS [156], [I51]], where each mode is assumed to be passive.

We shall introduce the passivity theory into the FTC design for HS where each
mode is passive in the healthy situation, and may be not passive due to the fault.

Consider the affine nonlinear system

i = f(x) +g(¥)u+A )
y = h(x) (2.107)

where x € X C R”" are measurable states, u € U C R™ are inputs, y € ¥ C R" are
outputs. The fault is modelled by an unknown function A (x) € R", which effectively
represents the process faults [10], and occurs at an unknown time. f, g, h and A are
smooth functions.

Definition 2.6. [[T4] A system (2.107) with A = 0 is passive if there exists a nonneg-
ative function'V : X — R, which satisfies V(0) = 0, called the storage function, and
a supply rate y ' u, such that for all initial states x(0) € X, u € U, andt >0

t
V() = VGEO) < [ 3T (suts)ds (2.108)
~ ~ - \0 4
~
stored energy supplied energy

where x(t) are the states at time t.
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Classical FD Energy based FD

detect nearly all faults

1

detect a part of faults

i

estimate the increasing
fault energy (inplicit)

estimate the
fault values (explicit)

FTC (Stability) <::I FTC(Passivity)

Fig. 2.6 Comparison of FD methods

The inequality @Z.108) is called dissipativity inequality [127], which formalizes the
property that the increase in stored energy is never greater than the amount of energy
supplied by the environment. A passive system is easy to control, choosing u =
—¢(y), where ¢ : U — Y is a smooth function and ¢ (0) = 0, such that y " ¢(y) > 0
for each nonzero y leads to Lyapunov stability [14].

Now we address the FD problem. As shown in Fig. 2.6, most classical methods
(36, are designed such that the explicit values of faults can be estimated. Here
we develop a novel energy based FD technique that is concerned with the energy
analysis and has its root in the passivity. Under the passivity framework, we show
that only a part of faults needs to be detected and estimated implicitly.

In the following, we assume that V is a %' function. The passivity property is
equivalent to

-

2V 0] 1)+ g <57 2.109)

Once a fault occurs, the constraint may be violated. Adding A(x) into
and integrating both sides yields

V) ~VGO) < [ ouls)as

+ /0 t [3‘; ()] " AGx(s))ds (2.110)

- -~ -
fault energy E;

As indicated in (Z.110), the energy dissipativity property changes due to the fault.
The fault may help to dissipate the stored energy (Ey < 0) or increase the stored
energy (Ey > 0). We only care about the faults that result in V (x(z)) — V(x(0)) >
Joy " (s)u(s)ds. A diagnosis threshold can be designed as

V(x(t)) — V(x(0)) = /0 ST ()u(s)ds @.111)
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This is also called lossless property [14]. Note that the faults with E¢ < 0 are not
necessary to be detected since they do not change the energy dissipativity. Once
the left side of (6.6) becomes larger than the right side, the fault is detected. We
estimate such fault value implicitly as V (x(¢)) — V (x(0)) — 5y (s)u(s)ds. More
precisely, we estimate the energy that increases due to the fault and check whether
the system is still passive or not. This information will be used for fault tolerance

analysis [T41].

2.4.2 Fault Tolerance Analysis of Hybrid Systems

The hybrid system takes the form

y = he(x) (2.112)

where x € X C R" is continuous everywhere, ug € R, hs € R". All f5, g5, ho
and Ag are smooth functions. o(¢) : [fg,) — 0 = {1,2,...,N} denotes the swifch-
ing function. We denote by #, k = 1,2, ... the kth switching time. Ny ;) represents the
number of switchings in [0,7). 1, k = 1,2,..., j € Q denotes the kth switching time
that mode j is activated. Suppose that there exists N non-negative storage functions
Vp(x), and o, 04 € e, Vp € Q that satisfy

of (|x]) < V(%) < o (|]) (2.113)

such that mode p is passive with V,(x) in the healthy situation.

In this work, we neither reconfigure the controller us nor adjust the switching
law ©. We analyze fault tolerance of the HS under the original u and o. It
will be shown that under the global energy dissipativity, the stability of the HS can
be achieved in spite of non passive modes.

Definition 2.7. A switched system (2_112)) is globally passive if there exists nominal
controllers uy, uy, ...,uy, such that for all initial states x(0) € X, and T > 0

Vo(r)(xX(T)) = Vi (0)(x(0)) — Err(x(0)) < /0 " (s)ds (2.114)

where W (s) < 0 is defined as

T N No(r) Tt 1 T
/0 W(s) £ kZ/ (y (8)ug(5)(5)

—0 Yk

7 ) aggeo))as @y

and E;, = ZZE(IT) [VG(,k) - Vo(z,:)} is bounded by a constant and tends to zero as x(0)

goes to origin.
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The left side of (Z.114) represents the sum of stored energies of all modes, which

could also be written as Zj,zlig) Vﬁ(fkll) — VG(,k)} where 1o =0, v, 5(T) =T. The
formulation of (Z.114) is consistent with the standard passivity mequahty, E, de-
notes the total transient energy. As shown later, E;, may be eliminated under some
conditions.

It is clear from that the right hand of (Z.114) denotes the total supplied
energy and “fault” energy. Since W (s) < 0, it follows that under the nominal con-
trollers uy, uy, ...,uy, the sum of the supplied energy during [0,7) can compensate
the increasing energy due to faults. This means that the total stored energies still
dissipative in spite of faults.

Global passivity balances the total energy throughout the overall process, while
no individual passivity of each mode is required. We shall prove that the global
passivity includes the passivity property proposed in [156] as in the following
proposition.

Proposition 2.1. If each mode of a HS (Z.112) is passive as in (Z.108), and there

exist functions ;"' (1), called cross supply rates such that o} ™ (1) < ¢f ' (t) where

(1) € £ and

_ < fa(k+1) k+1 d 6
Va(x(tyx+1))) — Va(x(tgr)) < o (s)ds (2.116)

tqk
then the system (Z.112) is globally passive.

Proof: The passivity of each mode leads to the fact that each energy is non-
decreasing when the related mode is activated. Suppose mode ¢ is activated at the
time 7', from (2.116), we obtain

V, (x(T)) = Vy(x(ty1)) — / W(s @2.117)

where W (s) <0, ©(x(0)) is a constant and tends to zero as x(0) goes to the origin.
This constant is obtained from the fact that X° , j}t‘ﬁ"“) @{ "1 (s)ds is bounded, since
(1) € 2. On the other hand, for any x(0), V, 5(0)(x(0)) is bounded, there exists

a constant @ = V) (x(0)) — V, (x(tg1)), which together with (ZI17), leads to the
result. -

Global passivity implies the stability as shown below.

Theorem 2.7. If a HS (2.112) is globally passive, then the origin of the system is
stable in spite of faults.

Proof: For a given arbitrary € > 0, since V; is continuous and V;(0) = 0, based on
@113, we can choose &, > 0 such that V; < &) leads to (e )~!(V;) < €. Pick & =
min; [eﬂ, since E;, tends to zero as x(0) goes to the origin, we can choose & such that
|x(0)] < &4 results in max;[c4 (|x(0)|) + E(x(0))] < &3. Thus, followed by 2.114),
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Fig. 2.7 Switching sequence

we find that if the system starts in B(g&,), we will stay within B(¢g). This completes
the proof. m|

Theorem 2.7 provides us a method to check the fault tolerance, which is equivalent
to check the global passivity. However, when we use (2.114) to check the fault
tolerance at any instant 7', one obstacle appears since we are not sure whether there
is a constant bound of the total transient energy for all + > 7. This motivates the
following result.

Proposition 2.2. If a HS (Z112) is globally passive, and V() (x(t)) < V(i (x(2))
at each switching instant t, then (2_114) holds with E;. = 0.

Proof: The result follows the fact that

iz(o) [vg(,,;ﬂ)u(rkﬂ )) = Vot (x(1)|
=V ((T)) Vi, ) (it ) +
Vo) k1)) = Vo (2(t) + -+ Vo) (x(11)) = Vo(0)(x(0))
> Vo) (x(T ))_VG(U)('x(O)) (2.118)
Thus, from ZII3), we have Vo) (x(T)) — V(o) (x(0)) < fg W(s)ds . ]

The condition in Proposition 2.2 guarantees that the energy in the current mode at
switching time is always larger than that of the next mode. In this case, the transient
energy is negative.

To further overcome the obstacle in (Z.114)), and allow the increase of energy at
switching time, we provide a stronger version of global passivity, named “periodic
fault tolerant passivity”. We first define some mode sets:

e () C Q denotes the set of healthy modes.

e (), C Q) denotes the set of healthy modes that may be activated as the initial
mode or after a healthy mode.

e (3 C Q) denotes the set of healthy modes that are activated after a faulty mode,
meanwhile, are followed by a healthy mode or are the final mode.

The relation of above several sets is illustrated by Fig.2.7, from which we see that
{1,3,5,6}€0,.{1,6} € Q5.5 € Q3. Note that Mode 3 is activated between
two faulty modes. Thus 3 € 01\ (02U Q3).
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Definition 2.8. A HS (Z.112)) is periodically fault tolerant passive if there exist nom-
inal controllers uy, uy, ...,uy, such that for all initial states x(0) € X, and T > 0, the
following inequalities hold:

o Vie (O,
Vilx((es1)i)) = Vilx(ta)) <0 (2.119)
where 0 < tyi <) <T.
o Vi€ Qo j€ Qs, such that mode j is the first mode of set Q3 activated after mode
i. Denote by T,, T; the end time of mode j and the start time of mode i respectively
T,
Vi(x(T.) = Vie(T)) < [~ Wi(s)ds (2.120)
where Wy (s) <O0.
e For the case that the initial mode i is faulty, and there exists j € Q3 such that
mode j is the first mode of set Q3 activated after initial mode and is ended at T,
Ie
Vi(x(T.)) = Vi(x(0) < [ Wa(s)ds 2.121)
0
where Wy(s) < 0.
e For the case that the final mode i is faulty, and there exists j € Qo such that mode
Jj is the last mode of set Q> activated before the final mode and is started at T

VD) - Vi) < [ Wa(s)ds (2.122)

where Ws(s) <O0.
e For the case that no mode of the set Q> U Q3 is activated

T
Vo) (5(T) = Vo(o)(x(0)) < [ Wals)ds (2.123)

where Wy(s) <O0.

Definition 2.8 is illustrated in Fig. 2.8, from which we can see that the energy is
dissipative in each small period that includes the faulty modes. Two advantages
result from this property, that is 1) Inequalities (2.120)-@2.123) are not hard to justify.
2) We can check the fault tolerance in a short period after the fault occurs.

Theorem 2.8. If a HS (2.112) is periodic fault tolerant passive, then the origin of
the system is stable in spite of faults.

Proof: We consider four cases as follows:

e Case 1: The initial and final modes are not faulty. Note that each healthy mode is
passive. Inequalities Z120)-(2Z.122) imply that every time when we start in the
mode of the set Q,, the energy is non-increasing until the next mode of set O, is
activated. The stability follows from Theorem 2.3 in and Theorem 2.7.
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Fig. 2.9 A switched RLC circuit

e Case 2: No mode of the set O, U Q3 is activated. The stability is achieved from
and Theorem 2.7.

e Case 3: The initial mode is healthy, and the final mode is faulty. It follows from
that after the last mode of set O, before final mode is activated, the en-
ergy is non-increasing. The stability is achieved from Theorem 2.3 in and
Theorem 2.7.

e Case 4: The initial mode is faulty, and the final mode is healthy. Similarly to Case
3, the result can be obtained from 2. 121). |

Example 2.3: A switched RLC circuit that is widely employed in order to perform
low-frequency signal processing in integrated circuits is taken as an example to
illustrate the results. As shown in Fig. 2.9, the circuit consists of an input power
source, a resistance, an inductance and N capacitors that could be switched between
each other. The two measurable state variables are the charge in the capacitor and
the flux in the inductance x = [g., ¢,] ". The input u is the voltage.
The dynamic equations are given by

X1 = ixz

Xy = —Clixl - fxz—i—u

y=x, i=12..,N

where C; denotes the ith capacitor. The energy function of each mode is given as

!
TG

1

V.
! 2L

2 2
X1 + X3
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Let us first consider the case N = 1, this RLC circuit is also discussed in [91]].
In the healthy situation, it can be obtained that V = —fx% -+ yu which satisfies the
passivity. The nominal control is chosen as u = u,, = —y. Now we consider a leakage
fault that occurs in the capacitor at + = 200s, the dynamic equation of X, is changed
into

1 R k
Xy = —Cx1 — sz + Cx1 +u (2.124)
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where k > 0 is an unknown faulty parameter. It follows that V = — IZx% — chxl)cz +

yu. If —sz% < chxlxz, then such fault does not affect the passivity. Otherwise, the
fault would be diagnosed. Set k = —200, L =0.1H, C = 100uF, R = 1€, the initial
states are [0.2,0.2]". Fig. 2.10 shows the diagnosis performance, we can see that
once the threshold is reached at nearly 370s, the fault is detected.

Suppose that N = 3, i.e., the system is switched among three capacitors. C; is
activated in [t3n,l‘3n+1), C,isin [t3n+1,l‘3n+2), and C3 is in [t3n+2,l‘3n+3), n=0,1,....
The nominal input is u; = —i)Q. The fault occurs in C; as (2.124) with k = —200,
which violates the passivity of mode 2. It is clear that 1 € 05, 3 € Q3. In the simu-
lation, set L = 0.1H, C; = 50uF, C; = 100uF, C3 =20uF and R = 1Q. Assume
that the dwell period 3;,+3 — 13,42 = 20s, 13,42 — 13,+1 = 20s, and #3,,+1 — t3, = 20s.
We can check that each period [f3,,3,43) satisfies 2.120), and mode 1 satisfies
(2.119). Thus the system is periodic fault tolerant passive. Fig. 2.11 shows the state
trajectory, the system is still stable in spite of the fault.

2.5 General Stability Results in HS

Motivated by the fact that some modes may be unstable due to faults, in this sec-
tion, we establish a new sufficient stability condition named * gain technique” for
HS with unstable mode, and provide novel stabilizing switching laws such that the
stability is guaranteed and each mode can be activated following any prescribed
sequence whatever it is stable or not.

2.5.1 Preliminaries

The considered switched system takes the general form

X(t) = fou (x(1)) (2.125)

where x € X C R" are the states. fs is a nonlinear smooth function. Define
0 ={1,2,...,N}, where N is the number of modes. o (¢) : [0,00) — Q denotes the
switching function, which is assumed to be a piecewise constant function continu-
ous from the right. f;, i € Q are smooth functions with f;(0) = 0, hence, the origin is
an equilibrium point. We denote by #;, j = 1,2, ... the jth switching instant, 7y = 0.
Let 1, i € Q, k= 1,2,... be the kth time when mode i is switched on. N ;) rep-
resents the number of switchings in [0,7). In this work, we only consider nonZeno
sequences (i.e., sequences that switch at most a finite number of times in any finite
time interval). However, the developed theory allows infinite switchings in infinite
time interval. We also assume that the states do not jump at the switching instants.

Specially, we define a class ¥.#.Z function as in Y :[0,00) X [0,00) —
[0,00) if y(-,7) is of class % for each fixed # > 0 and y(s,#) increases as t — oo for
each fixed s > 0.

Denote Q; C Q as the set of stable modes and Q,; C Q the set of unstable
ones. Q = Qs U Qus, OsN Qs = 0 and Qg # 0. Suppose that there exist continuous
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non-negative functions V), : R" — Ry, of, o € Ao, Vp € Q, and ¢, € KL
Vp € Qs, Op €GH L Vp € Qu that satisfy fork=1,2, ...

of (|x]) <Vp(x) < o (Ix]), VpeQ (2.126)
Vo (x(1)) < 0p(Vyp(x(tph))st —tpk), VP € Os, §p € KL 1 > 11 (2.127)
Vp(x(t)) < 0p(Vy (x(tpi))st —tpk), VP € Qus, Op EGH Lt > 1y (2.128)

Formulations (Z.126)-(2.128) include various converging and diverging forms (e.g.,
the exponential decay form [47], the constant gain form [153]]). For each stable
mode, V), in (2127) is more general than a classic Lyapunov function since a
bounded increase is allowed. For unstable modes, inequality implies that
V, may increase infinitely as described by a &7 function if t — oo. Y7L
function is more general than the Lyapunov-like function in since we do not
impose an upper bound on V),. Note that (Z127)-@2.128) are properties satisfied by
functions of each mode, and do not depend on the switching sequence. V,, (Vp € Q)
is not required to be differentiable.

Definition 2.9. Given a switching function o (t), the origin of a switched system
(2123 is said to be stable under o if for any € > 0, there exists a & > 0 such that
|x(2)] <€, t >0, whenever |x(0)| < .

Definition 2.9 describes the stability w.r.t. a given switching function ¢ (¢). The ob-
jectives of this section is fo propose switching laws that stabilize the system (2.123)
satisfying (Z126)-2128) by determining the switching instants according to any
given switching sequence.

2.5.2 Stabilization of Switched Systems

In the following, we first establish a stability condition for the considered switched
systems in the finite time interval with finite numbers of switchings (Lemma 2.11).
Based on such stability criterion, a stabilizing switching law will be constructed
(Theorem 2.9).

Lemma 2.11. Consider a switched system (2123) satisfying (2 126)-(2.128). Under
o (t), if there exists a constant 3 > 0 such that

No(s)  No(s.) gJ(rtl_)_t"
( H th_’ ) <B, t>t;>0, where g 1)1 =32 N (1, 1) 1S finite
=0 " i=k Vo)
(2.129)
Then x is bounded in [ts,t). Moreover, for any bounded x(ts), the upper bound of
|x(¢)| can be estimated.

t—t;
boir . ; .
Remark 2.12. Note that V‘,:.(") Jort > is the bound of the gain of function Vg
a(t;)
when mode o (t;) is activated. Condition (Z129) gives a relation among the gains of
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each activated mode and its activating period. More precisely, x is bounded in [ty,t)
if the product of gains from each activated mode to the terminated mode is bounded,
and the sum of these products values is also bounded. It deserves to point out that
for a switched system with unstable modes, even in the finite time interval with finite
switching times, x may escape to infinity under inappropriate switching law.

Proof of Lemma 2.11: For the sake of clearness, suppose that 7, = o = 0. Denote
No (1) £ Ne(0,)-

Consider ¢t € [0,1;), we have V’ (0 ) < VO( 0" Condition (2.129) ensures that

0
Vs0)

"(0 < B. It follows from Z.126)-(2.128) that

(o

()| < (7)™ o po g ((x(0)) (2.130)
o
for O, € . According to (Z.126), one has

Vit < Vet + 08 @04 (0)) = o (8, (1x(0) ) @.131)

o1

o) (tf)

Define oy, = max[a, "o %, @ ot ¥, ]. Since %

that o, € 7. and

, Oy, € o, itis clear

o ([K(0)]) > o™ (9, (1x(O)])) — o (9, ([x(0)])) (2.132)
Substituting into (2.131) results in

Vot < Vo) + 0 (KO)]) (2.133)

Fort € [t1,12), we have

11— 11—

Oy Oy
Vi < ya Vet [Va) a0

t t1 t -
Lo P00 g o) 234

t 0 o ! .
_Vcl([l) VG(O) V o(ty)

-ty

. .. . 9 ¢
Note that VO<0> is bounded and oy, € 7. Condition (2.129) ensures that V‘fl(’l) 0 <
o(r) (0>

[Il

B an d ") < B. It follows from (2.126)-@2.128) and (2.134) that

(’1)
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x(i2)] < (o)~ o o (05 (x(0)]) + 04, ((0)]) ) (2.135)

O, (1¥(0)])

for ¥, € .. One further has

ve <V e ™ (0, (1x0)) — of (9, (1x(0)))) (2.136)

o) = Vo)

Define ¢y, = max[ag(ZZ) ot,, oclc(t’;) o ¥,]. Since Oczg(tz), a{m{), Oy, € o, it follows
that oy, € 7. and

o, (1x(0)]) = o) (9, (1x(0)1)) — &} (9, (x(0)])) (2.137)
Substituting 2.137) into (Z.136) results in

V2 <V? oy, (Jx(0)]) (2.138)

o) = "olty)

for OC,Z S e%/oo
By induction, we find that under condition (2.129) there exists a function o € 7.,
such that at each switching instant 7; > 0,7 =1,2,..., N5,

Vol (x(t)) < Vo) (x(12)) + ex(|x(0)]) (2.139)

where o(|x(0)[) = SUP;—1.2,... N [0 ([X(0))]-
Denote j = N, forz >0, j > 0, it follows from C127)-@2.128) that

1=t

1—tj o(t)) 1

Vc(t)(x(t)) < ¢o<z_,-)—vtj o)

G(l‘_,')
tftj
o(t;) T, 17
< 7 V2 allxo))
oft;) /
¢t—1‘_,‘ l‘—tj
(1) 1) (t))
< o0 edx(0)
VG(I‘_,‘) VG(tj)
—tj tj—tj_| t—tj tji—tj_| t—t;
‘P;(;-l) ¢c§l(t~i) o ‘%(z'-’) ¢c§l(t~i) (PO'(I{)
A A LI
o)) Yolti) (i) Yolt) Vo)
No‘(t) ¢ts+1_tx Ncr(t) No‘(t) ¢ti+lA_ti
<I1 00 Vo) + 3 (T1 [ Jeds@) @140
=0 o(ty) k=1 " i=k Vo(r)
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Based on (2.126) and (2.139), since o € %, there exists a %, function & such that
&([x(0)]) = max [ 05" (|x(0) ), o((0))) (2.141)

Substituting Z.I141) into Z.I140), together with (Z.129), yields

No-(,> Ncr(t) ¢ti+l =t

Vo)< 3 (T on ) a(x0)]) < pa(lx(0)) (2.142)

k=0 " i=k Vo(s)

From (2.126)), we finally obtain
()] < (7)Y~ Ba(|x(0))) (2.143)

Since B > 0 is a constant, alo (Z), o € K, the stability result follows.

From above procedures, one can find that under condition (Z.129), given any
x(t), B and switching sequence, each oy, (|x(;)|) can be calculated which is inde-
pendent from the switching instants. Thus, for any bounded x(;), we can find a
function Q(-) such that |x(r)| < Q(|x(z)|). This completes the proof. m|

Remark 2.13. The main contributions of Lemma 2.11 are twofold: 1) Both stable
and unstable modes are allowed in the switched nonlinear system; 2) The “lL” con-
dition is removed by introducing a difference o.(|x(0)|) among functions V,Vp € M.
However, the condition (Z129) is independent from o.(|x(0)|). 3) The upper bound
of |x(t)| can be estimated without the information of switching instants in [0,t). This
property will be very useful in switching law design.

Remark 2.14. The condition (2.129) is valid since Vs is a non-negative function and
is impossible to become zero unless a stronger finite time stability [[9)] is achieved.
For the case that finite time stability is achieved, (2129) is available if we take j
instead of N () where Vé(z) >0 fort <tj.

Remark 2.15. It is often not easy to verify (2.129) on-line, which relies on the so-
lutions of the system. However, this condition can help to construct a stabilizing

switching law as shown below. The proposed stabilization scheme will automati-
cally guarantee the validation of (2.129).

Unlike the usual design methods that adjust both the switching sequence and switch-
ing instants [155]], [130], we only redesign the switching instants such that the origin
of switched system is always stable under any given switching sequence where each
prescribed mode can be activated.

Assumption 2.11. there exists a known constant y > 1 such that

0;(Vi(x(jx)), 0)

2.144
jedimia.  Vilx(ti) 2144

x:



54 2 Hybrid Systems with Time-Dependent Switching

Remark 2.16. Assumption 1 means that the initial gain of function V; is bounded
when the corresponding mode j is just switched on at t = tj. In some situations,
0;(Vi(x(tjx)),0) is affine w.r.t. Vi(x(tj)), e.g. the exponential decay form [47], the
constant gain form [[I53]. In these cases, ¥ can be easily obtained a priori.

Without loss of generality, suppose that at for a given sequence, at most m unstable
modes (m is finite) are activated one by one without being interrupted by stable
modes.

Choose a constant 8 > max[m(1 + x)x™,m(m+ 1)x™"1], where y is defined
in (637). Given any required upper bound € of |x(¢)| and switching sequence, the
switching law is designed as:

Switching law . (with a given € and a switching sequence)
1. Let i =0, choose x(0) such that (ocfw))_lq)c(o)(VG(o) (x(0),0)) <e
2. If (C1) mode o (;) is stable and mode o (t;1) is stable, then go to 3;
Else, go to 5.

. Choose t;y1 such that (af(t”l))’1q)(,(,l.“)(V(,(,Hl)(x(tiﬂ),O)) <e.

. Leti=i+1,goto?2.

5. If (C2) mode o (t;) is stable and mode & (t;11) is unstable, and there exist h — 1
unstable modes (h < m) activated successively after mode o (t;11), then go to 6;
Else, go to 9.

6. Determine the bound Q(|x(t;11)|) satisfying |x(tini1)] < Q(|x(tir1)|) using
Z143) in Lemma 2.11, choose t;, | such that

B~ W

(o) g (08 (Q(1x(111)])),0) < &

let s = 0.
7. Choose tiios such that

) ) tjr1—t)

i+14s (l+1+3‘ (Y,(tj) ! ) [3 .
‘ < _

k=0  j=k ch(tj) (h4+1—s)yhtl=s

8. Lets=s+1;If s#h, then goto 7; Else, leti =i+ h, go to 2.
. If (C3) the initial mode ¢ (0) is unstable, and there exist h — 1 unstable modes
(h < m) activated successively after mode (0), then go to 10.
10.Determine the bound Q(|x(0)|) satisfying |x(ty)| < Q(|x(0)|) using ZI43) in
Lemma 2.11, choose x(0) such that

Ne)

(o7 ") 00 (5™ (Q(x(0)]),0)) < &

let s = 0.

171

olt) B

V’f( : ) = (1 —s)gh+1-s
[e2 )‘j

12.Let s = s+ 1; If s # h, then go to 11; Else, let i = h, go to 2. |

11.Choose t1g such that ¥;_, ( $ —1.

J=k
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The main idea behind .7 is that for current stable mode o (#;), if next mode o (7,4 ) is
stable, we let mode o (¢;) be activated until 7;, | such that x(; ) results in |x(z)| < &
during mode o (#;11)’s working period [t;11,%12) (step 3). When we predict that s
unstable modes will be activated after stable mode o (7;), we let mode o (t;) be acti-
vated long enough until #;; such thatx(#;+) ) results in |x(r)| < & fort € [tir1,ti1n12)s
i.e. the total activating periods of all 4 unstable modes and stable mode & (¢;1+1)
(step 6). This can be achieved because the upper bound Q(|x(#;+1)|) can be obtained
without the information of switching instants #; 1, ...,#;1541. The switching scheme
among unstable modes is based on Lemma 2.11 (steps 7, 8, 11, 12). For initial sta-
ble/unstable modes, the initial states x(0) are also chosen in different ways (steps 1
and 10).

Theorem 2.9. Consider a switched system (Z123) satisfying (2.126)-(Z128) and
Assumption 2.11. For any given € > 0 and any switching sequence where at most

m unstable modes are activated one by one, under the switching law ., there exist
an initial states x(0) and a series of switching instants satisfy 0 < t; <1ty < ..., such
that the origin is stable and |x(t)| < & Vi > 0.

Proof: In the step 1 of .7, choosing x(0) satisfying

(@) g0y (Vo (o) (x(0),0)) < &

which leads to |x(0)| < & when mode ¢(0) is just activated. If mode o (0) is sta-
ble, we have from (Z126)-Z.127) that |x(¢)| < € for r € [0,1;). We will consider
respectively three cases C1-C3 in ..

For C1, since mode o (¢;) is stable, it follows from @I126)-@2127) that there
always exists a time instant f;11 > t; satisfying

(af(tiﬂ))_l(bo(nﬂ)(VG(nH)(x(tiH)’O)) e

this implies that |x(z;11)| < & when mode o (#;11) is just activated. Since mode
o (t;11) s also stable, we have |x(¢)| < & for ¢ € [tir1,ti12).
For C2, switching on mode o(#;17) att = f;,, results in

7 . . Li+1—1j
¢G(fi+2)(vozrtf+2)7o) pagygas (PGJ(’j) ' 1) < ﬂ
1i42 Z H 1j T - (h—|—l) h
Vois.s) =0 =k Vo) x

Since B > m(m+ 1)y, h < m, we have (h+[i)xh < hgh — 1. Thus we can choose

ti+3 > ti+o such that
i+3—1i . . Ljiv1—1j
Olarn) (1 9o B
i J
o (BT )+1) =

.
oliy) =0 =k Ve
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< h »s — 1. Choose

By induction, for s = 1,2,....h— 1 we have
(h=s)x

B
(h+1—s) =
lit34s as -, we obtain

lif3ps—liyo+s : Tj+171j

lds i1
95 (11-2-) lzs(lns(p(’(lj) )_|_1) < B 1
Vti+2+x I th - (h _ s)%h—s
O (ti42+s) k=0 j=k Vo))
Finally, we verify condition (2.129) with t =#; 14 and #; = #;;. There are finite
numbers of switchings occurring in (¢;41,% 15, it follows from Lemma 2.11 that
we can find a bound Q (|x(¢;41)|) satisfying |x(z;51)] < Q(|x(¢i11)]) using @.143).
Since this bound is independent from the switching instants, we can determine it
before . unstable modes are switched into.
Note that mode o (¢;) is stable, we can find a time instant ;1 > f; such that

(@)oo (08 (Q(1x(111)])).0) < &

This guarantees that |x(¢)| < € for ¢ € [tir1,t1p+1]. Mode o(t;15+1) is also stable,
we further have |x(¢)| < € for t € [tiipi1,tini2)-
For C3, note that B > m(1+ y)x™ and y > 1, which results in y < hih —1.

%3t0)
V()
procedure as in C2, thus is omitted here. We finally obtain with t =, and
t,=0.

Based on above analysis, one finds that for a switched system with any given
switching sequence, finite or infinite numbers of switchings and both stable and
unstable modes, the switching law .’ maintains the stability of the origin, and

|x(2)| < & fort > 0. This completes the proof. O

We can choose #; such that < h?c » — 1, the rest of the proof follows the same

Remark 2.17. Roughly speaking, . lets the activating periods of stable modes
large enough and lets the activating periods of unstable modes small enough such
that the state trajectory is bounded under a given switching sequence. Such idea is
similar to that of dwell-time schemes in [[136]], [32|]] where an aggregated system is
considered including stable modes and consequently activated unstable ones. This
aggregated system would be stable if the total activating periods of stable modes
are sufficient large. However, . provides an alternative way to approach stability
in the absence of the “U” condition.

Example 2.4: Consider a numerical example with three modes. Let .# = {1,2,3},
x = [x1, x2] ", the modes take the following forms

fl = |:_XI+4X%:|7 f2: |:XI _X2:|7 f3 = |:x1_3x2:|

—X1 — X2 X2 —|—x? X1 +Xx2
The prescribed switching sequence is

mode 1 — mode2 — mode3 — model — ------
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Fig. 2.12 State trajectory

For mode 1, it is not easy to find a quadratic Lyapunov function. However the
origin is still stable, we choose a polynomial Lyapunov function V| = x% + 2x‘2‘, this
results in V; (x(1)) < e 2V (x(0)) for t > 0. Both mode 2 and mode 3 are unstable,
applying V| to modes 2 and 3 yields

dV] (x)

5 P < VS (x) + TV (x) + 4V (x) + 4V (x) (2.145)
d‘zix) Hx) <V (x)+ 11V (x) + 2V (x) (2.146)

It can be seen that a common Lyapunov function is hard to impose here because in-
equalities (2.143)-(2.146) do not satisfy the general Lyapunov function formulation
in dwell-time scheme [48]]. The method in [88] is also not easy to be implemented
since the right sides of and are polynomial forms of V; rather than
aV{"(x) for a,m > 0 in [88], and the exponents larger and smaller than 1 exist simul-
taneously.

We choose Vp = xf +2x3, V3 = x2 +x3. It follows that V3 (x(t)) < e¥V5(x(0)),
V3(x(1)) < €*V3(x(0)), for t > 0. Note that MLFs techniques are difficult to be
applied since the state trajectories in unstable modes are not bounded and Lyapunov-
like functions are not easy to find. The “4” condition is also hard to impose here,
because V| and V; are non-quadratic.

Set € = 4 which means that |x(¢)| < 4 must hold for all + > 0. The prescribed
switching sequence is

mode 1 — mode2 — mode3 — model — ------
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Now we design the switching instants according to .&. Mode 1 is stable, choose
x(0) =1, 2] " from step 1 of . such that |x(t)| < 4 fort € [0,1;). Since both mode 2
and mode 3 are unstable, the switching scheme based on Lemma 1 is applied after #.
It can be obtained from that y = 1. m =2 due to two unstable modes. Choose
B =6.3>2(2+1). The activating periods of modes 2 and 3 can be calculated
from step 7 of .: 0.0059s for mode 2; 0.2602s for mode 3. Choose #; = 0.9s from
step 6 of . such that |x(¢)| < 4 for ¢ € [0,14). Consequently, choose #, = 0.9059s,
t3 = 1.1661s. The activating period of mode 1 is set to be 0.9s in the following
switching process, i.e., t4 = 2.0661s. Although our theory allows infinite switchings
in infinite time interval, in the numerical simulation, a finite time interval [Os, 4s]
is considered. Other switching instants can be obtained straightly. Fig.2.12 shows
the state trajectory, from which we can see that the stability is achieved and |x| < 4
always holds.

2.6 Conclusion

In this chapter, several FTC methods have been proposed for HS with time de-
pendent switching. The known switching instants bring much convenience to FTC
design. In sections 2.1-2.3, FTC objective has been achieved via designing the sta-
bilizing controller in each faulty mode and a switching scheme. Sections 2.4-2.5
researched directly the stability of HS without reconfiguring the controller in each
mode. It can be found that even some faulty modes are unstable, the stability of
overall HS is still maintained under appropriate switching schemes.



