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Résumé

Les Systemes Hybrides (SH) sont des systemes dynamiques dont le
comportement résulte de I’interaction entre une dynamique continue et une
dynamique discrete ou événementielle. L’étude des systemes hybrides est motivée
par la nature hybride de nombreux procédés industriels. Au cours des dix
derniéres années, de nombreux travaux ont ¢été consacrés a 1’étude de ces
systetmes et des résultats importants ont ét¢ obtenus tant en modélisation,
simulation, vérification et stabilité que pour la synthése de contrdleurs.

Les défauts (ou fautes, ou défaillances) dans les procédés automatisés
entrainent souvent des réactions qui peuvent se révéler dangereuses pour
I’installation elle-méme ou/et son environnement. La commande tolérante aux
fautes (en anglais FTC : Fault Tolerant Control) a pour but de garantir que le
systétme continue de remplir au mieux ses objectifs malgré la présence des
défaillances. Elle vise plus précisément a garantir une sireté¢ de fonctionnement
(fiabilité, sécurité, disponibilité) acceptable. La commande tolérante aux défauts
pour les systemes dynamiques hybrides n’a été que trés peu étudiée jusqu’a
présent. Cette these apporte une contribution sur ce théme de recherche.

Deux types de défauts sont considérés : les défauts dits continus qui affectent
les comportements continus des différents modes de fonctionnement ; les défauts
dits discrets qui affectent les conditions de commutation. La commande tolérante
a deux principaux objectifs : maintenir les performances continues comme la
stabilité¢ a 1’origine, les performances en régulation ou en suivi de trajectoire ;
maintenir les spécifications discrétes comme une séquence de commutation
spécifiée.

Dans une premiere partie, des méthodes de commande tolérante aux défauts
sont proposées afin de maintenir les performances continues. Ces techniques
reposent sur la théorie des systémes continus. Différents systemes hybrides sont
considérés en fonction du type de commutation: commutation dépendante du
temps, commutation dépendante de 1’état, commutation stochastique. Deux idées
sont naturellement développées: la premicre est de synthétiser dans un premier
temps la loi de commande tolérante afin de stabiliser chaque mode défaillant puis
d’appliquer les résultats sur la stabilit¢ des SH. La deuxiéme idée est de
rechercher directement la stabilité du SH sans reconfigurer le contrdleur dans
chaque mode défaillant instable. L’objectif de la commande tolérante peut étre
atteint si les effets négatifs des modes instables sont compensés par ceux des
modes stables.



Dans une deuxiéme partie, différentes techniques sont proposées afin de
maintenir les spécifications discrétes. Ces techniques sont issues naturellement de
la théorie des systémes a événements discrets. L’idée maitresse est de reconfigurer
la partie discréte en tenant compte de ’atteignabilité des dynamiques continues.
Deux modeles de systemes a événements discrets sont ¢tudiés: les machines a état
fini et les réseaux de Petri.

Enfin, plusieurs solutions originales de commande supervisé€e tolérante aux
défauts sont développées. Les schémas proposés ne nécessitent pas de banc de
modeles ou de filtres pour localiser le défaut mais reposent sur un schéma simple
de commutation de contrdleur. La stabilité du systeéme pendant la le diagnostic et
le retard d’application de la commande peut étre garanti.

De nombreux exemples sont traités tout au long du manuscrit pour illustrer
I’applicabilit¢ et les performances des résultats théoriques: systemes
¢lectroniques, moteurs a courant continu, unité centrale de traitement, systémes
manufacturiers, systemes de transport intelligent et véhicule électrique automatisé,
etc

Mots clés: Systemes hybrides, systemes a commutation, systemes a événements
discrets, diagnostic de défauts, commande tolérante au fautes, commande
supervisée, stabilité, observateurs.



Abstract

Hybrid systems are dynamical systems that involve the interaction of con-
tinuous and discrete dynamics. The study of hybrid systems is motivated
by the fundamentally hybrid nature of many industrial systems. Over the
last decade, significant progress has taken place in modeling and simulation,
verification, stability and controller synthesis for hybrid systems.

Faults in automated processes will often cause undesired reactions that
may be dangerous for the system itself or its environment. Fault Tolerant
Control (FTC) aims at guaranteeing the system objectives to be achieved,
at best, in spite of faults. More precisely, FTC contributes to enhance the
dependability (safety, availability, security) of the system. The FTC theory
for hybrid systems has been very few studied in the literature. This thesis
brings a contribution in that important research field.

Two kinds of faults are considered: Continuous fault that affects each
continuous system mode; Discrete fault that affects the switching condi-
tions. The FTC design has two main objectives: To maintain the continuous
performances including various stabilities of the origin and the output track-
ing/regulation behaviors along the trajectories of HS; To maintain the dis-
crete specifications that have to be followed by HS, e.g. a desired switching
sequence.

Firstly, 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 systems’ continuous performance. Two natural ideas are con-
sidered: One way is first to design FTC law to stabilize each faulty mode, and
then apply the stability results of HS. Another way is to research directly the
stability of HS without reconfiguring the controller in each unstable faulty
mode. The FTC goal can be achieved if the negative effects resulting from
unstable faulty modes are compensated for by that of stable modes.

Secondly, for HS where discrete specifications are imposed, a set of schemes
are derived from discrete event system (DES) point of view to keep these dis-
crete specifications. The key idea is to reconfigure the discrete part by taking

il



CHAPTER 0. ABSTRACT

into account the reachability of the continuous dynamics, such that the spec-
ification is maintained. Two major DES models, i.e. finite state machine
and Petri net, are discussed.

Finally, based on HS approaches, several novel supervisory FTC schemes
are developed. The proposed FTC schemes do not need a series of models
or filters to isolate the fault, but only rely on a simple controller switching
scheme. The stability of the system during the fault diagnosis and FTC delay
can be guaranteed.

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

Keywords: Hybrid systems; Switched systems; Discrete event systems;
Fault diagnosis; Fault tolerant control; Supervisory control; Stability; Ob-
server.
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Chapter 1

Fault tolerant control and hybrid sys-
tems

Both research areas of fault tolerant control (FTC) and hybrid systems (HS)
have been developed separately for several decades, and fruitful results ap-
peared respectively. However, until now, the FTC problem of HS has not yet
attracted enough attention, 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 thesis.
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 thesis.
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1.1 Background

HS are dynamical systems that involve the interaction of continuous and
discrete dynamics. This means that there are both continuous and discrete
states in such systems that influence each other’s behavior. The study of HS
is motivated by the fundamentally hybrid nature of many real life systems,
e.g., circuit systems, flight management system, process control and intelli-
gent transportation systems. Over the last decade, significant progress has
taken place in modeling and simulation [104], verification [158], [59], stability
[33], [65] and controller synthesis [139], [159] for HS.

The HS considered in this thesis can be illustrated using Fig.1.1, which
consists of a series of continuous modes (/N maybe a finite or infinite number)
and a switching logic. These modes are switched among each other accord-
ing to a switching law generated from the switching logic. The framework in
Fig.1.1 is general and covers several different kinds of HS that have different
switching properties or performance requirements. Let us take three inter-
esting examples which will be discussed in details in the following chapters.

[ Switching scheme j

Figure 1.1: The HS model

Example 1.1 : 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 oper-
ate at high clock frequency (voltage) to realize high-speed computing, while
a high clock frequency 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.
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- - Nec J.u.u.unjE
"l‘HHH'H—' CPU E
Buffer E

Figure 1.2: The CPU model

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 : A hose insertion task shown in Fig. 1.3 is a typical example
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 1 — x9 plane. The completed work is to insert the hose onto
the plug. Such 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.

€
2 Robot arm

Position of
the fingertip

Figure 1.3: Hose insertion task

Example 1.3 : Consider a traffic flow control problem in intelligent trans-

3
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portation systems at the terminator of the bridge, where six roads are inter-
connected 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 r{", r4* and 7" 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).

Bridge

the first part the second part

L
=[ Supervising
lights

Figure 1.4: One terminator of the bridge

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 FD and FTC are
highly required for modern complex control systems. FD is concerned with
detecting, isolating and estimating the faults, while Fault Tolerant Control
(FTC) aims at guaranteeing the system goal to be achieved in spite of faults.
In the past 30 years, fruitful results have been obtained in this area, see
several excellent books [50, 74, 16, 26] for details.

Two main kinds of faults have been defined for HS [30]: One is continuous
fault that affects each continuous system mode, which corrupts the contin-
uous state behavior of the related mode. In 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 discrete fault that affects the switching sequence. In example 1.2, if there
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exists an abrupt change of the fingertip’s position 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.

F'D 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 clas-
sical FTC methods for non-hybrid systems can not be easily extended
to HS. FTC theory for HS needs to be developed.

2. Motivation from practical applications

Many practical systems have to be modeled by hybrid models, e.g.
chemical processes, 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 Robucar’ vehicles
(Four-wheel-steering and four-wheel-driving electric vehicle in LAGIS
laboratory) is particularly focused on in this thesis whose dynamic
behavior can be researched using hybrid system approaches.

1.2 Hybrid model and FTC problem

We introduce a general HS model originated from hybrid automaton defined
as follows:

Definition 1.1 A hybrid automaton with fault is a collection
H=(Q,X,UV,F,Y F,Init,Inv, E,G, R) (1.2.1)
where

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

U defines the set of continuous inputs;

V' defines the set of discrete inputs;

F = F.UF4 denotes the set of faults, with F . and F 4 respectively,
continuous and discrete.

F:Qx X xUXxF.— 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 — 2% assigns to each mode an invariant set;

E .V xF;— Q x Q is the set of discrete transitions between modes;

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

e R:Q xQ xX — X is the set of reset maps.

The above hybrid automaton model is an extension of usual ones as in e.g.,
[104] and [59] to the faulty cases. This model is also more general than that
in [200] where only the parameter faulty cases are considered.

It can be seen from model (1.2.1) 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 4 affect the mode transitions by changing discrete tran-
sition 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 guarantee the system goal to be achieved in spite of continuous and
discrete faults. In this thesis, two main system requirements are considered:

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

6
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- 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 (1.2.1) named
switched systems are considered which take the form

T = gd(%“mfﬂ)
= he(x) (1.2.2)

where x € X, u, € U,y €Y, fo € Fo. o(t) : [to,00) — @ 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
(1.2.2) emphasizes the vector fields F in (1.2.1), and captures the behavior
of continuous dynamics using ordinary differential equations. The affect of
the switching on each continuous mode is also clearly represented. Such
model allows us to analyze FTC problems using continuous system theories,
and to extend the existing FTC techniques of non-hybrid systems to the
hybrid cases.
Four kinds of switchings are considered:

Time-dependent switching. Such switching occurs at a certain time in-
stant. These switching instants can be prescribed a priori and fixed,
or designed arbitrarily by engineers. The continuous states z are con-
tinuous 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 pro-
cesses, i.e. Markov process.

The above various switchings are related with the guard set G, the dis-
crete transitions set £ and the reset maps set R in (1.2.1), which determines
switching properties of system (1.2.2). As for above different HS, the continu-
ous performance can be investigated 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

7
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[FTC for hybrid systema

@ontinuous perfonnanca [Discrete specificatiora
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- Stochastic system - Abstraction theory
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Figure 1.5: The FTC clue for HS

appropriate switching scheme such that the continuous performance goal is
maintained.

As for the discrete specification goal, one natural idea is to reconfigure
the discrete part of the HS after faults occur to maintain such specifica-
tion. 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.

A well known DES model named finite state machines will be utilized to
abstract the discrete part of (1.2.1) as

(Q> E7 Tda Qd(b Qdm)

where T; denotes the activated discrete transition, Qg9 = UV(L oemmit 4 Qam C
Q@ is 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 [128] can be developed to reconfigure the
switching sequence after faults occur, which, together with some criteria im-
posed 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 concur-
rency, 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
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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. transitions T") 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 for-
mulations will be given in Section 5.2. HPN is closely connected with hybrid
automaton (1.2.1), a hybrid automaton can be constructed associated with a
given HPN as reported in [138]. 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 configuration to another one is described using discrete event system
model as claimed in [149]. 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 (1.2.1) can
be applied after a minor modification, where each mode denotes respectively
faulty or healthy situations of the system. All the switching among modes
can be controlled by the user. The discrete fault disappears.

1.3 Structure of the thesis

The rest of this thesis is organized as follows: Chapters 2-3 provide new theo-
retical 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 continuous performance. The switched system
model (1.2.2) is utilized in Chapters 2, 4 and Section 3.3. Chapter 5 considers
the HS with discrete specifications, F'TC issue is addressed from DES point
of view and the discrete specification goal is emphasized. HPNs model is
applied in Section 5.2. The Hybrid automaton model (1.2.1) is considered in
Sections 3.2 and 5.1. As an important related issue of HS, supervisory con-
trol 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 fi-
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nal Chapter, several future research directions are predicated related to FTC
of HS.

1.4 Restrictions

There are a lot of interesting problems beyond the scope of this thesis. The
restrictions are the following:

1. FTC methods have been proposed for hybrid systems with various
switching respectively. An integrated FTC technique is not provided
here for hybrid systems that have various switchings simultaneously.

2. Hybrid systems that have continuous faults and that have discrete
faults are researched separately from different point of view. An inte-
grated FTC method deserves further investigation for hybrid systems
where both continuous faults and discrete faults are considered simul-
taneously.

1.5 Notations

Throughout the thesis, we adopt the following general notations. let R denote
the field of real numbers, " the r-dimensional real vector space. |- | the
Euclidean norm. || - ||, denotes the supremum norm of a signal on the time
interval [a, b]. Class K is a class of strictly increasing and continuous functions
[0,00) — [0, 00) which are zero at zero. Class K, is the subset of K consisting
of all those functions that are unbounded. /3 : [0,00) x [0,00) — [0, 00)
belongs to class KL if G(-,t) is of class K for each fixed t > 0 and ((s,t)
decreases to 0 as t — oo for each fixed s > 0. Apax(+) and A\yin(+) denote the
maximal and minimal eigenvalues respectively. L,h denotes Lie derivative
of h along a vector field g, Lyh = dh - g, Lyh = Lg(Lg_lh), where dh =
(2 oh _ 9a1

B %) is the differential of a smooth function, [g1, go] = - 92— % g1,

where g, /0x and 0g,/0z denote the corresponding Jacobian matrices. (-)@
is the ¢th time derivative of the function. ¢~ denotes the left limit time
instant of ¢. ()" is the transposition.

Other special notations will be introduced when they appear.

10



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.

11
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2.1 Output-input stability technique

In this section, we apply the output-input stability concept proposed in [93,
94] to the FTC design of HS with continuous faults.

The concept of output—input stability (OIS) [93, 94] is a robust variant of
the minimum-phase property for general smooth nonlinear control systems.
Its definition 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.

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

T = flz)+Gx)u+ E(z)f,
= h(z) (2.1.1)

where z € R" is the non measured state, u € R™ is the input, y € RP 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 € C*, the set of k times
continuously differentiable functions u : [0;00) — R™, with £ > 1. For all
u € C*, derivatives 7,4, . .., y*T1 are assumed to exist and to be continuous.