Chapter 3
Hybrid Systems with State-Dependent Switching

In this chapter, a class of HS with state dependent switching and without full state
measurement are investigated. The considered switching occurs whenever the states
reach some given domains which are defined through a set of inequalities called
guard set. Such kind of switchings appear widely in applications, e.g., flow control,
temperature control. Two FTC methods are proposed for linear and nonlinear HS
respectively.

3.1 Preliminaries

The main difference between the considered systems and that in Chapter 2 is that the
switching instant is not known a priori or can be designed. The considered switching
occurs whenever the states reach some given domains which are defined through a
set of inequalities called guard set. The challenges of observer-based FTC for such
systems are twofold [134]:

1) to distinguish the effects of the continuous faults and mode transitions (may
include discrete faults) on the system. From the abnormal change of state estimates
provided by the observer, we should first identify whether continuous faults in the
current mode occur or another mode is switched into, then treat the system with
different control strategies.

2) to maintain the stability of overall HS in spite of these two kinds of faults.

As for challenge 1), a natural idea is to design an observer whose estimation error
is not affected by (or robust to) continuous faults and sensitive to mode transitions.
Challenge 2) could also be solved if the accurate continuous state estimates are
obtained in Challenge 1). This idea will be followed throughout this chapter.

3.2 Hybrid Linear Systems

In this section, we face the above challenges 1)-2), and propose an observer-based
FTC method for a class of hybrid linear systems. The main work is outlined as
follows:

H. Yang et al.: Fault Tolerant Control Design for Hybrid Systems, LNCIS 397, pp. 59
springerlink.com (© Springer-Verlag Berlin Heidelberg 2010
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1. Under some mild structure conditions, each mode of HS is transformed into a
new form which is friendly for the design of the observer and FTC law.

2. A novel observer is proposed for each mode of new form whose estimation error
is not affected directly by continuous faults and sensitive to mode transitions.
Based on such observer, a time varying threshold is proposed to detect rapidly
each switching once it occurs in spite of discrete faults.

3. An observer-based FTC law is developed for each mode to guarantee the asymp-
totical stability of the origin. Moreover, sufficient conditions are given such that
the overall HS can be stabilized in the sense of LaSalle invariance principle.

3.2.1 FTC for Linear Systems
Consider a linear system

x(t) = Ax(t) + Bu(t) + EfC(t), |u| <u™ xeD
y(t) = Cx(t) = [C 0,5, ]x(t) (3.1)

where x € D C R" are unmeasurable states, D is a physical domain of x. y € R”
are outputs, C' is an r x r nonsingular matrix. (C,A) is observable and (A,B) is
controllable, u € R? are inputs with «™** > 0 as its magnitude constraint, f¢ €
N9, with ¢ < r, denote actuator faults, the n x ¢ constant matrix E denotes fault
distribution. Since the system inputs are bounded, it is reasonable to assume that
actuator faults are also bounded, i.e., | f¢| < f¢, where f€ > 0.

Assumption 3.1. Rank (CE) = ¢

Assumption 3.1 guarantees that the matrix CE is of full column rank, which implies
that the effects of faults on outputs are independent.
Define a transformation x = N~ !z, where

1
N= [CO (I)} (3.2)

Then the system (3.1) can be transformed into

. A By E;
i =Az+ButEf'=|Ay |2+ | Ba|ut |E2 | f€ (3.3)
Az B3 Es
— Cx=Cr— [T-a)x(-9) 00
y=Cx=Cz= { 0 1,0 z

where A = NAN~!, B= NB, E = NE. 7 can be represented as

z=la 2z =1 » 2]’
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where z3 € R""". We just need to estimate z3. It follows from Assumption 3.1 that
Rank {gl ] = g, it is also assumed that £ is nonsingular.
2
Define

0
0 (3.4)
1

Left-multiplying (3.4) into (3.3), we have

Y1 —E]Ez_lyZ A] —E_]Ez_lzgz B —ElEz_léz 0
pel =|_ A |zt | B ut [Ex| fB5)
i3 —EEy 'yy Ay — EsEy'Ay By —E;E; 'B, 0

The advantage of the form (3:3) is that the first and third blocks of (3.3)) are not
affected directly by any fault, an observer can be designed for these two blocks to
estimate z3. This estimates is decoupled from the faults, thus can be used to diagnose
the faults in the second block of (3.3).

Define ) .

O; :Aj—EjE£1A27 Hj :Bj—Englgz
where j = 1,3. Partitioning @; as
o; =@ Op O3] (3.6)
then the first and third block rows of system (3.3) can be written as
3 =03323+5, V=033 3.7
where
s = @311 + @y2 + E3Ey 'Y + Hau
v =y —E1E; 'Yy — @1y — @iay2 — Hiu
To estimate z3, an observer can be designed as

23 = 03323+ 5+ (v —@13%3) (3.8)

assume (@33, ®)3) is an observable pair, the observer gain { can be chosen to make
(6733 — 4013) stable.

From the above discussion, we can let £ = N~12 = N~ 1 23}T, where Z3 is
obtained in (3.8). Denote 73 = 73 — 23, e(¢) = x — £, one has

le(t)| = lz3 — 23] < u(A7)z3(0)exp(=A77) (3.9)

where 1* > 0, i1(A*) = MA*! is polynomial in A* for M, > 0.
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The second block row in (3.3) can be written as
V2 = Aoiy1 +Anyr +Axszz + Bou+ Er f€
Denote f¢ as the fault estimate and f¢ £ f¢ — f¢. Then

f = Es ' (92— Agiy1 — Anays — Axzzy — Bou) (3.10)
o= —E"An% (3.11)

From and (3.10), one can see that the observer-based FD scheme can provide
rapid and accurate fault estimates, and meanwhile, also gives accurate continuous
state estimates which are not affected by faults.

Now we design the bounded FTC law. Consider the Lyapunov candidate V =
x" Px for (3.I), where P is a positive definite symmetric matrix that satisfies the
Riccati equation

A"P+PA—PBB'P=-0Q (3.12)

for some positive definite matrix Q.
V can be regarded as a control Lyapunov functiorl] for system (31). Using the
results in [73]] (see also [28]]), a continuous bounded FTC law can be designed as

u(®) = —K(L3,V (£),8)(LgV) " (£) £ b(%) (3.13)
with
LiV+ \/ (L5, V)2 + (x| (LgV) T|)*

K(Ly,V) =

LoV TR [+ /1 Lav) 1]

for (LgV)" #0, and K(L3,V) =0, for (LgV)" = 0, where L} V = La,V + pV +

|ILEV|f¢, with Ly,V =%T (ATP+PA)%, (LgV) " =2E TP, (LgV) " =2BTP%,p > 0.
For all initial states, the stability region of system (3.1) is defined by the set

@ L {(xeD: L, V() <u™|(LgV)" (x)|} (3.14)

A common way of estimating the stability region (3.14) is by using the level sets
of V (see Chapter 4 in [62]). An estimate is described by

InvE {xeD:V(x) <™} (3.15)

where Inv is expected to be the largest invariant set of @, ¢™#* is the largest number
for which Inv C @. Fig. 3.1 describes a system with two states, where the relation
of several sets are illustrated. The yellow region represents Inv.

! Recall that a positive definite radially unbounded smooth function V : R — R is called a control
Lyapunov function for the system x = f(x) + G(x)u, x € R", if we have inf,cq {L;V +LgVu} <
0 Vx#0.
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D \ State evolution

Inv

/ {xeR*:V(x)<c™}

Fig. 3.1 Relations among several regions

Lemma 3.1. Consider system (3.1)), there exists a positive real number e, such that
if le(t)] < ey,Vt > 0, and the set {x € R" : V(x) < ¢™*} C D, then the controller
u = b(X) makes the origin of the system asymptotically stable in spite of f€.

Proof: The time derivative of V along the closed loop trajectories is

V = LaV + LgVu(x) + LgV [+ LgV (u(£) — u(x))
_ (LaV+LgV ) IV 1+ (x| (LgV)T|)2 4 LgV f©
(1 /1 | (V) T2
LEVIF - pV ) (L4, V) + (L) T
[1 /1 (umex|(LgV) T 2}
+LgV (u(%) — u) (3.16)
From (311D, one has LV f© < |LgV/|f¢. It is clear from (.16) that, if L} V (x) <0,

we have V < —pV + LgV (u(£) — u). When 0 < L} V(x) < u™>|(LgV) " (x)], we
have

(LasV + LeV 1+ (@m| (LgV) T))2
< Ly —pV) ¢ 4+ (| (LpV) )2
< V)P + | (Lsy) Ty
—pv\/1+(umax|(LBV)T|)2 (3.17)
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Substituting (3.17) in (3.16), we have that whenever L} V (x) < u™>|(LgV) T (x)|,

V < —pV+LgV(u(X) —u)
< —p* x>+ MOu(£) — ul (3.18)

where p* > 0, MS = maxy _max (|LgV ), MC exists since |LgV (-)| is continuous over
the region Inv.

Since {x € R": V(x) < ™™} C D, we have Inv = {x € R": V(x) < ¢™**}. Firstly,
we analyze V on the boundary Inv. Inequality (3.I8) can be written as

V < —pc™ 4 MO |u(%) — ul (3.19)

Note that |u(X) — u(x)]| is continuous V¢ > 0 and vanishes when e = 0, since e is
always bounded which is not affected by faults, there exist two positive real numbers
e, and (e, ), such that if |e| < e, then |u(£) — u(x)| < kle| < pc™>* /M, which
implies V is always negative on the boundary Inv, so x(t) € Inv Vt > 0.

Secondly, substituting the estimate x|e| into (BI8) yields

V< —p" |+ MOkle| < —rp*Ix?,

MCx
Vi > \/ 2 e (.20

where ¥(+) is a class 2 function. Based on [62]], we have that, for any x(¢) € Inv,
there exists a class #.% function 3(-,-) and a class %  function ¥, (-), such that

[x(1)] < B(Ix(0)],2) + yi (suple(T)[), V& =0 (3.21)

>0

which means that x is input-to-state stable with respect to e. Note that Eq. (3.8) and
(B9) ensure that lim,_.. e(t) = 0, which together with (3.21)), leads to lim;_. x(¢) =
0. This completes the proof. a

3.2.2 FTC for Hybrid Systems

Based on the above FTC solution for linear system, we focus on the HS modeled by
a hybrid automaton as defined in Definition 1.1.

The trajectories of a hybrid automaton JZ that start from some initial state
(qo,x0) € Init consist of a sequence of continuous flows and discrete transitions.
When the discrete state g € Q is maintained, the continuous state x evolves accord-
ing to the differential equation x = F, (x,u, f¢) where F;, € .% as long as x € Inv(q).
After x reaches the guard set, the system would switch into next mode. It is assumed
that the states x are continuous at each switching instant.

Definition 3.1. The system S is live if for i,i’ € Q

Vx € Inv(i) or x & Inv(i), 3e = (i,i'),x € G(i,i") (3.22)
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Ve = (i,i') and x € G(i,i), x € Inv(i') (3.23)

The liveness of HS ensures the succession of the trajectory under appropriate
control input. Review Fig. 3.1, where x may escape from Inv if {x € R?: V(x) <
™1 ¢ D. Condition (3.22)) means that before or when x escapes from the invariant
set of the current mode, the switching must happen. Condition guarantees
that x € Inv(i’) after mode i’ is switched into.

This section models the plant as a class of 77 with the following properties:

- (P1) Both normal and faulty switchings are continuous state-dependent and are
not controlled by any discrete input V.
- (P2) The vector field F for mode i is of the form

x(t) = Aix(t) + Biu;(t) + Eiff (1), |uil <ui™, x € D;
yi(t) = Cix(t) = [C} Opsnr]x(2), € [trstir1) (3.24)

which satisfies the conditions imposed on the system (3.I). ff € R? denotes ac-
tuator faults for mode i, where |f¢| < f¢, where f¢ > 0.

- (P3) The discrete fault f; € Fy is such that x € Inv(i) Ax € G(i,7, f;), where the
system is switched from i to i’ under G(i,7, f).

- (P4) The system is live in the heathy situation, and the switching sequence is
deterministic in both healthy and faulty situations, i.e., each trajectory contains
only one switching sequence for all initial (go,xo) € Init. No Zeno phenomenon
occurs.

Remark 3.1. The considered model is more practical than that in [110], [123|] and
[I47], since it involves the strict physical bound of control signals and unmeasur-
able states. The mode transition takes place just when states reach the guard set
G, the switching instants are not controllable by the so-called discrete inputs as

in [[123]].

The FTC Problem (P) for HS can be described as: Keep the HS live as in (3.22)-
(B23), and make the origin asymptotically stable in spite of any fault in P2, P3.

(P) is similar to the target control problem for HS in [[123]], where the target objec-
tive is the origin. It is supposed that the prescribed determined switching sequence
can bring x to the origin under appropriate controllers in the healthy situation. De-
tails about how to choose such sequence can be seen in [123]].

The characteristics of continuous and discrete faults motivate us to consider four
faulty situations:

Under continuous faults f7:
Case 1: x & Inv(i) Ax € G(i,1").
Under discrete faults G(i, 7', f4):

Case 2: x € Inv(i) Ax € G(i, 7', fg) Ax € Inv(i').
Case 3:x € Imv(i) Ax € G(i, 7', fg) ANx & Inv(i').
Case 4: x & Inv(i) Ax € G(i, 7, ).
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In Case 1, ff changes the dynamics of mode i, and makes the states escape from
the invariant set before switching happens, the liveness would be violated. In Cases
2 and 3, Faulty switching happens under G(i,7, f;). Note that the system is still
live in Case 2, whereas in Case 3, the faulty switching makes the state escape from
the invariant set of the next mode, which also violates the liveness. In Case 4, the
switching does not happen when the continuous evolution is impossible, the system
is locked. All the above four cases may destroy the stability of the HS. We define
two switchings: stable switching (in the normal case and Cases 1,2) and unstable
switching (in Cases 3.,4).

In the following discussions, we first solve Cases 1 and 2 by applying the method,
then provide a relaxed FTC method to solve Case 3, and discuss an active switching
detection technique for Case 4. Finally, we present a FTC framework.

Since each mode satisfies the conditions imposed on the system (@.I), the
observer-based FD and FTC methods developed in Section 3.2.1 is applied to each
mode. The idea of switching detection appears from the analysis of estimation er-
ror v; — ;1323 for mode i. If all the modes are not overlapping, i.e., each observer
works well only when applied to its related mode, then, similar to fault detection
problem [57]], v; — @;1323 can be regarded as a residual for mode i to detect the
switching, since lim,_...(v; — @;13%3) = 0 before switching occurs. We give a quite
general assumption for switching control problem [20] as follows:

Assumption 3.2. All modes of 7 are discernable, i.e., for mode i, the estimation er-
ror |e(t)| is convergent as in (3.9) only under the observer (3.8) which is associated
with mode i.

Under Assumption 3.2, given an initial (i,x(#;)) € Init(i) for mode i, any mode
transition can be detected using following time varying threshold:

Vi — @insZs| < Dz p (47|23 (1) lexp(=47 (1 — 1)) (3.25)

Now consider the mode transition in Case 2. Two subcases of Case 2 can be
given:

x € Ivv(i)Ax € G(i,i, f;) NG“(i,i’), switch earlier

x € Inv(i) Ax € G(i,1') NG (i,1'), switch earlier

Since the sequence is deterministic, once the mode transition is detected, the con-
troller (3.13) and the observer (3.8) are switched according to the next mode. The
initial states X of the current observer are chosen as the final states of the previous
observer.

Recall that in the normal case, and Cases 1, 2, the switching (normal or faulty)
does not affect the liveness of HS, i.e., it always holds that x € Inv(i’). Fig. 3.2 shows
the relation of several sets and the system trajectory. The green and yellow regions
denote respectively the invariant sets of two modes, Inv(1), Inv(2). It can be seen
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that the state trajectory starting from mode 1 is always within /nv(2) under both
G(1,2) and G(1,2, fy).

The following theorem extends the LaSalle invariance principle to the HS under
Cases 1 and 2. For the sake of simplicity, denote G as the guard set for both the
normal situation and Case 2.

Theorem 3.1. Consider a HS satisfying P1-P4 and assumptions 3.1, 3.2, the initial
states (qo,x(10)) € Inv(qo) A x(to) € G*(qo,q1), £(to) is such that p(A)|e(ty)] <
min{ey;,Vi € Q}. Under the controller u; = b;(%) which is switched according to
the mode transition, if Vx € Inv(i) Ax € G(i, i), the following condition holds:

Vir (£) +M; + My < V(%) (3.26)

where M; is such that |e| < e, ; — |Vi(x) — V;i(%)| < Mj, then the origin of the HS is
asymptotically stable in the normal case, and cases 1, 2.

Proof: Due to the continuity of V;(-), there exists a positive real number M; such
that if |e| < e,;, then |Vi(x) — Vi(£)| < M;. Therefore, we have

Vi’ (X) _Mil S Vi’ (XA) (327)
Vi(x) +M; > Vi(%) (3.28)

Inequalities (3.27) and (3.28), together with (3.64)), lead to
Vir(x) < Vi(x) (3.29)

Define A} = {x € Inv(i) Ax € G(i,i") : V; = 0}, Al = {x € Inv(i) Ax € G(i, ) :
V; = V/}. Let A be the largest invariant subset of Al UA} Vi € Q. A is an invariant
set to be attracted. It is clear from Lemma 3.1 that under u;, V; is always negative,
thus limy,, | ... V; = 0 Vi € Q. On the other hand, based on and Theorem IV.1
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in [80], one concludes that the trajectory of J# approaches A, thus the origin is
asymptotical stable. O

Remark 3.2. The switching can be detected using the threshold (3.23) with a short
time delay. Due to the discernability of the modes, such delay is often very short
and much less than the activating period of mode i, which would be acceptable for
practical applications.

In Case 3, a new mode is switched into while the states do not belong to its invariant
set. This is very dangerous for the system since the states would escape to a large
region or infinity without being limited by any control command and guard set.
Indeed, continuous faults f{ do not always exist, a possible solution to solve Case 3
is to design a variable invariant set according to the time when f;” occurs.

Define two stability regions for mode i

@y (i) £ {x € Di: Ly, Vi(x) <ul™|(Lp,Vi) " ()|}
Dp(i) & {x € Dyt L, Vi(x) <u™|(Lg,Vi)" (1)}

where L} Vi = La Vi + piVi, and L Vi = Ly Vi + piVi + |Lg Vil £ + |Lg ViEpy ' A3
eyl f£ > 0is defined such that | ff] < f, e}} > 0 will be given later.
Design two controllers

ui(£) = —Ki(L3, Vi(£),£)(Lg,Vi) " (£) £ b}, (%)
ui(£) = —Ki(L3, Vi(%),2) (L, V) " (£) £ Dy(%)

Similar to (3.15), we define Inv,(i) and Invy(i) as invariant subsets of @ (i) and
@ (i) respectively. We have the following Lemma:

Lemma 3.2. Consider system (3.24) with x(t;,) € Inv(i) Ax(t) € G°(i,i'), and {x €
R 2L Vi(x) <ufX|(Lg Vi) T ()|} © Dy {x € R LG Vilx) <u™|(Lg, Vi) T (x)]}
C D;. There exist two positive numbers e;}i and e’fi such that if W(A7)|e(t;)] < eZ}i

and )?(t{) € Inve(i) A |e(t[)\ < efi, where t = t}{f is the time when f{ occurs, and

Invy(i) is such that V|e| < eﬁ-, £ € Invp(i) — x € Invg(i) Ax € G(i,1'), then the
bounded controller

[ B®) relng)

uj (£) = {b}()@) te [t,{JkH)

makes the origin of mode i asymptotically stable.

(3.30)

Proof: Since the system is fault-free (i.e., ff =0) fort € [, t[ ). The time-derivative
of V; along the closed-loop trajectories is

Vi = LapVi+ Ly, Viui (x) + Lp Vi(uif (%) — 7 (x))
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It can be obtained similarly to Lemma 3.1 that there exists e}; such that V|e(z)| < ¢};};
and x(t¢) € Invy, (i) Ax(t) € G(i,i'), the controller b (£) makes the origin of the ith
mode asymptotically stable.

Attt = t,{ , the faults occur and are detected, the time-derivative of V; along the
closed-loop trajectories under controller b f( X) is

Vi = LawVi+ Lp,Vius (x) + L, Vi ff + L, Vi(uf (£) — u (x))
(LaaViot LEVAO 1+ (P (Lo V)T )2+ LeVify
[1+\/1 max‘ LB V) ‘)2]
L Vilff = ILEViEL Aisle) ; + piVi
[ 1 (L Vi) T2

WUVV<WW%WW4
[L+¢1 (™ (L, V) 1]

From (B.11)), one has

+ L Vi(u (£) — )

LgViff < |LeVilff + |LgViEy Ansle});

The subsequent proof follows the same way as in Lemma 3.1, one can conclude
that if x(t,f ) € Invy(i), then under b’ (%), there exists a constant e*z- > 0 such that

Yle(t)| < eu -, the states will stay in the region Inv¢(i), and the origin of the ith mode
is asymptotlcally stable. O

The main contribution of Lemma 3.2 is that it relaxes the invariant set as shown in
Fig.3.3. where Inv(2) C Inv;(2). The Case 3 is said to be fault tolerable if

(x e Inv(i )) Ax € G(i,1, f1) Nx € Invy (i) (3.31)

Theorem 3.1 can be directly extended to Case 3 as in the following corollary without
the proof.

Corollary 3.1. Consider a HS satisfying P1-P4 and assumptions 3.1, 3.2, the initial
states (qo,x(to)) € Inv(qo) Ax(to) € G°(qo.q1), £(to) is such that p(A})]e(ty)| <
min{e,;,Vi € Q}. Under the controller uy(X) which is switched according to the
mode transition, if 1) conditions in Lemma 3.2 and (331) hold, 2) ¥x € Inv(i) Ax €
G(i,i', fa), the condition (3.64) holds, then the origin of the HS is asymptotically
stable.

In Case 4, the system is locked and does not respond to any control command,
nothing can be said about the subsequent system’s behavior, the system may be
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Inv(2)
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Fig. 3.3 FTC for Case 3

entirely destroyed or some new modes occur which are not included in the original
HS. To avoid this phenomenon, an active switching detection technique is devel-
oped. The main idea is to generate a Switching Alarm before the normal switching
(when x € G(i,i')) occurs, and also generates a Lock Alarm when we identify that
x € G(i,i") but no switching occurs. This is possible due to the structure of the ob-
server in Section 3.2.1. After Lock Alarm, some emergency measures must be taken
to the system by human (stop the system, or change equipments, or force the system
to switch, and so on).
For mode i, define a set Gyeqr(i,i') and three sets as

2s(i) & {x € X :x € Inv(i) Ax € G, (i, 1)}
(i) E{xeX xenv(i)Ax e G(i,i')}
x(i) 2 {xeX:xemw(i)AxeG(i,i)}

where Geqr(i,1') is close to G(i,i') such that y,(i) C x,(i).

Since the observer (B.8) always follows the system (3.7, estimation error con-
verges to zero, similar to Lemma 3.2, we can define ¥ (i) and ¥ (i) such that
Vle| < erl, & € W(i) — x € x(i), £ € W(i) — x € x(i). The Active Switching De-
tection strategy for mode i is in two steps as shown in Fig. 3.4:

1) When £ € ¥, (i), Switching Alarm is generated.

2) If no mode transition occurs after £ € (i), Lock Alarm is generated.

Remark 3.3. Due to estimation errors of the observer, the Lock Alarm will be gen-
erated later for a short time delay after states reach the guard set. This delay is
acceptable in most situations, only except a very special case that Case 4 occurs in
this time delay (e.g., once the states reach the guard set, the continuous evolution of
the current mode is impossible).
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G near“ 12)

~

State evolution

Inv(1)

Switch Alarm [

Lock Alarm

Fig. 3.4 FTC for Case 4

We are in the position to provide a FTC framework

1) Apply the FD scheme in sections 3.2.2 and controller (3L3) for the current mode.
2) When the mode transition is detected before Switching Alarm,
IfxelInv(i’), goto1);
If x € Invy (') NInve (i'), apply the controller (330) for current mode.
3) When the mode transition is detected after Switching Alarm and before Lock
Alarm, go to 1).
4) When the mode transition does not occur after Lock Alarm, take some measures
to the system by human.

Example 3.1 (Example 1.1 revisited): Recall the CPU processing control system in
Example 1.1. As described before, the system is modeled as a hybrid automaton with
two modes: busy mode and usual mode. Fig. 3.5 shows the determined sequence.
x€R3 =[x, p, ®]" is the state with 7 being the amount of CPU tasks in the buffer,
p the CPU temperature, and @ angular velocity of a cooling fan. ¢ € R and v € R are
the clock frequency and the voltage input of a cooling fan. The FTC objectives are
to make the above CPU process switch appropriately between two modes according
to the guard set (liveness), and to make the origin asymptotically stable in spite of
any fault. This means that the cost on the continuous states and inputs is minimized,
which leads to energy saving.

busy G(12) (G¢(12)) usual

mode mode

Fig. 3.5 Switching sequence
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The continuous models around the equilibrium state] are given as:

mode 1 :
[ 7] [0 0 0 1 [n] _—20_6 [ 2 ]
pl=10-005-05||p|+]020 {]4— 02| fi
o] [0 0 =3]]lew] |oos]" | o]
mode 2 :
[ 7] [0 0 0 1 [n] _—IO_C [ 1]
pl=10-005-05||p|+]010 {v]+ 0.1 f5
| @ | 10 0 -3 ||o] [0 15] 0]
1-10
Ci=C= {0 2 0]
The models satisfy Assumption 3.1, we can see that both f{ and f; affect the
1050
clock frequency input channel. We obtain from (3.2) that N"! = [00.50 |, and
001
from (B.3), we have
0 0.025 0.5 -22 0 —1.1 0
Al=A,=10-005-1|,Bj=| 04 0 |,Bo=] 02 0
0 0 -3 0 05 0 1.5

and E; = 22 —0.40]",E, =[1.1 —0.20]", then from (.3) and (B.6), we get
01 =0 = [0 —0.25 —5], 13 = 003 = [0 0 —3], it is clear that [67133,@'113} and
[@233, @213] are observable, Hy3 = [0 0.5],Hy3 = [0 1.5]. The observers for modes 1
and 2 are designed from (3.8) with {; = 0.4, {; = —0.2 respectively. Since the ob-
server is of 1-order, the precise threshold can be given to detect the mode transition
without any delay, Assumption 3.2 is not required in this situation.

Inmode 1,D; ={xeR3:n+p >8},|c|<5,[v|<10.Inmode 2, Dy = {x e R3:
m+p <25} |c| <2,|v[ <5.G(1,2) = {x e R*: t+p < 10}. Assume |f{| < 2.5,
|f5] < 1. Choose p; = 0.05,p, = 0.08, and

0.0540 —0.0062 0 1.0240 —0.0048 O
P = {—0.0062 2.1310 0.1646 [, P, = | —0.0048 1.6200 0.1246
0 0.1646 2.4753 0 0.1246 1.9752

x(t) = x(0) is assumed to be [8 9.5 9]". From Lemma 3.1, #(0) is chosen
as [8 9.5 8.85]". f¢ =2+ 0.2sin(5¢) which occurs at r = 0.15s. Fig. 3.6 shows
the switching detection performance using threshold (3.23), the uncontrollable

2 The state of system when a sufficiently long time has passed after booting the system is defined
as the equilibrium state of this model.
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Fig. 3.6 Switching detection performance with G(1,2)

switching occurs at t = 0.41s, a short detection delay of 0.04s exists. Two states
7 and p are illustrated. System evolution is shown in Fig. 3.7(a) where Inv(1) and
Inv(2) are computed via level set technique in [62]. We can see that, in the pres-
ence of f{, stabilization of the HS is achieved as in Lemma 3.1 and Theorem 3.1,
the switching detection delay nearly has no effect on the stability. Now consider
the faulty guard set G(1,2,f;) = {x € R*: 7+ p < 10.5}, which implies that the
mode transition occurs with larger amount of CPU tasks and higher temperature.
Fig. 3.7(b) shows the stability of system.

Now we consider Case 3 with G(1,2, f;) = {x € R*: 0.87 + p < 12}, from Fig.
3.8(a), it is clear that x € G(1,2, fy) A (2,x) & Inv(2), however, using the relaxed

G(1,2) — 7

G(12)—> Tof- G (1,2)/

t=0.15s

15 . . . . . . . . . - - -
e 0 2 4 6 s 10 X

(a) FTC for ff (b) FTC for f{ and stable G(1,2, ;)

Fig. 3.7 FTC for the stable switchings
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" 6(12)

Gi(1,2)—

G Inv(1)
=

e

G¢(1,2)

15 L L L L
10 8 6 4 2

ERAE

(a) Relaxed FTC for unstable G(1,2, f;)  (b) Active switching detection for unstable
G(1,2, fa)

Fig. 3.8 FTC for the unstable switchings

method, it can be seen that (2,x) € Inv;(2). Consider f5 = 0.8 which occurs at
t = 6s, Fig. 3.8(a) shows that the stabilization of the system is achieved as in Corol-
lary 3.1.

Next, we consider Case 4 with G(1,2,f;) = {x € R* : 7+ p < 4}. From Fig.
3.8(b), we can find that the system will be locked in mode 1 and is impossible
to switch into mode 2, this is very dangerous since the temperature in CPU can
not decrease. The switching alarm and lock alarm are generated at + = 2.21s and
t = 2.34 respectively, which prevents the system from being dangerous.

3.3 Hybrid Nonlinear Systems

Following the similar idea as in Section 3.2, we now focus on the output tracking
problem for a class of hybrid nonlinear systems with uncontrollable state-dependent
switching, parametric uncertainties, both continuous and discrete faults, and without
full state measurements. Firstly, under geometric conditions, each mode of HS is
transformed into a new form which is suitable for both the observer and the FTC
law design. Then, a novel observer is designed for each mode whose estimation
error is not affected by continuous faults and sensitive to mode transitions. Such
observer leads to a time varying threshold for the switching detection of the HS.
Finally, sufficient conditions are given to solve the fault tolerant tracking problem
for overall HS.

3.3.1 Preliminaries

The HS that we consider takes the form

¢ = g0 () +8°(x)u® + 07 (x,u)0° +¢° (x) f°
h(x) (3.32)

- o®
Il
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where x € R are unmeasurable states, u® € R?’ are inputs, y° € R™ are out-
puts, 8% € R! ? is an unknown constant vector representing parametric uncertainties,
|6°] < 65, for 65 > 0.

The continuous fault is modelled by a “fault pattern”, which consists of the dis-
tribution matrix e/(x) and a “fault signal” f/ € R,

80 8%, ¢°, € and h° are smooth and known functions, and ¢° < m < p° is
considered. o(?) : [to,0) — Q = {1,2,...,N} denotes the switching function as in
Chapter 2.

Define G : Q x Q — R" as a guard condition related to two modes. The system
is switched from mode i to mode j , i, j € Q if the continuous states x in mode
i reach the guard set G(i, j). The discrete fault is represented by the faulty guard
set Gy : O x Q — R" that makes the system switch under an abnormal switching
condition.

It is assumed that the states x are continuous at each switching instants, and the
switched sequence is prescribed and fixed in spite of faults.

The FTC problem is precisely described as: Keep the outputs of each mode y
asymptotically track the given reference signals y{i = [yél, y{iz,..., yil(mﬂT e R"
during the activating period of mode j in spite of continuous and discrete faults,
parametric uncertainties, meanwhile, make the continuous states bounded.

We discuss the system transformation, observer and FTC design problems for
non-hybrid systems in sections 3.3.2-3.3.3, then apply the results to hybrid system
in Section 3.3.4.

3.3.2 Fault Diagnosis for Nonlinear Systems

Consider the following affine nonlinear system

i=g
v = h(x) (3.33)

where x € R, u € R?, y € R™, f € R4, 6 € R/ play the same roles as in (332).
|0] < 6y and g < m < p, go, g, ¢, e and h are smooth and known.

Definition 3.2. The FD block strict feedback form of system (3.33) is

21 = Az + 1 (z,y)u+ p(z1,y) + vi(z,u,y)0 (3.34)
y1=Czy (3.35)
22 = yo(z) +1(z2,y)u+e(2) f + ya(z,u)0 (3.36)
=2 (3.37)
wherez=[z], 23], 21=1&,&) ;... .6yl €RL =6, s 6] €RE

are the states of system [3.34)-B37), with § = (E1.E ... 61T € R, & €
RO = (&, i) Ty = 3] 55" with 31 € R4, 5, € RI. Moreover, A =
diag[Ay, ..., Ap—g) € RU-DX0=0) C = diag[Cy,...,Cp,4] € RUD*1=4) ypith
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01---0
Arewn — |1 emin Z[1,0,...,0]
00---1
00---0

Jor 1 <i<m—q.71(z1,) = (8] ,83 -+ 8m-g) " with
( 1

&1 (&1 &1, it Vi1 Vm)
§i2(‘:17-~-7‘§i717‘§i17‘§i27ﬁ+17~-~7Ym)

gi € R = : (3.38)
giﬁi(‘ghn-7€i—1.,‘§i,)’i+l7...,ym)
and Y2(21,5) = 81,82 -+ &g with
g eRP=100.. -Ong(i)hi(él o EEyir e ym)] (3.39)

Remark 3.4. The form given in Definition 3.2 is an extension of the the block para-
metric strict feedback form in [[63]] to the faulty case. In our model, both v, and
Y, terms do not required to take the certain triangular forms as in [l63], since the
parameter O can be estimated by the observer rather than the control strategy as
shown later.

Assumption 3.3. There exists a set of integer numbers {py,pa,...,Pm} such that
St pi=nand & =T (x) € R" is a diffeomorphism where

T(x) = [ (x), Ly (), L2 T (),

D _1 7"1_1
R (), L2 T () Lt ()]
The relative degree of the rth output y, of system (3.33)), denoted as p, is such that
pr:ﬁr: 1) m_q+1SrSm

Under Assumption 3.3, dT (x) is invertible Vx € R”, let r;(x) be the ith column of
[dT (x)] " and (i), := span{r,,—j,...,r, }, where v; = ¥_; ;.

Lemma 3.3. Under Assumption 3.3, the diffeomorphism & = T(x) can transform
the system (3.33) into (334)-(B32) if and only if

1 [go(x%%(i)ﬁi,z] C %(i)[)ifl +%(i+ 1)[)”171 + .- —|—%’(m—q)p,,kq,1,for 2<
i<m—gq.

1 [go(x), Z(i);] CZ(i)j+Z(i+ 1)p 1+ +Z(m—q)p, 1, or | <i<m—
¢.0<j<pi—2

I [g0(x), Z(i)p:—2) C Z(1)p,—2+R(2)py—2+ -+ R (M~ q)p,,_,—2, for m—q+
1<i<ml1<i<m—q.

IVLeLgoh,-:O,forl <s<pi—L1<i<m—q.

Proof: We first show that the conditions I and II lead to the block triangular forms

of 71 and  as in (3.38) and (3.39). By the construction of Z(i);, we have in
& —coordinate [82]]
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d d
R(i); = et 3.40
s Span{a&w) aé(\/ﬁj J ( )

where &y, 1 <1 <n— g denotes the tth element of €.
Define by such that 3" /37" | L L{, 'k

can be represented in £ —coordinate as

n—q d s
’8:§< L =3 bgalaém . Condition II

0 d 0 0
b, , € span )
[Zi 3’13% 3§<k>] P {3§<vm,q> (g 1)
d d

1 (341
Ay I

n—q n—q abgl ad .
for p; — j <k < p;. Note that [¥,| bé’laég ’9€<k 1= EY a.5<,>’WhICh’ together

with (3.41) implies that aﬁ/{') =0,for1 <i<m—gq,1<1<v;—1,and max(l +
Lvio1+2) <k <.

Similarly, define by, 2 Y710, 7 2€,,, One can obtain from Condition I that
db

azopz =0, for2<i<m—gq, vi.1+2 g k <wv;,and 1 <[ <i—1. The block

tnangular forms of y; and 7 follows.

Now we show that under Condition III, the term 93 (z2,y) is independent on z; \ 7; .
Similar to (3.40), we have

d d d
X (i)p.—2 = span , et
Dpr-2 = sp {35@3 9Cp-1) aé(v;fﬁﬁ%)}
Condition III can be represented in & —coordinate as
& d d d
[ Lg, hi ) ] € span{ )
i=m§1+1 08w I IS hu-a)
d d d
(3.42)
(g 1) T R S S )
for p;_; +2 <k < p;. Note that
< d d & d d
[ L, h; , } = L, h;
i:ngzﬁl 0L, T 98 i:m§,+1 08y 9

which, together with (3:42) implies that Lg h; ,¢ £ =0(m—q+1<i<m) followed

by the property that y3(zp,y) is independent on z; \y1
Finally, condition VI decouples the subsystems (3.34)-(3.33) from continuous
faults f. =
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The form (334)-(B37) that results from the transformation 7 (x) takes several ad-
vantages:

1. The subsystem (3.34)-(3.33) is not affected by continuous faults. An observer
can be designed for this subsystem to provide the estimates of z; and 0. These
estimates are decoupled from the continuous fault, thus they can be used to di-
agnose the faults in the subsystem (3.36)-(3.37). Another benefit is to detect the
switching of the HS as it will be discussed in Section 3.3.4.

2. Both (3:34)-(3.33) and (3.38)-(3.37) are in the block strict feedback form. Which
are more friendly for FTC design than that in and [56]]. The back-stepping
control method in [63] can be developed to achieve the fault tolerant tracking
goal.

We present a novel observer for the subsystem (3.34)-(3.33), which relaxes the
Lipschitz conditions as in the usual high gain observer. The observer will be con-
structed firstly through the following several steps as in [66].

Step 1 : Define

Mi(z1,u,y) 2 (G (CF(z1,u,9)) s (GEP ™ (za,u,)) )T

for 1 <i<m—gq, where Fj(z1,u,y) = Ai+Gij(z1,y)u, with Gij(z1,y) = dgi/d&; for
I1<j<m—gq.

Step 2 : Let N; = R,(M,F,M;l —A,‘)TR,', where R; = [ﬁ, Aiﬁ,‘ A?i_lﬁ[] with ﬁ,‘ =
[0...0 1]T. From the construction, N; can be decomposed into N; = L;C;, where
L e RO x 1.

Step 3 : Define

VV,‘(Z],M,y) £ [CiTﬂ(CiA_i(Zlauay))Tvu'7(CiA_pi_1(Z17u7y))T]T

where A; = A; + N;, and also define M; = W,”' M;.
We can obtain [[66]

Mi(Z17u7y)F;(Zl7u7y)Mi_1(Zlauay) :Ai+Li('x7u7y)Ci
CM; ' (z1,u,y) = G (3.43)

Assumption 3.4
3.4.1 The partial derivatives of g; w.r.t. z1 and their respective time derivatives
are bounded.
3.4.2 There exists a function B(zj,u,y) € RO=D*0m=4) sych that y, (z1,u,y) =
BV (z1,u,y), where B is Lipschitz w.rt. zj, |B| < by, and || < G(z1,u,y) < qo
for a function q and numbers by, qo > 0.
3.4.3 There exist matrices P =P € R"" = diag|P,,..., Py—g] with P, = AN
RP*Pi and a function R(zy,u,y) € R such that

ASPAEM(Zhumy)B(ZlaM’y) = CTR(ZI,M,_)/)

(Ai —KiGi) P+ P(A — KiCi) = — Qi
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where Ae = diag[Ae,, ..., g, ], Ae = diag[l/g;, ...,l/sfi], with € a design
parameter. M = diag[M,, ...,My_g4], Qi = 0! >0, K € RP<L qre such that
(A; — KiG;) is stable.

Remark 3.5. Note that Conditions 3.4.1 and 3.4.2 are taken instead of Lipschitz con-
ditions on vy, » and 1. Condition 3.4.3 is weaker than the strict positive real (SPR)
condition in [I57], [56], since the term Ay, is involved. Note that if y; is only single
output (as in our application), the dimension of B could be relaxed as B € R("~9)*¥
for k > 0, and R could be chosen as a vector to further relax Condition 3.4.3.

The observer is constructed as

2 =A%+ (2Lu,y)0 +n Gy u+ (L)

+M (21, u,y)[L(zLy) + A K] (G — )

+Bsgn(R")[60(qo + q(21,y))sgn(F1 — )] (3.44)
Vi = C (3.45)
0 =T Guy)R Gruy) G —3) (3.46)

where L = diag[Ly,...,Ly—4], and K = diag[Kj, ...,K,_4]. The weighting matrix
I'=T" > 0. £ denotes Z(2;,u,y). Denote e, = [elT,...,e,Tn_q}T with ¢; = & — &,
1<i<m—q,eq=0-06.

Theorem 3.2. Under Assumption 3.4, the observer described by (3.44)-1343) to-
gether with the adaptive algorithm (3.46) can realize lim; .. e, = 0 and lim; .. eg =

0 if there exist two positive constants ¢ and ty such that for all t, the following
persistent excitation condition holds:
1-+1o T
w1 (21(5),5(s)) w1 (21(s),¥(s))ds = ol (3.47)

t

Proof: The proof of the theorem follows the recursive way. Consider the ith subsys-

tem of (3.34) and (3.44)), we have

& = Ajei+ (G — G )u+3— 8 — (M;1)(Ls +A871Ki)ciei
+y1:0 — 41,0 — X; (3.48)

where V1= ["VITI IARRE} W]T(m_q)]T’ r= [YlTv e 7YmT7q]T 2 Bsgn(RT)[GO(q0+q(217y))
sgn(¥1 —y,)]. Consider the transformation &; = Ag,M;e; and choose a Lyapunov can-

didate function V; = éiTP,-éi. Based on [66]], it can be shown that the time derivative
of V; along (3.48) satisfies

i i1
Vi < —&idmin(Q0)\E* + X mijleil® + 3 wiiles
=1 =
+2éiTPiA8,‘Mi(Wli9 — lfflié -Y)

where Wij, lji > 0.
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Now, consider the Lyapunov candidate function as W (e;,eq) = V; + Vj for the
overall system, where V, = ¥!" 1V;, Vg = e ' 'eq. Denote & = [¢] ..., ¢, _]".

b m—q
The time derivative of W along (3.34), (3.44) and (3.46) is

m—q m—q
W< 2; <(—8Mmin(Qi) + 21 uij)5i|2>
i= Jj=

+28 " PAM (910 —1,0) — 28" PAMY —2e4 W R' Ce,
N~ ~ 4
b4

Based on Assumption 3.4.3 and (3.43), we have

W = 26T PAMBr eq — 2ed | RTCA; '
+2&" PA:MB(r, — )0 +2¢" PA:M(B — B) 6
—2&" PA:MBsgn(R")[60(q0 + q(21,y))sgn(31 — )]
< 2¢' PA:M(B—B)y, 6 (3.49)

From Assumption 3.4.2, we further obtain
W < —nle (3.50)

where &, 1 <i <m— p, is chosen such that n > 0.

Since M and A, are all bounded and nonsingular, inequality (3.30) implies the
stability of the origin e, = 0, eg = 0. One can get lim;_... e, = 0, which, together with
(B:44), the persistent condition (3.47) and the uniform boundedness of eg, leads to
lim; oo eg = 0. Od

The fault estimates can be obtained straightly from (3.36) as

A

&f =3, Wo— 20 — fu (3.51)
which yields ¢f —éf = (wo — o) + (v20 — (1 0). Since lim, e, =0, lim; coeg =
0, due to the continuity of €, Yy and y», there always exist two numbers k;,kg > 0
such that for all bounded z, %, if |e;| and |eg| are sufficiently small, the following
inequality holds A

&f —ef| < kelez| +kolea (3.52)

Moreover, we have lim; ... |éf —&f| = 0. Note that f can be estimated if & is invert-
ible, however, it will be shown in the next section that inequality (3.52) is enough to
achieve the FTC objective.

3.3.3 FTC for the Nonlinear System

The observer based fault tolerant tracking control strategy is discussed in three
parts. We first analyze the local controller to achieve the tracking objective for
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71 subsystem (3.34)-(3.33) and z, subsystem (3.36)-(3.37) respectively, then design
the global fault tolerant tracking controller for the overall system.

The tracking controller for the observer (3.44)-(3.43) of z; subsystem is designed
first, the convergence of observer implies the availability of the controller for z;
system. To facilitate the analysis, we give the following assumption.

Assumption 3.5. There exists a set of relative degrees {p1,pz,...,pm} such that
S pi=nand & =T(x) € R" is a diffeomorphism where
~1
T(x) = [/’l] (x),Lgo(x)hl ()C)7 e ,Lg(l)(x)hl (x),
~1 m—1
ho(x), ... ,L’;é(X) ha(x), ... ,L§O<X> B (x)] " (3.53)
Moreover, pr =1, m—qg+1<r <m.

Under Assumption 3.5, the structure of g; in (3.38)) is changed into

gi € RPX¥P = [97 0,....0, Gip(E1ve o &, &) (3.54)
~
pi—1 order

1 in observer (3.44) is also modified to be consistent with the system.

Remark 3.6. If Assumption 3.5 does not hold, then the system (3.34)-(3.32) would
contain the tracking dynamics and zero dynamics, the proposed method can be ex-
tended to that case if the system (3.34)-(3.33) is minimum phase, i.e., the zero dy-
namics are input-to-state stable w.r.t. the linearizable states as in most of related
literatures [|63]].

Define © = [0/ ,...,0, |T with ©; £ M '[L; + A 'K;]Ce.. Eq.(3.43) is rewrit-
ten as

éij
E,=vi 1<i<m—gq (3.55)

where

a

i= [Ailv---vA_i(p,-—l)]T 2010 +6;,+ Y, A, =0
Y =" 01T 2 Bsgn(R)[00(g0 +g(21,y))sgn (31 — 31)]

V; is the local controller for system (3.33).

Define y,; as a tracking signal for y;, where y;; has the bounded p;-orders time

derivative, i.e., ¥4, ..., y‘(f;" ) are all bounded.

Assumption 3.6. There exists a known smooth function a'i,-j(é,-l, .. .,é,-j) such that

D i i A A do (1) £
|@ij| < @ij, 1<j<pi,1 <i<m—gq, where @y = Ay, Bp = Ap — aé(;ll t)éil -
Bail d

or > an
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s i i j— 1(@17 aéi(/—nﬁ)* _3%’(,‘—1

@ij = Ajj— Sis , 3<j<pi
s=1 8613 ot
oy is a fictitious controller to be chosen.
Define the tracking error as y; € RPi = [x41,.. ., %ip,-] where ;s = é,s y dsl 1)7 1<

s < p;, and define the transformation ; = [Ji1, ..., Zipi] | with 7 = xa, and j;j =
Xij = Gi(j-1)-
Lemma 3.4. Under assumptions 3.4, 3.5 and 3.6, there exists a series of local con-

trollers to make the output of the observer (3.44)-(3.43) exponentially track the given
signals 35 € R4 = [yg1,.. . ,yd<m_q>]T while the continuous states are bounded.

Proof: From (3.33) and Assumption 3.6, we have 5([1 = ¥+ O; + 041 0y is de-
signed as
@ K

_ 3.56
;1 |Xit| + gieait (3.56)

I- .
o = = kiZin =

where k;, 8,,(1, > 0 are designed by the user. Consider the Lyapunov candidate func-
tion V| = 2)(11 ,it follows that V;; = i+ @1 +0u1) < —k; Vi + XiJin+ee .
Similar procedures are introduced for %;; , 2 < j < p;. Consider the Lyapunov candl—

date function V;; = V;(;_1) + 2)(”,we have V;; < —kiVij+ ZijXi(j+1) + j€ie” " with

= _ sy ,_,Xz/
al./ - Xz(./fl) zklxh/ @jlzingie—aiw

Finally, choose a Lyapunov function V;; = Vi(pi—l) + % )Z,%[_, we obtain
Vi < —kiVii+ (pi)gie " (3.57)
which results from the local controller

_ ) -
ip; +~ Xip; (pi)

= —Fi(o— I_c 7 - ;
x’(P: 1= x wip,'|%ipi| + gie—a,‘t di

This completes the proof. m|

Similarly to the procedure for z; subsystem, define the tracking error as y; = y; — v,
m—q+1<i<m.From (336)-(3.37), we have ¥; :jﬂ—yd,-+v,-, m—q+1<i<
m, where v; also denotes the local controller, and Z_fi £ Woi + W2;0 + é;f. Define
3, 2 (Woi — Woi) + (v2:0 — 0niB) + (&:f — &f), then based on Theorem 3.2 and
(332, it is clear that |Z,\ < @; for @; > 0. The local controller can be designed as

7 i

1- A Ao
Vi =— _ki¥i+ysi— - — o — Un;0 —¢; 3.58
2TV g\ 4 e~ POV af (3-58)
for m — g+ 1 <i < m, which makes the time derivative of Lyapunov function V;; =

5 %7 satisty the inequality as in (3.57).
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Theorem 3.3. Suppose that all the conditions in Lemma 3.3, Theorem 3.2 and as-
sumptions 3.5, 3.6 hold. There exists a control law for the system (3.33)) to make the

: : : m_ =T =TT _ T
outputs asymptotically track the given signals y; € R" = [, 5,1 = [Vat,---Yam|
while guaranteeing that all the states x are bounded in spite of faults and parametric
uncertainties, if

N (zluy) _
Rank {}’3(22,)7)} =m (3.59)

Proof: If Eq.(3.39) holds, the fault tolerant tracking controller is designed as

2 T
u= mg;i; ] (D1, B g Vg1 U] | (3.60)
where T denotes right inverse, ¥; £ v; — (Wiipy) 0 +0,+ Y, +§ipi)’ 1<i<m—gq.lt
is clear that the controller (3.:60) guarantees the tracking performance and the bound-
edness of states for systems (3.44)-(3.43) and (3.36)-(3.37). From the convergence
result of observer in Theorem 3.2, the outputs of system (3.34) also asymptotically
track y, and the states z; are bounded. This completes the proof. O

To this end, we summarize the FTC design procedure as follows:

1) Transform the original system (3.33) into the fault diagnosis block strict feedback
form 3.34)-B.37.

2) Design the observer (3.44)-(3.46), and the fault diagnostic scheme (3.21)) .

3) Design the observer-based fault tolerant tracking controller (3.60).

3.3.4 FTC for Hybrid Nonlinear System

We are now in the position to extend the result in sections 3.3.2-3.3.3 to the HS.
The FTC framework, shown in Fig.3.9, consists of high level (discrete event super-
visor) and low level (continuous modes). The observer estimates the current contin-
uous states, and meanwhile, detects the switchings. Based on the information from
the observer, the controller, the fault diagnostic scheme, and the observer itself are
switched according to the current mode. '
The idea of switching detection appears from the analysis of estimation error )7{ -

f){ If all the modes are not overlapping, i.e., each observer works well only when
applied to its related mode, then, similar to fault detection problem [57], 7| — | can

be regarded as a residual for mode j to detect the switching, since lim;_.c. y‘{ — 9‘{ =0
before mode transition occurs. Here, we propose a time varying threshold to detect
the switching instants as in the following Lemma.

Lemma 3.5. Suppose that all the modes of (3.32) satisfy the conditions in Theorem
3.3. If all modes are discernable, i.e., for mode j, the estimation error |el| is conver-
gent as in (3.30) only under the observer (3.44)-(3.40) associated with mode j, then
all the normal switchings and faulty switchings can be detected.
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Supervisor High Level
Signals of switching detection
and mode identification
> . I
P : :
| Observer
[ T formode; € Low Level
iy I : I ; I Iyl
{ '] Controller | w ! !
‘ for mode j ; L !
I T I
I : I
I > Plant
i I
—/\—‘ﬁ Diagnostic scheme |7
) for mode G
— T \
L ! 1<j<N

Fig. 3.9 The FTC framework for hybrid nonlinear systems

Proof: The proof follows the results of Theorem 3.2. We first consider the initial
period before any sw1tch1ng happens Supposed the system is initialized in mode j
from ¢ = 0, the inequality (3.30) can be rewritten as V;/ < n{ VY — vy, for i > 0.
Using the differential mequahty theory, we have

. = . 1 = .
Vi) < e MVi(0) /O e =DV (r)dr

ey ; Y
e (’)VZJ(O) _ it

. _ Lot .
ety v

< e MVI(0) e M [Vg 0)+ 7! / M) (r)dr} (3.61)
0
. j
where 7] £ P8 m (i) Given an initial z;(0) or a bound of z; (0)(note that the con-

tinuous state is always bounded from lemmas 3.4,3.5 and Theorem 3.3). It follows
from (B.61) that |el(r)| <ej,,.,(0) with

j 28 it =i iton2 L ail ol 1A 2
(€ouna0)) 2 e | Rl (0) + 0] (6] +167(0))
+ﬁj/teﬁ{7(61+|éf(r)\)2dr
4, 0
Ay Ama)c(Pj) j A Afmar((rj)

where 7] 2 et s 12 ) b, ] 2 n{f{, and P 2 M7 APA:M. Since

all the modes are discernable, no matter whether the discrete fault occurs,
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once |5 (1) — ¥|(t)| = |Cel(t)| > \/mI —gie],,, ,(0), the switching that ends the
activating period of mode j is detected.

By induction, denote #/(k) as the switching instant that activates mode j for kth
time, we have

. _j .. _j P .ot _ .
VI(t) < e VI (k) +e T [Vg (t (k) + 7! / . M) (r)dr} (3.62)
]

The time varying threshold is designed as
€2(0)] < €}nalt! (K)) (3.63)

with
i N 2 e | Bl (N 7 (67 187 (i )
ebound<t (k)) =e n2|ez(t. (k))‘ +n3(90+‘9 (t’ (k))‘)
+ﬁj/t eﬁ'{f(ejﬂéj(r)ozdr
4w 0

Once |y‘{ (1) —}"{ ()| = |Cel(t)| > \/mi — qfeiound(t/(k)), the switching that ends the
activating period of mode j is detected. m|
After the switching detection, the controller (3.60) and the observer (3.44)-(3.46)
related to the current mode is activated. The initial states Z; of the current observer

are chosen as the final states of the previous observer. The following theorem gives
the conditions to guarantee the global tracking property.

Theorem 3.4. Suppose that the conditions in lemmas 3.6, 3.7 hold, consider the HS
(B32) under a family of controllers (3.60), diagnostic scheme (3.31) and observers
(B44)-1346), where all the modes satisfy the conditions in Theorem 3.3. If, at t =
t/(k), the following inequalities hold :

VI (k+ 1)) < V(1 (k) (3.64)
ei()und<tj(k+ 1)) < e;;()und(tj(k)) 1 S -] S N (365)

where V, = Y™ | Vi, then y/ \¥'j € Q asymptotically tracks y*"‘; during the activating
period of mode j, while x is always bounded in spite of faults and uncertainties.

Proof: Based on (3.37) in Lemma 3.4, we can further obtain that Vi< —kiV/+
nele=@t where k/ = IE{ ,al = a{ , 1 <i < m. Appropriate selections of £/ and a/ can
make V/ <0, Vo(r) = j. If holds, then the Multiple Lyapunov functions
(MLFs) method in [22] can be applied to conclude that the tracking error of the HS
is Lyapunov stable. On the other hand, for each time #/ (k) when mode j is identified,

the sequence V//(¢/(k)) is decreasing and positive, and therefore has a limit { > 0.
One has
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lim |V/(1(k+ 1) =V/ (k)| = ¢ = ¢ =0
Note that there exists a class .~ function @ such that

0= Jim [V/(t(k+1)=V/ (k)] < lim[~0(|Z/)] S0 (3.66)
Inequality (3:66) implies that the tracking error 7/ converges to the origin, which
combined with Lyapunov stability, leads to the asymptotic stability of ¥/ for the HS
in spite of faults and parametric uncertainty. On the other hand, Inequality (3.63))
guarantees that limy_... €pou4(t) = 0, which leads to the global convergence of the
estimation error e to zero. O

Remark 3.7. The switching detection using Lemma 3.5 may have a short time delay
t/ (k) — t/*(k), where t/* (k) is the real switching instant. The effect of this delay is
acceptable in the practical situation. Moreover, since el is always bounded in eé ound’
continuous State estimation performance is guaranteed in the delay. For the case
that x may diverge during the delay, the non-decreasing MLFs control method in

[I53)] could be applied.

Example 3.2: A well known three-tank system is employed to illustrate the
application of our approach. The schematic diagram of the system is depicted in
Fig. 3.10. The system consists of three cylindrical tanks linked to each other through
connecting cylindrical pipes. Two pumps control two incoming flows. The control
objective is fo keep hy and h3 rise or drop with given velocities and maintain the
water levels in three tanks in certain regions.

The system is modeled as a hybrid automaton with the following three modes:

Mode 1 (save water): Valves Vi, V, are open, V3, V, are closed. Levels &, and k3
rise according to given velocities.

Mode 2 (lose water): Valves Vi, V,, V3, Vy are open. Levels h, and h3 drop
according to given velocities.

Fig. 3.10 The three tank system
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hi,hy,h3 are continuous states of the system with /4, and &3 as outputs for both
modes. In the following, (-){" and (-)(® denote the parameters for mode 1 and 2
respectively.

In the normal situation, the switching sequence is prescribed as mode 1 —
mode 2 — mode 3 — mode 1, which would be affected by the faulty switching.
Suppose that the coefficients of pipes P, 1 < i < 4 are the same. For the sake of
simplicity, only f and 6 in mode 1 and G¢(1,2) are considered.

We first verify the decomposition result of Lemma 3.3. According to the
Bernoulli’s principle and Toricelli’s law, the analytic model of mode 1 with f and 6
can be written as

hl —a\/hl — /’l2 QSI
hz = a\/hl—hz—a\/hz—h3 +10
h3 a\/hz —h3 QS3
0.006+/hy—h 0.006a Q
—av/hy —hy - ¢h172hz - Whljlz s
+ 0 f+ 0.006 0
av/hy — hs 0.006\/hy—hs _ 0.006+/hy—hs
Vihi—hy a

yi=hy, y2=h3

where the fault term corresponds to sediment deposit in P; and Py, i.e., sections
of P and Py progressively change. The uncertainty term denotes the modelling
error and input disturbance related to Q. It can be checked that Assumption 3.5

is satisfied. Indeed, according to (3.33), a diffeomorphism is chosen as élm = hy,
§2<1> =a(vh1 —hy—hy — h3), 53“) = h3. Mode 1 in &V -coordinate can be repre-
sented as

&1 =& +0.0066

£ _ a? a\/y1—y agy"

2 2 rayi—y) 2Vn—»m
2
+ <1>an +2S¢aQ3—
28(&, ' +ay/y1 —y2) Y12
0 ( S?a’\/y1 —y2 +a*0) a 1>9
2828 rayyi —ya)p 202 2

v =&Y

§3<1> =ayi—n+ e +avyr —yf

S
( 0.006a+/y1 — y2 B 0.006+/y, _y2)9

EV fayyi -y a
V2 = §3<1>
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which verifies Lemma 3.3. Moreover the persistent excitation condition (3.47) holds
since the coefficient matrix of 6 does not tend to zero.

One further have that
1 0
M — 23y —ya+d0 . |
252(§2<I>+ﬂ\/y1—y2)2 21—y
S A y-ntd0 | a 0
(g, —p)2 2W»
L = 25%(&; ' +ay/y1—y2)
= Sza3§2<1>—Sa3Q1 B aQ3—Sa.52<1>

V10288 1280 y1—y2)2 48V (—32)?
The transformation of mode 2 and 3 similar to that of mode 1 is thus omitted.
It can be shown that Lemma 3.3 is applied for all three modes. Also note that the
dynamics of three modes are different from each other, which guarantees the dis-
cernability as in Lemma 3.5.
Table 3.1 summarizes typical values of the three-tank system.

Table 3.1 Physical parameters of the three tank system

S1 =8, =583=5=0.0171m? Tank cross-section ar-
eas

Se1 = Se2 = Se3 = Sea = 0.0002m>

Se5 = Sq = 0.0004m?
az; =0.5279(1 < i < 6)
Tmax = 0.63m

max = 3 % 107%m3 /s

Pipe cross-section areas

Pipe coefficients
Maximum level
Maximum In-flow rate

where the coefficient a; = a;;(S¢;/S)\/2g(1 < i < 6) with g being the gravitational
constant. The system required behavior is shown in Table 3.2.

Table 3.2 System required behavior

Mode Reference signals guard set
<l> 0.01(t—t" (k))
=0.45—0.08¢~
Mode 1 G(1,2) = {h; > 0.545
Q 03300800y GLR= U )
) = 0.35+0.08¢ 001 (K)
Mode 2 G(2,3) = {h; <0.495
ygzj 0234008 006y GBI =T )
—0.008(t—1%(k))
Mode 3 g3> =0:3540.06e G(3,1) = {hy <0.485}

Vi = 0.2340.06¢0-008(—* (k)
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0.2 —— parameter estimates
— parameter
. . . . . .

0 1 2 3 4 5 6 7 8 9 10

— fault estimates
025 — continuous fault

I
0 2 4 6 8 10 12 14 16 18 20
s

Fig. 3.11 Estimation performance

The system is initialized in mode 1, one switching and the operation of two modes
are considered in the simulation. The initial levels are [0.48 0.37 0.25]". As for
mode 1, f = 0.3 —0.3¢00(~10) which is assumed to occur at = 10s, 6 = 0.9m/s
is unknown, 6 = 1. The parameters of the observer are chosen as I'(!) = 5, £1<1> =3,

K =110.25]T, P = [1355 _2'5 , R} =0.1481, it can be seen that Condition
{2.25 -1

-1 1
of the controller are designed as @) = 0.0026, &3 = 2.5&"], k) =5, &) =
0.0002, and a'!) = 5. Related parameters of mode 2 and 3 can be obtained following
the same way, which are omitted.

Fig. 3.11 shows the estimation performance, where rapid and accurate estimates
of 6 can be provided after = 2s which verifies Theorem 3.2. Note that &(!) is
invertible, f is also estimated effectively. Fig. 3.12(a) shows that the switching oc-
curs at r = 98.28s when £ reaches the guard set, and is detected at + = 98.298s
with a delay of 0.018s, the region of /;(98.298) is obtained from Lemma 3.6 as
[0.546 — 6.5 x 1070,0.546 + 6.5 x 10~%] which belongs to Inv(2)\Inv(3), so mode
2 can be identified as the current mode. Figures 3.12 shows the behaviors of /1, h»,
h3 and two inputs, from which we can see that the tracking performance is always
maintained in spite of continuous faults and uncertainties, and /1, hy,h3 are always
in the invariant set, the switching detection delay is acceptable.

Now consider the discrete fault as G¢(1,2) = {h; > 0.543}, the switching is
detected at t = 86.572s, and mode 2 can also be identified according to Lemma
3.6. Fig. 3.13 shows the behaviors of three levels, which implies that the faulty
switching can be detected rapidly and the tracking performance is guaranteed with
the continuous state staying in the invariant set.

2.3 is satisfied with V71<1> = 0.006, Q') = }, 6(0) = 0. The parameters
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Fig. 3.13 System behavior

3.4 Conclusion

This Chapter has investigated the observer-based FTC problem of HS with uncon-
trollable state-dependent switching. The key idea is to design, under some structure
conditions imposed on each mode, the observer for each mode whose estimation
error is not affected by continuous faults and sensitive to mode transitions.



Chapter 4

Hybrid Systems with Impulsive and Stochastic
Switching

In this chapter, two important classes of HS are considered that are with impul-
sive and stochastic switchings. For the former system, the FTC strategy is based on
the trade-off between the frequency of switching, the impulsive magnitude, and the
decreasing rate of Lyapunov functions along the solution of the system; Similarly,
for the latter one, the FTC objective is achieved via the trade-off among the fault
occurrence transition rate, the frequency of switching, and the decreasing rate of
Lyapunov functions. The work in this chapter can be regarded as an extension of
that in Section 2.3.

4.1 Impulsive Switching Case

Hybrid impulsive systems (HIS) represent an important type of hybrid systems
[46, that have gained much attention in engineering, where the continuous
states abruptly change due to the impulse effect at each switching instant. Exam-
ples of HIS include some biological neural networks, frequency-modulated signal
processes, flying object motions 143].

In this section, we focus on the FTC problem for hybrid nonlinear impulsive sys-
tems with both continuous and discrete faults, and without full state measurements.
An observer-based FTC law is designed for each mode, and two consequent cases
are considered. For the case that each mode is input-to-state stable (ISS) w.r.t. the
estimation error as the input, an ADT scheme is proposed such that the ISS property
of the HIS is maintained in spite of faults and impulse effects. For the case that only
partial modes are ISS under the FTC law, a novel double ADT scheme is developed
to keep the overall system still ISS.

4.1.1 Preliminaries

The HIS that we consider takes the form

X(t) = Ag(nX(t) + G (x(1)) O (1) () + Bo(ryUo(r) (1) @.1)
y(t) = Con)x(t) t#n,ke{1,2,.}

H. Yang et al.: Fault Tolerant Control Design for Hybrid Systems, LNCIS 397, pp. 91
springerlink.com (© Springer-Verlag Berlin Heidelberg 2010
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Co(1)x(2) t=t,ke{1,2,..}

4.2)
where x(¢) € R" is the non measured state which is continuous between impulses.
y(t) € R" is the output, ugs(t) € R™ is the control. As, B and Cy are real constant
matrices of appropriate dimensions. (Ag, Bg) is controllable, (A4, Cy ) is observable.
05 € R/ is a bounded parameter, |65| < 65 for O, > 0. In the fault-free case, we
have 65 = Oy with Oy a known constant vector. The nonlinear term Gg(x) is a
continuous Lipschitz function, i.e., |G (x1) — Gg(x2)| < Lg|x; — x| for Ls > 0. It
is assumed that G5(0) = 0, and |G (x)| < g5 for g5 > 0.

The continuous fault changes the parameter 65 unexpectedly as in [59]. In the
faulty case, 05 = Oy + 0¢g, where 05 denotes the unknown constant fault vector,
|0f0| < B0, for b5 > 0.

Define 0 = {1,2,...,N}, where N is the number of modes. o(¢) : [0,00) — Q
denotes the piecewise constant switching function [69]]. At the kth switching instant
tk, the system () switches from mode i to mode j, where i = 6(¢),Vt € [tx_1,1%)
and j = o(t),Vt € [t,tx11). It is supposed that the switching can be detected at each
switching instant.

The impulsive dynamics (£.2) is activated at each t;. The discrete fault is consid-
ered as an abnormal impulse effect, which is represented by the unknown function
Gg(t,m(t) (x(t7)), and does not exist in the fault-free case.

There are quite a few practical systems that can be described by the HIS model
EI)-@E2D), e.g., the biped walking robot [44], the switched reluctance motor [116],
etc. The objective is to design the FTC law us and provide a sufficient condition
on the switching frequency of ¢ such that the state x is always bounded in spite of
faults and impulse effects.

{ X() = o000 (K0 )sttoe (1), 51 (3(07))

4.1.2 FTC for Single Mode

Let us first consider the system (.1 with ¢(¢) = j for some j € Q starting from
t = 1, and design the controller u; such that mode j is stabilized in spite of fault ;.

Assumption 4.1. There exist two constant matrices Ej, K;j € R"*" such that G j(x) =
E;G(x), and for a given matrix Qj € R"*" > 0, it holds that

(4; = KiCj) ' Pi+Pi(A; —K;Cj) = —Qj, and PiEj=C]R;
for a matrix P; € R™" > 0 and scalar Rj. Moreover, rank(B;,E;) = rank(B;).
The FD observer for mode j is designed as

&(r) = AjR(1) + G;(2(1)) 8 (1) + Bjuj (1) + K;(y(t) = 3(1)) (4.3)
() = Cjx(r) 4.4)

0;(1) = LG (2(1))R; (y(1) — $(1)) 4.5)
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where #(t),0;(¢),9(t) are the estimates of x(t),6;(t),y(t). The matrix I} =
I; " >o.

Similarly as in section 2.2, the observer (£.3)-(.3) always diagnoses 6; no matter
the mode j is faulty or not. Denote e, (1) = x(t) — £(¢), ey (1) = y(t) — $(1), eg(t) =
6;(t) — 6;(1).