The fault effect is modelled by a “fault pattern”, described by the dis-
tribution matrix E(x) and a “fault parameter” f, € R?, which can be time
varying, and is supposed to be norm bounded, i.e., 3f; : |f,| < fi. The fault
pattern describes the family of faults that are investigated [196], as iden-
tified e.g. through standard methods like failure modes and effect analysis
(FMEA) [16]. The fault parameter describes the size of the fault, and its

12
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time evolution. It is assumed that the distribution matrix F(z) satisfies the
so-called matching condition

E(z)=G(x) - W(x) (2.1.2)

i.e. it can be factorized as (2.1.2) for some m X d continuous matrix W (z).
The interpretation 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 [93] System (2.1.1) with f, = 0 is called output-input stable
if there exist a positive integer N, a function 3 of class KL, and a function
v of class Ko such that for every initial state x(0) and every input u € CN~!
its solution x(t) satisfies

'(i%)‘ﬁmmwﬁﬂ+vO@A%Q (2.1.3)

for all't, where y, 2 (yh gy, .., y®HT,
Note that (2.1.3) implies

(0] < 50200+ (u,],.,) (2.1

According to [93], the system is said to be weakly uniformly 0-detectable of
order N if inequality (2.1.4) holds, or just weakly uniformly 0-detectable when
an order is not specified.

The weak uniform 0O-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 (2.1.2). This property is very useful for FTC.

The following structure algorithm will be helpful to construct the feedback
controller later. Due to the structure of the fault distribution matrix (2.1.2),
the term G(z)u + E(x)f, is written as G(x)u where u = u + W(z) f,.

Algorithm 2.1 nonlinear structure algorithm
Step 1:  Define hi(z) £ Lyh(z), Ji(x) £ Lgh(z). Differentiating y with
respect to time along the trajectories of (2.1.1) gives

§ = hi(x) + Ji(z)a (2.1.5)

Assume that matriz J, (x) has constant rank r1 and a fized set of 11 rows that
are linearly independent for all x, these rows are taken as the first vy rows of

Jl(l‘)

13
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Denote hl(@ and hy(z) as respectively the first ri and the last p —
components of hy(xz), then Eq.(2.1.5) is divided into two parts as

U1 = ha(z) + Ji(z)u

and X R
yrl—l—l.‘.p = hl (ZL’) + Jl (l’)?j (216)
where (+)1.. denotes the first k elements of the signal. Jy(z) is a matriz of

full row rank, and Jy(x ) Ji(x)Ji(x) for some (p —r1) X 11 matriz fi(x).

Define hi(z,9. ) = hl(m) + fi(z) (. — ﬁl(x)) Eq.(2.1.6) can be
rewritten as

merl...p = }_]‘1 (.T, yl...m) (217)
Step 2:  Similar to Step 1, define

5 : . oh .
h2($,yl...r1,y1...r1) £ thl Z 1 .Z' , Y1 7”1

j2($7 yl...r1) é LGBl(:B)
Differentiating (2.1.7) leads to

yrl-i—l...p == hZ(xa yl...rla yl...rl) + j2(1:7 yl...m)a (218)

The termination condition of the structure algorithm at Step 2, denoted
as C 1, is as follows:
C 1: The matriz { = Jl(.x ) } 15 continuous and has constant rank m
J2($,y1...r1)
and there is a fixed set of m —ry rows of jg(ac, U1..r,) which together with the
rows of Ji(x) form a linearly independent set for all x and ¢ ,,. These rows
are taken as the first m — ry rows of jQ(x, Yl )-

Denote ilg(ilfz and hy(z) as respectively the first mn —ry and the last p—m
components of hyo(z). Under C 1, since m < p, Eq.(2.1.8) can be written
similarly to Step 1 as

yrl—o—l...m — hg(l‘, yl...m ) yl...rl) + JQ(ZL’, 3]1...r1)ﬂ

and R R
ym—l—l...p - hg(.T, yl...mu yl...rl) + J2($7 ?)1...”)@ (219)

The following Lemma is a special case of Theorem 1 in [94], therefore its
proof is omitted. It gives a necessary and sufficient OIS condition.

14
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Lemma 2.1 Under the termination condition C 1, the system (2.1.1) with
fa = 01is 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 straight-
forward. Two assumptions are imposed.

Assumption 2.1 The vector Y, 41...m @5 not affected directly by input sig-
nals, which results, for an output-input stable system (2.1.1) with f, = 0, in
the fact that fi1(x) = 0.

Assumption 2.2 Let x € R¥™ " & (y[ oyl gl )T When f, =
0, there exists an invertible map T : R" — R*™~"1 such that x = T(x).

Since m = p, Eq.(2.1.9) is removed. Under C 1 and assumptions 2.1-2.2,
the algorithm 2.1 leads to

[ =[] 2
Yri41..m ha(x) Jo(x)
where ilg = BQ, JQ = jg.

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

Step 1:  Choose a Hurwitz matrix Ao, which gives 91 ., = Aiov1..r
provided that Jy(z)u = ¥ (z) with

] i (2.1.10)

791(1’) = Aloyl...m - h1<1'>

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

yrl—&—l...m - AQlyrl—&-l...m + AQOyrl—i-l...m

The matrix 0 Lom-rix(m-r) is Hurwitz provided that Jy(z)u = ¥5(z)
A An

and

Vo () £ Aot Uri+1..m + A20Yr+1..m — ha(x)
Step 3: Design the state feedback controller w,(z) as

Un(z) 2 { ) ]1 { V() 1 (2.1.11)

JQ(JT) 192(ZE)
Define 5
hl(JT) Jl(l‘)
hy(a) = 0 , J(2) £
ho(x) Jo()
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[ Ap 0 0
A = 0 0 I(mfrl)x(mfrl)
0 Ay Ag
Then under the control u,(z), the system (2.1.10) is augmented as
X = hy(z) + Jy(2)u, = Ax (2.1.12)

Therefore, u,(x) in (2.1.11) asymptotically stabilizes system (2.1.12) if
Ay, Ay, and Ay are chosen such that A is Hurwitz. An “optimized” choice
of A can be refered to [81]. The weak uniform 0O-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 (2.1.1) under
both healthy and faulty conditions.

The FD scheme in [76] is first applied to provide rapid and accurate
estimation of states and faults. Denote = and fa as the estimates states and
faults respectively. Using the differential geometry theory, we can obtain (see
[76] for details) a global diffeomorphism z = N(z) with N(0) =0 and z € R"
that satisfies

2] < u(A7)|Z(0)] exp(=A"1) (2.1.13)
where 2 2 2 — 2, A* > 0, u(\*) > 0 is polynomial in \*. We can also get
from [76] that f,(t) — fu(t) — 0 when z(t) — 2(¢) = 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 (2.1.1) with f, = 0
and m = p satisfies C' 1 and assumptions 2.1-2.2. Given an initial x(0), there
exists a constant e; > 0 such that if |2(0)| < €1, then the control u(Z) = u, (&)
makes the origin of the closed-loop system asymptotically stable.

Proof : In the healthy case, system (2.1.12) controlled by u,(Z) is rewritten
as

X = Ax + Jy(z)(u(2) — u(x)) (2.1.14)
Let P be the symmetric positive definite solution of the Lyapunov equa-
tion ATP 4+ PA = —(Q with a given matrix @ > 0. Consider the Lyapunov
function V = x " Py, its time derivative with respect to (2.1.14) is
Vo= —xTQx+2x"PJy(2)(u(@) — u(x))
< (@)X + 20| - [P] - [T (2)] - [u(@) — u(z)]  (2.1.15)
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Consider the given initial 2(0), and define Q = {x : V(x) < x(0)TPx(0)},
which are the level sets of V' with respect to x (see Chapter 4 in [83]).

Note that |u(Z) — u(z)| is continuous within the region 2, and vanishes
when & —x = 0, i.e., Z = 0. There exists two constants ¢, > 0 and k; > 0,
such that |z3] < & = |u(2) — u(x)| < k1|Z|. From inequality (2.1.15) it
follows

Vo< =A@+ 261 x| 1P]- 2]y O (I (@) 1 (@) e
< (1= Aun(Q) (2.1.16)
2P| - oy O (T (@) T () ey,
Vx| > = 3(|22]),0 < r < 1(2.1.17)

T)\min(Q)

where 7(+) is a class K function. There exists a constant €, such that |Z] <
€9 satisfies (2.1.17). Based on [83], the choice of |2(0)| < € where ¢ =
min(€éy, €), clearly results in x being input-to-state stable with respect to
Z. Note that lim; ., Z(t) = 0. Hence the origin of the system (2.1.14) is
asymptotically stable. On the other hand, the map T'(x) is invertible and not
affected by the observer, and system (2.1.1) is weakly uniformly 0-detectable,
which leads to the asymptotic stability of the origin of the system. O

Lemma 2.3 Consider the output-input stable system (2.1.1) with f, = 0
and m = p satisfying C 1 and assumptions 2.1-2.2. Let a fault occur at
t = 0. Given an initial x(0), there exists a constant ea > 0 such that for
all |Z,(0)| < ey, the control u(i) = u,(2) — W (&) f, makes the origin of the
closed-loop faulty system (2.1.1) asymptotically stable.

Proof : In the faulty case, the system (2.1.10) controlled by u, (%) —
W (z)f, is rewritten as

X = AT (@) (10 (&) = (2) |+ ()W @) (fu=fo) +-2) (W (@) =W (@) ) fo
(2.1.18)
The time derivative of V' along (2.1.18) is

Vo= —xTQx+ 2 PA (@) | (ua(@) — ua(a))
W @)(fa = fu) + (W) = W(@)) f] (21.19)

There exist two constants é; > 0 and ko > 0, such that |2] < & = |[N(t) —
N(t)| < ko|Z| within . Similarly, there exist two constants ¢ > 0 and
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k3 > 0, such that || < & = |[W(z) — W(&)| < k3|Zs|. Following (2.1.19),
appropriate selection of Z, leads to

Vo< A @WP+E (2.1.20)

= £ 2|X| . |P| . |2| : \/(AmaX(JXT‘]X))(XEQ)

. [m v 52\/ (nax(77) - A (WTIW)) ey + a1 [(2.1.21)

where 7 is defined as in [76]. Given a physical bound of control signals and fi,
the value of Ay [n'n] within Q can be estimated. As in Lemma 2.2, there
exists a constant e; > 0 such that |2(0)| < e makes the origin of system
(2.1.14) asymptotically stable. On the other hand, from the structure of
faults in (2.1.2) and Assumption 2.2, T'(x) exists and is still invertible, the
faulty system (2.1.1) is still weakly uniformly O-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 (2.1.1) with f, = 0
and m = p satisfies C' 1, assumptions 2.1-2.3. Faults are assumed to occur
att =ts. Given a x(0), there exists a constant w = min(ey, €2) such that for
all |2(0)] < w, the following control

A

., A un(x)a R le [07tfd)
us(Z,tpqg) = { wn(®) — W(@)far L€ [tra, 00) (2.1.22)

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

Proof: From Lemma 2.2, under the control u, (z) with the initial [2(0)] <
w, one has V' < 0,¥t € [0,tf), and x(t;) € Q, where Q@ € Q. Eq.(2.1.13)
implies |Z(tf)] < |Z(0)]. On the other hand, the fault can be detected at
tra =ty if |2(0)| < w (see [76]), which means the faults are detected rapidly.
Therefore, after ¢ = tg4, inequality (2.1.20) holds under the control w,(Z) —
W(z) f.. The result of Lemma 2.3 is then applied to complete the proof. O

Remark 2.1 Theorem 2.1 provides a flexible control architecture which guar-
antees that V < 0 Yt € [0,00) whenever the faults occur, this property is very
suitable for HS. The proposed strateqy treats the healthy system and the faulty
system with different controllers, which leads to good system performance in
the sense of FTC.
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Example 2.1 : A DC motor example is employed to illustrate a potential
application field of this approach. A series DC motor is a DC motor where
the field circuit is connected in series with the armature circuit [28]. Under
the hypothesis that there is no magnetic saturation, the modified model of
this system is expressed as follows :

51 [ —kizi20 — —$1 +ur + Lf,
.7'32 = —k‘g&?g —|— 33’1 — x—j (2123)
T3 | U2 + 2k1$1fa

MR

where z; = ¢ denotes the flux, 9 = wy denotes the speed, x5 = T, denotes
time varying load torque, u; and us are the voltage inputs. the speed and
the flux are measured.

Let us first consider the healthy case (f, = 0). Since z1 = y1, T2 = Yo,
and |z3| = J|J3 + kayo — 203 < Jlip|* + Jkalya| + E{y1]?, it is seen that
the healthy system is weakly uniformly O-detectable of order 1. The output
derivatives are

Y| _ —k1$1$2—%$1 n 10 Uy
i —kywy + Haf — & 0 0] u

so r1 = 1, differentiating the equality of 1, leads to

k1 k: k 2k3 2k1R U
. g9 mh2 2 M2 2 ahl it 21, 1 1
Yo = kyxo — St s JL551952 TIz o+ [ 5 7] lw]
. 1 0 . : :
The matrix | o, 1 | is always nonsingular. The map 7" : ©z — x is

LIV |
also invertible and not affected by the observer. C 1 and assumptions 2.1-2.2
are satisfied. From (2.1.11), u,, can be designed as

W — kiwixo + (% )
" (Jk3 — J0)at — (32 + B82)af + (ky + 5)s

which makes A Hurwitz.
Now consider the faulty case. It is clear that W(x) = (L, 2kz1)",
fa is an actuator fault that affects both control channels. The invertible

transformation z; = x9, 29 = ””3 —|— xl , 23 = x1 puts system (2.1.23) into
the form
21 29 — kayr
X = w 2.1.24
[ Zo ] l —2§—1Ly2(k1y1y2 + Byy — ) — =2 ( )
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Figure 2.1: State trajectories

Y2 = 2 (2.1.25)
. R

3 = —kiyiys — 0 +uy + Lf, (2.1.26)
Yy = Zz3

Eq.(2.1.26) does not involve the estimation of z; and 2o, 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,y2, %) "

In the simulation, the parameters are [28]: R = 0.0247, L = 0.06, J =
30.1, k; = 0.04329, k, = 0.0033. The initial 2(0) = (0.5,0.1,1)7. &(3) =
0.85. The fault is considered as

fa:{ 0, 0s <t < 2.5s

0.5+ 0.2sin(5t), 2.5s <t < 10s (2.1.27)

Fig.2.1 shows state trajectories, the origin of the closed-loop system is asymp-
totically 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

Tt = f,(x)+ Go(x)us + Ex(2) far
y = hio) (2.1.28)
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where each mode satisfies all the conditions in Theorem 2.1. o(t) : [tg, 00) —
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 [40]: (a) the switching sequence
is fixed, (b) there is a series of dwell periods Aty; for mode k when it is
activated for the jth time and mode k switches to mode (k + 1) for the jth
time at t = t;; when Atq.1); is 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 0-detectability of the overall HS can be guaranteed.

Assumption 2.3 Atk =1,2,...,N) are large enough such that for any
s € R+, we have

Bret1(28 (28, Atgj), Atginy;) < As<s VkeQ (2.1.29)
where 0 < X\ < 1 and B(k € Q) satisfies (2.1.4) for mode k.

Lemma 2.4 Consider the HS (2.1.28) 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 [168] to the weak
uniform O-detectability case, its proof is omitted. O

Let Vi, wsk(Z,trax), wi be respectively V., us(Z,t74), w for mode k. The
FTC problem for the system (2.1.28) with unfixed dwell periods and fixed
dwell periods will be discussed respectively.

Theorem 2.2 Under Assumption 2.3, consider the HS (2.1.28) under a
family of control laws wg(Z,tra). There exists a constant wy such that
1Z22(0)] < wy with a given x(0). If, at any time instant t, the following
conditions hold:

12()] < Wi (2.1.30)
Vi1 (x(®) < Virn(X(gsnyg-1))s 5>0 (2.1.31)
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then, choosing Aty; > t—ty;, which satisfies (2.1.29), and setting o(t) = k+1
at t = ty; + Aty guarantee that the origin of the overall HS is asymptotically
stable.

Proof: 1f the initial |2(0)| < wy for some k € @, it follows from Theorem
2.1 that V; < 0 as long as mode k remains active. If at some time instant ¢
one has |Z(t)| < wyt1, and o(t) = k+1 is set on, then for all t € [t, ;+Aty;),
Vi1 < 0 as long as o(t) = k + 1. Tt is concluded that if the & mode is
activated only when |Z(¢)| < wy, then

V,(t) <0, Vo(t)=k (2.1.32)
Moreover, from (2.1.31), for any admissible switching time ¢;; one has

Vier1 (X (te41)5)) < Vi (X ety -1))) (2.1.33)

Since the k' faulty mode is still weakly uniformly O-detectable, and T al-
ways exists, the Multiple Lyapunov function method [33] can be applied to
conclude that the origin of the hybrid system is Lyapunov stable. On the
other hand, for each switching time t;, j = 1,2, ... such that a(t;“j) =k, the
sequence Vg, ) is decreasing and positive, and therefore has a limit ¢ > 0.
One has

lim [Vk—l—l(X(t(kJrl)(j+1))) - Vk-i-l(X(t(kJrl)j))} =(—¢=0

J—0

Note that there exists a class IC function « such that
0 = lim [VkH(X(t(kH)(jH))) - Vk+1(X(t(k+1)j))}
< lim [—a(|lx(ten])] <0 (2.1.34)

Inequality (2.1.34) together with Lemma 2.4 implies that z(¢) converges to
the origin, which combined with Lyapunov stability, leads to the asymptotic
stability of the origin of the HS. This completes the proof. O

Remark 2.2 Inequality (2.1.31) 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 (2.1.31) can be relazed
to allow for finite increases in Vi, (see [39] and [40] for some analysis).
In this case, inequality (2.1.30) 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 V} can be estimated. We have the following corollary.
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Corollary 2.1 Consider the HS (2.1.28) under a family of control laws
(T, tpar) with fived Aty; k € Q which satisfies (2.1.29). If each faulty
mode satisfies (), T exists and is still invertible, and there ezists a constant
wi such that |Z5(0)] < wy, then the origin of the overall hybrid system is
asymptotically stable.

Proof: 1t is clear from (2.1.13) that appropriate selection of A makes
(2.1.30) hold at a given Z(;11);. On the other hand, inequality (2.1.20) in
Lemma 2.3 leads to

min(@k)

| ) - A
Vi € —Xin(@)IXI + 20 < =0V + B, 0 = Amax(Pr)

(2.1.35)

Note that =; is bounded within a known region and converges to zero, so
the trajectory of Vi can be estimated by (2.1.35). The results of Theorem
2.2 can be applied to guarantee the asymptotic stability of the origin of the
HS. O

2.2 Overall fault tolerant regulation

This section extends the classical output regulation theories to hybrid non-
linear systems and analyzes its fault tolerance in the presence of continuous
faults modeled by the exosignals.

2.2.1 Fault tolerant regulation for nonlinear systems

The considered system takes the general nonlinear form

@(t) = Glz(t),ult), f(t)) (2.2.1)
y(t) = H(z(t), f(1)) (22.2)
ft) = S(f(t)) Vt>tg, with f(t) =0 Vt e [0,tf) (2.2.3)
e(t) = y@t) -y (2(t)) (2.2.4)

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 ref-
erence signal y,(x) : R — R™. The vector fields G, H are assumed to be
smooth and known.

Once the fault occurs, the fault signal f € F C R? is generated by the
neurally stable exosystem (2.2.3), i.e., 05(0)/0f 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.
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The following assumption is a basic requirement for the state feedback
output regulation design [75].

Assumption 2.4 There exist some u = a(z, f) with f =0 such that x = 0
of healthy system (2.2.1) & = G(x,a(z,0),0) is asymptotically stable.

Definition 2.2 Fault tolerant regulation problem (FTRP) for system (2.2.1)-
(2.2.4) is to find a FTC law uw = o(x, f) such that Vx(0) € X with X C R"
a neighborhood of 0 and Vf € F, the trajectory of the closed-loop system
(2.2.1) & = G(z,a(x, f), f) is bounded ¥t > 0 and lim;_,, e(t) = 0.

Theorem 2.3 Suppose that the fault f can be detected/approximated accu-
rately, and there ezists a u = «(x, f) satisfying Assumption 2.4. The FTRP
for system (2.2.1)-(2.2.4) is solvable if and only if there exists a C* mapping
x=m(f) with 7(0) = 0 defined for (x, f) € X x F satisfying

o

a—fs(f) = G(r(f),a(x(f). f). f) (2.2.5)

0 = H(f), ) - p(x()) (2.2.6)

Proof: The proof follows the same way as that of Theorem 8.3.2 in [75],
which is thus omitted. O

Remark 2.3 [t can be seen that FTRP is similar to the general output reg-
ulation problem with disturbances. Theorem 2.3 provides necessary and suf-
ficient conditions to solve FTRP in the classical faulty case. The existence
and the design of w(f) and o(z, f) have been deeply investigated in many
literatures, e.g. [15], [72], which are not focused on here.

2.2.2 Overall fault tolerant regulation
Now we consider the hybrid case. The system is
x(t) = GU(t) (.T(t), Ug(t) (t)7 fa(t) (t)) (227)

Cy(t) = Hz(t), for (1)) (2.2.8)
foy () = Sow(fow(t)) YVt =ty with fo(t) =0 Vt € [0,£5(2.2.9)

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

Assumption 2.5 There exists a family of controllers u; = oy (z, f;) fori € Q
solving the FTRP for system (2.2.4) and (2.2.7)-(2.2.9) with o(t) = i.
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Assumption 2.5 means that the FTRP of each mode is solvable individ-
ually. The following definition is an extension of FTRP to the successional
faulty case.

Definition 2.3 Overall fault tolerant regulation problem (OFTRP) for sys-
tem (2.2.4) and (2.2.7)-(2.2.9) is to find a switching scheme among w; =
ai(z, i), 1 € Q such that Vx(0) € X and Vf; € F, the trajectory of the
closed-loop system (2.2.7) is bounded ¥t > 0 and lim;_., e(t) = 0.

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

Definition 2.4 [68]: Let N,(T,t) denote the number of switchings of o over
the interval (t,T), if there exists a positive number 7, such that

T—t
N,(T,t) < Ny + . VT >t>0 (2.2.10)

Ta

where Ny > 0 denotes the chattering bound, then the positive constant T, is
called average dwell time (ADT) of o over (t,T).

Definition 2.4 means that there may exist some switchings separated by
less than 7,, 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 (2.2.4) and (2.2.7)-(2.2.9) satisfying As-
sumption 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
C1) 1, > lnaB, where B £ max;eq Bi, a = min;eq a;.
and either C2) or C3) holds for k = 1,2, ...

CQ) 7-‘-0(15116_1)(fa(tk_ﬂ(tk)) - Wa(tk)(fa(tk)@k))'
C3) —(a— %)(t —tx) +Ink < —a*t, fort >ty and a* > 0.

Remark 2.4 Before proving Theorem 2.4, we provide some insight into the
conditions C1)-C3): C1) requires that the switching of modes is slow aver-
agely, i.e., the frequency of switching is not too much. C2) imposes a condi-
tion on the mapping m; and the fault value f;. It can be seen that if there is
a common mapping © = 7(f;) for all modes, and fyqu, \(tx)) =0, then C2)
holds. Generally, C2) is hard to satisfy even in the linear case [99]. In the ab-
sence of C2), C3) requires that the dwell period of each mode is long enough.
C3) can be verified by checking whether Ink + (a — 22)t;, < (a — 2B — ")t
holds or not fort € [ty tii1). ’ ’
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Proof of Theorem 2.4 : Since mode o(tx) in the time interval [ty, tx41) is
controlled by (), thus its FTRP is solved from Assumption 2.5. According
to Theorem 8.3.2 in [75], a center manifold © = 7,(,)(fr(,)) of mode o(tx)
is locally attractive, i.e.,

|2(t) = To(ee) (Fowo ()] < Be " (te) — T (fowo (E))], th <t < ti
(2.2.11)
Similarly, in [tx_1, ) one has

(t) = Tote ) (Fotte ) (tr )] < Be™ ™ 75|t 1) = o) (fotn o) (Bem1))]
(2.2.12)
Combining (2.2.11) with (2.2.12) yields

|2(8) = o) (fown )] < Be™™ % \a(ty) = o) (for ) (tr)

FTo(tp ) (fotti) (k) = Tot) (fo) (k)
< B2eia(t7tk71)‘x(tk‘*1> - TU(“/k—l)(vfo'(tk—l)(tk*1>>’
+Be” s (o) () = To) (Fow (1))] (2:2.13)

By induction, we obtain
|2 (t) = Totue) (fowny ()] < B 1e™|2(0) — mo0) (fo0) (0)))]
k
+ Z (Bsefa(tftk—erl) ‘Wa(tk,s) (fU(tk—s) (tk,SJrl))
s=1

_m(tk_s+1>(fo<tk_s+1)(tk,sﬂ))\) (2.2.14)

From C1), we can pick A = a — %, we have 7, = (lnB . Based on (2.2.10),

a—2M\)
we have

Bk+167(zt S BNoJrle% In B—at < BNOJrle*)\t (2215)

If C2) holds, each term of the sum in (2.2.14) is zero. Substituting (2.2.15)
into (2.2.14), we further have

2(8) ~ Tt (ot ()] < B e M2(0) — mo (fo (0D (2:2.16)

Inequality (2.2.16) means that x — 7, ( fo(,)) still converges to zero Vt > t,
Vx(0) € X and Vf; € F. By continuity of H and y, in each [t;_1, 1), it follows
that lim; g e(t) = 0.
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If C2) does not hold, one has from C1) and (2.2.10) that

“th—s+1

t
Bse—a(t—tk_s+1) BNO+Te—a(t_tk—s+l)

t—t._
BNoeM In B—a(t—tk—s+1)

Ta

INIAIA

BN()e—)\(t—tk—s-‘rl) (2217)

Since each f; is bounded due to the neurally stable exosystems, there exists
a constant £ > 0 such that Vk =1,2,...,and 1 < s <k

Totte ) (oo ) host1)) = o o) ot o) trost1))| <€ (2.2.18)

It follows from (2.2.18) and C3) that

k
> (Bsefa(tft’“’s“)\%(M(fa(tkfa(tk—sﬂ)) - %(tmm(fcr(tkfsm(tk*“))‘)

s=1

k
< fBNO Z e AMt—tk—sy1)
s=1

< é'BNoelnk—A(t—tk)
< ¢BNogmt (2.2.19)

By substituting (2.2.15) and (2.2.19) into (2.2.14), we conclude that x —
To ) (for)) converges to zero Vt > ty, Va(0) € X and Vf; € F. 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 contin-
uous faults and discrete faults in this section. The system takes the form

©(t) = Asz(t) + go(x(t),t) + Bouy(t) + Es f5(t) (2.3.1)
y(t) = Cuaf(t)

where z(t) € R" is the non measured state, y(t) € R? is the output, u,(t) €
R™ is the control. A,, B,, FE, and C are real constant matrices of appropriate
dimensions. (A,, B,) is controllable. g,(x(t),t) is a continuous Lipschitz
function, i.e., |g,(x1,t) — go(x2,t)| < Ly|x1 — 22|, where L, > 0 is called the
Lipschitz constant. Moreover, g,(0,t) = 0.
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The continuous actuator fault is modelled by a “fault pattern” as in
Chapter 2.1. Suppose that there exists two constants fO and f! such that
el < £, 1f¢| < fL Such fault model covers all faults that result in a
deviation of the control signal from normal.

Define @ = {1,2,..., N}, where N is the number of modes. o(t) :
[to, 00) — () denotes the switching function as in sections 2.1-2.2. Denote
as the jth switching instant of the system (2.3.1)(2.3.2). At ¢;, the system
switches to mode k, where k € Q, j =1,2,....

The switching property is considered as in [40]: a) the switching sequence
is fixed. b) there is a series of prescribed dwell periods between each switch-
ing. We also assume that the states do not jump at the switching instants.

The discrete fault is represented by the faulty switching function o (),
that forces the system to switch to a mode which is not the prescribed succes-
sor at the switching instant. Similarly, oy (t) denotes the healthy switching
function. If o(t) = oy (t), 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 (2.5.1)-(2.5.2) 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. 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 [168], [91], [67] and [30].
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
adaptive 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 system 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 fS(t) is addressed. We introduce the input-to-state
practical stability and a lemma that will be used later.

Definition 2.5 [145] A system & = f(x,u) is said to be input-to-state prac-
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tically stable (ISpS) over [0,t) w.r.t. w if there exist functions § € KL,
o,y € Ko, and a constant ¢ > 0, such that for any bounded input u and any
initial condition x(0), we have

a(le®)]) < B(z(0)], 1) +(lulloy) +<, V=0

Note that when ¢ = 0, ISpS becomes input-to-state stability (ISS) [146] (see
also Definition 4.1 in Chapter 4).
It has been proven in Section VI of [145] that the following property holds.

Lemma 2.5 If there exist oy, aso, a3, 71 € Ko, 51 > 0 and a smooth function
ViR" — R such that

V(z) < as(|z|) (2.3.3)

<
< —ag(lz]) + n(lul) +a (2.3.4)

Then the system & = f(x,u) is ISpS over [0,t) w.r.t. w.

If ¢ =0, then V is called ISS Lyapunov function[146], and the system is
ISS under (2.3.3) and (2.3.4) with the state z and the input u (see Lemma
2.14 in [146]).