Lemma 4.1. Under Assumption 4.1, the observer described by ({.3)-(.3) can real-
ize lim;_,. ey = 0 and lim;_,..eqg = 0 if there exist two positive constants p and tg
such that for all t, the following persistent excitation condition holds:

/, " 6T (x(5)) G (xls))ds > pi .6)

Proof: The proof can be obtained following the procedure in [59], which is
omitted. m|

Lemma 4.1 means that the observer (4.3)-(&.3) provides both the continuous state
estimates £ and the fault estimates 0;, which will be used for controller design.

Definition 4.1. [115]]: A system % = f(x,u) is said to be input-to-state stable (ISS)
w.r.t the input u if there exist functions € ¥ L, o,y € K such that for any initial
x(0), we have

a(lx(r)]) < B(Ix(0)],1) +¥(l[ullos), Vi=0
Lemma 4.2. [[[13]]: If there exist 0, 0, 03, Y1 € Hew, and a smooth function V :
R" — R such that oy (|x]) <V (x) < on(|x]), V(x) < —az(|x]) + v1(Ju|) then the
system x = f(x,u) is ISS w.r.t. u.

Recall that (A;,B;) is controllable. Let W; = WT > 0 be associated with a given
symmetric positive definite matrix H; by the Rlccatl equation

T T
AjH/'—FHjAj—ZHijBjHj—FW/':0 “4.7)

Since G;(x) satisfies |G;j(x)| < Lj|x|. It has been shown in that there exists
n; > 0 such that

GH] J( VHjx < njx"Hjx (4.8)
To this end, our fault-tolerant controller is constructed as
uj()——B H;x— BEG()((-)—(-)HJ) 4.9)

Theorem 4.1. Suppose that Assumption 4.1 is satisfied. Under the feedback con-
troller ([@9), mode j in @) is ISS w.rt. e; and eg, i.e. there exist functions
BeX L, o,y € He such that for any initial state x(t;) and t > t;, we have

o(fx(0)]) < B(|x(@)],1) + villexll.n) +12(lleall ) i
— Amin(W}) +1j|H;| <0 (4.10)

Proof: Applying the control 9) to mode j in (&) results in the closed-loop
dynamics
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%= (Aj—B;BH)x+B;B; Hjex+ Gj(x)04,
+E5(G ()65~ Gi(96y;) @11

where ;; £ 6; — 6y;. Consider a Lyapunov candidate V;(x) = x H;x with H; > 0
defined by (7). Its derivative along the system (&.11) is

V= —xTij + ZXTH/'B]'BJ‘THjex + 2XTHJ'G(X)./'BHJ'
+2x ' HiEj(Gj(x)6y; — Gj(£)6)  (4.12)

It is clear that

Gi(x)0r; — Gj(£)6y; = G;(%)(65; — b))+ (Gj(x) — G;(£)) Oy, (4.13)

Substituting (.8) and #.13) into (@.12), together with the fact that there exists an
arbitrary € > 0 such that 2ab < ea® 4 b* /¢ for two numbers a, b, yields

Vi< (= Aamin(Wy) + 101 Hj| + &1 + &2+ &) 3]
202
N (IHJBJBJTI%I2 N |H,E;Lj| %)w 2y
£ & x

HERS o @i
&

where €1,&,€; > 0, 0; and g; denote the norm bounds of 6;; and G;. If the con-
dition @.10) holds, €, €, &3 > 0 can be chosen small enough such that V; satisfies
Lemma 4.2, the result follows. O

If we can choose H; and W; such that (@.10) is satisfied, then each single mode is
ISS w.r.t e, and ey in spite of continuous faults, which, together with Lemma 4.1,
implies that x converges to zero.

4.1.3 FTC for Hybrid Impulsive Systems

In this section, we first consider that all modes are ISS w.r.t. e, and ey, then extend
the result to the case that some modes may be not stabilized in the sense of ISS,
because (@.10) does not hold. We will show that under some switching conditions,
it is not necessary to design the stabilizing controller for each faulty mode. The
stability of the overall HIS is still guaranteed.

Consider the HIS (@.I)-@.2). Since all modes are ISS, it can be obtained from
Theorem 4.1 that there exist continuously differentiable functions V; : R — R,
ke Qand 71(-), 1»(-) € He, such that Vp € Q

x> < V,(x) < dplx? (4.15)
Vo (x) < =2A0Vp(x) + 7i(lex]) + 22(leal) (4.16)

where constants &, 0o, Ag > 0.
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Assumption 4.2. There exist two numbers &1,E) > 0 such that the impulsive dy-
namic #2) with discrete faults satisfies

()] < &ilx(g0)| + Galex(t )], ke{l,2,...} 4.17)

Remark 4.1. Assumption 4.2 is a mild condition due to the following aspects: 1)
Since the impulsive dynamics includes x and X, the discrete fault is also a function
of x, the form of (@1I7) appears naturally for the norm bound of x(t;). 2) The magni-
tudes of &, and &, are not restricted, and can be taken arbitrarily large. 3) Inequality
HID) does not restrict the decay rate of the impulsive dynamics as in [69], [74],
and has no relation with the continuous dynamics.

The FD observer @3)-.4) and the controller (#.9) are switched according to the
current mode at each switching instant #;. The initial observer state of the current
mode is chosen as the previous value £(¢,). The parameter estimates 05 (1) are set
to eHc(tk) at ty.

Theorem 4.2. Consider the HIS (@ 1)-#2) that satisfies Assumption 4.2, and all
modes are ISSw.rt. ex(t), eg(t). The HIS is ISS w.r.t. ex(t), eg(t) in spite of any fault
and any large impulse effect if the switching function ¢ has an ADT 1, such that

In®

Ty > 3 (4.18)

~E2
where @ £ 20;1'5‘ and @ > 1.

Proof: The proof can be straightly obtained following the same line as that of The-
orem 2.6, thus it is omitted. O

Roughly speaking, Theorem 4.2 shows that, under a low switching frequency, the
overall HIS is ISS w.r.t. ey, eg.

Remark 4.2. The condition ({I8) is similar to the condition in Theorem 2.6 for the
non-impulsive systems. However, if © < 1, i.e., the impulsive dynamics decreases
the norm bound of x, then the HIS can switch arbitrarily without affecting the ISS.
This property is unavailable for non-impulsive HS.

Remark 4.3. The discrete fault is hard to be detected since it appears and van-
ishes instantaneously, unless the impulsive dynamics satisfies some special struc-
tures such that the fault can be detected rapidly from outputs. Theorem 4.2 shows
that the discrete fault detection and diagnosis is not necessary to keep the HIS ISS.

Now consider the case that some modes are ISS while others may be not. Define
two subsets of Q as Q = Q;U Qy;, where Qs (Q,s) denotes the set of modes that are
(not) ISS.

The following two inequalities are considered instead of inequality (£.16)

{%(x) < —AVp(x) + T (lex]) + allesl) ¥p € O, 4.19)
V() = MVy(x) + Talexl) + Taleel) VP € Qus '
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where 0 < A1 £ maxjeg,, {—Amin(W;) + 1,|H,|}. In this case, the continuous flow
in mode p € Q,; can potentially destroy ISS.

Define 7 (T;5) the dwell period of ISS (non-ISS) modes in [¢, T). Then we define
the double ADT as follows, which generalizes Definition 2.4 (ADT) and provides
two ADT scales for the HIS with both ISS and non-ISS modes.

Definition 4.2. Let N5 (T,t) (N2 (T ,t)) denote the number of switchings of & during
the period T (Tys), if there exist two positive numbers T; and T,s such that

¢ Tm
, NS(T.)<No+ ", VT>t>0  (4.20)

TS TMS

T;

N(‘Y(TJ) §N0+

where Ny > 0, then Ty and 7,5 are called double ADT of ¢ over (t,T).

Consider the time interval [0,7) for T > 0, for the sake of simplicity, in the
following, we divide [0,7) = [0,7,) U[T;,T) and focus on two cases: Case 1,
Ty =T.,T, = (T —T,), i.e., non-ISS modes work in [0,7.") and ISS ones work
in[T.,T).Case 2, T, =T, T,, =T — T, i.e., ISS modes work in [0, 7. ) and non-ISS
ones work in [T, T). The results can be extended to the more general case. It is still
assumed that @ > 1.

Theorem 4.3. Consider the HIS (. 1)-(2) that satisfies Assumption 4.2. The HIS is
ISS w.rt. ex(t), eg(t) in spite of any fault and impulse effect, if the switching function
o has the double ADT 7, 1,5 such that

/’LOTX > IHGL Tys = TL‘a T, = (T_ TL) >0 (421)

I,

X{)Tx>max{lnw,lnaf “‘+7LITW} T,=T,>0, T, =TT, (422)

us

where T > 0 is an arbitrary time.

Before proving Theorem 4.3, we provide some insight into the conditions (@.21)-
#22): if the system remains in an ISS mode after the last switching instant, then
the HIS with partial ISS modes is ISS under the same conditions as that with all ISS
modes. In contrast, if the system stays in a non-ISS mode after the last switching
instant, then (@.22) implies that

e The larger (smaller) A, is, the longer (shorter) ADT of ISS modes is needed.

e The larger (smaller) Ay is, the shorter (longer) ADT of ISS modes is needed.

e With a frequent switching of non-ISS modes, a long ADT of ISS modes is
needed.

e With a long dwell period of non-ISS modes, a long ADT of ISS modes is needed.

The above analysis reflects the trade-off among the frequency of switching, and the
decreasing rate of Lyapunov functions along the solution of ISS modes and non-
ISS ones. It can be seen that ISS can still be achieved if the negative effect on the
ISS resulting from non-ISS modes can be compensated by the positive effect of ISS
modes.
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Proof of Theorem 4.3: Let T > 0 be an arbitrary instant. The function W () is mod-
ified as
Wi(s) = {eﬂoSVG<S) (x(s)) Vo(s) € Qs 4.23)
eiklxvc(s) (X(S)) VG(S) € Qus

Then we have W(s) < e*® Vs € Ty, and W(s) < e 115®,Vs € T, Denote by
... J}(,(f;s, and 1{,... vaé the switching instants on the interval 7, and Ty respec-
tively.

Casel: 7, =T.,T,= (T - T.).

We first consider the time interval [T, T), following the results of theorems 2.6, 4.2

and (@.23), one has
W(T™) < @VoeM )l w (T

NS L
+;( x,)+2( G'Gf (%)) (4.24)

where x £ 2eM% 0,83 e (17|, tN,+1 = T Similarly to the iterative procedure in
Theorem 2.6, we can obtain

NMY
W(TL—) < a)-N +Z( N‘“—t us)
NMJ u
+Z( @™o~ /G,{:‘ /11)) (4.25)

where 1 £ 2¢= M Gp EF ey (1157) 2.
Combining (4.24) and (4.23) leads to

N
W(T*) < a;NivﬁNgve(kﬁM)T[W(()) _|_e(/11+10)T[ 2 ( o +No ﬂ%lm)
i=1
-~ NéS £S5~
+eMtA)T: S (a;N & +Ns— ’G’“( M))
Jj=0

+Z( 5 ) i( N5 JG’“ 20)) (4.26)

From the condition (&21)), choose a number A < Ay — 1““’ , one has the following
inequalities

BV AT < 2ot g I (0T
< @2No Ao A)T Jn® & +(2+20) T
<

@20 A (15, T, )P0 AT (4.27)

where A (T, T.) = lnwfuv HAHTe g positive number.
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e(ll-‘rlo)TC7 mNgj+Né-_in!4S S ZEZNOA(TMS7 )azlg'z |ex( )|2 AT (428)

145

oM+ 20T N'“+N3‘1G’“( M) < @A (T, T, )P0~ MTG{,T‘(M (4.29)

Substituting (@.27)-(@.29) into (@.26), together with the results of theorems 2.6 and
4.1, yields
04 |x(T)[* < @™ A (14, T)e " (0 [x(0)* + GG (A)) + Fallex(t; iy oug
(4.30)
where the function J4 € J#.. The ISS result follows from Theorem 2.6.
Case2: T, =T, T,, =T —T.,.
Similar to (#.26)), we can obtain

N
W(Tr~) < any;'FN?e—(M-Mo)wa(o) 4o htA)T z (a)-Né’r'FN&r;—ixi)
i=1

NS, o
4ehitA)T z (a;No‘ +N57~’G§§+1 (%))
j=0

us us
Ng Ng 5=

+Z( o6 i u\>+z( Ve - JG,LT(—M)) @31

From the condition (£.22), choose a number A satisfying A < min {).0 - “‘Tf’ g —

Tus

In
w Tus*Ts

- MTT‘“’ } The following inequalities can be obtained

@VNE g ()T < 2NotH R —1) gy gy o~ (o) Te

<
< 2o+ 1 AT HIn® 4 —(A1+20) Ty
<

@ Notlg=MT g=ATs (4.32)
Since A > 0, there always exists a A* > 0 such that A*T = A 7;.

=M h)Te GNE—iyus < 9g2Mog, 2| (1) 2R oM T (4.33)

e—“l%)Tc’mN?—fGiZF(—/l) 02N H0% e T —“G,Zt‘(/l) (4.34)
J

Substituting (.32)-@.34) into (@.31)), together with the results of theorems 2.6, 4.1
and Case 1, yields
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o |x(T))* < @0 e T 3 [x(0)* + ¥ ([lexll o.1)) + T lleollp.r))  (4.35)

where the functions ¥s, % € .%#%. This completes the proof. O

Theorem 4.3 relaxes the condition that all modes are required to be ISS, the overall
HIS in the presence of faults can still be ISS with partial ISS modes. This result is
very useful for stabilization of HIS and non-impulsive hybrid sytems with unstable
modes due to faults.

Example 4.1: An example borrowed from [69] is given to illustrate the theoretical
results. Consider a HIS with two modes as
X1 = éxl — X2
mode 1: < X, =x1 + éx2+(sin2x1—|—sinx1)91 +u

y=x1—-x
X1 = —4x1+x2
mode 2:  X» = x; —3x2—|—(sin2x1)62+u2
y=X1—X2

= %xl + Bl‘lz(x) fxi=x1+ Bfl(x)
fip: 1 : , [ ] :
X2 = 3X1+ 35X X2 = 5 X1+ X2

where 0y = é, 02 = 1, the bounds of faulty parameters are assumed to be éf] = é,
0, =1,and 6; =}, 6, =2.Itcan be seen that Ey = E; = [0 1]", Ly =3, L, =2,
gl = 2’ g_2 =1.

As for mode 1, the matrix K; and Q; are chosen as QO = _0095979 g p 10927128
[—1 1.3564 —0.3376
=50 —0.3376 0.3376

that Assumption 4.1 holds, which implies that the FD observer works well.
On the other hand, by choosing W| = 7, we obtain the matrix H; from (@.7)
as Hy — { 2.0048 —0.5003
—0.5003 1.0646
X)), it can be checked that —Amin (W) ) + 11 |H; | = 0.5136, which means mode 1 is
not ISS.

As for mode 2, K, and Q, are chosen as O, = [

and K| = we can obtain P; = and Ry = —0.3376. Note

. Simple calculation leads to that 1 = 0.6366 in

10.8180 —0.7843]
—0.7843 1.0912 |° °2 ~
1.7348 —0.0341

-1
_s|» one has Ry = —0.0341 and P, = [—0.0341 0.0682

also holds.
By choosing W, = I>», we obtain Hy = [

] . Assumption 4.1

0.1350 0.0417 .
0.0417 0.1708]’ and 1, = 2.8497, it
follows that —Anin(W2) + n2|H;| = —0.3572, which implies mode 2 is ISS w.r.t.
€x, €9.

From above calculations, we get &; = 0.1076, & = 2.2212 in @A41), Ay =
0.3572, A = 0.5136 in (@.19).
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Now consider the impulsive dynamics, assume 6/, = }xi, 64, = x;, we have
& = 1.8028 in @17, it follows that In@ = 4.8992. '

Now we illustrate the results of Theorem 4.3, we consider two cases: the HIS
is initialized at mode 1 then switches to mode 2, and the converse. For the former
case, the HIS is ended at ISS mode 2, from the condition 21), if the dwell time
of mode 2 is larger than o _ 13.6876s, then HIS is ISS w.r.t. e,, eg. For the latter
case, the HIS is ended at non-ISS mode 1, provided that the dwell time of mode 1 is
10s, i.e., T,s = 10s, from the condition @.22), if the dwell time of mode 2 is larger
than 28.0751s, then HIS is still ISS w.r.t. ey, eg.

4.2 Stochastic Switching Case

In this section, we address the stability issue of a class of stochastic HS called
switching diffusion processes (SDP) where each mode is represented by a stochas-
tic differential equation, the mode switching is governed by a Markov process [98]],
[81]]. This work is motivated by the fact that SDP often models stochastic systems
with faults, since SDP model can represent the fault process in different state spaces
such that the consideration of FD and FTC is natural [§11, [133]].

The main idea is to transfer the FTC problem of a stochastic system into the
stability problem of a SDP. It will be shown that the fault tolerability of a stochas-
tic system relies on the trade-off among the fault occurrence transition rate, the
frequency of switching, and the decreasing rate of Lyapunov functions along the
solution of the SDP.

4.2.1 Preliminaries
The SDP takes the form
dx(t) = f () (x(t), u(t))dt + g1y (x(2),u(t))dW (1) (4.36)

where the state x € R", the input u € R™. W is an r-dimensional standard Brownian
motion. Both f and g4 satisfy the Lipschitz and the linear growth conditions which
guarantee that each mode has a unique solution for any initial state.

Denote P(-) as the probability, whereas E[-] represents the expectation. Let
(Q,.%,P) be a complete probability space of the fault occurrence, the switching
function o (¢) is a right-continuous Markov chain on the probability space taking
values in a finite state space Q = {1,2,...,N} with generator matrix I' = (p;;)Nxn
given by

. . GA+o(A)  ifid
P{c(r+A):J|c(t):z}:{’fjrpxgrgm) Eij (4.37)

where 0 < p;; < 1 represents the fault occurrence rate from mode i to mode j if i 7 j,
and p;; = —¥;2; pij. A > 0 is the infinitesimal transition time interval and o(A) is
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composed of infinitesimal terms of order higher than that of A > 0. We assume that
the Markov chain ¢ is independent of the Brownian motion W.

For any given V,(x) : R" — R € € associated with the mode g of the system
(#36)), we define the differential operator as

IV, (x) 1 9%V, (x)
LV, (x) = 5x Sy u) + 2Tr[g; (x,u) 8;2 8q(x,u)] (4.38)
We also define the following generator
N
LVg(x) = LVy(x)+ Y, pgiVi(x) (4.39)
Jj=1

According to the generalized It6 formula [T12]], one has

E[VG(Q)()C(IQ))] = E[VG<,1)(X(I1))] +E [/t:z gVGm(x(t))dt] (4.40)

for any stopping times f1,#, as long as the involved integrals exist and are finite. In
the following, we assume that the integrals in (£.40) always exist and are finite for
any 0 <11 <1 < oo.

Definition 4.3. The system (£.30) is said to be input-to-state stable (ISS) w.r.t the
input u if there exist functions 3 € H L, o,y € He such that for any initial x(0),
we have

Ela(lx(t)])] < B(1x(0)],1) + ¥(llulljo,), Vi =0

The difference of Definition 4.3 from usual ISS formula (Definition 4.1) is the intro-
duction of the expectation. It has been proven in [[73]] that the following ISS property
of the single stochastic system holds.

Lemma 4.3. The system dx = f(x,u)dt + g(x,u)dW is ISS w.r.t. u, if there exist o,
0, 03, Y| € He, and a smooth function V(x) € €*(R";R.) such that oy (|x]) <
V(x) < on(|x]), LV (x) < —on(|x]) + i (Jul).

In the following, a series of sufficient conditions of fault tolerance are derived such
that the SDP can be stabilized in the sense of ISS in general cases:

1) where each individual mode is ISS, i.e. the stochastic system is ISS separately in
the healthy situation and in the faulty situations.

2) where some modes are ISS, while others are not ISS. This comes from the fact
that some modes representing the faulty situations may be not ISS.

3) where no mode is ISS. This is the worst case where the stochastic system is not
ISS separately whatever it is healthy or not.

4.2.2 Fault Tolerance Analysis

We shall first establish the general fault tolerability conditions.
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Theorem 4.4. The SDP ({.30) is ISS w.r:.t. u if there exist oy, Op, X € Ko, ® >0
and smooth functions Vi, € €2(R";R 1) k € Q such that Vg € Q

< Vg(x) < on(fx) (4.41)
LVo(x) < —aVy(x)+ x(|Ju]) (4.42)

where the generator £ is defined in [#.38)-(4.39).

Proof: Since any t is supposed to be a stop time, applying the generalized It6 formula
derives

E[Va) (x(0))] = EVo(o)((0))] +E[ | (Ve (x(5)) Ve (x(5)) )]
We further have
ELe Vo (0)] = EVo(0)(5ON]+E| [ €2 (0Vo(x(5)) +2Vo(x(5)) ]
< 0 (5(O)) +E[ [ ¢ (Voo (x(5)) — Ve (4(6)) + z(JuD) ) s
(O +E[ [ e (x(lu)) ]

< a0+ , (¢~ 1) sup {x(Ju))}

7€(0,1)

IN

Consequently, we obtain

Eloq (|x(#)])] < f“”az(\X(O)\H; Sup){x(lu\)

T€(0,r

This completes the proof. o

It is interesting to analyze the condition (#42). It follows from the definition of .
in that if there is only one mode in the system or there is a common V (x) for
all modes, then £V, (x) = £V, (x). In these two cases, Theorem 4.4 and Lemma
4.3 are equivalent. Thus we obtain the property

e If there is a common ISS-Lyapunov function for the normal and all faulty modes,
then ISS of each individual mode implies ISS of the overall stochastic system.

This property is very useful in the practical situation, if we find that the healthy
and faulty mode share the same ISS-Lyapunov function, then what we need to do is
just to preserve ISS of each individual mode without consideration for the transient
behavior.

We continue to observe [@39), it is clear that

N
z quVj(x) = Z quVj(x) - ‘pquq(x)
Jj=1 j#aq
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we further conclude from (#.42)) that

o If 32, PqjVi(x) > |pgqlVy(x), then ISS of SDP implies the ISS of mode g.

o I3, Pq;Vi(x) < |PyqlVy(x), then ISS of SDP can be achieved even mode g is
non ISS.

o IfX ., Pq;Vi(x) <|pgq|Vq(x), Vg € Q, then ISS of SDP can be achieved without
any ISS mode.

The above three properties reflect to some extents the effect of fault occurrence tran-
sition rate on the fault tolerance of the stochastic system. However, these properties
are not easy to be verified since V,(x) is not unique.

Theorem 4.4 implicitly quantifies the trade-off between frequency of switch-
ing/dwell time and rate of decrease of the Lyapunov function. In order to analyze
more precisely the relations among these factors to achieve the ISS, we will adopt
the method in determined hybrid systems in the following discussions. The three
cases where all modes are ISS, only some modes are ISS and no mode is ISS, will
be successively studied.

Consider the SDP (@36) where each mode is ISS. More formally, suppose that
there exist o, 0, ¥ € #%, A9 >0, p > 1 and smooth functions V, € €*(R";R,)
k € Q, such that Vp,q € O

ou (|xf) < Vy(x) < on(|xf) (4.43)
LVq(x) < =V (x) + ) (|ul) (4.44)
Vi (x) < uV(x) (4.45)

Theorem 4.5. The SDP ({.30)) satisfying @.43)-H.Z3) is ISS w.r.t. u if

U< %, with A £ max{|p;i||i € O}, 1 £ max{p;j|i,j € O} (4.46)

where L is defined in @43, p;j represents the fault occurrence rate defined in

H3D.
In order to prove Theorem 4.5, the following lemma is needed.

Lemma 4.4. [[[7] Suppose that ¢ is a Markov chain satisfying (@.37). It holds that
vt >0,VkeN )
e~ M (it)k

k!
where 2. and A are defined in (L40). Ny (t) denotes the number of switchings of &
over the interval [0,t) as defined in Definition 2.4.

P(No (1) =k) <

Proof of Theorem 4.5: Let T > ( be an arbitrary time. Denote by 7i,..., Ty (r,0) the
switching instants on the interval [0, T), where N (T',0) is defined in (#.49). Denote
Gh(A) = [Le =)y (|u|)ds. Since LE[V (x)] = E[.2V (x)], it follows from #.44)
and m that for r € [Ti+1 s Ti+2)



104 4 Hybrid Systems with Impulsive and Stochastic Switching

EVo (g, ) (x(t))] < EVg(g, ) (x(tis1))]e 005 L E[G, ()]
< B[V (g (x(Ti1))e U5V E[GL, | (Ao)]
< E[uVe (g (x(5))e 200 )]

+E[pe P0G () + G (Ao)]
E[U?Vo( ) (x(Tio1))e 0050+ E[ple 20HGE | (A)]
+E[ue 0TI G (20) + G (Ao)]

Denote Ny 2 Ng(T,0), following the above iterative procedure, we finally obtain

E[V(7)x(T)] < E[uele %"V, ) (x(0)) + E[G],_(%o)]

—|—E[ 2 uNc*jeflo(T*T.iﬂ)GgH(/’LO)} (4.47)
i=0
Based on Lemma 4.4, one has
o oo —AT (3 T\k .
E[uYe) = Y i P(No =k) < ¥ ut® ATV _wd bt (g a3)

k=0 k=0

Under the condition (@.46), substituting (@.48) into (£.47) leads to

ElVorx(T)] < ¢ Voo (x(0)) +E[ [ x(luas]

The result follows directly from the proof of Theorem 4.4. a

Roughly speaking, if each mode is ISS, and the fault occurrence transition rate
max{p;;} is large enough, then the ISS of the stochastic system is guaranteed. It
can be seen from the proof of Theorem 4.5 that, the condition can be re-
moved if there is only one mode in the system or there is a common V (x) for all
modes. This is consistent with Theorem 4.4.

Theorem 4.5 completely depends on the fault occurrence transition rate without
consideration of the frequency of switching and the decreasing rate of ISS-Lyapunov
functions. We shall relax the condition (@.46) by introducing the concept of stochas-
tic average dwell time defined as follows.

Definition 4.4. If there exist a series positive numbers T, Vk € NU{0} such that

T—t
k< No+ o VT >t>0 (4.49)
k
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where Ny > 0 denotes the chattering bound, then © = {1,k € NU{0}} is called
the set of stochastic average dwell time (sADT) of 6 over [t,T).

Definition 4.4 extends the ADT (see Definition 2.4 in Chapter 2.2) to the stochastic
case, which means that for each possible switching number &, there may exist some
switchings separated by less than 7, but the average dwell period among switchings
is not less than 7.

Theorem 4.6. The SDP ([{.36)) satisfying [@43)-H4) is ISS w.rt. u if Vk € NU{0}

1 < min { ’10; A ,e%fk} (4.50)
A< 4.51)
where T, € O, O is the set of sADT defined in Definition 4.4, A and A are defined
in [40).
Proof: Following the proof of Theorem 4.5, inequality (.47) is rewritten as
E[Vor)x(T)] < E[u™e]e™" Vo) (x(0))
No—1

> E[uNrfe*%(T*ffH)Gg“(Ao)} +E[G],,_(h)] (4.52)
=0

It follows from (@.30), (@-31) and Lemma 4.4 that

E[ue] < AT < ol (4.53)
E IJN"*je*XO(T*TjH)] - ( k—j ,~A(T~ T;+1)>
S ('UNOJ“ —j+1-1 —%<T_Tj+l>>
P(Ng = k) ( 14+No wlo( 4, —/—1)6—10(T—1j+1)>
g ( 1HNg 0T~ Tj41) o %(T—r_,-m)
< "o Z ATy < it (4.54)

= k!

Substituting (@33), @.34) into .32), we have

T
E[Vo(ry(T)] < Vo(o)(x(0))+ 1" ™E[ [ x(upds]

The result follows. (W
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Theorem 4.6 shows that, if the ADT is large enough, i.e., the switching is slow
averagely, the stochastic system does not change too frequently among healthy and
faulty modes, then a less restrictive condition on transition rates is required than
to achieve the ISS of the SDP.

Remark 4.4. Generally, the condition #20) can not be used to verify a priori
whether the system is ISS. Since the switching of SDP (i.e. the instant of fault oc-
currence ) is random, N (T,t) is not determined at each time T, a series of ADT
have to be provided to include all possible switching numbers. However, inequality
30 is very useful to check on-line the ISS of the system in the current situation.

Now we consider the case that some modes of SDP are ISS while others may be
not. This work is motivated by the fact that some modes that represent the faulty
situations are often not ISS.

Define two subsets of Q as Q = Q;UQ,, where Oy (Q,5) denotes the set of modes
that are (not) ISS.

Consequently, the inequality (.44} is modified as

LVy(x) < =AoVy(x) + x(|ul), Vg€ Qs (4.55)
LVy(x) < MVy(x) + x(|ul), Vg € Qus (4.56)

where A; > 0. In this case, the continuous flow in mode g € Q,s can potentially
destroy ISS.

Similarly to Chapter 4.1, divide the time interval [t,T) = T; U T,5, where T; (T,)
denotes the dwell period of ISS (non-ISS) modes in [¢, 7). Then we define the double
sADT, which generalizes Definition 4.4 and provides two ADT scales for the SDP
with both ISS and non-ISS modes.

Definition 4.5. Let N3 (T,t) = €1, & € NU{0} (N¥(T,t) = &, & € NU{0}) denote
the number of switchings of o during the period Ty (T,s). If there exists a series of
positive numbers T}, Ve; € NU{0}, and 1) Ve, € NU{0} such that

TM A)

T,
a<Not [, &<Not . VT>1>0 (4.57)

€] )

where Ny > 0, then O, = O;UOy; is called the set of double stochastic average dwell
time of & over [t,T), where O; = {7} &1 € NU{0}}, and O,s = {77,,&, € NU{0} }.

27

Consider the time interval [0, T) for arbitrary time 7 > 0. For the sake of simplicity,
in the following, we divide [0,T) = [0,7. ) U[T;,T) and focus on two cases: Case
1:T,s=T ,T,=T — T, i.e., non-ISS modes work in [0, 7, ) and ISS ones work in
[T.,T). Case2: T, =T, ,T,; =T — T, i.e., ISS modes work in [0,7,.") and non-ISS
ones work in [T, T).

Theorem 4.7. The SDP ({.36)) satisfying (#43), (.43, (£.33)-(£.38) is 1SS w.r.t. u if
Ve, e, € NU{0}
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VT N }
{ Z < ;““{ 2 ¢ for Case 1 (4.58)
<
= (A()'L'gV *A-]Tus)fé”
ind Aot ot "h 0
{‘<I}““{ i€ e B } for Case 2 (4.59)
A<A
where A and A are defined in ([#.20).
Proof of Theorem 4.7: Denote by 7/°, .. ., T]’(,‘gv, and 17,..., TX/; the switching instants

on the interval 7,5 and T; respectively.
Case1: T, = (0,7, ), T, = [T.,T).

During the time interval [T, T ), following the proof of Theorem 4.5, one has

E[Vor)X(T)] < E[uNee 0Ty (x(T,7))]

o(T:
Ng—1

{ 2 No—igt ,+1>Gf+1(zo)} +E[GL (%) (4.60)

Similarly, during the time interval [0, 7, ), we obtain

E[Vo(qx(T. )] < E[u™ M7V 0)(x(0))] +E[Gy, f, ()]

Ng -1
B[ 3w A TIIGL ()] e
j=0

TUs

Combining {@.60Q) and .61} leads to

E[VG(T)X(T)] < E[/-L +NS %T—Q—(AO“"M)EV (0 )( (O))]
NS —1
NSNS —j = DoT+(Ao+2) Te= M 78, ~TiH
+E[ 12, pe e i+ G;ﬂ (— Al)}
+E[uNo et e GT;m( M)l
N1

[ 2 uNe—ig 0 ,+1>Gf+1(/10)] +E[GE (%0)] (4.62)

Under condition @38), it follows that E[uNs+Ns'] < ¢*7  and

=3

E[u'] = ¥ uSP(NY(T,T) = 1)

81:0

< TT‘(( T.))" A—A)T-T, T—T,
< Zuel - — oA=2)( *L‘)Sexﬂ( —TIc)
1
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On the other hand, G;{Il (=2p) < et Gif;fl (A). Consequently, we get
J

J

us _

o 1 th.)‘
ElVo(ryd(T)] < e T 0 ((0)) + e W RE] S G ()]
=0

Define Y £ max{etotA)7 (14N} we further have

BlVo(r (1) < Vo0 (x0)+ YE| [ (luas]
The ISS result follows.
Case2: T, =[0,T.),T,s = [T, T).
Similarly to (£.62)), we can obtain

E[Vo(r)x(T)] < E[NN“N‘M’SeMT*(%”‘)T"Vom)(X(O))]

~1 5
E[ N§+N§—j, MT (XQ+)LI)TL-+AOT’Y+1GTI;+1 }
+ EO u'e G (Ao)

+E[HN53€AI<T_TC>G‘7L'EIY (2,0)] —|—E[ uv ( 2{])]
N1 s
+E| DT el islleyie (~)] (4.63)
J=0 ’
From the condition (#:39), the following inequalities can be obtained
s T T—T,
'uflJrgzeMT*(%Jr/ll)Tc < H2No+1efelzo(f£1 1>U % MT—(Ao+A)Te

—18 Ag+Inp T8 42, Ty
< 'u2No+le €] rg; us

< I.L2N0+1 (464)

T-T¢
p AT Gttt

—Tél A'O'Hnll %5 +A'1Tus
2

, y T5 Te g
‘ugl+52_jellT7(Xo+M)Tc+A()T;+1 < u2Notl, el%(rgl j-1)

< ‘LL2N0+1€

S ‘LL2N0+1 (465)
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Since Ao > 0, there always exists a A > 0 such that A* T, = 207, . It holds that

uezexl(T—TC) _ ex*TCe—ﬂorgl ‘uezeM(T—Tc) < eA*TC“No (4.66)

us

‘u‘€2_fgll(T_T}‘i1) < ‘LLEZEAIT@_AI?/H < e(l*+11)TcuNoe—MTﬁ1 (4.67)

Let us come back to inequality (@.63), under (4.64)-(#.67), we further have

E[Verx(T)E p?t Y S PN =&, N& = &)

£1=0&=0

N
'<V0<o>(x(0))+€<l*+lm > /
j=0 T

us
T

" (ulyds

U
J

NS—1 T
* T *
+HGE (ho)+ X, G (A) e TR x(ul)dS>
o j=0

T
Nis

N T
< 0 Vo0 (1(0)) + w20 e AV [T us

This completes the proof. m|

Theorem 4.7 shows explicitly the balance of dwell periods between ISS modes and
non ISS ones that is needed for ISS of overall SDP.