Now let us consider the system (2.3.1)(2.3.2) with o(t) = k for some
k € @ starting from t = ¢;

a(t) = Apa(t) + ge(x(t), 1) + Bruw(t) + Eifi(t) (2.3.5)
y(t) = Cux(t) (2.3.6)

Assumption 2.6 There exists a matriz Ky, such that Gy(s) = C[sI — (Ax —
K O)| 7 Ey, is strictly positive real (SPR) :

Vw > 0: Re(Gr(jw)) >0 (2.3.7)

Moreover
min O_min(Ak — K,.C — ]w[) > Ly (238)

weERT

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

Remark 2.5 Assumption 2.6 is a restriction on the triple (Ax,C, Ex) 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 (Ag, C) is observable and C'Ey is of full column
rank. It should be noted that C'Ey being of full column rank is a standard
assumption in fault isolation problem [16].
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Under Assumption 2.6, it has been proven in [131] that for any given
matrix @ € R™*™ > 0 and scalar ¢ > 0, there exist two matrices P, €
R > (0 and R € R"*? such that

P.Ey = CT Ry, (2.3.9)

and

PQ
(Ap — KpC) " Py + Po(Ay — K.C) + L1, + ?’f +Qr<0 (2.3.10)

The FD scheme for mode £ is designed as

A

fe = TuR[(y—0) — WTwfy (2.3.12)
y = Ci (2.3.13)

where @ (t), f¢ (), § (t) are the estimates of z (£), f(t),y (t). The weighting
matrix I'y, = Fg > 0, and the constant v, > 0 are chosen such that ¥, —
Amax (T 1) > 0.

Remark 2.6 The diagnostic scheme (2.3.11)-(2.53.13) plays an important
role to diagnose the fg. Our goal is to stabilize the system, we neither care
about when the fault occurs nor design a so-called detection observer as in
[79] to detect the fault. The diagnostic scheme (2.3.11)-(2.3.13) 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 ff =10).

Denote e,(t) = @(t) — &(t), e,(t) = y(t) — §(t), es(t) = f(t) = fi(t), we
have the following lemma:

Lemma 2.6 [77] Define a set Sy as

Sy = {(ewaef)

- g
Aumin (Pi)lea]* + Amin(Ty; )l eg]* < a—i

where
L >\max Pfl 1 2+ 0,2 A IIliIl(Ckl7 Ck;?)
B ) W (AN W]
G 2 Anin(@0) > 0, iz 2 0= Anax(T1) > 0 (2:3.14)

Then under Assumption 2.6, the fault diagnostic scheme (2.8.11)-(2.3.13)
guarantees that (e;,er) of mode k converges to Sy exponentially at a rate
greater than e~ %!,

30



CHAPTER 2. HYBRID SYSTEMS WITH TIME-DEPENDENT SWITCHING

The following lemma gives a relation between e, and ey.

Lemma 2.7 Under Assumption 2.6, the fault diagnostic scheme (2.3.11)-
(2.3.13) guarantees that e, is 1SS w.r.t. ey, i.e., there exist B, € KL,
Qeks Ve € Koo such that

er(ex(t))] < 5ek(|ew(tj)|vt> + ’Yek(Hef”[tj,t))? Vt >t (2.3.15)
Proof: From (2.3.5), (2.3.6), (2.3.11) and (2.3.13), we have

éx = (Ak — KkC)em —+ gk(x,t) — gk<i’,t) + Ekef (2316)

Choose a Lyapunov candidate Oy, = e Ppe,, its derivative w.r.t. time along
(2.3.16) is

@k = eI[Pk(Ak — KkC) + (Ak — KkC)TPk]Gx
+262Pk(gk(l‘, t) — gk(i', t)) -+ QGIPkEkef
Note that, for two vectors aj, as, it holds that 2a; ay < %a}T(ﬁ +eady "y for

e > 0. Similarly, we can show that

PZ
2¢e,) Py(gr(z,t) — gu(2,1)) < ez?k ex +eL} el e, (2.3.17)

From (2.3.10), we have

@k S _Q;—lex + 26;|—PkEk€f

|PkEk|2’

S (_)\min(Qk> + 51)‘€x’2 + €f’2 (2318)

where g1 > 0 is chosen such that —A,i(Qr) + &1 < 0. Inequality (2.3.18)
implies that ©;, is an ISS-Lyapunov function with the state e, and the input
ey. From Lemma 2.5, the result follows.

Moreover, we have

@k S _Amin(Qk) + €1
)\max<Pk>
Using the differential inequality theory (see Chapter 2 in [109]), we can obtain

t
O < rIOL(t;) + / e e (7) 2
t;

< el tf)@k( t;) + sup {eoles(7)] }/ u(t=")dr

TE(t,t)

P.E)?
BB o
£

@k+ —Ll@k—FLz’ef’Q

< U\ (POlea(t)E 4 —— sup {isles(r >|} (2.3.19)

~ —U1 1€ty t)
Bek (lex(t5)],t) ~

'Yek(HefH[tj,t))
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Define ae(-) = Amin(Pr)(+)?, which, together with Bex,ver in (2.3.19),
leads to (2.3.15). This completes the proof. O

Supposed that ef(t) is norm bounded in each [t;,¢;11). Inequality (2.3.15)
means that given an initial |e,(¢;)| (or a bound of |e,(t;)|, the value of |e,|
can be estimated. Define

ea(eet 2 0zt 0 B (lea()],8) + Azt 0 (les Oll)s & << tyo
(2.3.20)
ex(t)est is the estimates of |e,(t)|. It follows that |e,(f)] < €, (t)est-
Now we are ready to design the FTC law. Since (A, By) is controllable,
let Wy, = W, > 0 be associated with a given symmetric positive definite
matrix Hy by the Riccati equation

Al Hy + Hy Ay, — 2H, By B Hi, + W, =0 (2.3.21)

The design of the proposed fault-tolerant controller makes use of the two
following assumptions.

Assumption 2.7 Given a solution Hy of (2.3.21), there ezists a bounded
function n(z,t) > 0 such that

|l Hyge(z,t)] < mu(x,t)|a" H, By (2.3.22)
Assumption 2.8 rank(By, Ey) = rank(By).

Remark 2.7 Inequality (2.53.22) is not restrictive. Since gi(0,t) = 0, from
the Lipschitz condition, one has |gp(x,t)] < Ly |z| and |27 Hygy(z,t)| <
L |xTHk‘ \z|. Since (Ax, Bg) is controllable, the ratio ‘xTHk|/ :cTHkBk‘ is
homogeneous and its maximal value is found by solving max(|x' Hy|) under
the constraint |x" H,By| = 1 providing some bounded solution x*. Assump-
tion 2.8 is naturally satisfied for the actuator faulty case. Indeed, rank(By) =
rank(By, Ey) < Im(Ey) C Im(By) which is equivalent to the existence of
By such that (I — By B;)Ey, = 0.

The fault-tolerant controller is constructed as

uk(i) = U1 (i‘) + Uk;g((%) (2.3.23)
where
u(#) £ =Bl Hpd — BiELf}, (2.3.24)
wo(®) 2~ ) (@) £ () B] Hyd (2.3.25)
|0x(2)] + €/2 ’ ’

with € an arbitrarily small positive scalar.
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Lemma 2.8 Suppose that assumptions 2.6-2.8 are satisfied, under the feed-
back control (2.3.23)-(2.3.25), mode k in (2.3.5)(2.3.6) is ISpS over [t;,t)

w.r.t. €, €f and a constant g, > 0.

Proof: Applying the control (2.3.23) to (2.3.5) results in the closed-loop
dynamics

@ = (Ay — By B} Hy)x + BB} Hye, + Epes + gr(w,t) + Bruga(2)(2.3.26)

Consider a Lyapunov candidate Vi (x) = 2" Hpz, where Hj, > 0 is defined by
(2.3.21). Its derivative along the system is

Vi < =Xain(Wo)|a]® + 2| H By B{ Hy| - |z - |es|

From (2.3.25), one has

2[ETHk[BkUk2(JI) + gk(l‘, t)]
B —2n(z, t)|a" HyBr|? + 22" Hygr(z, t)ni(z, t) |2 T Hy By + ex " Hygi(x, )
Ne(x, t)|xT Hy By| + €/2

(2.3.28)

Substituting (2.3.22) into (2.3.28) yields

el Hygi(2,1)] < €(2.3.29)

22" Hy|Brupa () + gi(z, )] <
el Bra() + gul, 8)] < (. )T HyBy| + €/2 =

Assumption 2.7 guarantees that the control us(z) is continuous and locally
bounded. There always exists a number d; > 0 such that |ug2 (%) — uge(z)| <
Ox|es| for a small |e,|. Due to the convergence of the estimation in Lemma
2.6, it follows that

20" Hy[By(ura(2) — upa(2)] < 2| HypBy| - 01leq| (2.3.30)
where 9, > 0. It also holds that

H, B, B, H|?
2 BB H - o] - o) < eofaf? + PP T
2

|6$|2

H.E,|?
2[HL B Jo] - leg) < eafel? + Dy
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where e9,e3 > 0 are chosen such that — Ay (W) + &2 4+ £3 < 0. Substituting
two inequalities above and (2.3.29), (2.3.30) into (2.3.27), one can further
obtain

Vi < (= Amin(Wi) + €2 + €3) |2

H, B, B, H;|? H.E,|?
+M|%|2 + 2|Hy, By - Olea| + M‘efﬁ +e
E9 €3
From Lemma 2.5, the result follows. O

Based on previous analysis for single mode, now we consider the HS
(2.3.1)(2.3.2). It can be obtained from Lemma 2.8 that there exist continu-
ously differentiable functions Vj : R" — Rso, k € Q and ¥1(+), %(-) € K,
such that Vp,q € Q

@}]x\z < V() < agla|? (2.3.31)
Volz) < =XoVp(@) +Filex]) + 2(les]) + <o (2.3.32)
Vo(z) < pVy(z) (2.3.33)

where constants o, @, Ag, o > 0, 1 > 1. The existence of p is automatically
guaranteed for the quadratic Lyapunov functions, e.g., u = @s/ay.

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.

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

The following theorem provides a FTC strategy for the overall system
with continuous faults.

Theorem 2.5 Consider the HS (2.3.1)(2.5.2) with an initial x(0), each
mode satisfies assumptions 2.6-2.8. Let the switching function o have an
ADT 7,. If 1, > li—:, where p and Ny are chosen from (2.3.32)-(2.3.33), and
er(t/(k+1))est < €x(t7(k))est where t7(k) denotes the time instant that mode
J is activated for the kth time, then under the diagnostic scheme (2.53.11)-
(2.3.13) and controller (2.3.23)-(2.53.25), the states of the overall switched
system are always bounded and converge to a small closed set.
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Proof: Define G%(\) = fab er®dds, where ® £ 7 (|e,|) + Fa(ley]) + <o Let
T > 0 be an arbitrary time. Denote by ti,...,tn,(r,0) the switching instants
on the interval (0,7), where N, (7',0) is defined in (2.2.10). Similar to [162],
consider the function

W(s) £ eV, (2(s)) (2.3.34)
Since o(s) is constant on each interval s € [t;,t;11), from (2.3.32), we
have W(s) < e**® Vs € [tj, t;41). Integrating both sides of the fore-
going inequality from #; to t;,, and from (2.3.33), we obtain W(t;11) <
u(W(t;) + GZ“(AO)). Iterating the foregoing inequality from 0 to N,(7,0),
we get

N, (T,0)

W(T) < )T (WO) + Y piGE () (2.3.35)

where T~ denotes the time instant just before T

Pick A € (0, \g — li—a“), we have 7, > (}\1;1—_“)\) Based on (2.2.10), we have

MN,,(T,O)—j < MN0+%—j+1—1
S #1+N0€Ta()‘0_/\)(%_1_j) S M1+N06(A0—>\)(T—tj+1) (2336)
and . tit+1 N N "
G (\g) = /}t s < LoV G () (2.3.37)

J
Substituting (2.3.36), (2.3.37) into (2.3.35) yields

Ny (T,0)
— Ng(T,0 1+No ,(Ao=N)T ~tj
W(T) < pNTOW(0) + Y pttNoetom TG ()
7=0
N (T,0)
< N T (T (0) 4 ST NG (V)
= J

j=0

< pttNoemAT AT (W(O) + GJ(A))
It follows that

ara(T)* < p e (Ga]z(0)* + Gg (A

S M1+N0€—>\Td2|m<0)|2 + ,LL1+N0

~—

)
(1 llelliom) + Ta(lleslom)) +5

> =

where ¢ 2 (Vo . ¢) /A

35



CHAPTER 2. HYBRID SYSTEMS WITH TIME-DEPENDENT SWITCHING

This implies that the HS is ISpS w.r.t. e,, e; and a constant ¢ > 0.
On the other hand, the inequality e,(t/(k + 1))est < €x(/(k))est guarantees
the global convergence of e,, which together with the boundness of e; 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 continuous actuator faults occur in each dwell period.

2.3.3 FTC for discrete faults

Since the discrete faults violate the prescribed switching sequence, one would
naturally try to first identify the current mode at the beginning of each time
interval [t;,;41) using a short time period At; < t;41 —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
according 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 appears in At;.

The system (2.3.5)-(2.3.6) without input can be written as

#(t) = Apa(t) + gu(a(t), 1), y(t) = Ca(t) (2.3.39)
where £’ € @) is unknown. The system (2.3.38) is rewritten as
i(t) = Azx(t) + Fu(x(t),t), y(t) = Cx(t) (2.3.39)

where Fy(z,t) £ Apx + gw(x,t) — Az, A is a matrix such that the pair
(A, C) is observable. 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 — LO)"P + P(A — LC) = —Q with a given symmetric positive
definite matrix Q.

A model-free sliding mode observer is designed as

2(t) = Az(t) + S(€:(t), p;) + L(y(t) — y(t)), 9(t) = Cz(t) (2.3.40)
where €, £ z — 7, and

S(en(t). py) & P,g—fm%
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with a constant p; > 0 which will be designed later.
From (2.3.39) and (2.3.40), we have

E(t) = (A — LOVe, (t) — S(Ea(t), p;) + Fi(x(t), t) (2.3.41)

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

F(z,t) = —P7*CThy(x,t) (2.3.42)

Remark 2.8 FEq.(2.3.42) is not hard to be satisfied if Fy/(z,t) is bounded.
It is clear that there exists a constant F' > 0 such that |Fy/(x,t)| < Flz|. If

x s bounded in At; (which will be shown later), then |Fy (z,t)| is naturally
bounded.

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 (2.3.41) is
asymptotically stable.

Proof: Consider a Lyapunov function candidate V(e,) = e} Pe,. Its
derivative along the system (2.3.41) is

< -6, Qe +2|Ce,| - |x]o — 2|Ce.|p; (2.3.43)

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

In order to identify the current mode, a series of following observers are
also needed

observer i : i’l = Azi’z + gi(iri,t) + Kz<y — gz), gl = O(z’“ 1€ Q (2344)

which are the same as (2.3.11)-(2.3.13) without u; and f¢. e,; denotes the
state estimation error using observer i.

The sliding mode observer in (2.3.40) and all observers in (2.3.44) are
invoked to estimate the current mode simultaneously in At;. Set the initial
states of observers to #(t;) at t = ¢;. It is supposed that all modes are
discernable [30], i.e., for mode i without input, |e,;| converges faster than
lew;|,Vj € Q,j # i . This is a quite general condition for switching control
problem as for instance in [30],[168] and [91]. Roughly speaking, it means
that all the modes are not overlapping.

The identifiability is analyzed in the following lemma.
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Lemma 2.10 The current mode k' can be identified at time instants t;+At;,
where At; can be made arbitrarily small.

Proof: Tt is evident that |e u| — |€2] < |7 — @p| < |eww| + |€2], one has
T -3 — [T —dp|2x, Vi€eQ,i#K

where Y £ |eui| — 2|€.| — |eqw|. All observers share the same initial states
at t = t;, so x(t;) < 0. From Lemmas 2.7, 2.8, and (2.3.44), it follows that
if the current mode is mode k', then |e,./| converges to zero at a given rate
depending on K and Q. Lemma 2.9 ensures |é,| also converges to zero
at a given rate. Note that all modes are discernable, there always exist Ky,
Qi L, Q and p; such that x(t) > 0 Vt > t; + At; with arbitrarily small At;.
It follows that |Z — /| is minimal V¢ > ¢; + At;. This implies that mode &’
can be identified. O
The work of identifier is to find Z;s that is most similar to . Although At;
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 Z;, T
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 l-order time derivative of signals in the simulation).
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
following set

QAtj £ {At]|At] < tj+1 — tj and |.f‘(tj + At])’ S §|(Z’<tj>|} (2345)
where > 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 |Z(t; + At;)| < &|z(t;)]
when the current mode is detected at t + At;.

From (2.3.45), lemmas 2.7 and 2.9, we have
|z(t; + AL)| < [zt + Al)| + [ea(t; + Aty
(tj + At))| + V aseB e, (t;)|

(tj + At])‘ + \/C_V_Bex (tj)est
Elz(t;)] + ¢ (2.3.46)

IA N IA
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where a3 > 0, @y < 0 are determined by P, Q. k" denotes the mode activated
in [tj_1,%;). Note that ¢; > 0 can be calculated from the estimates e,(t;)cst
in (2.3.20). The main contribution of inequality (2.3.46) is that it provides
a bound of |z(t)| in At;, which can be used to design p; in (2.3.40).

The proposed identifier in this section has three good properties:

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

e [t is not affected by continuous actuator faults since no control signal
are applied in At;.

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 con-
tinuous 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 t;, stop the fault diagnostic scheme (2.5.11)-(2.3.13),
set control signals and fault estimates to zero.

2) Invoke the model free observer (2.3.40), a series of observers (2.3.44),
initialize all observers at t; with the same states T(t; ).

3) Choose p; by (2.5.43) and (2.3.46), invoke the identifying scheme in
Lemma 2.10 into the system.

4) Determine At; based on Lemma 2.10.

5) Att;+At;, stop the identifier, apply the fault diagnostic scheme (2.3.11)-
(2.5.13) and controller (2.3.23)-(2.3.25) into the system according to

the current mode.

6) At switching instant t;11, 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 (2.3.1)(2.3.2) with an initial z(0) satisfying
assumptions 2.9, 2.10, with each mode satisfying assumptions 2.6-2.8. Let
the switching function o have an ADT 71,. If 74 > 12—0“, and e, (7 (k+1))est <
(17 (k))est, then the proposed FTC framework guarantees that the states of

the HS are always bounded and converge to a small closed set.
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Figure 2.2: The FTC framework

Proof: Following the result of Theorem 2.5, we have
W (t1) < p(W(t; + Aty) + G sy, (M) (2.3.47)

If the current mode is mode k', then

W (t; + Aty) = GTADVL (0t + Aty)) (2.3.48)
From Lemma 2.9 and (2.3.45), we have

\z(t; + Aty)] lex(t; + At))| + |z(t; + At))]

Vagetdliley (i) + £|2(t;) — 2(t;) + =(t))]
< (Vaget Bt + &)|e,(t;)] + &lz(ty)] (2.3.49)

From (2.5.2), we further have
Vie(2(t; + Aty)) < aglz(t; + At))|?

< 2052 vV 04360‘4At1 —|—£ ‘2 20(;26 Vk/( ( )) (2350)

Define 4 (t;) £ 2 2a,(\/agedsdt 4 €) )|ea(t;)|2e XoAt; LA -y 2a2€) M0AG T each
period Atj, there are no input and contlnuous actuator fault so ef(t) =0
Vt € [tj,t; + At;), and it is natural that GZfAtj(AO) < GZ“(AO). Iterating
the inequality (2.3.47) from 0 to N, together with (2.3.50), where N, denotes
N,(T,0), we get

IA A

No—1 No—1 No—1
W(T_) < (MNU H AS>W(0)+ Z <NNa—i+1e>\otiw(ti_l) H Ag)
s=0 =1 5=1
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Ny—1 No—1
T () + Z (MNafjJrngil()\o) H Az) +uGl (M)
j=1 =i

Since At; is a bounded small time period, there exists a constant A > 0 such
that HN”_1 A, <AVie{l1,2,...,N, —1}. Note that e** < e*T one has

W(T™) < p"AW(0) + e*TA Z N (ti)) A pe T (Ey, )
— Nd_l .
HA DY (NG (M) + Gl (M) (2.3.51)

From (2.3.36) and (2.3.37), we get /LN“_j+1G§;71(>\0) < pltNoeQo-NT G (N),
for 0 < A < Ag. Taking the forgoing inequality into (2.3.51), and followmg
the same way as in Theorem 2.5, we can finally obtain

arla(MFF < Bull2(0)],1) + vellea (i)l o)
Hrexllezllior)) +er(llesllon) +<(2.3.52)

where (3, € KL, Ve, Yex, Vef € Koos 2 > 0 are determined from (2.3.51).
The inequality (2.3.52) implies the ISpS of HS w.r.t. e,(t), ef(t), €.(t;)
and a constant & > 0, where j = 1,2.... which, together with e, (t/(k +
1))est < €x(t7(k))est and the boundness of ey guarantees the global conver-
gence of the states of the system to a small closed set. O

Remark 2.10 Note that €,(t;) is a discrete vector, since its value is captured
only at each switching instant. Moreover, it has been shown that |e,(t;)]
Vk € Q is bounded. Theorem 2.6 also implies that the value of At; € Qay,
does not change the system’s ISpS property. Appropriate selection of At; can
reduce the bound of x in the sense of ISpS in (2.3.52).

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
[130]. It is natural for HS that, at each t;, 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
employed to illustrate a potential application field of the approach. = =
[0, W] " is the state, where 6,,, w,, denote the angular position and velocity
of the motors.
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The simplified system model is expressed as follows:

O = win
Wm = ———sin(0,) — —wm +—u;, 1=12,....m
Im, Im, Im

where J,,, denotes the inertia of the motor. s, > 0 is the elasticity constant.
u; is the voltage applied to the motor of phase 7, with b; and ¢; being the
related viscous friction and the amplifier gain. In the simulation, m = 3 is
considered. The parameters are J,, = 0.935 kgm?, k. = 0.311 Nm/rad,
by = 1.17 Nms/rad, by = 2.23 Nms/rad, b3 = 0.54 Nms/rad, ¢ =
20.196 Nm/V, co = 35.31 Nm/V, ¢5 = 12.44 Nm/V. We further describe
the model by the general form (2.3.1)-(2.3.2) with

0 1 0 1 0 1
Al:{o —1.2513}"42:[0 —2.385}’143:[0 —0.5775}

0 0 0 0
Bi= { 21.6 ] B2 = { 37.765 } B = { 13.305 } 9l@) = { —0.333 sin 7,

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 commutations of SRM. A coupled output signal of the angular
position and velocity is obtained shared by all phases, the output matrix
C=112].

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

3 0.1105 —0.0007
Kl - |: :| ) Ql - |: :|

—-1.8 —0.0007  0.0986

Solving Eqs.(2.3.9)-(2.3.10), we obtain R; = 0.3225 and

p [ 00157 0.0258
171 0.0258 0.0516

On the other hand, by choosing W; = I549, we obtain the matrix H; from
(2.3.21) as
o, = { 1.0330 0.0327 }
0.0327 0.0325

The bounded function 7 (z,t) is selected from (2.3.22) as

(o 1) 033300151, — 0.0377,
€T =
A, 10.32662;, — 0.815015]
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Figure 2.3: An illustration of system’s behavior

Take I'y = 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 (2.5.2)-(2.3.33), choose p = 35, Ay = 0.8.
The switching instants are prescribed as t; = 7s, to = 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]T.

f1 is assumed to occur at t = 1.5s as

fc(t) o 07 0s <t<1.b5s
P71 05+ 0.3sin(4nt), 1.5s <t <7Ts

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 ff 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 = 7s, the identifier scheme is invoked.
The parameter of the model free observer in (2.3.40) is designed as

. (o1 . 2.8 - [ 27055 4.5351
A= [o —1}’ L‘{—m}’ P= {4.5351 9.0703}

0.6384 0.6540
0.6540 1.8141
with o selected as 3. The speed of the rotor can cause an increase of the
current after the corresponding 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 (2.3.43) and (2.3.46), we can also choose p; = 5.

where P is obtained with Q = [ } There exists a h(z,t)
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Figure 2.4: Fault diagnosis
R 10 .
0.02
0011
o o
0.01
0.02
A
0.03 -
0.04 -
7 7‘1 7‘2 7‘3 7‘.4 75 o é “3 é é “0 12
vs s
(a) Identifier performance (|T — Z3|: (b) States trajectories
solid; |T—&o|: dotted; |Z—21]: dash-

dotted)

Figure 2.5: FTC performance
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A boundary layer compensator technique [192] is used with a bound number
0.02 to eliminate the chattering.

Fig. 2.5(a) shows the performance of the identifier. Although |z — 24| is
minimal at the beginning, |z — Z3| is minimal and decreases at 7.35s, while
| — 1| and | — 25| still diverge. This implies that Mode 3 and consequently
the discrete fault can be identified with At; = 0.35. The controller and fault
diagnostic scheme for mode 3 are invoked into the system at ¢t = 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 perfor-
mances and energy-like considerations, has been widely used to analyze sta-
bility of nonlinear systems, where systems can not store more energy than
that supplied by the environment outside [165]. Passivity concept has also
been adopted for switched and HS [201], [194], 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(z)+g(@)u+ Ax)
= h(z) (2.4.1)

where © € X C R" are measurable states, u € U C R™ are inputs, y € Y C
R™ are outputs. The fault is modelled by an unknown function A(x) € R",
which effectively represents the process faults [16], and occurs at an unknown
time. f, g, h and A are smooth functions.

Definition 2.6 [21] A system (2.4.1) with A = 0 is passive if there ezists a
nonnegative function V : X — R, which satisfies V(0) = 0, called the storage
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function, and a supply rate y'u, such that for all initial states x(0) € X,
uelU, andt >0

V(x(t)) = V((0)) < /0 y' (s)u(s)ds (2.4.2)

g

J/

supplie?dr enerqy

stored energy

where x(t) are the states at time t.

The inequality (2.4.2) is called dissipativity inequality [165], which for-
malizes 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 [21].

Now we address the FD problem. As shown in Fig. 2.6, most classical
methods [50, 26] 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.

Classical FD Energy based FD

detect nearly all faults

ﬂ

detect a part of faults

!

estimate the increasing
fault energy (inplicit)

estimate the
fault values (explicit)

FTC (Stability) |< ————"1| FTC(Passivity)

Figure 2.6: Comparison of FD methods

In the following, we assume that V is a C! function. The passivity prop-
erty is equivalent to

[OV

2] 1)+ gl <y (243
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Once a fault occurs, the constraint (2.4.2) may be violated. Adding A(x)
into (2.4.3) and integrating both sides yields

V(a(t) - V(2(0) < / yT (s)u(s)ds
+ /0 [Z—Z(x)]TA(x(s))ds (2.4.4)

G /

fault energy E;

As indicated in (2.4.4), the energy dissipativity property changes due to the
fault. The fault may help to dissipate the stored energy (E; < 0) or increase
the stored energy (E; > 0). We only care about the faults that result in
V(z(t)) — V(z(0)) > fot y'(s)u(s)ds. A diagnosis threshold can be designed
as

V(a(t) — V(2(0)) = /0 yT (s)u(s)ds (2.4.5)

This is also called lossless property [21]. Note that the faults with £y < 0
are not necessary to be detected since they do not change the energy dis-
sipativity. Once the left side of (6.1.6) becomes larger than the right side,
the fault is detected. We estimate such fault value implicitly as V(x(t)) —
V(z(0)) — f(f y'(s)u(s)ds. More precisely, we estimate the energy that in-
creases due to the fault and check whether the system is still passive or not.
This information will be used for fault tolerance analysis.

2.4.2 Fault tolerance analysis of hybrid systems
The hybrid system takes the form

T = [, () + go(v)u, + Ay (2)
= hy() (2.4.6)

where x € X C R” is continuous everywhere, u, € 8™, h, € 1. All f,,
Jo, he and A, are smooth functions. o(t) : [tg,00) — Q = {1,2,..., N} de-
notes the switching function. We denote by tx, k = 1,2, ... the kth switching
time. N, represents the number of switchings in [0,¢). ty;, k = 1,2, ...,
J € (@ denotes the kth switching time that mode j is activated. Suppose
that there exists N non-negative storage functions V,(z), and of, of € Ko,
Vp € @ that satisfy

af(|z]) < Vp(x) < aj(|z]) (2.4.7)

such that mode p is passive with V,(x) in the healthy situation.
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In this work, we neither reconfigure the controller u, nor adjust the
switching law o. We analyze fault tolerance of the HS (2.4.6) 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 (2.4.6) is globally passive if there ezists

nominal controllers uy, uy, ...,uy, such that for all initial states x(0) € X,
and T >0
T
Vory(@(T)) = Vo) (2(0)) — By (2(0)) < / W (s)ds (2.4.8)
0
where W (s) <0 is defined as
T No)  nyis
| e (47 ()t ()
0 k=0 tr
EWJ(S) T
+| o (@) Bo(als))ds  (249)

and Ey,. = ij:”(lﬂ [Vg(tk) — Va(t;)} 1s bounded by a constant and tends to zero

as x(0) goes to origin.

The left side of (2.4.8) represents the sum of stored energies of all modes,

which could also be written as Z],L’BT) [Va(tgﬂ) — Vg(tk)} where to = 0,

tN,+1 = T. The formulation of (2.4.8) is consistent with the standard
passivity inequality, E},. denotes the total transient energy. As shown later,
E}. may be eliminated under some conditions.

It is clear from (2.4.9) that the right hand of (2.4.8) denotes the total
supplied energy and “fault” energy. Since W(s) < 0, it follows that under
the nominal controllers wuy, us, ...,ux, 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 [201] as in
the following proposition.

Proposition 2.1 If each mode of a HS (2.4.6) is passive as in (2.4.2), and
there eist functions W™ (t), called cross supply rates such that wit'(t) <
ML(t) where ¢y (t) € £y and

V(atyusn)) = Valalta) < / T (s)ds (2.4.10)

tok
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then the system (2.4.6) 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 (2.4.10), we obtain

n@@»—%u@m—@@w»sALWQw (2.4.11)

where W (s) <0, ©(z(0)) is a constant and tends to zero as x(0) goes to the
origin. This constant is obtained from the fact that 3° ftt‘ﬁk“) wit(s)ds is
q

bounded, since ¢; () € £;. On the other hand, for any z(0), V) (2(0)) is
bounded, there exists a constant ® £ Vo) (2(0)) — V,(z(t41)), which together

with (2.4.11), leads to the result. O
Global passivity implies the stability as shown below.