Remark 4.5. It can be seen that even the stochastic system is not separately ISS in
faulty situations, the overall system process may be still ISS. This means that it is
not necessary to design the FTC law to guarantee the stability of each system mode
as in [81)], less control effort is required. Compared with the general FTC methods
[I0], our results imply that we do not always have to stabilize the system in the
post-fault situation.

Finally, let us consider the worst case where no mode is ISS. The inequality (£.44)
is changed into
LVy(x) < MVy(x) + x(Ju]), VgeQ (4.68)

where A; > 0. We have the following result:

Theorem 4.8. The SDP ({.306) satisfying [@.43), @43 and @.68) is ISS w.r.t. u if
A+ <A (4.69)

where A and A are defined in (@48), A, is given in ([#563).

Proof: Following the similar procedure in the proof of Theorem 4.5 yields

No—1 ) )
EVo(ryx(T)] < BTV ((0)] + E[ 3 pe T TGy 16, |
=0

J
(4.70)
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Under condition (4.69), it holds that
E[uMe] < eBA-DT < o~ MT “.71)

Equality (@.71), together with (.70), leads to the result. O

Theorem 4.8 shows that if the fault occurrence transition rate max{p;; } is larger than
that of any previous cases (All ISS modes, partial ISS modes), the ISS of SDP is
achieved without any ISS mode. This result implies that, under the condition (£.69),
we do not need to design the stabilizing controller even the stochastic system is not
stable separately in the healthy and faulty situations.

Example 4.2: A fault-prone manufacturing system originated from is a good
example to illustrate our results. Consider a machine producing a single commodity,
the SDP model takes the form

dx(t) = (foy (x(1)) — d)d + g(x)dW (1) 4.72)

where the state x(r) € R denotes the inventory, d > 0 is a constant representing
the demand rate, which is regarded as the input. W is a one-dimensional Brownian
motion independent of o (7). f5(x) is the state feedback control policy which is the
production effort. The term g(x)dW is often interpreted as “sales return”, ’inventory
spoilage”, or “sudden demand fluctuations”.

Two modes are considered, 6(¢) = 1 or 2, depending on whether the manufactur-
ing system is in the functional state or the actuator faulty situation respectively. o ()
is modeled as a Markov chain with generator —p;; = p12 > 0 and —pyy = pa; > 0.
This means A = 4.

In mode 1, fi(x) = —x, g(x) = %x, this means that the backlogged demand is
required in the healthy situation. In mode 2, the actuator fault occurs due to the
abnormal behavior of the machine’s production scheme. Here our objective is to
check whether the overall system process is ISS w.r.t. the demand rate d in spite of
the faults.

Two faulty cases are considered.

Faulty case 1: f,(x) = —2x.
Choosing V}(x) = V5 (x) = x? leads to

LVi(x) = LVi(x) = —2x> —2xd + ixz

1
LVa(x) = LVa(x) = —4x* — 4xd + 4x2

The condition of Theorem 4.4 is satisfied, so the SDP is ISS. On the other hand, both
two modes are ISS and share the same ISS-Lyapunov function, Theorem 4.5 could
also be used to verify the ISS property. The condition of Theorem 4.6 also holds, in
this case, we do not have to reconfigure the controller after the fault occurs, and the
frequency of the fault occurrence also has no effect on the ISS of the system. In the
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Fig. 4.1 State trajectories in faulty case 1
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Fig. 4.2 State trajectories in faulty case 2

simulation, suppose that —p;; = p1p = 0.5 and —py» = p2; = 0.8, d = 1. Fig. 4.1
illustrates the state trajectory, from which we can see that the system is always ISS
with respect to the demand rate d in spite of the fault.

Faulty case 2: f,(x) = 2x.
We can get

LVy(x) = LVa(x) = 40 — 4xd + ixz

Theorem 4.4 is unavailable now. It can be seen that the faulty mode may become
non-ISS. Choose Ay = 1.5, A; = 4.5 that satisfy and ([.38). It follows from
Theorem 4.7 that, if the system is ended at mode 1, i.e. the machine finishes the
work normally, then ISS is achieved as shown in Fig. 4.2(a). If the machine stops
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at the faulty mode (mode 2), it is obtained from that if % > 37T,,, i.e. the
dwell period of the healthy mode is large enough and the time that the machine
works in faulty mode is small enough, then ISS of the overall system process is
still guaranteed. Suppose that the system stops at ¢t = 47s, Fig. 4.2(b) shows the
trajectories in this case, the system is stable in the sense of ISS.

4.3 Conclusion

The main contribution of this chapter is the generalization of ISS theory to hybrid
impulsive systems and stochastic hybrid systems. For a hybrid impulsive system, it
has been shown that ISS is achieved in spite of partial non-ISS modes. Whereas for
a stochastic hybrid system, ISS is maintained even no mode is ISS. The obtained
results are useful for stabilization of HS with unstable faulty modes.



Chapter 5
Hybrid Systems with Discrete Specifications

In chapters 2-4, FTC design methods for several different classes of HS have been
discussed from the stability point of view (i.e., continuous states are globally con-
vergent whatever mode is activated). These methods are based on the continuous
system theory, and limited for more general discrete faults, especially, when certain
discrete specifications are required.

This chapter considers HS with certain discrete specifications, i.e., it has to fol-
low some specifications imposed on the discrete part of the system. A discrete fault
would violate these specifications. As for such fault, one natural idea is to reconfig-
ure the discrete part after faults occur, which can be achieved from discrete event
system (DES) point of view. However, compared with pure DES, continuous sys-
tem behaviors must be taken into account in HS. Two major discrete event system
models, namely finite state machine and Petri net are used respectively.

5.1 Qualitative FTC Based on Finite State Machine

In this section, we consider a class of HS with certain discrete specifications, i.e.,
it has to follow the desired switching sequence and finally reach the target mode.
A discrete fault would change the sequence and violate these specifications. Fault
tolerability properties of such HS is analyzed in a qualitative manner.

5.1.1 Problem Formulation

As for the considered discrete fault, one natural idea is to reconfigure the switching
sequence after faults occur to maintain the specification, which could be achieved by
the discrete event system (DES) supervisory control theory [101]. However, com-
pared with pure DES, continuous dynamics have to be considered for HS, the reach-
ability must be checked after reconfiguration of the sequence. It has been shown that
checking reachability for very simple class of HS is a difficult work, and the accu-
rate mathematic model of the system must be known. In fact, the hybrid models of
physical environment in real world are usually too large and complicated. How to

H. Yang et al.: Fault Tolerant Control Design for Hybrid Systems, LNCIS 397, pp. 113
springerlink.com (© Springer-Verlag Berlin Heidelberg 2010
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link the continuous and discrete parts for the purpose of fault tolerance analysis is
one challenge that is to be faced in this work.

Abstraction is a technique to reduce the complexity of the system design, while
preserving some of its relevant behaviors, so that the simplified system is more ac-
cessible to analysis tools [2]]. Such method leads to a lower computation level than
that for the original system. Qualitative abstraction (QA) originates from the quali-
tative theory that has been shown to be effective tools to analyze system behavior in
the absence of complete knowledge [64]. Several results have been reported about
QA for HS, e.g., [5, 121]], most of these works focus on the linear HS. In [8]], a
qualitative description of the nonlinear systems’ behavior is proposed while HS are
not considered.

Above results of QA inspire us to link qualitatively the continuous and discrete
parts of HS. The novelty of this work is that a new clue to solve the FTC problem of
HS is provided, that is in a qualitative manner and from discrete event system (DES)
point of view.

A hierarchical model is developed to describe the HS as in [140]. Such model not
only represents the discrete-event dynamics that is appropriate to find the supervisor,
but also provides absolute temporal information. Moreover, the discrete and contin-
uous parts are linked qualitatively such that the reachability and fault tolerability
properties of HS can be analyzed.

The proposed model consists of four parts from bottom to top: hybrid automaton,
qualitative abstraction, discrete abstraction, and supervisor as in Fig.5.1. The hybrid
automaton models the original HS; QA is a finite state machine which captures
the information of the time derivatives and the positions of continuous states, and
describes the qualitative behavior of HS based on the incomplete system’s knowl-
edge. QA is a link between continuous and discrete part of HS, the reachability can
be analyzed effectively in this level; Discrete abstraction is also a finite state ma-
chine which represents the discrete modes and the switchings among them, while
the behavior of continuous modes is removed. Fault tolerance is discussed in this
level using DES supervisory control theory [101]]; Supervisor determines whether
the controllable switching between modes is activated or not, and reconfigures the
switching sequence after faults occur.

It will be shown that under this model, it is easy to check if the switching se-
quence design based on discrete abstraction is available for original HS, the reach-
ability and fault tolerability properties of HS can be analyzed systematically. The
main contributions of this work are twofold:

1. A qualitative description is derived for a class of HS. Such qualitative model
links well the continuous and discrete parts of HS. Reachability can be analyzed
in a qualitative manner.

2. Fault tolerance of HS is discussed from DES point of view, which is effective
for HS with the desired discrete specification. The intelligent supervisor is less
conservative than those robust ones.

It should be pointed out that this model is similar to that in [78] and [79]. How-
ever, in [[78]), the Petri net is used to model the abstraction of the system. Our work
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> Plant

Fig. 5.1 The hierarchical FTC model

utilizes the finite state automata which is more suitable for fault tolerance analysis
of discrete fault. In [79], the objective is to handle a kind of continuous systems with
the discrete inputs. The qualitative abstraction in relies on the behavior theory
which is also quite different from ours.

The HS is modeled by a hybrid automaton 5 as Definition 1.1 where the out-
puts and continuous faults are not involved. The trajectories of 77 that start from
some initial state (go,xo) € Init consist of a sequence of continuous flows and dis-
crete transitions. When the discrete state ¢ is maintained, the continuous state x
evolves according to the differential equation % = f4(x), as long as x € Inv(q). Af-
ter x reaches the guard set, the system would switch into next mode under discrete
controller v.

As mentioned before, under certain discrete specifications, the HS has to follow a
marked switching sequence and reach the target mode to complete the task as shown
in Fig.5.2 (which describes a system with 2 continuous states and 4 modes).

The considered discrete faults F; affect the discrete transitions E : V x F; —
0 x Q, that forces the system to switch into a mode which is not the prescribed

Init  =(;
— Continuous state trajectory
——-> Discrete state trajectory Mode 3

AN
]

Inv(2)

Mode 1

«— Inv(l) \frrr'{l]

Fig. 5.2 Tllustration of the system trajectory
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successor. such faulty switching is not affected by the discrete controller V, this
implies that discrete faults are uncontrollable switchings that change the prescribed
sequence.

The fault tolerance problem can be described as: make the HS reach the target
mode according to discrete specifications in spite of discrete faults. We will analyze
detailed procedures of the hierarchical model (Fig.5.1) in the following sections.

5.1.2 Qualitative Abstraction for Nonlinear System

The purpose of qualitative behavior analysis is to build a bridge that connects the
continuous and discrete parts of HS. This section derives a qualitative description
for HS. For the sake of notational simplicity, the superscript ¢ that denotes mode g
is omitted in this section.

We first define sign as the symbol of the scalar, i.e., for a scalar o, sign(o) = —1,
if o < 0; sign(a) =0, if o = 0; sign(c) = 1, if & > 0. Define the set § = {¢ =
(1, Gu]T56 € {—1,1}}. Tt is clear that S contains 2" elements. Denote ¥ as the
kth element of S. The matrix diag(f) is the diagonal matrix having the vector 8 on
its main diagonal.

Consider the nonlinear system

i=f(x) (5.1)

where x = [x1,...,x,])7 € R, f(x) = [f1(x),--., fu(x)]" is a smooth function. It is not
assumed to have the complete knowledge of f(x), only two qualitative properties
are required: sign(f;(x)) and sign(gg ), Vi, je{1,2,...,n}.

Consider a point x*, which divides the domain R”" of x into 2" regions, denoted as
Q, £ {x € R"|diag(¢¥)(x —x*) > 0}, for ¢¢ € S. 0 is a null vector of dimension 7.
Each region €2, has n neighbors that share a hyperplane with €2, It is clear that one
of continuous states x; equals xj- which is on this hyperplane, for j € {1,2,...,n}.
Denote M, ;) as the hyperplane between two neighboring regions £2,,, €24, and
xj = xj. Also denote sign(fi(x))q, as the sign of f;(x) in £2;. When x goes from one
region to another, we say that a continuous transition occurs.

Definition 5.1. The nonlinear system (3.1) is said to be point monotonous if there
exists a point x* such that

1)Vie{1,2,..,n}, Vg7 €S, sign(fi(x))q, is fixed, i.e. the value of sign(fi(x))q, is
unique.

2) there is a fixed k € {1,2,...,n}, s.t. sign(fi(x))q, # sign(fi(x))q,, and Vj €
{1,2,...,n},j # k sign(f(x))q, = sign(f;(x))q, where ), £, are two neighbor-
ing regions.

The following Lemma gives the method to check which f; changes the symbol be-
tween neighboring regions.

Lemma 5.1. Consider a point monotonous nonlinear system (0.1) and two neigh-
boring regions Qp, Q. If Vx € M(p, o), for s,i € {1,2,...,n}, we have fi(x) =0 and
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af;
Z (8)( Ji ) 70

je{1.2,...n},j#i J
then sign(fi(x))o, # sign(fi(x))q,-
Proof: Differentiating equation (3.1) w.r.t the time leads to
op g O
Jel1, 25y i 9%

Ji (5.2)

Note that Vx € M(,, ), fi(x) = 0 implies x; admits an extremum at M The

following two cases are considered.

JZK

- For the case that sign(Xje(i2,...n},j4i g){; fj) =1, it is obtained from (3.2) that
¥i >0 Vx € M(p, ). S0 X; changes monotonously at M(,, ). On the other hand,
sign(fi(x)) is fixed respectively in €2, and €;, we have that sign(fi(x))q, >
0, and sign(fi(x))q, < 0, x; reaches a maximal point or sign(f;(x))q, < 0 and
sign(fi(x))q, > 0, x; reaches a minimal point. It follows that sign(fi(x))q, #
sign(fi(x))a,-

- For the case that sign(jc(12. )z g;;j fi) = —1, it follows that & < 0 Vx €
M,.5)- Thus x; also changes monotonously at M, ), the similar procedure as
for case 1 can be done to obtain the results. O

Lemma 5.1 captures the symbolic change of X among different regions, this is very
useful for continuous transition analysis as in Lemma 5.2.

Lemma 5.2. Consider a point monotonous nonlinear system (3.1)), Q,, Q, are two
neighboring regions sharing M, j), and sign(fi(x))aq, # sign(fi(x))q,

-If sign(x; —x7)q, = —sign(fj)q,, then crossing of My, ) is possible from €2,
to £y

-If sign(x; — x})q, = —sign(fj)q, then crossing of M, ;) is possible from €2,
to .

Proof: For the case that sign(x; — xj)q, = —sign(fj)q,, without loss of generality,

assume that in €2, sign(x; —x}) = 1, and sign(f;) = —1, then x; would converge to
x}‘- and reach the M, ;) from €2, then go to €. If in £2,), sign(x; —x_’]‘-) = —1, and
sign(fj) = 1, then x; would also converge to x} and reach the M, ;). The proof of

the transition from £, to €2, is the same as above, which is omitted. O

Based on the above analysis, we define the qualitative states of point monotonous
system (3 as ¥ : x — M = {1,2,...,2"}, which is a finite set of variables inter-
preted over 2" regions of system (3.I), e.g., Vx € Q,, ¥(x) = ¢, which is denoted
as U,.

Example 5.1: Consider the Lotka-Volterra system describing the relation between
a population of preys (x;) and a population of predators (x,):

X1 = axy — bxixy
Xy = —cxp +dxix
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Fig. 5.3 qualitative behavior of the system

where a, b, ¢ and d are positive. The system is point monotonous with x* =
[c/d a/b]". Fig. 5.3(a) shows its four regions divided by x*: Qy, £, Q3 and €.
sign(f;) is also fixed in each region as in Fig.5.3: sign(f1)o, <0, sign(fi)q, <0,
sign(fi)a, > 0, sign(fi)a, > 0. sign(f2)a, >0, sign(f2)a, <0, sign(f2)e, <0,
sign(f>)q, > 0. Based on Lemma 5.2, four continuous transitions can be obtained:
from Q) to €2, from €2, to 23, from €23 to L4, from €24 to ;. Fig. 5.3(b) shows
the graph of qualitative states.

5.1.3 Qualitative Abstraction of Hybrid Systems

The above qualitative description can be extended naturally to HS with all modes
satisfying the point monotony property. For HS, two transitions have to be
considered:

-Continuous transitions (in each mode): The rule for constructing continuous
transitions in each mode is the same as in Lemmas 5.1, 5.2. Denote E, as the con-
tinuous transition set of HS.

-Discrete transitions (between modes): As in Definition 5.1, when x in mode i
reaches the guard set G, and (i,i') € E, then the system can be switched from mode
i to i’ under v.

The region of mode i is denoted as Q' = [Qf, ..., Q1,]T, where
- . e .
QL 2 {x e R"|(diag(g?) (x—x* W) > 0) N Inv(i),¢? € S} (5.3)

where x*() is related to the point monotony property of mode i. From @3), it follows
that some regions €2, may be empty if (diag(¢?)(x —x*) > 0) N Inv(i) = 0. The
qualitative states of mode i are denoted as ¥ = [0, ..., ﬁf(i)]T, where 0 < 1(i) < 2",
U, is related to x € Q # 0.

Definition 5.2. The region Qé is said to be determined if only discrete transitions or
only one continuous transition may occur from Qé.



5.1 Qualitative FTC Based on Finite State Machine 119

The “determined region” is a special case of the ”good region” defined in [3]], which
ensures the uniqueness of the continuous transition from each region.

The QA of HS is constructed as a finite state machine 2.o7 = (Q, 4o, 3, T), where
0 =Uico ®' is the state set, Qo = Uy(x iyepmit e Qi 40 1 is the initial state, £ = E E,
is the transition set 7 : £ x O — Q is the activated transitio. Divide T =T, UTy,
where T, is the set of continuous transitions, 7, the discrete one. The number of
operations required to build the QA depends on the number of qualitative states that
the HS generates. The computational complexity is @(ZY_, [1(i)]).

Compared with the abstraction in the usual sense [2]], [121]], 247 corresponds
to the qualitative behavior of HS, since the continuous state in each region of HS
has a unique related state in 2.<7. The following theorem proves the qualitative
reachability equivalence between 2.7 and the original system.

Theorem 5.1. Consider a HS where each mode is point monotonous and all the
regions are determined. For any x| € Q;, Xy € Q,/,', if there exists a solution x(t) of
HS andty, 1y, 5.t.0 <t; <15, x(t;) = x1, x(t2) = x2, then 2.4/ has a solution §(t) € O
s.t. §(t) = Vi, and §(12) = V3.

Proof: Consider two points x| € Qé, x2 € Q) st.x(t) =x1,x(f2) =x2 for0< 1y <
ty. From the structure of 2.¢7, it follows that for every transition of HS, there is a
unique related transition in 2.¢7. If 1| = 1,, then §(¢) is a trivial solution satisfying
the theorem. If t; < 1, denote §°,4",...4" as the state sequence of 2.7 in the inter-
val [r1,#]. If x; and x; are within the same region of the same mode, i.e. i = j, p =g,
then no transition occurs, m=0, §° = §(t;) = §(t2) = ®'. If x and x, are within the
different regions of the same mode, i.e., i = j, p # ¢, continuous transitions must
occur from x(t1) to x(12), so m >0, and all §°,...,¢" € ¥/, with §° = §(t;) = ¥,
and §" = §(n) = 19;',. If x; and x, are within the different regions of the different
modes, i.e., i # j, p # g, then both discrete and continuous transitions occur, we
have §° = §(t1) = 0}, and §" = §(r) = V}. O

The converse version of Theorem 5.1 is not true, i.e., for §(¢;) = ﬁqi, and §(fp) = 19,{

x| € Qé, X, € QJ, it may not hold that the solution x(¢) of HS satisfies x(t;) = x|,
x(f2) = xp, but x(t]) € Qé, x(n) € Q,’; as in the following corollary.

Corollary 5.1. Consider a HS where each mode is point monotonous and all the
regions are determined. For any x; € Q!, x, € Q,j,, if there exists t1, t, s.t. 0 <

1 <t, 4(n)= 19q", and §() = 191'5, then there exists a solution x(t) s.t. x(t) € Qé,
x(t2) € 2.
Proof: Consider the state sequence ¢°,4?,...§" of 2.7 in the interval [t1,1,], Simi-

larly to the proof of Theorem 5.1, if m=0, then both x1, x; are within the same region
of the same mode, which leads to x(#1),x(t2) € €2,. In the sequel, suppose m > 0,

! In some literatures of DES, X is also called “Event”, and T is called “transition”.
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Fig. 5.4 qualitative behavior of the HS

we have §(1;) = 19;, 4(n) = 191'5 . From the definition of 191'5, there must be a solution
x(t) st x(1y) € Qi x(n) € Q. O

Example 5.2: Consider a HS with two modes as

a1 =3x1—1L.5x1x ] X =2a-xaxn
mode 1: { By = —2xy+x1xy mode 2: {JQ — 4+ xin

where Inv(1) = {x; >3}, Inv(2) = {x; < 3}. The guard set G(1,2) = {x € R?,x; <
3}, G(2,1) = {x € R%,x; > 3}, and x is continuous everywhere. Both two modes
are point monotonous with x*() = (2,2), x*() = (4,2). Consequently, four regions
can be divided for each mode. However, only two regions are used to build the QA
as shown in Fig. 5.4(a), since other regions of the mode do not intersect its invariant
set. It can be seen that all regions are determined, from the transition set, we have
that x € 3 could be reached from x € /. This is also reflected in the qualitative
state graph as in Fig. 5.4(b).

5.1.4 Discrete Abstraction

Discrete abstraction (DA) is connected with the supervisor, which can be viewed as
a reduction of 2.¢7 by removing the qualitative behavior of each mode, such that
the DES theory can be applied.

The DA of HS is also constructed as a finite state machine

P4 = (Qa,Z,T4,0a0, Qam)

where Q; = Q and X = E are the same as in Definition 5.1; 7; denotes the activated
discrete transition as in 24, Q0 = Uy(xg)emir 4- Qam < Q is the set of marked
states.

The following theorem shows discrete reachability equivalence between 2.7,
2.¢f and the original system.
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Theorem 5.2. Consider a HS where each mode is point monotonous and all the
regions are determined. For any x| € Inv(p), xo € Inv(q), if there exists a solution
x(t) of HS and 11, 1, 5.1. 0 <11 <, x(t1) = x1, X(2) = x2, then

-there is a solution §(t) of 2.7 s.t. §(t)) € ¥, and §(t2) € V.

-there is a solution q4(t) of 2 s.t. q4(t1) = p, and q4(t2) = q.

Proof: The result can be obtained following the same procedure in proof of Theorem
5.1. m|

The following definition gives the relations between the transitions of 2.¢7 and
D .

Definition 5.3. A transition sequence s = ejey--- ey of 24, e; €  i=12....m
for m > 0 is consistent with the transition sequence 6 = €,& ---&, of 24, € €
Xi=1,2...,uforu>0ifatanyt, s.t §(t) € O unders, then §,(t) = i under §,
where §(t) is the solution of 2.2/ along s, and §,(t) is the solution of 2.<7 along §.

5.1.5 Fault Tolerance

Let us recall that the discrete faults force the system to switch into an unprescribed
successive mode, and may violate the discrete specification of the HS.

From sections 5.1.3 and 5.1.4, it can be seen that 2.«/ and Z.</ are generated
by the normal HS off-line, and then works in parallel with HS. 2.¢7 receives all the
switchings and state information from HS, and triggers its corresponding transitions
to keep itself synchronized with HS. Meanwhile 2.¢7 sends the information of dis-
crete transitions to 2.7, such that 2.7 is also synchronized with HS. Since the set
of faulty switchings is not included in normal HS, once the fault occurs, its infor-
mation may be missing for 2.o7 or sent to 2.o/ by the HS with delays of several
discrete steps. This motivates the following definition:

Definition 5.4. A fault is said to be diagnosable w.r.t 2.4/ and Y.</, if when such
Sfaulty switching occurs in HS, the corresponding transitions occur in 2.9/ and Do/
before the next discrete switching in HS occurs.

Definition 5.4 is equivalent to the diagnosability with 0-delay step in [92]]. This is
possible for HS. Compared with the pure DES system, the continuous dynamics in
HS can help to detect the discrete faults rapidly based on the trajectory of continu-
ous states. Such property of HS also allows us not to consider the observability of
faults as in [T08]. If the full measurement of continuous states is unavailable, some
more complicated techniques have to be applied, e.g. the multi-mode identifier in
Chapter 2.2.

Once 2.4 receives the information of faulty switching, and sends it to 2.¢7, the
transition set X; in 2.%/ would be updated, and partitioned as X = X, U X, where
%, are normal transition sets corresponding to E in ¢, and Xy corresponds to faulty
transitions.



122 5 Hybrid Systems with Discrete Specifications

In this section, fault tolerance problem is discussed on 2.« under the DES frame-
work, the resulting fault tolerant supervisor is applied to the original system as
shown in Fig. 5.1.

We first introduce some notations used in the following, the reader is referred to
for more detailed notations. X* denotes the set of all finite strings of elements
of X, including the empty string €. A subset of X* is called a language over X.
The prefix closure of L C X* is defined as L := {u € Z*|u/ € L for some u' € Z*}.
The closed behavior of 247 is L(247 ) := {s € Z*|T;(s,Qq0) is defined}, which is
the set of transition sequences. The marked behavior of 247 is L,,(2.<7) := {s €
Z*|Ty(s,040) € Qam} Which represents the completed tasks. A(gy) denotes the set
of transitions that are possible at g4. A supervisor.” C X* — 2% specifies the set of
transitions for the system’s desired specification. The behavior of 2.2/ supervised
by . is denoted by L(.¥ /9. ).

Assume that a supervisor .# has been designed for the healthy system satisfying
the specifications. In the following, we will focus on how to update . for the pur-
pose of fault tolerance. Denote B;; and B, as the ideal behavior and the acceptable
behavior respectively, where Biy C B, C L,,(2.47). Moreover, for k, k' € X*, define

L(gq, ®) := {x|T;(x',Qa0) = qq.and k'K € L(Z.47 )}

which is a set of transition sequences generated in 2.¢7 after the transition @ occurs
at the state g4. Similarly, define

LBid(qd7w) = {K‘Td(KJanU) = qdaand KJO)K‘ S Bid}

Lg, (94, ®) := {x|Ty(x",Q40) = qa,and K'wk € B,}

The following definition gives conditions for discrete faults to be tolerable.

Definition 5.5. The transition ® that occurs at q4 is an absolutely tolerable fault
w.kt. Qam, if

1) There exists a nonempty K C Lg,(q4, ) s.t. KX N L(gq, 0) C K.
2) There exist a transition sequence s from §; in 2.4/ that is consistent with K,
where §; is the state of 2.7 reached due to the fault.

Condition 1) means that K is controllable w.r.t. L(g,, ) [101]], which implies that
for a faulty transition @, the system Z.o can still be driven to the marked states.
Condition 2) ensures that the discrete switching sequence designed from 2.4 is
possible for HS, i.e., there exists a trajectory of continuous states in HS that is con-
sistent with the discrete sequence.

Definition 5.5 is a little conservative since the worst case that all possible faults
occur simultaneously is considered. This is relaxed in the following definition,
where the single faulty case is considered.

Definition 5.6. The transition @ that occurs at qq is a tolerable fault w.z.t. Qg,,,, if 2)
in Definition 5.5 holds, and there exists a nonempty K C L (g4, ®).
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Denote X;¢ C Xr as the set of tolerable faults. In the following, we restrict our
attention to the single faulty case, the results can be extended straightly to multi-
faulty case.

Now we design the ideal fault tolerant supervisor.

Definition 5.7. The transition sequence s = ejey---ey € Biy(247), e; € X,i =
1,2...,m for m > 0 is called an ideal tolerable fault marked sequence (ITFMS)
if any transition in A(qq(;i—1)) —{ei} € ZUZXy, where qq;_y = Ty(ei-1,0Qa0) and
ep .= E&.

Definition 5.7 means that ITEMS is a transition sequence which can drive the initial
state to the marked states within an ideal behavior in spite of the interference of
tolerable faults.

Define IT(247) := {t € L(24/)|t is an ITEMS}. For a language L and s € L,
define yi(s) := {a € Z|so € L}. We have the following theorem.

Theorem 5.3. Consider a HS where each mode is point monotonous and all the re-
gions are determined. Suppose that 2.« has a fault transition ® € Xy at qq, which is
diagnosable w.rt 2.4, P4, and IT (D) # 0. There exists an ideal fault tolerant
supervisor S, for HS if

1) IK CIT(2) s.t. Vs € K, Wk (s) C Wir(a.)(s) and {so} NIT(Z9.o/) CK.
2) There exists a transition sequence s from §; in 2.4 that is consistent with K,
where §; is the state of 2.<f that is reached due to the fault.

Proof: Consider a supervisor .%;y = Yk (s) = {a € Z|so € K}, which represents the
set of enabled transitions after the string s. Firstly, let s = €. Since IT (247 ) # 0, we
have WIT(_@M)(S) 75 0, which implies that WL(Zd/-@W)(S) 75 0, and WL(Zd/-@W)(S) -
Vir(2.7)(€)- Secondly, let s # €, following the same procedure, it can be proven that
Vi(Sg)2)(8) S WiT(2:2)(8)s YWIT(207) (5) 7 E.

Also, since {so} NIT(24) C K, we have so € K and o € yk(s) = S4(s),
which further leads to that ® € Wy, /2.)(s). To this end, it can be obtained that
L(S4/247) = K, which means that the abstraction Z.¢/ under .%;; generates a
nonempty subset of ITFMS’s set.

On the other hand, Condition 2) implies that after a fault occurs, there exists a
state trajectory of 2.7 from §; that reaches the gy, s.t., G, € % From theorems
5.1 and 5.2, it follows that there exists a continuous state trajectory from the region
related to ¢; in HS that is consistent with the discrete sequence, and will reach the
marked mode. O

Theorem 5.3 gives not only the existence condition of the ideal fault tolerant super-
visor, but also its construction method. Obtaining IT (2.¢/) requires the calculations
of Wir(94)(s) which needs &'(N) computation, where N is the number of states
in Q.

We denote .7, pgareq = -77a, Which is the updated version of the original .7 after a
fault occurs. This means that . is applied to the normal plant. Once a discrete fault
occurs and .%j; has been obtained, . will be self updated into -7, ,qaeca = Fids
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as shown in Fig. 5.5. In the healthy situation, it can be proven that L(.* / 2</) =
L(Sq/ 247 ) following the procedure in .

Remark 5.1. The proposed intelligent supervisor is less conservative than those
ones obtained assuming that possible faults occur from the beginning as in [[103]].
Compared with the pure DES in [[103)], the reachability problem of continuous sys-
tems has to be considered for HS, as the condition 2) in Theorem 5.3.

When the ideal behavior is not feasible under discrete faults, one natural idea is to
let the system work in an acceptable behavior that exceeds but stays close to the
ideal behavior. We have the following definition.

Definition 5.8. The transition sequence s =ejey -, € By(24 ), e; € Zi=1...m
for m > 0 is called an acceptable tolerable fault marked sequence (ATFMS) if any
transition in A(qq; ) — {ei} € ZUZy, where qq; 1 = Ty(ei—1,0Qq0) and eg := €.

From Definition 5.8, it follows that ATFMS can still drive the initial state to the
marked states within an acceptable behavior in spite of tolerable faults. Define
AT(247) :={t € L(24)|t is an ATFMS}. The following corollary is an extension
of Theorem 5.1.

Corollary 5.2. Consider a HS where each mode is point monotonous and all the re-
gions are determined. Suppose that 9.5/ has a fault transition @ € Xy at qq which is
diagnosable w.r.t 2.4, Do/, and AT (D<) # 0. There exists an ideal fault tolerant
supervisor %, for  if Condition 2) in Theorem 5.3 holds and

1) IK CAT (9 ) s.t. ¥s € K, Wk (s) C Yar(g.r)(s) and {s0} NAT (2. ) C K.

Note that the candidate transition sequences L(.%,/2.</) obtained from Corollary
5.2 may not be unique. We propose an optimized choosing method, which makes
the system work within an acceptable behavior that is most similar to the ideal one.

Definition 5.9. [15]] A (1-bounded) metric space is a pair (Xy;d) consisting of a
nonempty set X; and a function d : X; x Xg — [0, 1] which satisfies the following
conditions:
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1) d(a,b) =0 if and only if a = b;
2) d(a,b) =d(b,a), Ya,b € X;;
3) d(a,c) <d(a,b)+d(b,c), Ya,b,c € X.

The distance d(a,b) measures the similarity between a and b. The less the dis-
tance is, the more similar the two elements are. We endow X* with the met-
ric induced by d, which measures the distance between transition sequences, Let
s =erer-reys and p = pipa---Pyp) be two transition sequences in X*, and
I(s,p) :==max{l(s),l(p)}.If I(s) £ l(p),e.g. I(s) <I(p), sete; = € Vi > [(s). Define

l(S,p) 1
di(s,p) :== 2 o

i=1

d(eiapi)

setd(a,e) =d(e,a) = 1 fora € X. It is verified that d, gives rise to a metric on X*.
The following corollary gives an optimal choosing method, which can be verified
from Definition 5.9.