Theorem 2.7 If a HS (2.4.6) is globally passive, then the origin of the sys-
tem is stable in spite of faults.

Proof: For a given arbitrary e > 0, since V; is continuous and V;(0) = 0,
based on (2.4.7), we can choose £ > 0 such that V; < €} leads to (o) ~'(V;) <
e. Pick e3 = min;[e}], since Ey, tends to zero as z(0) goes to the origin, we can
choose €4 such that |z(0)| < g4 results in max;[ab(|z(0)]) + Ei((0))] < e3.
Thus, followed by (2.4.8), we find that if the system starts in B(gy), we will
stay within B(e). This completes the proof. O

Theorem 2.7 provides us a method to check the fault tolerance, which is
equivalent to check the global passivity. However, when we use (2.4.8) to
check the fault tolerance at any instant T', one obstacle appears since we are
not sure whether there is a constant bound of the total transient energy for
all t > T. This motivates the following result.

Proposition 2.2 If a HS (2.4.6) is globally passive, and V) (x(t)) < Vo) (2(t))
at each switching instant t, then (2.4.8) holds with Ey,. = 0.

Proof: The result follows the fact that

No (1)

S Vot (@tha)) = Voguo (a(t0))

Ve @(T) — Vot lta)
Ve @lt41)) = Vit (@(00) + -+ Vi (2(21)) = Vago (2(0))
> Vi @(1)) = Voo (2(0) (2.4.12)

49



CHAPTER 2. HYBRID SYSTEMS WITH TIME-DEPENDENT SWITCHING

Thus, from (2.4.9), we have Vi (2(T)) = Vi) (2(0)) < [iF W (s)ds . 0
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 (2.4.8), 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 ()1 C @ denotes the set of healthy modes.

e () C ()1 denotes the set of healthy modes that may be activated as
the initial mode or after a healthy mode.

e ()3 C )y 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 } € Q1. { 1,6} € Q2. 5 € Q3. Note that Mode 3 is
activated between two faulty modes. Thus 3 € Q1 \ (Q2 U Q3).

(o (o o =) -

healthy faulty healthy faulty healthy healthy

Figure 2.7: Switching sequence

Definition 2.8 A HS (2.4.6) is periodically fault tolerant passive if there
exist nominal controllers uy, ug, ...,uy, such that for all initial states x(0) €
X, and T > 0, the following inequalities hold:

o Vie ()
Vilaltonn)) — Vila(t)) <0 (2.4.13)
where 0 <ty < tgpyr)i < T

o Vi € (), J € Q3, such that mode j is the first mode of set Q3 activated
after mode i. Denote by T., Ty the end time of mode j and the start
time of mode i respectively

Te

Vi(x(Te)) = Vi(x(Te)) < | Wils)ds (2.4.14)

Ts

where Wi(s) <0.
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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 1s ended at T,

wwwm—wum»soemmws (2.4.15)

where Wy(s) < 0.

For the case that the final mode i is faulty, and there exists j € Qo such
that mode j is the last mode of set Qo activated before the final mode
and is started at T,

Vi(2(T)) = Vi(z(Ty)) < | Ws(s)ds (2.4.16)

Ts

where Ws(s) < 0.

e For the case that no mode of the set Qo U Q3 is activated

Vot w((T) = Voo (@(0) < [ Wi(s)as (2.4.17)

where Wy(s) < 0.

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 (2.4.14)-(2.4.17)
are not hard to justify. 2) We can check the fault tolerance in a short period
after the fault occurs.

Lo energy dissipative
energy dissipative

E)-E- e~

healthy faulty healthy healthy faulty faulty healthy healthy

Figure 2.8: Switching sequence

Theorem 2.8 If a HS (2.4.6) is periodic fault tolerant passive, then the
origin of the system is stable in spite of faults.

Proof: We consider four cases as follows:
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e Case 1: The initial and final modes are not faulty. Note that each
healthy mode is passive. Inequalities (2.4.14)-(2.4.16) imply that every
time when we start in the mode of the set ()2, the energy is non-
increasing until the next mode of set ()5 is activated. The stability
follows from Theorem 2.3 in [19] and Theorem 2.7.

e Case 2: No mode of the set Q)5 U )3 is activated. The stability is
achieved from (2.4.17) and Theorem 2.7.

e Case 3: The initial mode is healthy, and the final mode is faulty. It
follows from (2.4.16) that after the last mode of set Q5 before final mode
is activated, the energy is non-increasing. The stability is achieved from
Theorem 2.3 in [19] and Theorem 2.7.

e (Case 4: The initial mode is faulty, and the final mode is healthy. Sim-
ilarly to Case 3, the result can be obtained from (2.4.15). O

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 z = [q., ¢r]".
The input u is the voltage.

ToL

L
Cy Cy Cn
/‘E%QE/F%QC /‘\C'I_qu

Figure 2.9: A switched RLC circuit

The dynamic equations are given by

L1
$1—Z£C2

po — — Loy B

To —1 C/El. TL2 T U
y=712, =12, N
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where C; denotes the ith capacitor. The energy function of each mode is
given as
1 1

‘/;-:

-0.11 B

Stored energy

-0.3F B

—04 =

| |

Supplied energy

—06F B B

-0.7
0

I I I I I I I I I
100 200 300 400 500 600 700 800 900 1000
s

Figure 2.10: Diagnosis performance (N=1)

Let us first consider the case N = 1, this RLC circuit is also discussed
in [118]. In the healthy situation, it can be obtained that V = —B22 + 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 x5 is changed into

. 1 R k
Ty = —61'1 — z.’lﬁg + 5331 +u (2418)
where k > 0 is an unknown faulty parameter. It follows that V = —%x% —

%lexg + yu. If —%x% < %xlxg, then such fault does not affect the pas-
sivity. Otherwise, the fault would be diagnosed. Set £ = —200, L = 0.1H,
C = 100uF, R = 19, the initial states are [0.2,0.2]". Fig. 2.10 shows the di-
agnosis 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.
Cl is activated in [tgn, t3n+1), 02 isin [t3n+1, t3n+2), and 03 is in [t3n+2, t3n+3),
n = 0,1,.... The nominal input is u; = —%.’ﬂg. The fault occurs in Cy as
(2.4.18) with £ = —200, which violates the passivity of mode 2. It is clear that
1 € @, 3 € Q3. In the simulation, set L = 0.1H, C; = 50uF’, Cy = 100uF,
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Figure 2.11: System performance (N=3)

C3 = 20pF and R = 1. Assume that the dwell time 3,35 — t3,12 = 20s,
t3nto — t3ne1 = 20s, and 3,41 — t3, = 20s. We can check that each period
[t3n, tan+3) satisfies (2.4.14), and mode 1 satisfies (2.4.13). 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
section, we establish a new sufficient stability condition named “ gain tech-
nique” 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

B(t) = forn (x(t)) (2.5.1)

where z € X C R" are the states. f, is a nonlinear smooth function. Define
Q = {1,2,...,N}, where N is the number of modes. o(t) : [0,00) — @
denotes the switching function, which is assumed to be a piecewise constant
function continuous from the right. f;, ¢ € @ are smooth functions with
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fi(0) = 0, hence, the origin is an equilibrium point. We denote by ¢;, j =
1,2,... the jth switching instant, to = 0. Let t;, i € @, k = 1,2,... be
the kth time when mode 7 is switched on. N, represents the number of
switchings in [0,¢). 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 GICL function 7 : [0,00) x [0,00) — [0, 00) if
(-, t) is of class I for each fixed ¢ > 0 and v(s,t) increases as t — oo for
each fixed s > 0.

Denote @), C @ as the set of stable modes and @, C @ the set of unstable
ones. Q = Qs UQus, Qs NQus = 0 and Q, # (. Suppose that there exist
continuous non-negative functions V, : R — Rso, of, of € K, Vp € Q,
and ¢, € KL Vp € Qs, ¢, € GKL Vp € Qs that satisfy for £ =1,2, ...

af(|z]) < Vp(z) < o5(lz)), Vpe@ (2.5.2)
Vo(z(1) < 0p(Vo(a(tpr)): t — tpr), VP € Qs, ¢p € KL, t >ty (2.5.3)
Vo(@(t)) < dp(Vo(@(tpr)), t = tp), VP € Qus, p € GKL, ¢ =ty (2.5.4)

Formulations (2.5.2)-(2.5.4) include various converging and diverging forms
(e.g., the exponential decay form [65], the constant gain form [200]). For each
stable mode, V), in (2.5.3) is more general than a classic Lyapunov function
since a bounded increase is allowed. For unstable modes, inequality (2.5.4)
implies that V,, may increase infinitely as described by a GKL function if
t — oo. GKL function is more general than the Lyapunov-like function in
[188] since we do not impose an upper bound on V,,. Note that (2.5.3)-(2.5.4)
are properties satisfied by functions of each mode, and do not depend on the
switching sequence. V), (Vp € @) is not required to be differentiable.

Definition 2.9 Given a switching function o(t), the origin of a switched
system (2.5.1) is said to be stable under o if for any € > 0, there exists a
0 > 0 such that |x(t)| <€, t > 0, whenever |z(0)] < 4.

Definition 2.9 describes the stability w.r.t. a given switching function o (t).
The objectives of this section is to propose switching laws that stabilize the
system (2.5.1) satisfying (2.5.2)-(2.5.4) 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
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(Lemma 1). Based on such stability criterion, a stabilizing switching law will
be constructed (Theorem 1).

Lemma 2.11 Consider a switched system (2.5.1) satisfying (2.5.2)-(2.5.4).
Under o(t), if there exists a constant 3 > 0 such that

No(ts,t)y  No(ts,t) ¢ z+1 t; )

2 ( [l
(2.5.5)

Then x is bounded in [ts,t). Moreover, for any bounded x(ts), the upper
bound of |x(t)| can be estimated.

<@, t>ty;>0, where EN oy +1 L2 ¢, No,p) 18 finite

t—t;

Remark 2.12 Note that % fort >t; is the bound of the gain of function

o(t;

Vo) when mode o(t;) is act(w)ated. Condition (2.5.5) gives a relation among
the gains of each activated mode and its activating period. More precisely,
x is bounded in [ts,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 t;, =ty = 0.
Denote Ng(t) = NO‘(O t)-

Consider ¢ € [0,#1), we have V) < °<0 V( Condition (2.5.5) ensures

G(O)

that ”(0) < . It follows from (2.5.2)-(2.5.4) that

0(0)

2(t1)] < (0] )" 0 B0 ag ™ (|2(0))) (25.6)
7
for ¥y, € K. According to (2.5.2), one has

Vi) < th +O‘2 (@, (j2(0)])) — a7 (05, (|2(0))) (2.5.7)

Define oy, = max[a;(tl) o ﬁtl,a?(q) o ¥, ]. Since ag(tl), a(f(t;), Uy, € Koo, 1t i
clear that oy, € K and

ar, (|2(0)]) = a3 ™ (0, (J2(0)]) — a7 (04, (J2(0)])) (2.5.8)
Substituting (2.5.8) into (2.5.7) results in
Vi < Vit + an (j2(0)]) (2.5.9)
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For t € [t1,12), we have

t—1t1 t—1t1
< Gt %o (tn[

> V;(ltl) o(t1) — Vt1

— t o It
V (1t1) VO'(O) VO’(ltl)

Note that VO(O is bounded and a;, € K. Condition (2.5.5) ensures that
ot t—tq

el ‘év@ < B and 2500 < 8. Tt follows from (2.5.2)-(2.5.4) and (2.5.10) that
o(ty) ©(0) U(tl)

2(t2)] < (o) 0 Bo (a5 (12(0)]) + e, (| (0)])) (2.5.11)

. J/

D1y (12(0))
for ¥y, € K. One further has

Vit V2 4+ a5 W (12(0)]) - af (94, (|2(0)))) (2.5.12)

o(t2) —

Define oy, = max[ag( 20 dy,, af (t2) o U4,]. Since aZ(tz) U(tz) Ui, € Koo, it
follows that oy, € Ko and

an, (J2(0)]) > a3 (9, (|2(0)])) — a7 (94, (|2(0)]) (2.5.13)
Substituting (2.5.13) into (2.5.12) results in
Vit

O’(tQ —

V” +ozt2(|x( ) (2.5.14)

for ay, € Ko
By induction, we find that under condition (2.5.5) there exists a function
a € Ky such that at each switching instant ¢; > 0,4 = 1,2, ..., Ny

Voo (2(t:) < Vo (2(t)) + allz(0)]) (2.5.15)

where a(|z(0)]) = SUPi=12,.. N, [, ([2(0)])].
Denote j = N, for t >0, j > 0, it follows from (2.5.3)-(2.5.4) that
¢t—tj
t—t; o(t;)yrtj
Vo (2(t)) < ¢a(tj) - VTVUZ@-)

a(ty)
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¢t—t]- ¢t—tj
o(ty) ti—tj_ o(t;)
< = ¢Uj(tjil)1 + a(|z(0)])
o(ty) o(ty)
qzstftjj gbtjftj,l B ’ qzstftj gbtjftj,l qstft]'
< Jolty) Tolti) th—l o(t;) Toltj—1) a(ts) 0
— th th,1 o—(tfil) + th thil th O{(|’T( )|)
a(t;) “o(tj-1) a(t;) “o(tj-1) o(t)
No () ts+1 ts Nowy  No .tz+1 —ti
< H ) + Z ( 1~ (|2(0)]) (2.5.16)
= i=k U(t)

Based on (2.5.2) and (2.5.15), since o € K, there exists a Ko, function a

such that

_ a(0

a(|2(0)]) = max |7 (|2(0)]), (= (0)]) | (2:5.17)
Substituting (2.5.17) into (2.5.16), together with (2.5.5), yields

Noy  No) 7,+1 —1;

oty <3 (15

From (2.5.2), we finally obtain

[2()] < (a7) 7 Ba(|(0)]) (2.5.19)

Since 3 > 0 is a constant, o/lf(t), a € Ko, the stability result follows.

From above procedures, one can find that under condition (2.5.5), given
any x(ts), f and switching sequence, each ay, (|x(ts)|) can be calculated which
is independent from the switching instants. Thus, for any bounded x(t,), we
can find a function () such that |z(t)| < Q(|z(ts)]). This completes the
proof. O

)a(zo)) < sa(a(0))  (25.18)

O'(t

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 “u” condition is removed by introducing a difference o(|z(0)|) among
functzons V, ¥p € M. However, the condition (2.5.5) is independent from
a(|z(0)]). 8) The upper bound of |x(t)| can be estimated without the infor-
mation of switching instants in [0,t). This property will be very useful in
switching law design.