Corollary 5.3. Consider a candidate transition sequence s € L(.%,/ 9o/ obtained
from Corollary 5.1. If s = argmin{maxpep,, d(s,p)}, then s is a sequence that is
most similar to the ideal one in the sense of metric space.

Once the optimal s, denoted by s* is obtained, . is updated into .%,,qa. S.t.
L(Supdate/ 29) = s*.

Consider a HS where each mode is point monotonous and all the regions are
determined, based on previous analysis, a fault tolerance framework for HS can be
provided as

(1) Build 7 of HS.

(2) Describe the qualitative behavior of each mode based on Section 5.1.2.

(3) Build 247 and 24/ of the HS based on sections 5.1.3, 5.1.4.

(4) Apply the supervisor .7 to the HS, let the 2.4/ and 9./ work in parallel with
HS. Once a fault occurs, go to (5). When the task is completed without fault, go
to (8).

(5) If 2) in Theorem 5.3 holds, send the information of fault to 2.</ and <7, go to
(6), else go to (8).

(6) If 1) in Theorem 5.3 holds, update .’ into S paae = Zia» appPly Fupdare to HS
until the task is completed, go to (8), else go to (7).

(7) If condition 1) in Corollary 5.2 holds, update .~ into 7, pqate, appLy Fypdate t0
HS, until the task is completed, go to (8), else go to (8).

(8) Stop the system.

Example 5.3 (Example 1.2 revisited): Recall Example 1.2 as shown in Fig. 1.3.
The system can be modeled as a hybrid automaton, two continuous states x| and x;
represent the positions of the fingertip. The angle 6 of the fingertip is assumed to be
adjusted according to its position by the robot arm. Discrete states, i.e., modes are
defined based on the contact configuration between the hose and the plug, as shown
in Fig. 5.6. Eight configurations are considered, each one can be further divided



126 5 Hybrid Systems with Discrete Specifications

s

g % B 1 (convex upward)
B E 2 ﬁ

f 35 (concave upward)

Fig. 5.6 Contact configuration

into two configurations with different form of hose, e.g. B| (convex upward) and
B; (concave upward). The completed work is to insert the hose onto the plug. There
are two operation situations of the fingertip: “PUT” vertically in A, J, and “SWING”
horizontally in other modes. According to the workmg process, three normal switch-
ing sequences are demgned A—-C —-D —-J—KA—B —E —F—J—K,
andA—-B, -8B, -6 —-D —-J—K. A hybrid automaton is constructed as in
Fig.5.7.

Since x in each mode has constant derivatives, all modes are point monotonous
with x* = [eo oo]”, and there is no continuous transition in each mode. It can be
checked that each region is determined. The 247 is not given, which is the same
as 2.47/. The 9o/ of the system is shown in Fig. 5.8, where the K is the tar-
get mode, ey, ...,eq1 are corresponding events. The marked behavior is L, (&) =
{eiezezey, ese6e7e3es, €5€9€10€1] e4 }. The desired spemﬁcatlon is that in one work-
ing process, modes €, and D; must be visited, and D is not visited until C; has been
visited. So B;; = e epe3e4. In the healthy situation, the supervisor .’ enables events
{e1,e2,e3,e4} while disable others. The initial of the fingertip’s position is (2,5).
Fig. 5.9 shows the continuous state trajectory, which implies that the work is com-
pleted with an ideal behavior.

Now consider two faulty cases of abrupt changes of the fingertip’s position,
which, as shown in Fig. 5.10, are due to physical faults of the robot arm.

Case 1: The system is switched into (x;,x2) = (0.7,3) of By from (x,x;) =
(1.5,3) of Cy.

Case 2: The system is switched into (x;,x) = (—1.5,3) of £, from (x1,x;) =
(1.5,3) of Cy.

In Case 1, By is activated due to the fault. The conditions of Theorem 5.3 hold.
Indeed, there exists a ITFMS satisfying the system specification as in Fig. 5.11(a)
eleriegeiperezes. Assume that there is a time delay of 0.2s to detect this fault. The
ideal fault tolerant supervisor .#;,; enables events {e},e2,e3,e4,€9,€10,€11 ¢ . }, and
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f=-05 -2<x <15
0 x,=3

Fig. 5.9 Continuous state trajectory
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Fig. 5.10 Abrupt change of the fingertip’s position

(a) Event sequence in Case 1 (b) Continuous state trajectory in Case 1

Fig. 5.11 FTC performance

(a) Event sequence in Case 2 (b) Continuous state trajectory in Case 2

Fig. 5.12 FTC performance

set S pdare = Lia- Fig. 5.11(b) shows the continuous state trajectory, it can be seen
that fault tolerance goal is achieved.

In Case 2, the conditions of Theorem 5.3 do not hold, which means that no se-
quence can satisfy the system specification. However, the conditions of Corollary
5.2 hold. There still exists one and only one ATFMS driving the system to the
marked state as in Fig. 5.12(a): ejeype7eges, which can be considered as the most
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similar behavior to the ideal one. The acceptable fault tolerant supervisor ., en-
ables events {e|,e,e3,e4,€7,€8,€2}, and set 7 pg4re = -74. Fig. 5.12(b) shows the
continuous state trajectory, which implies that the fault tolerance goal is achieved
with an acceptable behavior.

5.2 FTC via Hybrid Petri Nets

This section proposes a novel FTC scheme for HS modeled by hybrid Petri nets
(HPNs). HPNs are widely used for modeling hybrid complex systems [21], [T11]]
e.g., autonomous manufacturing, traffic control, and chemical process. Such model
inherits all the advantages of the PNs model such as the ability to capture behaviors
including concurrency, synchronization and conflicts.

To the best of our knowledge, until now, only few attempts have been made to
FTC for HS modeled by HPNs such as [51]], where the FTC goal is to prevent the
system from deadlock. However, fruitful results of diagnosis methods for PN can
be used as the basis of further FTC researches. In [7], an unfolding based diagno-
sis approach is provided for asynchronous discrete-event systems. A diagnoser is
given based on the concept of basis marking in [41]]. An on-line diagnosis method
is proposed in [102]], where the output information of marking has to be used. The
identification scheme developed in [24] relies on full observable events. The method
derived in [67]] is based on marking variation and causality relationships. In [128§],
the parity space method is extended to Petri net. In most of these works, it is assumed
that either the partial marking is measurable or initial marking is known, such that
the current marking just before faults occur can be calculated. Most recently, the
marking estimation from event observations with unknown initial marking has been
discussed in and [40]. However, these works do not consider faulty behaviors.

The faulty behaviors considered in this work are represented in two forms:

- (F1) Faults produce unobservable and uncontrollable discrete transitions as in
[41], [67], which may violate timed-PN’s general mutual exclusion constraints
(GMEQC) that is the basic requirement for system’s stability (the former defini-
tion of GMEC will be given later), or affect continuous PNs where the optimality
should be kept.

- (F2) Faults generate the normal discrete transitions that occur at abnormal time
as in [128]], which do not violate GMEC, but affect the optimality of continuous
PNs.

The faults in continuous PNs, similar to the continuous faults defined in switched
system or hybrid automata (See chapters 2-4), will not be addressed in this section.

In this work, we propose a novel hierarchical FTC scheme which consists of two
parts: a FTC law in discrete PN and a reconfiguration rule in continuous PNs. The
main contributions are as follows:

1. An observer-based FD method is proposed for discrete timed-PN with unknown
initial marking and the known initial macromarking (defined later), which esti-
mates the unmeasurable marking in discrete place and meanwhile, diagnoses the
fault (F1).
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2. Based on the marking estimates, an adaptive FTC scheme is designed for timed-
PN with (F1) to maintain the GMEC. The general condition of controller design,
that imposes the GMEC is not affected by unobservable transitions, is relaxed.

3. FTC for faults (F2) and (F1) that do not violate GMEC in discrete timed-PN is
achieved in continuous PNs by adjusting the firing speed of continuous transi-
tions. Such FTC rule maintains the optimality of the system.

4. Finally, the proposed method is applied to an intelligent transportation system
consisting of automated vehicles on a bridge.

5.2.1 Model Setting

We first recall the HPNs formalism. The reader can find a more detailed presentation
of HPNSs in [30, and PNs in [89]. A HPN structure is the 5-tuple N =
(P,T,Pre,Post,h), where P is a set of m places, T is a set of n transitions; The set
of places P (resp. transitions 7') is split into two subsets: m? discrete places PP
(resp. n? discrete transitions 7°) and m¢ continuous places PC (resp. n¢ continuous
transitions 7€), where m = m¢ 4+ m¢, n = n + n°.

Pre:PxT — {R" V¥p; € P, or N,Vp; € PP} that assigns a weight to any arc
between a transition #; and its input place p;, where R* denotes the set of posi-
tive real numbers, and N the set of natural numbers. Post : P x T — {R*,Vp; €
PC, or N,Vp; € PP} that assigns a weight to any arc between a transition #; and its
output place p;. The preset and postset of a node X € PUT are denoted *X and X°.

The marking of an HPN is the function M : P — {R" Vp; € P, or N,Vp; € PP}
which assigns a nonnegative integer number of tokens to each discrete places and a
nonnegative real number to each continuous place.

The following two transition rules are considered:

Firing of discrete transitions: A discrete transition ¢ € T? is enabled, if M >
Pre(-,t) and may fire yielding M’ = M + C(-,t), where C(p,t) £ Post(p,t) —
Pre(p,t),Vp € PP. Firing of ; € T? lasts d; time units, where d; is a nonnegative
deterministic number. Denote M[w)M’ such that the enabled sequence of transitions
 may fire at M yielding M’.

Firing of continuous transitions: A continuous transition ¢; € TC€ is enabled if
M(p) > Pre(p,t;),¥p € *t; PP, and M(p) > 0,Yp € °t; N PC. Note that ¢; is af-
fected by the discrete places of timed-PN if °¢; N PP = ( (this is consistent with
our application as shown later). Given two time instants T and 7/, the evolution
of the marking is given as M(p,7) = M(p,7') + ¥(p,t,7,7'), Vp € PC, where
d(p,t,7,7) 2 Y eopPostpy; - Jorvi; (8)ds — 3y ¢ po Prepy, - [71vi (s)ds, vy, and vy, de-
note the firing speeds of #; and #; at the time s respectively.

In general, both continuous and discrete transitions may have input and output
places that are either continuous or discrete. In this work, we suppose that all dis-
crete input places must also be output places, and vice-versa with arcs of the same
weight. The firing of a continuous transition cannot modify the marking of the dis-
crete part (This property will also be illustrated in our application).

Define two sets PPC = {p e PP|3t € TC,pe*tnt*} and TP = {+ e TC|3p €
PPt € p*N*p}. A place p € PPC and a transition ¢t € TP are related if p € *tNt*
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(a) A PN with fault 7,(F1) (b) A PN with fault ¢ (dlf) (F2)

Fig. 5.13 A PN with the fault

(t € p® N *p). Note that PPC and TP describe the relations between discrete part
and continuous part of the HPN.

As already described, the fault is defined as two sets Ty and TIMEy, where
TP = TyUTy, Ty N Ty = 0 with Ty the set of normal transitions, 7y the set of faults
(F1), that is the set of unobservable and uncontrollable discrete transitions. TIME
denotes the set of faults (F2), such that the firing of normal transition in Ty lasts
abnormal time denoted as d/. Fig. 5.13 shows a net with these two types of faults.

From a graphical point of view, discrete places are represented by circles, discrete
transitions are represented by thick bars ( thin bars denote the immediate discrete
transitions i.e., d = 0) whereas continuous places are represented by double circles
and continuous transitions are represented by boxes. Finally, the marking are repre-
sented by the dot in places.

Example 5.4 (Example 1.3 revisited): Recall the traffic flow control problem
shown in Fig. 1.4. The specification can be described as

P1 (stable): the AVs from different input roads never get into the bridge simul-
taneously. This is the basic requirement on the initial performance, which must be
guaranteed, otherwise the AVs may crash.

P2 (optimal): The AVs flow from different input roads keeps a safe distance with
others on the bridge as shown in Fig. 5.14. This is the optimal specification for the
safe purpose.

We consider the worst case where all input roads have infinitely long AVs flows.
The proposed method can be modified for the better case.

| |
-] )

T T
| |
D,
| |

1 1
I I
safe :‘7 D, safe 4"‘

Fig. 5.14 Segment of AVs flow on the bridge
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Discrete timed-PN level
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Continuous
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Fig. 5.15 HPN model of AVs transportation of the bridge

The fault considered in this system represents the abnormal behavior of the su-
pervising light, i.e. the logic lights do not work as prescribed. Under such fault, both
P1 and P2 may be affected. Note that P2 can be achieved in the presence of local
faults in AV by adjusting the speed of AVs on-line as in [38]99], where the problem
of online-speed adjustment has been intensively investigated, which is not addressed
in this work. We assume that, after an AVs flow from one input road accelerates to
a speed Vygpmal, it always keeps vyopmqr On the bridge.

The HPN model of the of AVs transporting process of bridge related to Fig.1.4
is shown in Fig.5.15, where a discrete PN illustrates the working process of super-
visory lights, and three continuous PNs model the AVs flows from different input
roads. A detailed description of places and transitions is given in Table 5.1. Com-
pared with the HPN model in [31], red lights are considered in ours, which
is more suitable for fault modeling and FTC design. For more complicated traffic
networks as in [4] 23], coloured timed Petri nets can be used to model the vehicle
flows.

Note that the first and second parts of the bridge b'if and b} are divided as in
Fig.1.4, where the length of the first part is equal to 3v,,.ua, i.€. the distance
that AVs pass through in the yellow period. In the healthy case, the initial speed
of AVs flows from ith input road is v;(t) = min{a;(T — 77),Vnormar },» Where a;
is the accelerate speed and 77 is the time when tl-b / starts firing. We assume that
a; =a,i=1,2,3. Since the accelerating time is much less than green period, we fur-

max
1

and M” denotes the capacity of (b{ +b3), i.e. the full length of the bridge. From
physical point of view, bif and b} for i = 1,2,3 in Fig. 5.15 represent the same
bridge.

2
v .
ther have Dyqfe = 3Vpormar + "42 . Moreover, vi™ represents the maximal speed,
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Table 5.1 Places and transitions of the HPN in Fig.5.16

Place Meaning

gi green period of AVs flow from i th input road
Vi yellow period of AVs flow from i th input road
T red period of AVs flow from i th input road

bl the first part of the bridge from i th input road
bl the second part of the bridge from i th input road
Transition Meaning
tib S AVs flow get into the first part of the bridge

from ith input road
AVs flow get into the second part of the bridge

from ith input road
1# AVs flow from ith input road gets out from the bridge

bs
5

From Fig. 5.15, it is much more clear that the FTC objectives are :

1) (stability) To reconfigure the discrete timed-PN such that at each time, only one
green light is activated in the presence of faults (F1).

2) (optimality) To adjust the firing speed of tib 7 such that Dy e is kept in the pres-
ence of faults (F2).

To make the HPNs mode closer to our application, we impose the following
hypothesis throughout Section 5.2.

H1 (timed-PN). All 7 € Ty are controllable and observable. All t € T are uncontrol-
lable and unobservable. Vp € PP, Pre(p,-) = Post(p,-). M(p) is unmeasurable.
The initial marking is unknown while the initial macromarking is known.

H2 (continuous PN). All ¢ € TP are measurable with alterable firing speeds. All
t € T\ TP are measurable with fixed firing speeds. Vp € PC, M(p) is unmea-
surable. VX € PCUTC, both *X N (PCUTC) and X* N (PC UTC) are singleton.

H3 (interconnection). For p € PPC and t € TP that are related, Pre(p,t) =
Post(p,t), such that the firing of a continuous transition cannot modify the mark-
ing of discrete places.

5.2.2 FD and Marking Estimation

In this section, we consider the problem of FD and observer design in the level of
discrete timed-PN. If there is no additional remark, all the PNs, places and transi-
tions discussed in this section are related to the discrete PN.

Denote T'S as the set of transition sequences, and 7'S° the set of observable
transition sequences. Similarly to finite state machine formulation in [107], let
P: TS — TS° denote a projection operator that “erases” the unobservable transi-
tions in a transition sequence. The inverse projection operator is defined as

P l(y)={s€TS:P(s) =y}
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The diagnosability definition of finite state machine in is extended to PN
as follows:

Definition 5.10. A PN is diagnosable with respect to t € Ty, if 3n € N, and an ob-
servable transition sequence , such that |@|| > n =t € P~1(P(y(t)w)), where
(1) denotes the observable sequence that is ended at t, ||| is the length of the
sequence .

The above definition of diagnosability means the following: Let y/(¢) be any tran-
sition sequence that is ended at a fault 7 € Ty, and let @ be any sufficiently long
continuation of y(z). t € P~!(y(t)w) means that every transition sequence, that
produces the same record of observable transitions as the sequence y(¢)®, should
contain a fault in it. This implies that along every continuation @ of (), one can
detect the occurrence of a fault r with a finite delay (n steps).

Before giving the conditions of diagnosability, the following definitions are also
introduced.

Definition 5.11. Given a PN N, and a subset T' C T of its transitions, we define the
T’-induced subnet of N as the new net N' = (P, T’ Pré’, Post") where Pre’ and Post’'
are the restriction of Pre, Post to T'.

The net N’ can also be obtained from N by removing all transitions in 7\ 7.

Definition 5.12. An induced subnet of an unobservable transitions subset of a PN
is acyclic if no oriented cycle of sequences in this PN occurs that contains only
unobservable transitions in this subset.

Definition 5.13. A PN is forward conflict (FC) if there exist two transitions which
have at least one common input place. A PN is backward conflict (BC) if there exist

two transitions which have at least one common output place. A PN is absolutely
conflict (AC) if it is both FC and BC.

We also say that a PN is forward (resp. backward) conflict free (FCF (resp. BCF))
if it is not forward (resp. backward) conflict.

Lemma 5.3. A PN is diagnosable with respect to t € Ty, if

1) Ty-induced subnet is acyclic.

2) T¢-induced subnet Ny is not AC.

3) the initial marking My(pp) = Mo(pa) = 0, where py €° t, pg € 1°.

4) *py \ t do not fire before p; \ t or p;, fire.

5) After one transition from ° py, fired, ® p}, do not fire again before p;, fire.

Proof: From the graph point of view, there exist two transition sets ®p;, and p;, be-
fore and after t. Condition 3) implies that a transition #, €* p, must fire before ¢
since My(pp) = 0. Condition 1) means that the occurrence of a fault must be inter-
connected with the firing of normal transitions. Under the condition 2), three cases
are considered as follows:



5.2 FTC via Hybrid Petri Nets 135

Case 1: The Ny is FCF and BCF. Since Pre(p,-) = Post(p,-) from Hl and
Mo (pp) = 0, Condition 5) implies that if 3p € pj \ ¢ fires, then # must not occur. On
the other hand, My(p,) = 0, Condition 4) means that before we determined whether
the fault occurs or not, ®p, \ t do not fire, i.e., My(p,) do not change due to the firing
of *pg \ 7. Thus ¢ can be diagnosed once 7, € p}, fires.

Case 2: The Ny is FC and BCF. Several faults share one same input place. The
fault  may not be identified from #;, while a smaller region than 77 in which the
fault belongs to can be determined. The property of BCF ensures that ¢ can still be
diagnosed once 1, fires.

Case 3: The Ny is BC and FCF. Since each fault has one different input place, the
fault that may occur can be distinguished from 7. Although several faults share one
same output place, t can be diagnosed once ¢, fires. a

Remark 5.2. The conditions in Lemma 5.3 depend only on the observable transi-
tions, no information of marking is needed [139)], while the marking information is
required in [[I02 |67, [128]. The diagnosis procedure derived in [41)] also relies on
the observable transitions while the initial marking has to be known.

Remark 5.3. Lemma 5.3 guarantees that at most one fault from one input place
really occurs. Under Conditions 1)-5), the unique fault identification is always
achieved. Such diagnosability property is also available when several faults from
different places occur simultaneously. Checking 5) may require some external infor-
mation of macromarking (as shown in our application), if 5) is removed, multiple
faults may occur from one input place simultaneously, more restrictive conditions
need to be imposed.

The purpose of the observer design for discrete timed-PN is to provide the marking
estimates in discrete places in the presence of faults. The partial information of the
initial marking in discrete places is available in the form of macromarking defined
as follows.

Definition 5.14. Assume that the set of places PP can be written as the union of
r+ 1 subsets: PP = PpUP;U...UP, such that P, NP; =0, Vj>0. The number of
tokens contained in P;(j > 0) is known to be b, while the number of tokens in Py is
unknown. For each P;, let v; be its characteristic vector, i.e., V; (p)=1ifpe Pj, else
vi(p) =0.LetV =vi,...,v,] and b= [by,...,b,|. The macromarking is defined as

the set ¥ (V,b) = {M € N"|VTM = b}.
The following definition describes consistent markings as in .

Definition 5.15. After the transition sequence ® has been observed, we define the
set of w-consistent markings ¢ (w) = {M|3IM € de,M’[a)>M} as the set of all
markings in which the system may be given the observed behavior and the initial
macromarking.

Denote y(t) as the set of all transition sequences that t may follow, with t =
{t,12,...,15} € Ty.
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Assumption 5.1. If ; € x(t), then all the faults in t share the same input place.

Assumption 5.1 means that once the faults from one input place occurred and have
not been diagnosed, the faults from other input places do not occur. That is to say
we just take into account the possible faults from one input place before they are
diagnosed.

Based on the conditions in Lemma 5.3 and Assumption 5.1, the following algo-
rithm provides the marking estimates in the form of consistent markings iteratively
in spite of faults.

Algorithm 5.1. marking estimation with event observation, initial macromarking
and faults

1. Let the initial estimate Mg, (p) = 0O, the initial complementary estimates Mg, =
Mg, .
2. Let the initial bound Bey, = b — VIMS | the initial complementary bound By, =
Buy,.
Leti=1.
4. Wait until ty; fires.
Iffori>2, ty; € t}' where t; € Ty, then
M, | =M, B, , =BG, go106.
end if.
5. Iffori>?2, w; € x(t) then
Let My, (p) = max{Mg, ,(p),Pre(p,tai)},
Let Mgy, = My, +C(-10;), B, = B, =V - (M}, — M§, ).
Let M (p) = max{M¢] (p), Pre(p,tai)},
Let Mg;,,, = Mz){irl +C(tai). Bay,, =B, — V' (MZU{/H
end if.
6. Let Mg, (p) = max{Mg,  (p),Pre(p,tai)}.
Let M¢, = M$, = M, +C(-,tai), Bo, = By = By, — V7 - (M), — M5, ).
8. If3pety, andty,... ty € Ty, such thar p € t;,(1 < j < q) then
For1<j<gq
Let MZ,{/+1 (p) = max{M¢, (p),Pre(p,t;)}.

w

—MZ,JI.‘), goto9.

N

Let Mg, =M +C(-1)), B, =B —V" - (Mg —Mg)
End for. ) )
Let M§, = Mg, BS, = UBG,.
end if.
9. Leti=i+1, goto4. .

Algorithm 5.1 extends the algorithm in to the faulty case. Its novelty is the
utilization of complementary estimates. The main idea behind Algorithm 5.1, as
shown in Fig. 5.16, is that, when we predict that a fault may occur at next transition
(steps 8 and 5), we consider all the possible markings that may be reached under
this fault, which are recorded in the complementary marking estimate M,. When
we determine that the fault has occurred (Step 4), M, will be used to update the
marking estimate Mg,. Otherwise, M§, will not be changed (steps 6 and 7).
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Fig. 5.16 Marking estimation of Algorithm 5.1

Now we analyze the computational complexity. Once a transition is observed,
Algorithm 5.1 not only updates M¢,, B, as the algorithm in [39], but also updates
complementary estimates M, and B” The number of operations required depends
on how many times the for cycle in Step 8 is executed. Both the number of M, and
B¢, are g, the complexity is /(3 x |g|).

Remark 5.4. Algorithm 5.1 can also be extended to the case of faults from multiple
input places. Suppose that there are N input places such that the faults from these
places may occur simultaneously, or before a fault is diagnosed, the faults from
other N — 1 input places may occur. Assume that the ith place may fire q; possible
faults, 1 < i < N. In this case, to consider all possible faults, (Hie[l,N] (gi+1)—1)

complementary marking estimates have to be used, the complexity becomes O (3 X

([ Miepma;+ 11 = 1)) In the following discussion, Assumption 5.1 always holds,
i.e., we only consider the case of faults from the single input place.

The set of consistent markings provided by Algorithm 5.1 is as follows.

Theorem 5.4. Supposed that Assumption 5.1 and Conditions 1)-5) in Lemma 5.3
hold. Consider a PN with initial macromarking ¥ (V,b), an observed transition
sequence @j, the fault transition t € Ty, and Mg,, B, Mz,ﬂ, By, computed by
Algorithm 5.1. The set of w;-consistent markings is

| K if i & x(t)
€ (ai|V,b) = {‘51 UG, if o; € x(t) 5.4)

where ;
G 2 {M eN" [VIM =V M, + By, M > Mg,l}

@2 {MeN" VM=V M, + B, M>min{M }}]
J
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Proof: For the case @; & y/(t), i.e., no fault occurs, the proof is similar to [39], and
thus is omitted.

For the case w; € x(t), we first consider that the T¢-subnet is FCF, i.e., only one
possible fault 7 may occur after w;. In this case, @;-consistent markings € («;|V,b)
should include the marking that may be reached under w;¢. This can be provided by
Mg, and By, as follows.

Steps 6 and 7 in Algorithm 5.1 ensure Mg, = Mg, and B, = By, before ¢ oc-

curs. Let us show that & (a;|V,b) = {M € N |V"M = VM, + B, .M > MS,} =
C(ot|V.b) = {MeN"|VIM=VTM, +B, .M>M, }.
In fact,

& (wit|V,b) = {M € N™ |IM' € € (i|V,b),M' > Pre(-,t),M =M +C(-,1)}
= {MeN"2M VM =V M, +B,
M' > My M > Pre(-,t),M =M +C(-,1)}

which together with the step 8 of Algorithm 5.1, leads to M’ > Mg}.. We further have
from the step 8 that V' M¢, + B, = VI M + B, . Therefore,
@ (wit|V,b) = {M e N" |3 VM =VM  +BS, |

M ZMS)”M:M/-FC('J)}

= {MeN"\VIM=VTM, +B, .M>M, }

For the case that the Ty-subnet is FC, it can be seen from the analysis above that
¢ (w|V,b) defined in (33) includes all markings that may be reached by any fault
tj. Once we determined whether the fault occurs or not from Lemma 5.3, €' (w|V,b)
will be updated as in Algorithm 5.1, which always gives the set of all markings in

which the system may be given the observed behavior. This completes the proof. O

Some properties about the observer of Algorithm 5.1 can also be discussed similar
to [39].

Proposition 5.1. Let @; be an observed transition sequence. Under Assumption 5.1
and Conditions 1)-5), the estimate computed by Algorithm 5.1 is a lower bound of
actual marking. i.e., Vi, min{M¢, ,min;{Mg]  }} <My,

Proof: If o; ¢ x(t), it holds that Mg, < Mgy, the proof is similar to [39], and thus is
omitted.

If o; € x(t), we consider two cases:

Case 1: t; € t really occurs. Before ¢; is diagnosed, according to Step 8 of Al-

gorithm 5.1, we can prove that min j{MfO{ 1} < My, using the result of [39]. Once
t; has been diagnosed, from Step 4 of Algorithm 5.1, we have Mg,,, = MZ,JI. s which
further leads to M§, = Mg, | < Mg, from [39].
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Case 2: 7 € t does not occur. Algorithm 5.1 guarantees that Mg, is not affected
by the fault if it does not occur. Thus we obtain MZ,[_ <My, O

Denote two positive numbers €; and & such that, the sequence wg, may be followed
by the fault, and the sequence @, determines whether the fault occurs or not. The
following proposition gives the estimating convergence property.

Proposition 5.2. Given My, and Mg, under Assumption 5.1 and Conditions 1)-
5), the estimation error e(Mgy,,Mg,) =Y. ,cpp (Mo, (p) — Mg, (p)) has the following
property:

e(Mwi,MZ,I,) >e(My,, 7MZ>,-+1) for 0<i<e —1 and & <i 55)
(M, M, ) > e(Moy, M, ) |
Proof: For 0 <i < ¢ — 1 and & < i, no fault may occur or we have determined
whether the fault occurs or not, following the same procedure as in [39], we can
prove that e(Mw,, M) > e(Mw,, .M, ). i-€., the estimation error is monotonically
nonincreasing. During the interval between the sequences @, and ®g,, Algorithm
5.1 leads to that Mg, is not affected by the fault before we determine whether the

fault occurs or not. If the fault 7; occurs and has been diagnosed, Mg, is set to the

same as MZ;{+1. Note that MZ;{H is updated according to 7;, thus e(Me,, ,Mfogl) >
e(ngz,Mg,gz). O

Algorithm 5.1 just relies on the observation of discrete transitions. Thanks to the
structure of HPNs defined in Section 5.2.1, the following algorithm shows that the
information of continuous transitions can help to estimate the marking in discrete
places.

Algorithm 5.2. marking estimation with additional observation of continuous tran-
sitions

1. Let the initial estimate Mg, (p) =0
If 3 € TP related to p € PPC is firing, then
Let Mg, (p) = Pre(p,i)
end if.
Let the initial complementary estimates Mg, = Mg, .
2. Let the initial bound By, = b — VTMZ,O, the initial complementary bound Bg, =
By
Leti=1.
4. Wait until ty; fires.
Iffori>2, to; €13°, then
M, | =Mg, By, , = Bg, go 106.
end if.
5. Iffori>?2, w; € x(t) then
Let Mg, (p) = max{Mg, (p),Pre(ptai)}, Mg, = Mg, +C(- tai),
Let M) (p) = max{Mg) (p), Pre(p,tai)}, My, = M, +C(-,104),

w
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If 37 € TP related to p € PPC fires, then ' '
Let M, (p) = max{Mg, (p), Pre(p, )}, Ma,, (p) = max{Mg]’., (p),Pre(p,i)},
end if.
Let By, = Bo, , — VT - (M}, —M¢, ), B3 |
end if.
6. Let My, (p) = max{Mg, | (p),Pre(p,tai)}-
Let M¢, = M$, =M, +C(-,tai), Bo, = By = By, — V7 - (M), — M5, ).
8. If3pety, andty,... ty € Ty, such thar p € t;,(1 < j < q) then
Let MZ,{/+1 (p) = max{M¢, (p),Pre(p,t;)}.

=B VT (M)

Wi

- MZ,{) goto9.

N

Let M, =M +C(-t)), BG,, =Bg —VT (M —Mg)
Let M§, = UM¢), BS, = UBG,.
end if.
9. Leti=i+1,goto4. |

Algorithm 5.2 provides the set of @;-consistent markings in the same form as (3.3),
which, however, is more accurate than, or at least as accurate as that computed by
Algorithm 5.1, since in Algorithm 5.2, the observation of continuous transitions may
increase My, which is closer to the actual marking.

5.2.3 FTC Design

We first give the definition of generalized mutual exclusion constraints (GMEC) for
discrete timed-PN that had been considered in [33].

Definition 5.16. Given an integer matrix L = [l .. .l5] with l; e Z’”d and an integer
vector k = [ki,...,ks| with k; € Z, a GMEC of the discrete timed-PN (L,k) defines

the set of legal markings & = {M € I\ LT -M <k}

For the two FTC objectives of our application described in Section 5.2.1, i.e. stabil-
ity and optimality, we consider three sets of markings:

A set of forbidden markings F = {M € N M ¢ L}
A set of ideal markings £; that is optimal for system’s normal operation.
A set of unideal markings £, that is non-optimal for system’s normal operation.

It is clear that £ N.%, =0, .7 C .£,. Forbidden markings violate .#, which
must be prevented from being reached (e.g., in the AVs transportation process, no
more than one green light can be activated simultaneously). The FTC for such for-
bidden markings is designed at timed-PN level. Unideal markings may affect the
performance of continuous PN, the related FTC problem will be considered at con-
tinuous PN level.

Before an adaptive FTC scheme is designed for time-PN, the following assump-
tion is given.

Assumption 5.2. The initial actual marking in discrete places My € £.
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Note that Assumption 5.2 is quite general, if the initial situation violates the GMEC,
the system would be destroyed at the beginning.

Algorithm 5.3. Computation of the PN based FTC law using observer
1. Given the observed @, solve for each j(1 < j <) the IPP

max L} -M
S.L.
M e Z(an|V,b) (5-6)
Me¥%
and let h; be its optimal solution.

2. Update the FTC controller with
C.j=—-L;C
{ Mcj=kj—h; 67

where C..j and M. denote the row j of the incidence matrix and the element j of
markings of the controller.
3. Leti=i+1,go0to 1. |

Remark 5.5. Compared with the logical control design in [40] and [50], the control
law (37) is based on place invariants [I83]], which is updated based on the consistent
markings of the observer at each time when a normal discrete transition fires, and
disables some controllable discrete transitions such that ¥ is never reached, and
does not require separate computation as in [50].

Theorem 5.5. Supposed that Assumptions 5.1, 5.2 and Conditions 1)-5) in Lemma
5.3 hold. The controller (3.7) guarantees that F is never reached in spite of fault
reptif

Moy, € Z,V1j € p° (5.8)

Proof: Since My € .Z from Assumption 5.2, and the fault does not occur as the first
transition from Lemma 5.3, based on the result in [83], the controller (5.7) ensures
that M, € .Z.

As for i > 2, assume that ¢ may follow ®j;, condition guarantees that once
a fault from input place p occurs, the GMEC is still not violated. On the other
hand, under Assumption 5.1, only the faults from one input place is considered
before it is determined to occur or not. So the controller (3.7) only disables the
controllable normal transition rather than the fault transitions at each step. From
Theorem 5.4, € (w;|V,b) includes all markings that may be reached by possible
faults after observed @;, which together with the result in [83], leads to that .Z is
never reached in spite of faults. o

Remark 5.6. The condition (3.8) is less restrictive than the general condition in
most literature ( see for instance [I83],[33)]), where L-C(-,1,,) = 0, i.e., the unob-
servable transition t,, € T,, can not change the markings in places that are related
to the GMEC. Our method can be applied even if L-C(-,t) # 0 for t € Ty as shown
in the application.
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If Ty-subset is FC, i.e. some faults share the same input discrete place, then
€ (w;|V,b) has to include more possible markings, which would lead to more re-
strictive controller. The following result can help to analyze the permissiveness of
the controller.

Proposition 5.3. Suppose that the conditions in Theorem 5.5 hold. Let € (w;)Fc,
€ (0;)Fcr be two sets of w;-consistent markings under FC and FC free Ty-subsets
respectively, and the same observable subset. The controller (3.7) based on
E (i) Fcr is at least as permissive as that based on € (@;)Fc.

Proof: For all ®;, Theorem 5.4 implies that € (@;)rcr C € (@i)fFc, it follows that
thCF < thc, where thCF and thC denote the solutions of Algorithm 5.3 with
€ (i) pcr and € () pe respectively, which, together with (5.7), leads to M jrcr <
M. jrc i.e., the marking in control places under € (w;)Fcr is equal to or less than
that under ¢ (@;)rc. Based on the result in [83]], it holds that more controllable
transitions may be disabled under % (@;)rc. This completes the proof. O

Remark 5.7. The observer-based controller may be more restrictive than that ob-
tained when the actual marking is known, which may lead to a deadlock, under such
case, the concept of Siphon can be used to prevent the PN from the deadlock as in

[51)],[40] and [53].

Even the GMEC . is satisfied, the unideal markings may affect the optimality of
the continuous PN, e.g., in our transportation system, this corresponds to the case
where lights do not switch following the prescribed sequence, such that before the
flow from one input road completely passes through the first part of the bridge,
the flow from another input road gets in, this makes the distance between vehicles
less than Dy, r.. We discuss the FTC problem at the level of continuous PN in this
section.

The reconfiguration of continuous PN is achieved by adjusting the firing speed of
transitions ¢ € TP as shown in the following algorithm. Two time instants ¥ and
77 denote respectively, when the transition #; starts firing and ends firing.

Algorithm 5.4. Reconfiguration of continuous PN using observer

1. Given the current time instant 7.
If the transition t; € TCP starts firing at Ty then
Find the transition t, € TP that fired most recently, capture the time information
(13°)%, (13°)¢, goto 2
else, goto 5.
end if.
2. If (13°)¢ < 19 then
Go to 3,
else go to 4,
end if.
3. If the equations

Mb—V2~dlf

V2

ya- (') +at't" = MP — Dy ye
'+t =
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have the positive solutions t' and t", then
Set the firing speed vi(t) = min{a(t — 19),at’,vV{**},
else set v (T) = min{a(t — 19),v]*}
end if, go to 5.
4. Let vi = 0 until the firing of t3° ends. Then let vi(t) = min{a(t — (75°)¢),v2}
after the time T = (173°)°.
5. Gotol. |

Algorithm 5.4 can always be applied without consideration whether there is a fault
or not. For the faulty status that makes the distance larger, Step 3 accelerates the
firing speed vy such that the distance converges to Dy, .. On the other hand, for the
status that shortens such distance, Step 4 sets vy to zero until #;* end firing. These
two schemes guarantee the optimality of continuous PN related to our application.

Example 5.4 (continued): Now we apply the proposed method to the intelligent
transportation process of AVs on the bridge. Let us come back to the HPN model in
Fig. 5.15. It can be obtained that ¥ = {M € N'2|M(g1)+M(g2) +M(g3) < 1}, i.e.,
only one green light can be activated at one time. .%; = {M € N'2|M(g;) + M(r;) +
M(ry) =3,M(yp) +M(ry) +M(ry) =3,i # j # h,p # q # m, with the green light
sequence g1 — g2 — g3 — &1, and df = 57s,d? = 3s,d! = 120s}, this means that if
one green light or one yellow light is activated, the other two should be red lights.
We also suppose that if more than one green light can be activated simultaneously,
the green light that satisfies the ideal marking set is chosen to avoid the conflict. In
the simulation, the firing speed is v,,o,ma; = 8m/s, the acceleration of each AVs flow
at beginning is @ = 2m/s?, the length of the bridge is 4855m.

Let us first consider the faulty-free case to show the performance of observer-
based controller. The macromarking is

M(g1)+M(y1)+M(ry)
M(g2) +M(y2) +M(r
M(g3) +M(y3) +M(r3

(5.9)

S—
I
—_——

The initial marking is

M(g1)M(y1)M(r1)M(p1)M(g2)M (y2)M(r2)M(p2)M(g3)M (y3)M(r3)M(p3)
— (100000100010)

which is unknown. The system is initialized when t{’ f fires, i.e., the AVs flow from
the first input roads is getting into the bridge. The firing of #] f can help to estimate
the marking. Fig. 5.17 shows the evolution of the estimation based on Algorithm
5.2, which shows that the estimate is the low bound of actual marking, and equal to
the actual marking after ¢ fires, which verifies propositions 5.1 and 5.2. The Fig.
5.18 shows the controller designed from Algorithm 5.3. In the healthy case, the
marking always belongs to .%;. Fig. 5.19 illustrates the AVs flows on the bridge,
where the accelerating behavior is not reflected. We can see that the AVs flows from
three input roads keep the prescribed distance Dy, s, = 40m with each other.



144 5 Hybrid Systems with Discrete Specifications
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Fig. 5.17 Marking estimation
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Fig. 5.18 Timed-PN in the healthy case
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Fig. 5.19 The AVs flow on the bridge in the healthy case
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Fig. 5.20 Timed-PN in the faulty case 1

complementary estimates / estimates / actual marking
(100000000000 / 100000000000 / 100000100010)
Lo
(010000000000 / 010000000000 / 010000100010)
[
(010100000000 / 001100000000 / 001100100010)
| o
(010010000000 / 001010000000 / 001010000010)
Lo
(010010000000 / 001010000000 / 010010000010)
tlf has been diagnosed | 1
(001110000000 / 001110000000 / 001110000010)
L 4

Fig. 5.21 Marking estimation in the faulty case 1

The following 4 faulty cases are simulated:

Case 1: Elt} € Ty as shown in Fig. 5.20. In this case, after 7, fired, more con-
sistent markings have to be provided. Note that Assumption 5.1 is satisfied, since
after 1, fired, 1, is impossible to fire again before 19 or 7} fires. If 7} really oc-
curs, it can be diagnosed once 1, fires as shown in Lemma 5.3. Fig. 5.21 shows
the marking estimation which illustrates Algorithms 5.1, 5.2, one complementary
marking estimate is required. After 7, fires, the marking estimate is updated by
the complementary estimate. Propositions 5.1 and 5.2 can also be verified, in-
deed, min{Mg, . M, '} < Mg, for 1 <i <5, and e(Mo,,Mg,) > e(Ma,, Mg, )
for0<i<2, e(Mm3 7M" ) = e(Maos, Mg,,). If to fires before 1, then it is determined
that t} does not occur. The fault tolerant controller after 1, fired is also given in Fig.

5.20, which ensures that tf does not violate the GMEC. Even tf and 13 fire simulta-
neously, GMEC is still maintained.
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Fig. 5.22 Timed-PN in the faulty case 2

Fig. 5.23 Timed-PN in the faulty case 3

The distance passed by AVs/m

0 57 60 87 90 147 150
time/s

Fig. 5.24 The AVs flow on the bridge in the faulty case 3

Case 2: 311,17 € Ty as shown in Fig. 5.23. Note that LC(-,17) # 0, which vi-
olates the condition in [83] and [53]]. Two complementary marking estimates are
required. The Ty-subnet is FC since t} and tjzc share the same input place r|. How-
ever, the controller after 7, fired, shown in Fig. 5.22 is less permissive than that in
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Fig. 5.25 The AVs flow on the bridge in the faulty case 4

Case 1. Due to possible fault t]% which may activate g, the controller must disable 3,
i.e., the green light g, can not be activated. This verifies the Proposition 5.3. In fact,
under t]%, the system gets deadlock unless t]% really occurs.

Case 3: Elt} € Tr which occurs at 87s, as in Fig. 5.23, the controller after 3 fired,
shown in Fig. 5.25 is the same as in Case 1, since . will not be violated. However,
the performance of the continuous PN is affected. According to Algorithm 5.4, set
the firing speed of té’f to zero until the time té"“ stops firing. Fig. 5.24 shows the
AVs flows on the bridge, from which we can see that the prescribed distance is
still kept.

Case 4: Elt} € TIME/ such that d%' =8, i.e., the firing of #5 lasts 8s. Such fault
also affects the continuous PN. After the first part of the bridge becomes empty,
the AVs flow from the 3th input road still stops and does not get into the bridge.
According to Algorithm 5.4, we could accelerate the firing speed of t3bf as at’ =
8.066m /s to accommodate this fault, the AVs flows are presented in Fig. 5.25, where
the distance between AV, and AV3 converges to Dy, ., and finally equals Dy, . when
AV} completely leaves the bridge.

5.3 Conclusion

In this Chapter, we have provided a new clue to investigate FTC problem of hybrid
systems, that is from discrete event point of view. It has been shown that whatever
the finite state machine or Petri net mode is used, discrete faults can be accom-
modated effectively, The continuous system theories described in chapters 2-4 are
limited to deal with such kind of faults.

In Section 5.1, the continuous faults can also be considered qualitatively in the
QA of the proposed hierarchical model. The sign of the vector field would change
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due to continuous faults, fault tolerance analysis could be done by rebuilding the
continuous transition sequence, and checking whether the designed discrete switch-
ing sequence is available for the reconstructed system.

In Section 5.2, the FTC design that deals with faults in both discrete and continu-
ous PNis is still an open problem. In this case, the continuous system theory could be
extended under the continuous Petri net framework, which combines the proposed
results in this chapter could provide a solution to such problem.



Chapter 6
Hybrid Control Approach in FTC Design

The potential faults in a system often range over a very large region. A single con-
troller (even an adaptive one) is hard to stabilize all faulty situations effectively.
However, hybrid control approach can significantly improve the FTC performances
including robustness, the speed of response, and optimality, etc. In this chapter, we
apply the results of HS proposed in Section 2 to hybrid control design in the FTC
system. Three supervisory FTC algorithms are developed. Finally, A four-wheel-
steering and four-wheel-driving electric vehicle in LAGIS laboratory is particularly
focused on whose actuator faults are analyzed systematically and the hybrid fault
tolerant tracking control approach is applied.

6.1 Supervisory FTC via Hybrid System Approaches

Hybrid control seeks to achieve system’s performance objectives by switching be-
tween members of an a priori specified family of feedback controllers. One of the
motivations of HS research arises from the hybrid control problem. HS could present
different control configurations. Commutation from one configuration to another
one is described using discrete event system model as claimed in [137].
Thus the controlled system becomes hybrid due to the switching control.

The potential faults in a system often range over a very large region. A single con-
troller (even an adaptive one) is hard to stabilize all faulty situations effectively. The
supervisory FTC approach assumes that the plant model belongs to a pre-specified
set of models, including the nominal situation and all possible faulty situations, and
that there exists a finite family of candidate FTC laws controllers such that the faulty
system is stabilized when controlled by at least one of those candidate controllers.

Consider the general nonlinear system

(1) = G(x(t),u(t), f(2)) (6.1)
y(t) = H(x(1), f(1)) (6.2)

with measurable states x € X C R”, inputs u € U C R?, outputs y € ¥ C R™.
Process and/or actuator and/or sensor faults are represented by the function

H. Yang et al.: Fault Tolerant Control Design for Hybrid Systems, LNCIS 397, pp. 149
springerlink.com (© Springer-Verlag Berlin Heidelberg 2010
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Fig. 6.1 FTC framework

f €7 =Uico-q1,..my-Zi C R and .Z; is the set of fault vectors that are asso-
ciated with fault mode number i and fault free operation is fault mode .%y = {0} .
Both G and H are smooth functions.

The classical supervisory FTC approach follows three steps [117]: 1) Detect the
occurrence of faults; 2) Identify the current fault mode; 3) Switch to the related
controller as shown by Fig. 6.1(a). This scheme obviously introduces a FDI delay
to identify the current fault mode. During this delay, the faulty system is controlled
using an inappropriate controller, which may result in an unstable behavior.

In our proposed schemes in this section, a sequence of controllers are switched,
until the appropriate one is found (Fig. 2(b)). A delay in selecting the correct con-
troller (selection delay) still exists, but no isolation algorithm is required (only fault
detection is needed), which makes the scheme simpler and more easily verifiable.
Moreover, this selection delay can be controlled, and conditions for the state to re-
main bounded during this delay can be exhibited.

The novelty of the proposed approaches in this section is twofold:

1) The states are ensured to be bounded during the FDI delay and the functionality
of the system is preserved throughout the FDI/FTC process.

2) Unlike the multiple model FDI /FTC method [133] or supervisory control
technique [[149]], we do not need a series of models or filters to work concurrently
with the plant in order to identify the current situation. The proposed methods
only rely on a simple switching scheme among candidate controllers.

6.1.1 FTC via Overall Regulation

We first apply the overall regulation theories in Section 2.2 to supervisory FTC
design. Consider the system (6.1)-(6.2) with the fault and regulated error defined as

[i(t) = Si(fi(t)), Vi€ Q, Vit > 15, with fi(r) =0 Vr € [0,1) (6.3)
e(t) = y(1) = yr(x(z)) (6.4)

Supposed that S; is neurally stable. The initial fault value f;(¢s) are assumed to be
known as a constant f{;,);.
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Assumption 6.1. There exists a family of controllers u; = 04(x, f;) for f; € Fi, i € Q
solving the fault tolerant regulation problem (FTRP) for system (6.1)-(6.4).

Assumption 6.1 means that the FTRP of the plant with each fault is solvable under
a candidate controller.

Now we consider fault detection problem. Recall the materials in Section 2.2. It
can be seen from Theorem 2.3 and Assumption 6.1 that under the FTC law u;, the
system (G.I)-(@3) with f; has a center manifold x = 7;(f;) [33]]. We further obtain
that the equilibrium (x, f;) = (0,0) of system (6.1) and is stable and this center
manifold is locally attractive, i.e.,

x(t) — mi(f;(1))| < Bie” ) [x(ty) — mi( fi(t))| for Bi,a; >0 (6.5)

where #;;, denotes the time at which controller u;(¢) is applied for the k" time.
The following assumption means that all modes are discernable.

Assumption 6.2. Inequality (6.3) does not hold if the system (6.1)-(6.3)) is controlled

Consider a time window where the control law u; and the fault f; are in adequacy,
therefore (6.3) holds, and a simple fault detection law is given

lx(t) — m(f(2))] > Bie %) |x(ty) — mi(fi(1z))| = detection (6.6)

Proposition 6.1. Under assumptions 6.1 and 6.2, the fault detection law (6.6)) is
implementable.

Proof: Note that the state is measurable. Without loss of generality, suppose that
there is no fault at the beginning of the system process. The healthy system (6.1)-
(&3) with i = 0 is controlled by u = 0 (x,0). According to Assumption 6.1 and

(6.3), we have
()| < Boe @ |x(0)], >0 ©6.7)

Once a fault occurs at t = 77, Assumption 6.2 ensures that (6.7) is violated. The
following inequality holds

lx(t7a)| > Boe 04 |x(t7q)| (6.8)

where 174 > 1y, thus the fault can be detected using the detection law (6.6) at 1 =1¢,4.
Note that x is still bounded at # =#y,.

Next consider ¢ > t;; at which the system (G.1)-(6.3) has the fault f; and is con-
trolled by u = o4 (x, f;) (the accurate value of f; can be approximated via the pro-
posed supervisory FTC scheme as shown later). Inequality holds for ¢t > #;.
Once a fault occurs att =ty > t;, we can also find a 774 >t such that (6.3 is vio-
lated for t > 174, which implies that the fault can be detected using (6.6) at r = 17,.
This completes the proof. |

The fault detection may have a short time delay 77, — 7. Due to the time varying
threshold, #¢; —t7 is often much shorter than the activating period of the mode.
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The effect of this delay is acceptable in the practical situation. In the following
discussion, we assume that there is no fault detection delay, i.e., 17y = t7.

We propose a novel fault isolation method based on control switching. Since a se-
ries of controllers have been designed a priori for the plant with different faults, the
fault isolation problem boils down to the problem of finding the correct controller.
Such fault isolation approach also integrates the FTC problem, since the correct
controller can be directly applied.

Define o(z) : [0,00) — Q as the switching function of the candidate controllers,
which is assumed to be a piecewise constant function continuous from the right.
Denote by #9,#1,1, ... the switching instants of &(). These notations will also be
used in sections 6.1.2-6.1.3. To exhaustively span all controllers, we will pick a
non-repeated switching sequence of controllers as in the following definition.

Definition 6.1. A switching sequence of controllers is said to be non-repeated if
o(ti) #o(tj) fori>0, j >0, and i # j.

Theorem 6.1. Consider a system (6.1)-(6.4), and a family of controllers u; satisfying
assumptions 6.1, 6.2. Suppose that a fault f € %, 1 € Q occurs and is detected

simultaneously at t =ty via the threshold (6.0), then there exists a control switching
scheme such that the FTRP of system (6.1)-(6.4) is solvable V't > t.

Proof: Choose a constant 3 > 1. The switching law is designed as:
Algorithm 6.1. Switching law of the controllers
1. Denote ty =ty; Let s = 0; Define Q* = Q —{o(ty)}; Set o(ty) = i* where
> = argirgin’*l (v(to) — yr(mi(fi(t0)))) (6.9)
with f; the fictitious fault generated from the system f . = Si(f;) with the function

Si(-) = Si(-), the initial f;(to) = Sin)i-
2. Choose ts such that

(t145) = 7 (fir (012:5))| < P/ Ble(es) = 7 (e (1)) (6.10)

If [e(tr45) = e (fir (t15))| < Bire 0070 |x(ts) — e (fix (1))
then apply the controller ug ) (t) Vt > t11; Stop the switching.
else, go to 3.

3. Let Q* = Q" —{o(ty)}; Set o(t145) = i" where

i* = argmin (1) —yr(m(filr,,))) (6.11)
Apply the controller ug,, \(t) att =ti1s; Let s =s+1; Go to 2. |

We shall prove that Algorithm 6.1 solves the FTRP.
Note that the performance driven switching sequence obtained from (6.9) and
(6.11) is non-repeated, since at each switching instant, the next controller is selected
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from the set Q* where the uncorrect controller activated before has been removed
(Step 3). Thus at most M — 1 switchings occur before the controller u, (¢) related to
f € F, is applied. We consider the worst situation that 6 (zy;_>) = t. The results in
other situations are obtained straightly.

Because the function S;(-) = S;(-), the initial f;(fy) = J{in)i» and the fault detection
delay is not considered, there must be one fictitious fault signals f; which is the same
as the real fault signal f;. Note that 8 > 1 and control mode o (1) is faulty, according
to Assumption 6.2, we can choose #; > t such that holds with s = 0.

Since o(fy—2) = 1, it holds that fG(foz) = fo(y_,)- BY induction, we can obtain
fort >ty

(1) = (1) (S (1) (1))

< BBe U2 |x(ty) — Mg 10) (o) (10)))
M—1 s .
+Be -2 3 (ﬂ Mo g (ot (t=1-5))

s=1

oy ) Fot ) -))l)  (6.12)

Inequality (0.12) means that x — 75, ,) ( fG(thz)) converges to zero Vt > t7. It fol-
lows that lim,_,ge(z) = 0. O

Remark 6.1. Under Algorithm 6.1, the switching stops after a finite time. As-
sumption 6.2 could be loosened as inequality (6.3) still holds under non-relevant
controllers. In this case, the FTRP of one faulty plant can be solved by multiple
candidate controllers. Less switching numbers are required, and the controller that
terminates Algorithm 6.1 maybe not relevant to the current situation. This means
that the fault is not isolated accurately. However the FTC goal is still achieved.

Remark 6.2. The transient behavior during the controller setting delay largely de-
pends on the value of B. A large B may result in a large overshoot, whereas a small
B would make the controllers switch too fast, which may lead to some unexpected
phenomena. Section 6.1.3 makes some discussions about this point. Optimal selec-
tion of B is still an open problem that deserves further investigation.

Example 6.1: A DC motor investigated in [116] is employed to illustrate a potential
application field of our approach. x = [6,,, @,]? is the state, where 6,,, @, denote
the angular position and velocity of the motor. The system model is:

ém = Wy
WO = _ e sin(6,,) — b o+ € u
I I I
y=0,+fi (6.13)

e=y=yr=y=20n=—6uthi
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where J,, denotes the inertia of the motor. k, > 0 is the elasticity constant. u is the
voltage. b and c are the related viscous friction coefficients and the amplifier gain.

f1 denotes the sensor fault.

:Jm

In the fault-free case, design the controller u = K (x) = 7

(}( Sin(6) + © @on +
K16, +K; a)m) such that the matrix [ I(() Ig } is Hurwitz. This leads to the asymp-
1 K2
totical stability of the origin x = 0.
For the sake of clearness, we denote (-); as the parameter of mode i. Three
sensor faulty cases are considered as follows which result in a deviation of the output
signal from normal:

Jfoyr y=6ut+h (6.14)
foy: y=0n+2fi (6.15)
f3): y=0u+4fi (6.16)

where f] is generated by the following exosystem

=
{fz ~Z5 (6.17)
Choosing a mapping x = 71 (f) = [ZS;;E;H = [2] leads to
d
n<gt1(f) = mun(f)
J . . b
HU) R G (1) - ) )+ §€0)
0 = y(m)(f)) —yr(may(f)) (6.18)

where C(y)(f) = I (}“:1 sin(7y)(f)) + Ji Ty (f) — 7T<1>1(f)>. We can design the
fault tolerant regulation law for fault mode 1 as

uiy = o) (x, f) = Coiy (f) + K(x) — K(m1y (f)) (6.19)
It is clear that controller solves the FTRP.
Similarly, we choose two mappings 7 (f) = [;2 ] T3 (f) = [32] , design

e . b
Co)(f) = (}Cm sin(7) (f)) + I, 722 (f) — i (f)
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Fig. 6.2 Fault detection

The FTC law can be provided as

Uy = ) (x, f) = Cro)(f) + K(x) — K(7p)(f)) (6.20)
u@) = 03)(x, f) = C3)(f) + K(x) — K(m)(f)) (6.21)

Controllers and solve the FTRP for fault modes 2 and 3 respectively.
Assumption 6.1 is verified.

In the simulation, the parameters are J,,, = 0.935 kgmz, b=1.17 Nms/rad, x, =
0.311 Nm/rad, c =20.196 Nm/V . Assume that f(1) occurs at £ = 3s, and Algorithm
6.1 is applied. Fig. 6.2 shows that the fault f(;) is detected at nearly ¢ = 3s using
threshold (&.8)). We choose 3 = 1.5. The non-repeated switching sequence obtained
from and is u(5) — u(y). The dwell period of u(;) is 0.245s; Once the
fault is detected at 7 = 3s, u(y) is applied, then switch to u(j) at t = 3.245s. f(3)
is assumed to occur at ¢ = 8s. Fig. 6.3 shows the trajectories of the states and the
regulated error, which means that the FTRP is solved.

6.1.2 FTC via Global Dissipativity

In this section, we extend the global passivity concept developed Section 2.4 and
apply it to the supervisory FTC design.

Definition 6.2. [I4] A system (6.1)-(6.2) with f = 0 is dissipative if there exists
a nonnegative function V : X — R, which satisfies V(0) = 0, called the storage
function, and a supply rate W (y,u), such that for all initial states x(0) € X, u € U,
yeYandt >0
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V() - / W (y(s), u(s))ds (6.22)

stored energy supplled energy

where x(t) are the states at time .

Definition 6.2 is more general than Definition 2.6. Similarly to assumptions 6.1 and
6.2, the following assumption ensures the recoverability of each fault mode and
discernability of all modes.

Assumption 6.3. There exist a family of functions Vi(x) € E (R";R>0) and func-
tions o, 0 € Ko, ¢f <0, and @5 > 0 such that

Vie Q:af (|x]) < Vilx) < o (|x]) (6.23)
. e Tt Vila(e) ~Vilx(w)) < [ 0 (s (a)
- ’(I):{fefj,j#i:%( (1) —Vits()) < 1 gis)ds () ©2Y

Remark 6.3. Assumption 6.3 explicitly addresses the behavior of the plant under
the correct controller (u=u;(t) when f € %; ) or incorrect ones (u=u;(t) when f €
Fj,j#1i). For faults f € F, the controller u;(t) makes the plant still dissipative, as
it can be seen from (6.24)(a), which means that all fault modes are recoverable. For
Saults f ¢ F,, the function V; may increase due to more stored energy. This implies
that x may escape to a large region or infinity [[60].

States
Regulated error

0 5 10 15 20 0 5 10 15 20

Fig. 6.3 Trajectories of x and e
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We first address fault detection issue. Consider a time window where the control law
and the fault mode are in adequacy, therefore (6.24)(a) holds. Once a fault occurs,
the constraint (6.24)(a) may be violated. Similarly to the diagnosis idea in Section
2.4.1, we have

(o) Vi) < [ ol [ [70)] sauiolas 629
) “fault” ;ergy Ef -

As indicated in (6.23), the energy dissipativity property changes due to the fault.
A fault detection law is given as

Vi(x(t)) — Vilx(tw)) > /t " 6i(s)ds —> detection 6.26)

so that 774 is the first time at which inequality (©.24)(a) is violated. Note that the
faults with £ < 0 are not necessary to be detected since they do not change the
energy dissipativity.

Define o (¢) : [0,00) — Q and 19,#1,12, ... as in Section 6.1.1. The following theo-
rem provides a supervisory FTC scheme.

Theorem 6.2. Consider a system (6.1)-(6.2) and a family of controllers satisfying
6.23)-6.24) and assumption 6.3. Suppose that a fault f € F,, 1 € Q occurs at
t =ty and is detected at t = tyq via the threshold (6:28)), then there exists a control
switching scheme such that the origin of the system is stable for all t > ty.

Proof: Choose a constant 3 > 0. The switching law is designed as:

Algorithm 6.2. Switching law of the controllers
1. Denote ty = tyy; Let s = 0; Define Q* £ Q —{o(t7)}; Set o(ty) = i* where

iF = arglygbr}‘/i(x(to ) (6.27)

2. Choose ts such that
Vv )=V < B 6.28
i) (1) = Vo () < P (628)

— t7 s )
I Vo ((t7) = Voo (3(55)) < Ji 07 (s)ds
then apply the controller ug ) (t) Vt > t14; Stop the switching.
else, go to 3.

3. Let 0" = Q" —{o(t;)}; Set 0(t145) = i* where

= arglI_IeliQI}Vi(x(tﬁ_s)) (6.29)

Apply the controller ug,, ) (t) att =t11s; Let s =s+1; Go to 2. |
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We shall prove that Algorithm 6.2 implies the stability.

Note that at most M — 1 switchings occur before the controller u, (¢) related to
f € F, is applied. We consider the worst case that o(fy;_») = t. The results for
other cases are obtained straightly.

Since 8 > 0, and control mode (1)) is non-dissipative, it follows from (6.24)(b)
that we can choose 7] > #( such that Vo) (x(#,)) = V(1) (x(20)) < Mli | - We further
have from that

B

o(to)
o+ (o)) 6:30)

) < (o) o

Note that the fault detection law ensures that x(f) is bounded, thus x(#,) is also
bounded since the increasing stored energy is bounded during [fo,?]).
By induction, it can be obtained at t = #;_; that

V(i) X(tar—1)) = V(i) (x(t0)) — Err(x(t0)) < B (6.31)
NG 1 .
where E;, = zk:(l M-1) Vc(tk) — Vc(t;)} . The correct controller u;, is selected and

applied V¢t > t);_1, we have

Vi(x(t)) = Vi(x(ty—1)) < t [(s)ds, >ty (6.32)

M1

for ¢; < 0.
Combining (6.31) with (6.32) leads to

t

Vi (x(t)) = Vo) (x(10)) = Err(x(t0)) < [ 91 (s)ds+ (6.33)

M1

Since ¢{ (s) <0, B > 01is a bounded constant, there exists a time instant z > f7_;
such that the inequality (6.33) satisfies the condition (Z.114) in Definition 2.7 (global
passivity). This means that the system is periodically fault tolerant dissipative during
[to,1). On the other hand, it follows from that during [z, 1)), the energy is still
dissipative. The stability result follows from Theorem 2.7.

For the general case where u,(¢) is selected before M — 2 switchings occur, we
can verify (6.33) with B* instead of 8 where §* < 3. O

6.1.3 FTC via Gain Technique

The gain technique proposed in Section 2.5 is utilized to supervisory FTC design.
Consider the system (6.2)), the following assumption ensures the recoverability of
each fault mode and discernability of all modes.

Assumption 6.4. There exists a family of continuous non-negative functions Vi(x) :
R" — R>o, and functions a, 0,7 € Heo, 91 € K L, and ¢5 € GH L such that
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Vi€ Qo (|x]) < Vilx) < o5 (Jx]) (6.34)
FeFiVilx(r) < of (Vi(x(ta)),t —ta) ()
u=u;t) = .. 6.35
) {fey,-,méuw X(0) < 04 (Vi) st — 1) (5) O3
Let us consider a time window where the control law and the fault mode are in
adequacy, therefore (6.33)(a) holds, and a simple fault detection law is given by
Vi(x (1)) > ¢f (Vi (x(t)) ,t — t3) => detection (6.36)

so that ¢4, is the first time at which inequality (6.33)(a) is violated.

Assumption 6.5. There exists a known constant y > 1 such that

— 0;(Vj(x(tjx)),0)
r= jEQI,Ilg)l(,z... Vi(x(tix)) (6.37)

Assumption 6.5 is similar to Assumption 2.11, which is required for the switching
control design as shown in the following theorem. Note that @5, will be taken

instead of ¢ in E33)(b) only.

Theorem 6.3. Consider a system (6.1) and a family of controllers satisfying (6.34)-
(6.33) and assumptions 6.4-6.5. Suppose that a fault f € F,, 1 € Q occurs at t =
ty and is detected at t =ty via the threshold (6.36), then there exists a control
switching scheme such that x is bounded for all t > t;.

Proof: Choose a constant > max[(M — 2)(1+ x)xM=2,(M —2)(M — 3) M3,
where y is defined in (6.37). The switching law is designed as:

Algorithm 6.3. Switching law of the controllers
1. Denote ty = tyy; Let s = 0; Define Q* = Q — {o(t7)}; Set 6(ty) = i* where

i* = argmin V;(x(y)) (6.38)
i€Q*
2. Choose ty 44 such that
L1771
5y Yot B
> (T ) -1 (6.39)
ko(jk V(tfj(tj) ) (M—2—s)yM 2-s

I Vit (x(0145)) < 07 (Vi (x(20)) 1~ 15)
then apply the controller us (t) t >ty Stop the switching.
else, go to 3.

3. Let 0" = Q" —{o(t;)}; Set 0(t145) = i* where

"= argmiQn Vi(x(t145)) (6.40)
i€eQ*

Apply the controller ug,, ) (t) att =t11s; Let s =s+1; Go to 2. |
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Algorithm 6.3 implies the stability. The proof is quite similar to that of Theorem
2.12, and is omitted. O

It can be seen from Algorithm 6.3 that switching among a large number of con-
trollers may result in a large . In the following, the transient performance is im-
proved by reducing the number of switchings.

Assumption 6.6. There exists a family of continuous non-negative functions V;(x) :

R" — Roo, Vi€ A and 7 € Heo, & € G H L such that

Vi(x(r)) < &(Vilx(tx)),1 — tjx) (6.41)
Vf € Fu=uj(x),j#i, t >ty k=1.2,..

The following table shows the difference between Assumption 6.6 and Assump-
tion 6.4. Assumption 6.4 assumes the existence of functions such that (6.33)(a) and
(©33)(b) are satisfied (rows 1 and 3 in the table) while Assumption 6.6 adds the
existence of functions that satisfy also the conditions on row 2.

Table 6.1 Comparing Assumptions 6.4 and 6.6

Fault Control Assumption
I fes = uix) Vil (1)) < 0f (Vi (x () ot — )
feF u=uj(x),j#i  Vilx() <& (Vi (x(ti)) o1 — 1)
3 feZjj#i u = uj(x) Vi(x(2)) < ¢5 (Vi (x (ti)) ot — tix)

Note that the inequality (6.41) may still hold for f & .%;. However, the converse
is not true, i.e., if (@.41)) is violated, it must hold that f ¢ .%;. Inequality (@.41) can
be obtained a priori when a family of candidate FTC laws are designed.

Algorithm 6.4. Accelerating switching law of the controllers

1. Denote ty = tyy; Let s = 0; Define #* = Q—{0(ty)}; Set 0(ty) = i* where

i* = argmin V;(x(p))
i€Q*

2. Choose ts such that

5 Yot B
2 (H j ) < (M —2— s)yM-2s -1 (6.42)

I Vgt (x(t15)) < 07 (Vo (x(0)). = 1)
then apply the controller ug ) (x) Vt > t1; Stop the switching.
else, let 0* = Q* — {o(t5)},; Go to 3.
3. Set 6(t1+5) = i* where
i = arg min V(x(t1.,)
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I V() (x(t145)) > Eg (1) (Vo (130 (x(85)) 1 — 1)
then let Q* = Q* — {o ()}, Go to 3.
else, apply ug(,, ) (x) att =t115; Let s=s+1; Go to 2. |

The main idea behind Algorithm 6.4 is that at each switching instant, we check
whether the fault mode satisfies (6.41)), and remove incorrect candidate controllers
from the switching sequence.

We shall prove that Algorithm 6.4 improves the transient behavior w.r.t. Algo-
rithm 6.3. Denote x(t41) 0 (ta1) and 24y, (respectively x(fa2) 0 (ta2) and t45),) the
state trajectory, switching function and the sth switching time under Algorithm 6.3
(respectively Algorithm 6.4). We have the following result.