Remark 2.14 The condition (2.5.5) is valid since V, is a non-negative func-
tion and is impossible to become zero unless a stronger finite time stability
[15] is achieved. For the case that finite time stability is achieved, (2.5.5) is
available if we take j instead of Ny )y where V;(t) >0 fort <tjq.
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Remark 2.15 It is often not easy to verify (2.5.5) on-line, which relies on
the solutions of the system. However, this condition can help to construct a
stabilizing switching law as shown below. The proposed stabilization scheme
will automatically guarantee the validation of (2.5.5).

Unlike the usual design methods that adjust both the switching sequence
and switching instants [200], [169], 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 x > 1 such that

= e GVl (tn). 0)
X7 jemtitia. Vi(z(tjr)) (2.5.20)

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, ¢;(Vi(z(t;x)),0) is affine w.r.t. Vj(x(t;x)), e.g. the expo-
nential decay form [65], the constant gain form [200]. In these cases, x 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 inter-
rupted by stable modes.

Choose a constant 3 > max[m(1 + x)x™, m(m + 1)x™!], where y is
defined in (6.1.37). Given any required upper bound € of |z(¢)| and switching
sequence, the switching law is designed as:

Switching law & (with a given € and a switching sequence)

1. Let ¢ =0, choose x(0) such that (acf(o))_lgbg(o)(Vo(o)(a:(O),0)) <e

2. If (C1) mode o(t;) is stable and mode o(f;1) is stable, then
go to 3;

Else, go to 5.
3. Choose t;;; such that (af(t”l))_lqbg(tiﬂ)(Vg(tiﬂ)(as(tiﬂ),0)) <e.
4. Let i=1+1, go to 2.

5. If (C2) mode o(t;) is stable and mode o(f;+1) is unstable, and

there exist h—1 unstable modes (h < m) activated successively

after mode O-(ti+1), then go to 6;
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Else, go to 9.

6. Determine the bound (|z(t;11)]) satisfying |x(tirn+1)| < Qx(tiv1)])

using (2.5.19) in Lemma 2.11, choose ?;;; such that

ol(t; lﬁ @ &2 t+ Y : —

7. Choose t;j;2+s such that

i+14s z+1+s Ljiv1—t; 5

Z ( H U(tj > (h+1— s)y+i—s -

t5)

8. Let s=s+1; If s# h, then go to 7; Else, let i=1i+h, go
to 2.

9. If (C3) the initial mode o0(0) is unstable, and there exist h—

1 unstable modes (h < m) activated successively after mode
0(0), then go to 10.

10. Determine the bound Q(|z(0)|) satisfying |z(¢,)| < Q(]z(0)]) using

(2.5.19) in Lemma 2.11, choose z(0) such that

(@7 ") ey (a5 (Q(|2(0)])), 0)) < €

let s=0.
¢tj(+1)*tj 5
s s o(t,
11. Choose ti;, such that >, _, (Hj:k th < hFi—s) i L.

a(tj)

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

The main idea behind S is that for current stable mode o(t;), if next
mode o(t;11) is stable, we let mode o(¢;) be activated until ¢;;; such that
x(t;y1) results in |x(f)| < e during mode o(t;41)’s working period [t;y1,t;i12)
(step 3). When we predict that h unstable modes will be activated after
stable mode o (t;), we let mode o(t;) be activated long enough until ¢;,1 such
that z(t;11) results in |z(t)| < e for t € [tiy1,tiyni2), .. the total activating
periods of all h unstable modes and stable mode o(t;14+1) (step 6). This can
be achieved because the upper bound Q(|z(¢;11)|) can be obtained without
the information of switching instants ¢;.1,...,t;1n+1. The switching scheme
among unstable modes is based on Lemma 2.11 (steps 7, 8, 11, 12). For initial
stable/unstable modes, the initial states x(0) are also chosen in different ways
(steps 1 and 10).
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Theorem 2.9 Consider a switched system (2.5.1) satisfying (2.5.2)-(2.5.4)
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
S, there exist an initial states x(0) and a series of switching instants satisfy
0 <ty <ty < .., such that the origin is stable and |x(t)| < e ¥Vt > 0.

Proof: In the step 1 of S, choosing z(0) satisfying
(7)™ bo(0) (Vi) ((0),0)) < €

which leads to |2(0)| < € when mode ¢(0) is just activated. If mode o(0)
is stable, we have from (2.5.2)-(2.5.3) that |z(t)| < € for t € [0,%;). We will
consider respectively three cases C1-C3 in S.

For C1, since mode o(t;) is stable, it follows from (2.5.2)-(2.5.3) that
there always exists a time instant t;,; > t; satisfying

g ti —
(061( +1)) 1¢J(ti+1)<V0(ti+1)(x(ti+1)70)) Se€

this implies that |z(t;41)] < € when mode o(t;41) is just activated. Since
mode o(t;,1) is also stable, we have |z(t)| < € for t € [t;11,t42).
For C2, switching on mode o(t;12) at t = t;,5 results in

i+1 i+l ¢]+1 —tj

(bo(tiﬁ-z)(vjzzfﬂ)’ 0)
Vti+2 ( Z ( H

o(tiy2) k=0 j=k

% )H)Sﬁ

a(ty)

< - — 1. Thus we can

Since 8 > m(m + 1)x™*, h < m, we have =

choose t;13 > t;15 such that

_B__
(h+1)xh

¢tz+3 tive i+l 4l a+1 —tj 3

tz+2

Ve (Z (H ) ) S 1
(tz+3) =0 j=k t)

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

B
; (h+1—s)xh—s
Choose t;1315 as §, we obtain

¢t1+3+5 tito4+s  i+14s i+1+s +1 —t;

(2 (I ) ) <

U(tz+2+3) (t )

Finally, we verify condition (2.5.5) with ¢t = ¢;114, and t5 = t;;. There are
finite numbers of switchings occurring in (t;41, t;1144], it follows from Lemma
2.11 that we can find a bound Q(|z(t;41)|) satisfying |x(t; 1 ne1)| < Q|z(tir1)])
using (2.5.19). Since this bound is independent from the switching instants,
we can determine it before h unstable modes are switched into.
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Note that mode o(t;) is stable, we can find a time instant ¢;,q > ¢; such
that

(a7 N =1 (@3 Q|2 (tig)]), 0)) < e

This guarantees that |z(t)| < € for t € [t;11,tivnr1]. Mode o(t;1ny1) is also
stable, we further have |z(t)| < € for t € [ty ni1, tivni2)-
For C3, note that 5 > m(14+x)x™ and y > 1, which results in y < %—1.
11
We can choose ¢; such that ?7"@ < % — 1, the rest of the proof follows the
a(0)

same procedure as in C2, thus is omitted here. We finally obtain (2.5.5) with
t =1, and tgy = 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 S maintains the stability of
the origin, and |z(t)| < € for ¢ > 0. This completes the proof. O

Remark 2.17 Roughly speaking, S 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 [179], [43] where an
aggregated system is considered including stable modes and consequently ac-
tivated unstable ones. This aggregated system would be stable if the total
activating periods of stable modes are sufficient large. However, S 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 M =
{1,2,3}, 2 = [x1, xo]", the modes take the following forms

fl_[—x1+4x§} f2_{x1—x2} fg_{xl—?)xg}

—X1 — X2 Ty + 23 T+ 29
The prescribed switching sequence is
mode 1 — mode2 — mode3 — model — ------

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? + 223, this results in Vi (z(t)) < e 2V, (x(0)) for t > 0. Both mode 2 and
mode 3 are unstable, applying V; to modes 2 and 3 yields

—d‘sgix) fo(x) < V5(x) + TVi(2) + 4V (2) + 4VP (x)  (2.5.21)
d‘filsf;x) fs(z) < V(@) + 11VA(2) + 217 (2) (2.5.22)
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It can be seen that a common Lyapunov function is hard to impose here
because inequalities (2.5.21)-(2.5.22) do not satisfy the general Lyapunov
function formulation in dwell-time scheme [95]. The method in [114] is also
not easy to be implemented since the right sides of (2.5.21) and (2.5.22) are
polynomial forms of Vj rather than aV]"(z) for a,m > 0 in [114], and the
exponents larger and smaller than 1 exist simultaneously.

We choose Vo = xf + 222, V3 = 22 + 23. Tt follows that Va(z(t)) <
'V (x(0)), Va(z(t)) < e*V3(x(0)), for ¢ > 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 “u”
condition is also hard to impose here, because V; and V5, are non-quadratic.

Set € = 4 which means that |z(¢)| < 4 must hold for all ¢ > 0. The

prescribed switching sequence is

mode 1 — mode 2 — mode3 — model — ------

x2
o
T

Figure 2.12: State trajectory

Now we design the switching instants according to §. Mode 1 is stable,
choose z(0) = [1, 2]" from step 1 of S such that |z(t)| < 4 for t € [0,t;).
Since both mode 2 and mode 3 are unstable, the switching scheme based on
Lemma 1 is applied after ¢;. It can be obtained from (6.1.37) that xy = 1.
m = 2 due to two unstable modes. Choose # = 6.3 > 2(2+1). The activating
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periods of modes 2 and 3 can be calculated from step 7 of §: 0.0059s for
mode 2; 0.2602s for mode 3. Choose t; = 0.9s from step 6 of S such that
|z(t)] < 4 for t € [0,t4). Consequently, choose to = 0.9059s, t3 = 1.1661s.
The activating period of mode 1 is set to be 0.9s in the following switching
process, i.e., t; = 2.0661s. Although our theory allows infinite switchings
in infinite time interval, in the numerical simulation, a finite time interval
[0s, 4s] is considered. Other switching instants can be obtained straightly.
Fig.2 shows the state trajectory, from which we can see that the stability is
achieved and |z| < 4 always holds.

2.6 Conclusion

In this chapter, several FTC methods have been proposed for HS with time
dependent switching. The known switching instants bring much convenience
to FTC design. In sections 2.1-2.3, FTC objective has been achieved via de-
signing the stabilizing 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.

64



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.

65



CHAPTER 3. HYBRID SYSTEMS WITH STATE-DEPENDENT SWITCHING

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 do-
mains which are defined through a set of inequalities called guard set. The
challenges of observer-based FTC for such systems are twofold:

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 estima-
tion error is not affected by (or robust to) continuous faults and sensitive to
mode transitions. Challenge 2) could also be solved if the accurate continu-
ous 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:

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 esti-
mation 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 asymptotical stability of the origin. Moreover, sufficient conditions
are given such that the overall HS can be stabilized in the sense of
LaSalle invariance principle.
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3.2.1 FTC for linear systems

Consider a linear system

©(t) = Ax(t)+ Bu(t)+ Ef°(t), |u] <u™, ze€D
y(t) = Cz(t) =[C" Opxpn_r]x(t) (3.2.1)

where x € D C R" are unmeasurable states, D is a physical domain of z.
y € N are outputs, C! is an 7 x r nonsingular matrix. (C, A) is observable
and (A, B) is controllable, u € R? are inputs with «™®* > 0 as its magnitude
constraint, f¢ € R? | 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) =q

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

N = { %1 H (3.2.2)

Then the system (3.2.1) can be transformed into

. A By Ey
2 = Az+Bu+ Ef°= 14_12 z+ | By |u+ | Ep | f° (3.2.3)
Az Bs E3
A Io-g)x(—q) 0 0
y = C’$:Cz:{ 7 K z
0 I, 0

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

z=[zn = Zs]T =[y1 v ZB]T

where z3 € R"7". We just need to estimate z3. It follows from Assumption
E - :
3.1 that Rank{ El ] = q, it is also assumed that FEs is nonsingular.
2
Define

0
0 (3.2.4)
I
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Left-multiplying (3.2.4) into (3.2.3), we have

U1 — ErEy s Ay — E}Eg_lf_lz By — EllE_‘2_1B2 0
})2 B = B 1427 B zZ 4+ B 7327 B u —f‘ HQ?) ﬁﬁ
23 — EsEy Y As — E3ES1 A, Bs — E3E; ' By 0

The advantage of the form (3.2.5) is that the first and third blocks of
(3.2.5) 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 (3.2.5).

Define ) - B -

wj = Aj — EjEQ_IAQ, Hj = Bj — EjEz_lBg
where j = 1,3. Partitioning w; as
wj = [’le wj‘z Wj3] (326)
then the first and third block rows of system (3.2.5) can be written as
2"3 = w3323 + S, UV = Wi13%3 (327)
where
s = way + @y + LBy s + Hau
v o= 9 — E1Ey e — winy — wiaye — Hiu
To estimate z3, an observer can be designed as

23 = wa3ds + 5+ ((v — wi3ds) (3.2.8)

assume (w33, wi3) is an observable pair, the observer gain ¢ can be chosen
to make (w33 — (ww13) stable.

From the above discussion, we can let & = N712 = N7y, vy 23],
where Z3 is obtained in (3.2.8). Denote Z3 = z3 — %3, e(t) = x — &, one has

le(t)] = |23 — 23] < pu(A")|Z3(0)] exp(=A") (3.2.9)

where \* > 0, u(\*) = MA* is polynomial in \* for M.l > 0.
The second block row in (3.2.5) can be written as

o = Aoy + Aooyo + Aggzz + Bou + By f€

Denote fc as the fault estimate and f¢ £ f¢ — fc. Then

fc = By — Agiyy — Agoys — Aszis — Bou) (3.2.10)
Je = —Ey'Agzs (3.2.11)
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From (3.2.9) and (3.2.10), 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 =z Pz for (3.2.1), where P is a positive definite symmetric matrix that
satisfies the Riccati equation

AP+ PA—-PBB'P=-Q (3.2.12)

for some positive definite matrix Q).

V can be regarded as a control Lyapunov function' for system (3.2.1).
Using the results in [96] (see also [39]), a continuous bounded FTC law can
be designed as

u(z) = —K(L,V(2),2)(LgV)" (%) £ b(z) (3.2.13)
with

L3,V + (L3, V)P + (wme| (V)T
(EaV)TR[1+ 1+ LoV

for (LgV)" # 0, and K(L%,V) = 0, for (LgV)" = 0, where L%, V =
La.V +pV + |LgV|fe, with Ly, V = 2T(ATP + PA)z, (LgV)" = 2ET Px,
(LgV)" =2B" Pz, p > 0.

For all initial states, the stability region of system (3.2.1) is defined by
the set

K(L3,V) =

& {zeD: L}, V() <u™™(LgV) (z)|} (3.2.14)

A common way of estimating the stability region (3.2.14) is by using the
level sets of V' (see Chapter 4 in [83]). An estimate is described by

Inv = {zxeD:V(z) <™} (3.2.15)

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.

Lemma 3.1 Consider system (3.2.1), there ezists a positive real number e,
such that if le(t)] < e,,Vt > 0, and the set {xr € R" : V(z) < ™} C D,
then the controller uw = b(&) makes the origin of the system asymptotically
stable in spite of f€.