Corollary 6.1. Consider a nonlinear system (3.33) and a family of controllers sat-
isfying ({@.41)-(6.33) and assumptions 6.4-6.6. Supposed that a fault f € F,, 1 € M
occurs at t =ty and is detected at t = tyq via the threshold (6.6), then

1) Algorithm 6.4 guarantees that x is bounded for all t >ty and the system is 1SS
w.r.t. d after the correct controller u,(t) is applied.
2) If ona(taz)s) = Oa1tar)r) = U, then [xaz(taz)s)| < [xa1(tar))|-

Proof: 1) can be obtained following the same line as for Theorem 6.3.

2). Since the correct controller is selected after s + 1 number of switchings under
Algorithm 6.4, it can be concluded that s < r < M — 2. Let us consider the worst
case thatr =M —2.

Choose 1, as (6.42), we obtain

TA2]j+1 42|

s—=1 ,s—1 ¢ )
z (H ‘7(’:&;2\7/.) ) = (M—1 _ﬂ) m-1—s 1 (6.43)
k=0 " j=k G(IAz\j) )X

Since s < M — 2, we verify condition (2.129) with B* instead of 8 where * =

wh S Batr =1y
It follows that

x(ta)] < (7)1 o Ba(x(0)]) (6.44)

where & is defined in (Z143). Comparing (6.44) with (Z143) in Theorem 2.9 leads
to the result. For the general case where r < M — 2, the result can be obtained fol-
lowing above procedure. O

Example 6.2: Consider a one-link manipulator, whose revolution joint is actuated
by a DC motor. The joint elasticity is modeled by a linear torsional spring [57].
The states are the angular positions and velocities of the motor and of the link x =
[0, Om,01,m1]". The control u is the torque delivered by the motor. The state-
space model is

6,, = o,
im=— " 0—0)— Zomt Cu
m — Jm 1 m Jmm Jm
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91 =
. K mgh
W =—  (6;—6,)—

g /i sin(6;) (6.45)

where J,, and J; denote respectively the inertia of the motor and of the link. x
is the elasticity constant, b denotes the related viscous friction coefficient, and ¢
is the amplifier gain. The numerical values of the parameters given in are:
Jn = 0.935 kgm?, J; = 23.303 kgm?, x = 45.440Nm/rad, b = 1.169 Nms/rad,
¢=20.196 Nm/V.mgh="1.760Nm/rad.

Table 6.2 Faulty cases
Fault mode Reason
Case 1 b is changed within [10m, 15m] an increase in the friction of the motor
Case 2 k reduces to 25% ~ 50% an unexpected change on elasticity condition
Case 3 « reduces to 50% ~ 75% an unexpected change on elasticity condition

Case 4 ¢ is changed within [30Nm/V,40Nm/V| amplifier malfunction

Table 6.2 describes four considered faulty cases, where cases 1-3 are concerned
with process faults, and Case 4 is related to actuator faults. Consequently, we divide
Z into five parts as .# C Uicg—12,... 5 -Zi> where .Z; is related to the fault values in
Case i. .5 denotes the fault-free situation. According to the FTC design procedure
described in [57]], we can design a nominal controller us(x) for the healthy plant and
four candidate controllers u;(x),i = 1,2,3,4 for cases 1-4 respectively. The details
are omitted here. Moreover, for each controller u;, we can obtain V;(x) = x " Hyx
where H; is a positive definite matrix. Vs denotes the function of the healthy plant.

In the simulation, suppose that Case 1 happens, b = 11.69m, we further have

Vi(x(1)) < e M0V (x(0)), Vf € Fru=u(x), >0
Va(x(t)) < 23V, (x(0)), Vf €. Fiu=us(x), >0
Vi(x(1)) < 3395 (x(0)), Vfe.Z1,u=us3(x), >0
Vi(x(1)) < 431V (x(0)), Vf € Fiu=u4(x), >0

It can be seen that Assumption 6.2 is satisfied. In fact, the system with the fault
mode 1 is stabilized only by controller u;(x). Suppose that the initial states are
[10.40.50.1]". Case 1 occurs at ¢ = 1.5s, Fig. 6.4 shows that the fault is detected
at t = 2.343s using threshold (&.36).

Now we apply Algorithm 6.3 to achieve the FTC goal. It can be obtained from
that y = 1, this satisfies Assumption 6.5. Since there are three unstabilizing
controllers that may be activated, M — 2 = 3. We choose 8 = 6.5 > 3 x 2. The non-
repeated switching sequence obtained from (6.38) and (©.40) is us — u3 — uq — u.
Simple calculation based on of Algorithm 6.3 leads to the dwell periods of
three controllers: 0.0245s for uy(x); 0.0020s for u3(x); 0.3750s for us(x). These
dwell periods can be determined without checking the value VZ;(;)' Once the fault

is detected, up(x) is selected from (6.38) and applied at r = 2.343s, then switch to
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uz(x) at t = 2.3675s, and switch to us(x) at 2.3695s. At t = 2.7445s, the fault is
identified to be Case 1, the correct controller u;(x) is applied for r > 2.7445s. The
solid lines in Fig.6.5 show the state trajectories, it can be seen that the FTC goal is
achieved and during the delay [1.55,2.7445s), the states are always bounded.

Now we illustrate Algorithm 6.4. It follows from the control design procedure in
that

12.4639t‘72

Va(x(2)) < e (x(0)), Vf € Fu#ux(x),t>0
V3(x(t)) < 274805 (x(0)), Vf € .F3,u+# uz(x), t >0
Vi(x(1)) < €*32%17,(x(0)), Vf € Fayu#ug(x), >0

The obtained switching sequence is the same as that using Algorithm 6.3. However,
at the second switching instant, the controller u3(x) is removed from the sequence
using the Step 3 of Algorithm 6.4. It follows from (6.42) that the dwell period of
controller uy(x) becomes 0.0269s. Thus we first apply up(x) at t = 2.343s, then
switch to uy(x) at t = 2.3675s. At t = 2.3944s, the fault is identified to be Case 1,
the correct controller u; (x) is applied for # > 2.39445. The dashed lines in Fig.6.5
show the state trajectories under Algorithm 6.4, it can be seen that during the delay
[1.55,2.74455), the states are also bounded, and the transient performance is better
than that under Algorithm 6.3.

6.2 Hybrid Control Based FTC for Automated Vehicles

In the final section of this chapter, we investigate the path tracking problem for
four-wheel-steering and four-wheel-driving (4WS4WD) electric vehicles with in-
put constraints, actuator faults and the external resistance. A hybrid FTC approach,
which combines the linear quadratic control method in [118] and the control Lya-
punov function technique in Section 3.2 is proposed. It not only maintains the
vehicle’s tracking performance in spite of faults, input constraints and the exter-
nal resistance, but also reduces the cost of the fault tolerant process. A prototype
vehicle in LAGIS laboratory is particularly focused on to illustrate the proposed
approach.

6.2.1 Background

Electric vehicles (EV) are attracting a great deal of interest as a powerful solution to
environmental and energy problems [[16]. The four-wheel steering and four-wheel
driving (4WS4WD) EV does not only take the advantage of a 4WD vehicle where
the individual torque of each drive wheel can be controlled independently [106],
but also benefits from the 4WS structure where both the steering positions of front
wheels and rear wheels can be controlled [87]]. Such structure significantly improves
EV’s lateral dynamics, especially in the situation of path tracking [96]], 86, [100].
Faults may lead to vehicle’s abnormal behaviors. The faults that mainly degrade
the vehicle’s performance include faults of sensors that provide important physical
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Fig. 6.6 The Robucar 1M in LAGIS

characteristics ( e.g., the vehicle speed, the sideslip angle) and actuator faults such
as the malfunction of the steering systems and wheel torque controllers. The fault
detection and isolation (FDI) techniques of vehicles have been investigated inten-
sively by Isermann’s group [33] [120], Ding’s group [33], the PATH project [99],
and also our LAGIS laboratory [26]. FTC approaches of vehicles have also been
developed in order to guarantee the safety of the vehicle 27.

However, few contribution has been made for the fault tolerant path tracking
control of EV, e.g. [137], [146]. Path tracking of vehicles is one of the key issues in
an intelligent transportation system. The tracking performance must be maintained
in spite of faults, otherwise, traffic accidents may occur, which may lead to the
vehicle destruction. Moreover, most of related FTC works do not address the issues
of optimality, input constraints and the external resistance.

- Optimality means to reduce a cost function of the states and inputs of the vehicle
systems as much as possible that is needed for FTC.

- Input constraints are involved to prevent the vehicles from skidding or spinning
when FTC is activated.

- External resistance includes the air resistance, wind effects, the deformation of
the wheels, and the internal friction of the vehicle. These factors always affect
the vehicle.

In this section, we focus on the optimal fault tolerant path tracking control for
a 4WS4WD EV in LAGIS as shown in Fig. 6.6. This prototype vehicle, named
RobuCar™ | is built by the Robosoft Company [157]. Several important types of
actuator faults are considered as in [137]]. A hybrid control approach is proposed,
which combines the linear quadratic (LQ) based progressive accommodation (PA)
method [118] and the control Lyapunov function (CLF) technique in Section 3.2.
The motivation of developing such control structure is to maintain the vehicle’s
tracking performance in spite of faults, input constraints and the external resistance,
and meanwhile, reduce the cost function of states and inputs that results from the
FTC algorithm. This work focuses on the FTC design and we do not consider the
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FDI technique of vehicles. The readers interested by fruitful results on such FDI
techniques are referred to [33] 26]. The sensor faults are also not involved, some
related work can be seen in [124].

6.2.2 Vehicle Model and Fault Setting

The features of the RobuCarT™ dynamics are described in Fig. 6.7. Our system
comprises a 4WS4WD vehicle body, four wheels, and a reference path for tracking.
The distance between the center of gravity (CG) and the front axle (resp. rear axle)
is Iy (resp. I,), I4 is one half of the tread. r,;(i = 1,2,3,4) denotes the effective radius
of the wheel i.

The state variables are the speed of CG v, the sideslip angle 3, the yaw rate 7,
the perpendicular distance y. between the vehicle and the reference path, the angle
¢ between the vehicle and the tangent to the path curvature p,,. The traction forces
fxi and f,; are transmitted from the road surface via the wheels to the vehicle chassis.
The input variables to be applied are the steering angle ; and the torque 7;. Denote
Or £ 5, =8 and §, = 8; = &, as the steering angles of front wheels and rear wheels
respectively.

The detailed dynamical equations of the vehicle body, wheel, and path tracking
can be seen in [96], [1] and [26], thus are omitted here. Around the free-rolling
equilibrium point: v=1vy, B =0, y=0, y. =0, ¢ =0, and Prey = 0, a linearized
vehicle model can be obtained as

X =Ax+BKus;+R (6.46)

where x = [(v—v9) B Yy 9] are measurable states, u; = [Tf + T} T5+ Ty T{+
T Iy +T1) 6f 5¢]" are torques and steering controllers’ output vector, Ty
is used for the path tracking control design, while T} is applied to overcome the

Fig. 6.7 The vehicle system
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external resistance, denoted as R = [R 0 0 0 0]". R is assumed to be a known con-
stant around the free-rolling equilibrium point. Denote the plant input vector as
i=[T1T T3 T4 6¢ ;)" as shown in Fig.6.7. it = Kuy, with K defined as the actuator
gain matrix, and K = diag[n;,nN2,...,Me), N; = 1 in the healthy situation, and will
be defined later for the faulty cases. Moreover

0 0 0 00
Cr+G 1pC—1,C

0 — /7 _UHITTT 10 0
myo my,

A= | UGG _GCrie 00

Jz Jovo ’

0 0 0 0 —vo
Cf+C, lfo—err

R my 00

ro 1 1 1 1
My Mrey Mrey Mgy 0 0

o 0 0 o J G

mvg mvg
B=| “la L -l L UG LG
erel erez Jz"e3 Jz"e4 J: Jz

00 0 0 0 0
0o 0 0 0o 9 <

mvy  myg

where m denotes the mass of the vehicle. J, is the moment of inertia. The constant
coefficients Cy and C, are cornering stiffness of the front and rear wheels. Cy =
Cr1+Cpa, G = Cry + Cpo. The pair (A, B) is controllable. Note that the developed
model is more general than the usual vehicle’s lateral model as in [106]], [86] and
where only &y and §, are applied as the inputs, and the resistance factors are
not considered.

The structure of B ensures the existence of constant torques 7;", i = 1,2, 3,4 such
that

4 r
/T _
(M~ R (6.47)
i=1 mret
& (=)l
Y= 4
Zi( T, )=0 (6.48)

This implies that 4 constant torques 7;" can be applied to overcome the external
resistance.

The input constraints have to be considered for the saturation property of the
wheel slip which is related to the road condition. The relation between input (7}, 6;)
to the wheel slip S; at the free-rolling equilibrium point can be given as in

and [1]]

Tik;

1eiCri .
S; = «iCyi L i=1,2. (6.49)
[—ﬂ Syes
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Tik;
Si — reilcri
[—ﬁ — Y téi

where k; represents the tire-tread-profile attenuation factor. From (6.49)-(%.30), it
can be seen that 7; and ; need to be constrained to ensure the magnitude of S; below
the prescribed value c, i.e., |Si| < ¢, with | - | the Euclidean norm. More precisely,
since 1;T;" is a constant, a constant bound can be imposed on 1;T, while a state
dependent bound should be imposed on 1; 6.

The control objective in the healthy situation is to let the vehicle track the ref-
erence path, i.e. to make the origin of the system (6.46) asymptotical stable, and
meanwhile, restrict the magnitude of S; into the prescribed region to prevent the
vehicle from skidding or spinning.

Once an actuator fault occurs at ¢ = ¢, the system can be represented as

,i=3,4. (6.50)

X =Ax+Bjus +R 6.51)

where By £ BK denotes the fault input distribution matrix. It is assumed that
(A,By) is still controllable. In this work, both faults of steering systems and wheel
torque control systems are considered. Fig. 6.8 shows the schematic diagram of the
RobuCar™ . Four faulty cases are investigated:

- (F1) The failure of one steering controller (front or rear), which may result from
the broken wires, the malfunction power amplifier or the steeling motor break-
down. In this case, the steering actuator float with zero moment and does not
contribute to the control authority. Consequently, s = 0 or ng = 0, which is
consistent with Bys = 0 or Bys = 0, where By; denotes the ith column of By.

- (F2) The loss of control effectiveness of steering controllers, which does not
destroy the steering controller, but influences its control gain. In this case, 15 and
Ne represent the loss of effectiveness factors and are such that 0 < n5 < 1,0 <
Ne < 1. If n; = 0, this faulty case is consistent with F1.
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Fig. 6.8 The schematic diagram of the RobuCar™
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- (F3) The failure of wheel torque controllers, which may result from the inverter
failure, the brake system failure or the wheel motor failure, such that no torque
input is generated. In this case, n; =0, or By; =0, i € {1,2,3,4}.

- (F4) The loss of control effectiveness of wheel torque controllers, which does
not destroy the torque controller, but influences its control gain. Consequently,
0<ni<l1,ie{1,2,3,4}.

The FTC objective in this work is to let the vehicle track the reference path in
spite of input constraints, the external resistance and actuator faults F1-F4.

In the sequel, we consider that the torque inputs 7;" are chosen to overcome the
resistance term R, i.e. equations (6.47)-(6.48)) are solvable. This implies that at least
2 wheel torque controllers are available. Consequently, equations (6.46) and (6.51)
are rewritten as

X = Ax—+Bu (6.52)
X =Ax+Byu (6.53)

where u = [T Ty T{ T 6§ & 7.

We will first recall the progressive accommodation (PA) strategy proposed in
[118]], and analyze its availability in the presence of input constraints, then combine
such optimal FTC approach with the CLF based bounded controller. The result-
ing hybrid control approach takes both advantages of the optimal control and the
bounded control.

6.2.3 Hybrid FTC Scheme

The LQ optimal control objective is to transfer the system state from the initial value
x(0) = xo to some final value x(eo), while minimizing the cost function

J(u,x0) = /ODO(MTRu—t—xTQx)dt

where Q and R are symmetric matrices. From the classical theory, the solution is
given by u = —R~!BTP,x £ —F,x where P, is the unique positive definite solution
of the algebraic Riccati equation P,LA+A'P,+Q—P,BR"'B"P, = 0.

In the practical faulty situations, three time instants, namely t7,¢74;,¢: have to
be considered, leading to four time windows :

[0,7/]  Nominal system, (A,B) is controlled by u = —F,x

[tr.t74i] Diagnostic delay, (A,By) is controlled by u = —F,x
[tai,trc| FTC delay, (A, By) is controlled by u = —Fyx

[tfrc,°0) Faultis accommodated, (A, By) is controlled by the FTC law

The pair (A, B) is changed into (A, By) at time 7 due to the actuator faults. Once
By has been identified at t = 774; under some FD schemes, the classic FTC law
can be designed as u = —R’IB;Pfx and applied at t = ¢4, where Py is the unique
positive definite solution of
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PfA+A"Pr+Q—PBfR 'B;P;=0 (6.54)

The delay #f; — 1 74; is mainly due to the computation of the Riccati equation (6.54).
The PA strategy aims at minimizing the cost in ¢ —tr4;. Such strategy is based
on the following Newton-Raphson scheme:
Let P; be the unique solution of the Lyapunov equation

P(Af—BgF 1)+ (A;—BsF 1) P.=—Q—F|RF_, (6.55)

where F; = R_IB?Pi foralli=1,2,--- and the initial Fj is given.

The Newton-Raphson scheme is one of the effective solutions for (6.34). The
computation of (6.33) is much faster than (6.34). The PA strategy is to apply u; =
—F;x as soon as it is obtained. The system behavior after the fault occurrence is
therefore

i = (A=BgF,)x, t€ ]ty
i = (A=BsFy)x, t€[to,ti]
x=(A—=BsF)x, t€[titip1], i=1,2,...

where 7y > 74; and Fy define the algorithm initialization. It has been proven in [118]
that lim; ...P; = Py, and the PA strategy significantly reduces the loss of cost that
results from the classic FTC law in the time delay 77, —t74;.

Now we consider the input constraints. In the fault-free situation, u = —Fx is
applied. We can find a region

Y= {xecR"x"Px<r} (6.56)

where r is small enough such that Vx € ¥, the ith input |u;] < u™* (x), Vi={1,...,6}.
u™*(x) > 0 is a constant or a state dependent bound of the ith input from (6.49)-
(&30). Tt follows that if the initial state x(0) is chosen within ¥, then u = —F,x is
always available.

In the faulty situation during [t;,#;11[, the PA control law u = —Fx is applied.
Note that after the fault occurs, 7" is adjusted to overcome R, denote

ANT 20T =i T )

where n,-(n)Tl-’(n) is related to the normal situation, and 1);7;" corresponds to the new
controller in the faulty case. If all n; # 0 i =1,2,3,4, then each 1,;7;” keeps a unique
constant throughout the process, i.e. An;7T;" = 0, and does not affect the bound of
the T;°. Similarly, define the region

Y= {xeR"x Px < g} (6.57)
where & is small enough such that Vx € ¥, |u;] < u} ™ (x) e “?ax(x%_,An"T"r, for n; #
0, and u; ™ (x) = 0, for n; = 0, where u"*(x) — An;T;" (i = 1,2,3,4) is assumed
to be positive, and 75, 7" do not exist. If n; = 0, it follows that u; = 0 from the LQ
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control method. Note that if x(;) € ¥, then u = —Fx is available throughout the
interval [t;,#;11[. We also obtain the following property

Proposition 6.2. If x(t;) € ‘¥ such that

u* max (x)

(=R7'By);|- || |x] < Vj=A{1,...6}

1
then the PA strategy is available throughout the interval [t;, ).

Proof: The result follows the fact that the iterating algorithm (6.53)) leads to Py <
<o <Py <P <--- < Py [1T8]. Since x(¢;) € ¥, then under the controller —Fx, ¥

o . = _ #max ()
is an invariant set for x, i.e., x(¢) € ¥, Vt *Emgihti_t,_][. [(—R 1B})j| AR R - !
implies that \(—R*IB;)_,-\ AP] - Jx < - ® , thus —F} 1x is available throughout

the interval [f;, 1,212, ¥ is still an invariant set for x. Finally, it can be concluded
that the optimal FTC strategy is available for ¢ € [f;, o). O

Such property is useful to reduce the computation level. If we have checked at t = #;

that |(—R™'BJ )| -|Py| - |x] < m,;l_x(x) , then we do not have to check at every follow-
ing instants z,, for K > i.

However, we can not always guarantee the availability of the PA strategy. If
x(t;) € W, such strategy would lead to the input saturation and the system’s per-
formance will be degraded.

To avoid the input saturation, a CLF based bounded FTC method in Chapter 3.2
is developed, which will be combined with the PA strategy.

Reformulate the faulty system as

X =Ax+ Bu+Bf (6.58)

where the fault is represented as an additive term Bf. f = (K —I)u, I is the unit
matrix, and K = diag[ny,...,Ne] with 0 < n; < 1 defined in Section 6.2.2. Since
the system inputs are bounded, it is reasonable to assume that actuator faults are
bounded, i.e., |f| < f, where f > 0. It is also assumed that |An,T| < A; for A; > 0
and ™™ (x) — A; (i = 1,2,3,4) is positive.

Consider a Lyapunov function V = x' Px for the system (6.38), where P is a
positive definite symmetric matrix that satisfies the Riccati equation A" P + PA —
PBB' P = —W for a positive definite matrix W.

V can be regarded as a control Lyapunov function for system (6.38). The contin-

uous bounded FTC law can be designed as
ui=—NG(V)(Lg,V)" (x) 2 bi(x), i=1,..,6 (6.59)

with
NV B(V)2 (™ (x)|(Lg. V)T )4
(V)4 OV (™) (L, V) ) (L) £0
(V)= 9 |ws)P [1+\/ 1+<u,.*ma*<x>|<LB,.v>U>2]

0, (LB[-V)T =0
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where 9(V) £ ! (LaiV + pV + |L;V|f), L denotes the Lie derivative, i.e., L,V =
x"(ATP+PA)x, (Lg,V)" =2B] Px,and p > 0. uf ™ £ M3 (x) — A;.

For all initial states, the stability region of system (6.38) is defined by the set
Q={xeR"V(x) <™} (6.60)

where ¢™ is small enough such that ¥(V) < minjcfy5 . 6} wmX|(Lg, V)| for all
x € Q.

Proposition 6.3. For the initial state x(0) € Q, the bounded controller u = b(x)
with b(x) £ [by(x)...bs(x)] " in (6.39) makes the origin of the system (6.38) asymp-
totically stable in spite of faults.

Proof: The result can be straightly obtained from Lemma 3.1. O

Proposition 6.3 provides a result for the multiple state dependent input constraint
form, i.e. |u;| < uf™*(x), i = 1,...,6. It can be seen that for any x(0) € Q, the
controller u = b(x) can always be applied and does not need to be modified in the
presence of faults.

Based on above analysis, a hybrid control method can be provided as

—Fux, forx e Y NQ, t € 0,174, withx(0) € ¥ NQ
b(x), forxe WNQ, 1€ [tpg,n|

—Fx, forx e ¥,NQ, 1 € [ti,ti41]

b(x), forx g ¥iNQ,t € [titi], i=1,2,...

(6.61)

where ¥, ¥ and Q are defined respectively in (6.36), (6.37) and (6.60). Fig. 6.9
shows the block diagram of the control system.

‘— PA controller FDI
S
Switching
decision

CLFbased | | | Vehicle plant
controller

Fig. 6.9 The block diagram of the FTC system

Discussion

1. Compared with the convex conjugacy technique that requires x € ¥, the
bounded hybrid controller (6.61)) restricts x into a relative small region ¥ N €2,
which, however, leads to a low computation level. Since b(x) can be designed
off-line, we do not have to solve the backward Hamiltonian system every time
when x reaches the bound of ¥ N Q2 as in [43]].
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2. Since the initial state x(0) € ¥ N2, the controller —F,x ensures that x(t¢) € ¥'N
€. Nothing can be said about the state trajectory during the diagnosis delay #¢4; —
t. Effective diagnosis approaches can significantly shorten this delay. Assuming
x(tr4i) € ¥ ML is quite acceptable in the practical application.

3. Applying b(x) at the beginning of the FTC process [t4;,t1 [ shortens the initial
time of PA strategy in [118]]. Moreover, in each interval [t;,7; 1, once x € ¥;N €2,
the controller b(x) can always make x return to ¥ £ as in Proposition 6.2, such
that the controller —F;x is available.

4. The region Q in (6.60) is based on a fixed norm bound of faults f. This region
could be zoomed in since faults impossibly exist all the time. The reader can see
the related work in Section 3.2.

5. In this work, a straight reference path is considered, i.e. the curvature p,.r ~ 0.
For the curving path with p, s # 0, an additional term [0 0 0 vop,.f]" should be
added in the system equation (6.46). The robust design of LQ control and
CLF based control can be applied.

6. If three wheel torque controllers are faulty (F3), the remaining wheel torque can
not overcome the resistance factor. This also leads to the robust problem as in D5.

6.2.4 Simulation Results

The proposed FTC method is now applied to the path tracking of RobuCar™ Sys-
tem (6.40). The parameters are given in Table 6.3. The vehicle starts the path track-
ing with the initial values v(0) = 5 m/s, B(0) = 0 rad, y(0) = 0 rad/s, y.(0) = 0.2
m, and ¢(0) = 0 rad. In accordance with the road condition and vehicle data
stated in Table 6.1, the resistance factor R is assumed to be —0.5 m/s2. We set
the wheel slip constraint as ¢ = 0.3, the attenuation factor in (6.49)-(6.30) is
ki = 0.2. The input constraints are imposed as —0.0004 Nm < 7 < 0.0004 Nm,
(—0.18+0.08y+ fB) rad < &f < (0.1840.08y+ B) rad, for i = 1,...,4. Since the
vehicle’s speed is around a constant vo, small torques 7 are required. The objective
is to obtain the tracking behavior as fast as possible (under no fault and faulty con-
ditions) while maintaining the input constraints. We will consider in the following
the four faulty cases F1-F4 described in Section 6.2.2 and will illustrate the tracking
performance.

We first consider the fault of wheel torque control system. Suppose that the in-
verters of the two front wheels broke down at t = 0.3 s. These failures make the
motor torques of the two wheels become zero, i.e., 171 and 1, abruptly change from
1 to O after 0.3 s, Bf| = By, = 0. The consequence is a big yaw moment and the un-
stable vehicle motion. In addition, there is a 75 percent loss of control effectiveness
of rear right wheels aftert = 0.3 s, i.e., 14 = 0.25.

Both Q and R are chosen as the unit matrices. The classic FTC law uy = —Frx
can be obtained after 2 iterations of (6.33), i.e., Fy = F>. Assume it takes 0.1 s for
fault diagnosis, 0.1 s for the initialization of PA strategy, and 0.1 s for each iteration
of PA. The classic FTC approach would apply —F,x until # = 0.5 s and then —F,x,
while the PA strategy applies —F,x until 0.4 s and then applies b(x) at 0.4 s, and the
sequence —F1x and —Fx at respective times 0.5 and 0.6 s. Fig. 6.10 shows the input
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Table 6.3 Parameters of RobuCar 1™ and the reference path

Parameter Value
m (kg) 350
Iy (m) 0.401
I (m) 0.802
1y (m) 0.605
rei (M) 0.350
Cy (N/rad) 2000
C, (N/rad) 2000
J; (kgm?) 82

vo (m/s) 5
Pref (m_l) 0

trajectories. Due to the complete failures of two wheels’ inverters, the inputs 77, 7>
are not provided any more after 0.3 s. The tracking performance is maintained by the
tradeoff among 73, T4, 8y and §,. Although 7;” (i = 1,2,3,4) are adjusted abruptly
after the fault occurs. The original input constraints imposed on 6 and T are still
available.

Fig.6.10 shows the trajectories of the PA controller output vector. It can be seen
that both 5]? and O are adjusted to compensate for the big yaw moment due to
faults. All the inputs are within the constraints, the PA controller is always avail-
able. Fig.6.11 shows the torques 77 for the resistance rejection, 7} and 7} are not
provided any more after 0.3 s. Once the fault is diagnosed at 0.4 s, both 75" and T}
are adjusted to overcome the resistance.

Fig.6.12 illustrates the vehicle motion behavior, the tracking goal is achieved at
nearly t = 2 s. After a very short overshoot at the beginning, v is always maintained
at 5 m/s, this validates the linearized model (6.48). The input trajectories and vehicle
motion behavior under the classic FTC law are similar as that in Fig. 6.10, thus

(a) Torque inputs (b) Steering angle inputs

Fig. 6.10 Input trajectories
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Fig. 6.11 Torque inputs for resistance rejection
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Fig. 6.12 Vehicle motion behavior

are not presented here. Fig.6.13 gives the evolution of the system cost with the
classic and PA methods. It is seen that the PA approach widely improves system
performance during the fault accommodation transient.

Now we address the fault of steering system. Suppose that the front steering
system is broken at t = 2 s that leads to 1y = 0. Such failure is also consistently
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Fig. 6.14 Input trajectories

represented by Brs = 0. In addition, there is a 90 percent loss of control effectiveness
in the power amplifier of the rear steering actuator aftert =2 s, i.e., Ng = 0.1. In this
case, the tracking performance is maintained only by applying T}, T, T3, Ty and ;.

The classic FTC law uy = —Fpx can be obtained after 3 iterations of (6.33)),
i.e., Fy = F3. To illustrate our approach, assume it takes 2 s for FD, 0.1 s for the
initialization of PA strategy, and 0.9 s for each iteration of PA. However, —Fx
exceeds the input bound of T; at t = 4.1 s, thus the CLF based controller is applied
until 4.2 s, and then the PA controller is activated. —F>x satisfies the property of
Proposition 6.3 at t = 5 s, which implies that the PA control is always available
after 5 s.
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Fig. 6.16 Input trajectories

Fig. 6.14 shows the trajectories of the hybrid controller. It can be seen that all 7}
are adjusted abruptly to compensate for the faults. All the torques 7;" = 15.315 Nm
i =1,2,3,4, which do not change since no fault occurs at torque control system.
Fig. 6.16 illustrates the vehicle motion behavior. After ¢+ = 2 s, the trajectory of
the vehicle deviates from the reference path, while the tracking goal is achieved at
nearly t = 8 s, v is also maintained at 5 m/s. Fig. 6.16 illustrates the trajectories of



178 6 Hybrid Control Approach in FTC Design

0.04 02
0.03 015
0.02 B

0.1
0.01 / / Ye

0.05
0 ‘v\/\
- 0.01 <y 0
-0.02 -0.05
0 2 4 6 8 10 0 2 4 6 8 10
ts ts
0.05 6
0.04
55
0.03 / 1%
0.02 / ] 5
0.01
45
0
- 0.01 4
0 2 4 6 8 10 0 2 4 6 8 10
ts ts

0.35

03F e T T T LT
025 P —
5 02F -
<1
S
£
2
7]
% o5l 1
0.1 .l
0.05 a
— Classic FTC
—— Optimal FTC
0 I I I I I I I
0 1 2 3 4 5 6 7 8 9 10

Fig. 6.18 Cost comparison

the controller that combines the classic LQ method and CLF technique. The classic
LQ controller exceeds the constraints at 5.9 s and is not applied until 6.8 s. It can
be seen that much more control effort has to be made than the hybrid control one.
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Fig.6.17 illustrates the vehicle motion behavior. The vehicle tracks the path again
at nearly t = 10 s. Fig. 6.18 gives the evolution of the system cost with the classic
and PA methods, which also implies the good system performance during the fault
accommodation transient under the proposed hybrid approach.

6.3 Conclusion

This chapter has discussed the supervisory FTC problem using hybrid system ap-
proaches. Three novel switching control based FDI/FTC schemes have been pro-
posed for general nonlinear systems. The good feature of these three switching
schemes is that no additional model or filter is needed to compare with the plant.
However, how to improve the transient performance deserves further investigations.

This chapter has also proposed an optimal hybrid FTC approach with application
to the path tracking control problem for 4WS4WD RobuCar™ vehicle in LAGIS.
Several important types of actuator faults are addressed. More directions would be
associated with the robust fault tolerant path tracking control design of 4WS4WD
vehicles.



Chapter 7
Conclusion and Future Research Directions

FTC of HS is a hot research topic that intersects two communities of fault diag-
nosis/tolerance and HS. This book has presented several interesting theories and
applications on FTC for HS. It has been shown that both the continuous system
theories and DES theories can be applied. This conclusion seems natural since HS
consists of continuous and discrete dynamics. However, it deserves to point out that
the utilizations of these two main theories in HS field are quite different from that
in their own fields.

Due to the special structures and properties of HS, many non-hybrid system FTC
methods are unavailable directly for HS. Continuous system theories for non-hybrid
systems have to be modified and the switching properties must be taken into account,
the difficulty of such work are reflected in Chapters 2-4. DES theories also can not
be applied directly. Compared with pure DES, the continuous dynamics of HS have
to be considered as indicated in Chapter 5.

There are still many open problems to be further investigated. We shall conclude
this book by providing some future research directions, which we hope could be a
helpful guide to interested readers when exploring FTC for HS.

1. To consider optimality as a FTC goal besides the continuous stability and the
discrete specification. The optimality is very important for the modern systems
with considerations for the environment and energy problems. Optimal FTC goal
not only requires the stability of the faulty systems but also needs it to be as
optimal as possible in spite of faults. Such goal could be potentially achieved by
combining the optimal theories of HS [6] and the proposed FTC methods in
this book.

2. To relax the constraints about the structure of HS, e.g., consider the stability
at non-zero equilibriums. Many HS that are widely used in process control have
non-zero equilibriums [83]]. On the other hand, the time-variant continuous vector
fields as described in [63] also deserve further investigations.

H. Yang et al.: Fault Tolerant Control Design for Hybrid Systems, LNCIS 397, pp. 181
springerlink.com (© Springer-Verlag Berlin Heidelberg 2010
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3. To combine continuous system theories with DES ones such that an integrated
fault tolerance framework can be provided with application to real systems. In
many real situations, a complex system may have various faults (both contin-
uous and discrete ones) occurring simultaneously. The nondeterministic finite
automata model developed in [77] maybe a good tool to address this issue.
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