'Recall that a positive definite radially unbounded smooth function V : R — % is
called a control Lyapunov function for the system & = f(z) + G(x)u, € R", if we have
infueu{LfV + LGvu} <0 Vx #0.
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D State evolution

0 Xt
\
] (xe R*:V(x) <c™)

Figure 3.1: Relations among several regions

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

vV o= L,V + LgVu(z)+ LgV f¢+ LV (u(z) — u(x))

LV + LV )T+ @SV ) + LeV f°
[1+ V14 (wx|(LgV)T 2]
LBVIF 4 pV (Lo V) + (| (LpV )T’
1+ /T @=LV
LV (u(i) — u) (3.2.16)

From (3.2.11), one has LgV f¢ < |LgV/|fe. It is clear from (3.2.16) that, if
LY. V(x) <0, we have V. < —pV + LgV(u(z) —u). When 0 < L% V(z) <
u™>|(LgV) " (z)], we have

(LaxV + LV )1+ (um|(LgV)T[)?
< (L*AIV—W )W+ (umx|(LpV)T])?
< @V + (| (LpV) T
—pV /1 + (umx|(LgV)T|)2 (3.2.17)

Substituting (3.2.17) in (3.2.16), we have that whenever L% V(z) <
u|(LpV) " (2)],
V. < —pV+ LgV(u(®) —u)
—p*|z|? + MC|u(z) — ul (3.2.18)

IN A
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where p* > 0, M¢ = maxy—amax (|LgV|), M exists since |LgV(+)| is contin-
uous over the region Inv.

Since {x € R" : V(x) < ™} C D, we have Inv = {z € R" : V(z) <
™Y Firstly, we analyze V on the boundary Inv. Inequality (3.2.18) can
be written as

V < —pc™™ 4+ M%|u(@) — ul (3.2.19)

Note that |u(Z) — 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(z) —u(z)| <
kle| < pc®@ /MY, which implies V is always negative on the boundary Inv,
so x(t) € Inv Vt > 0.

Secondly, substituting the estimate |e| into (3.2.18) yields

V < —p'laf? + Mle| < —rp*|af?,
M€Ckle| 5

rp* B
where ~(+) is a class K function. Based on [83], we have that, for any z(t) €

Inv, there exists a class ICL function (-, -) and a class IC function v, (-), such
that

Vx| = (el (3.2.20)

lz(t)] < B(|2(0)],t) + vl(igg le(T)]), Vt>0 (3.2.21)

which means that x is input-to-state stable with respect to e. Note that Eq.
(3.2.8) and (3.2.9) ensure that lim; ., e(t) = 0, which together with (3.2.21),
leads to lim; .., z(t) = 0. This completes the proof. O

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 H that start from some initial
state (qo, o) € Init consist of a sequence of continuous flows and discrete
transitions. When the discrete state ¢ € @) is maintained, the continuous
state = evolves according to the differential equation z = F,(z, u, f¢) where
F, € F as long as x € Inv(q). After = 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 H is live if for i,i' € Q
Ve € Inv(i) orz & Inv(i),3e = (i,4),z € G(i,7')  (3.2.22)
Ve = (i,i') and v € G(i,i'), x € Inv(i) (3.2.23)
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The liveness of HS ensures the succession of the trajectory under ap-
propriate control input. Review Fig. 3.1, where x may escape from Inv
if {z € R?: V(x) <™} ¢ D. Condition (3.2.22) means that before or
when x escapes from the invariant set of the current mode, the switching
must happen. Condition (3.2.23) guarantees that € Inv(i') after mode 7’
is switched into.

This section models the plant as a class of H 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

l'(t) = All’<t) -+ Bzuz(t) —+ Elflc(t), ’UZ| S u?“ax, €T € Dz
yi(t) = Cux(t) = [C} Opgn_p]z(t), t € [tr,trs1) (3.2.24)

which satisfies the conditions imposed on the system (3.2.1). ff € R
denotes actuator faults for mode 4, where |f7| < ff, where ff > 0.

- (P3) The discrete fault f; € Fyis such that @ € Inv(i) Az € G(i,7', fa),
where the system is switched from ¢ to ¢ under G(i,7', f4).

- (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 (qo, zg) €
Init. No Zeno phenomenon occurs.

Remark 3.1 The considered model is more practical than that in [139], [159]
and [186], since it involves the strict physical bound of control signals and
unmeasurable 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 [159].

The FTC Problem (P) for HS can be described as: Keep the HS live as in
(3.2.22)-(3.2.23), 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 [159], where the
target objective 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. Details about how to choose such sequence can be
seen in [159)].

The characteristics of continuous and discrete faults motivate us to con-
sider four faulty situations:

Under continuous faults ff:
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Case 1: x & Inv(i) Nz & G(i,7).
Under discrete faults G(i,4, fq):

)
Case 2: x € Inv(i) Nz € G(3,7, fa) Nz € Inv().
Case 3: z € Inv(i) Nx € G(i,7, fa) Nz & Inv(i').
Case 4: x & Inv(i) Nz & G(i,7, fq).

In Case 1, ff changes the dynamics of mode 7, 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, f4). 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 (3.2.1),
the observer-based FD and FTC methods developed in Section 3.2.1 is ap-
plied to each mode. The idea of switching detection appears from the analysis
of estimation error v; — w;1323 for mode 7. If all the modes are not overlap-
ping, i.e., each observer works well only when applied to its related mode,
then, similar to fault detection problem [77], v; — ;1323 can be regarded as
a residual for mode i to detect the switching, since lim; . (v; — wi1323) =0
before switching occurs. We give a quite general assumption for switching
control problem [30] as follows:

Assumption 3.2 All modes of H are discernable, i.e., for mode i, the esti-
mation error |e(t)| is convergent as in (3.2.9) only under the observer (3.2.8)
which is associated with mode 1.

Under Assumption 3.2, given an initial (i, z(tx)) € Init(:) for mode i, any
mode transition can be detected using following time varying threshold:
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Now consider the mode transition in Case 2. Two subcases of Case 2 can
be given:

r € Inv(i) ANz € G(i,7, f3) N G(4,7'), switch earlier

r € Inv(i) ANz € G(i,i') NG$(i,i'), switch earlier

Since the sequence is deterministic, once the mode transition is detected,
the controller (3.2.13) and the observer (3.2.8) are switched according to the
next mode. The initial states & 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 € Inv(7').
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 that the state trajectory starting from mode
1 is always within Inv(2) under both G(1,2) and G(1,2, fs).

a2 P62

|

i

| Inv(2)
State evolution |

\//PQ:Q

74

Inv(1)

Figure 3.2: FTC for Case 1 and Case 2

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,z(to)) € Inv(qo) N x(to) € G(qo, q1), T(to) is such that
pA)e(ts)] < min{e,;,Vi € Q}. Under the controller u; = b;(&) which is
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switched according to the mode transition, if Vo € Inv(i) Az € G(i,i'), the
following condition holds:

Vi (2) 4+ M; + My < V(&) (3.2.26)

where M; is such that |e| < e,; — |Vi(x) — Vi(z)| < M;, 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 |V;(x) — V;(2)| < M;. Therefore, we have

Vi(z) — My < Vi (2) (3.2.27)
Vi(w) + M, > Vi(2) (3.2.28)

Inequalities (3.2.27) and (3.2.28), together with (3.3.33), lead to
Vi(x) < Vi(x) (3.2.29)

Define Al = {z € Inv(i) Az € G°(i,1) : V; = 0}, Ak = {z € Inv(i) Az €
G(i,i') : Vi = V/}. Let A be the largest invariant subset of A U A 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 lim; .. V; = 0 Vi € Q. On the other
hand, based on (3.2.29) and Theorem IV.1 in [104], one concludes that the
trajectory of ‘H approaches A, thus the origin is asymptotical stable. a

Remark 3.2 The switching can be detected using the threshold (3.2.25) 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 ff occurs.

Define two stability regions for mode ¢

®(i) £ {w € Di: Ly, Vilx) <u™|(LsVi)" ()]}
®s(i) = {z€Di: L, Vi(r) <u™|(LpVi) ()]}

where L} Vi = LaaVi+ piVi, and L Vi = LaaVi + piVi + g Vilfe +

L, ViER' Aslerl, f¢ > 0 is defined such that |ff| < f¢, e > 0 will be
given later.
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Design two controllers

ui(®) = —Ki(L},Vi(@),2)(Le Vi) (2)
ui(@) = —Ki(L5,Vi(@),2)(Lp Vi)' (2)

Similar to (3.2.15), we define Inwvy, (i) and Invs(i) as invariant subsets of @, ()
and (i) respectively. We have the following Lemma:

Lemma 3.2 Consider system (3.2.24) with x(ty,) € Inv(i)Az(t;) € G(i,1),
and {x € R" : L% Vi(x) < u|(Lp, Vi) (x)|} C D;, {x € §R” Ly, mV( ) <
u>|(Lg, Vi) " (x )|} - D There ezist two positive numbers eyl and e such
that if p(N)[e(t])] < etly and &(t]) € Invg(i) Ale(t])] < €2,

the time when ff occurs, and Invg(i) is such that V]e| < e*
x € Inve(i) Nz € G°(i,1'), then the bounded controller

oy _ JUL(E) € [t t])
ug (2) —{ Bo) e [tiljtkﬂ) (3.2.30)

ui
where t = t£ 18
T € Invg(i) —

u1,7

makes the origin of mode i asymptotically stable.

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

Vi = La.Vi+ LpVaul(z) + Lp,Vi(ul (&) — ul(z))

It can be obtained similarly to Lemma 3.1 that there exists e}!; such that

Vie(t)] < e, and z(ty) € Invy(i) A x(ty) € G°(i,4'), the controller b;(Z)

w,i

makes the origin of the ¢th mode asymptotically stable.
At t = t£ , the faults occur and are detected, the time-derivative of V;
along the closed-loop trajectories under controller b}(i) is

Vi = La.Vi+ Lp,Viud(z) + L, Vife + Lp,Vi(ud(2) — ul(x))
(LaaVi + L Viff)/1+ (wr™|(Lp,Vi)T])? + Lg, Vi ff
1 T @ V) TP
_ e Vilfe - |Lg,ViEy' Aislel,; + piVi
1+ T+ @™V

ST+ @ (Ta )Ty

EPRV e v IR

k3
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From (3.2.11), one has

The subsequent proof follows the same way as in Lemma 3.1, one can con-
clude that if #(t/) € Invs(i), then under b (), there exists a constant e} > 0
such that V]e(t)] < e}?, the states will stay in the region Invs(i), and the
origin of the ith mode is asymptotically stable. a

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 € Inv(i)) Nz € G(i, 7, fa) N € Inu,() (3.2.31)

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) A x(to) € G(qo,q1), T(to) is such
that p(A\)|e(td)] < min{e,;,Vi € Q}. Under the controller u$ (&) which
is switched according to the mode transition, if 1) conditions in Lemma 3.2
and (3.2.31) hold, 2) Vx € Inv(i) N x € G(i,7, f4), the condition (5.53.33)
holds, then the origin of the HS is asymptotically stable.

1 Inw,(2)
n
Gu2 G02 | /V“
B Inv(2) 3
State evo| utioni | i
T 0 | %

Figure 3.3: FTC for Case 3

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 entirely destroyed or some new modes occur which are not

7



CHAPTER 3. HYBRID SYSTEMS WITH STATE-DEPENDENT SWITCHING

included in the original HS. To avoid this phenomenon, an active switching
detection technique is developed. The main idea is to generate a Switching
Alarm before the normal switching (when = € G(i,4")) occurs, and also
generates a Lock Alarm when we identify that x € G(i,4') but no switching
occurs. This is possible due to the structure of the observer 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 Geq-(4,4") and three sets as

Ys(i) & {zeX:zelnw@i)AzeG,, (i)}
(i) = {z€X:zeInv(i) Az € G(i,i)}
xii) & {zeX:zelnv(i)AzeG(i,i)}

where Gpeqr(i,7') is close to G(i,i") such that (i) C x, (7).

Since the observer (3.2.8) always follows the system (3.2.7), estimation
error converges to zero, similar to Lemma 3.2, we can define W4(i) and ¥,(7)
such that Vle| < efl, & € U (i) — = € x,(i), Z € V(i) — = € xi(i). The
Active Switching Detection strategy for mode 7 is in two steps as shown in
Fig. 3.4

1) When & € Wy(i), Switching Alarm is generated.

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

Remark 3.3 Due to estimation errors of the observer, the Lock Alarm will
be generated 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).

We are in the position to provide a FTC framework

1) Apply the FD scheme in sections 3.2.2 and controller (3.2.13) for the
current mode.

2) When the mode transition is detected before Switching Alarm,
If x € Inv(i'), go to 1);
If x € Invy(i") NInve(i"), apply the controller (3.2.30) 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.
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G(1,2) AXe
|
Ginear “’K N Gy (1.2)
| 1
] | I
Stde ewolution i 1 Inv(2) i
SN
/ | \ \
[ I
| | | y
il o
Inv(1) ] 1
| |
ik Inv(2}
Swich Alam—1—[' | | :
/Y‘ :

Lock Alam

Figure 3.4: FTC for Case 4

Example 3.1 (Example 1.1 revisited) : Recall the CPU processing con-
trol 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. z € R = [r, p, w|' is the state with 7

G(12) (G(12))
busy ,/ usual

mode mode

Figure 3.5: Switching sequence

being the amount of CPU tasks in the buffer, p the CPU temperature, and
w angular velocity of a cooling fan. ¢ € i 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.
The continuous models around the equilibrium state? are given as :

mode 1 :

2The state of system when a sufficiently long time has passed after booting the system
is defined as the equilibrium state of this model

79



CHAPTER 3. HYBRID SYSTEMS WITH STATE-DEPENDENT SWITCHING

T 0 0 0 T -2 0 . 2

p = 0 —0.05 —0.5 p|+102 0 [ y } + | —0.2 v
w 0 0 -3 w 0 0.5 0

mode 2 :

T 0 0 0 T -1 0 . 1

P = 0 —0.05 —0.5 p|l+101 0 [ " } + | —0.1 5
w 0 0 -3 w 0 1.5 0

1 -1 0
Gi=C= { 0 2 0 1

The models satisfy Assumption 3.1, we can see that both f{ and fs5 affect
the clock frequency input channel. We obtain from (3.2.2) that N~™' =

1 05 0]
0 0.5 0 [, and from (3.2.3), we have
0 0 1]
[0 0.025 0.5 -22 0 —-11 0
Aj=A,=|0 —005 -1 |,By=| 04 0 |,By=1| 02 0
0 0 -3 0 05 0 15

and By =[22 —0.40]",Ey = [1.1 —0.20]7, then from (3.2.5) and (3.2.6),
we get wy = wo = [0 — 0.25 — 5], wig = waz = [0 0 — 3], it is clear
that [co133, @w113] and [cweg3, wars] are observable, Hy3 = [0 0.5], Hog = [0 1.5].
The observers for modes 1 and 2 are designed from (3.2.8) with ¢; = 0.4,
(o = —0.2 respectively. Since the observer 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.

In mode 1, D; = {x € R : 7+ p > 8}, |c] <5, |v] < 10. In mode 2,
Dy={zeR:m+p <25}, |c| <2, |v| <5. G(1,2) = {z e R3: m+p < 10}.
Assume |ff] < 2.5, |f5| < 1. Choose p; = 0.05, p; = 0.08, and

0.0540  —0.0062 0 1.0240  —0.0048 0
P =] —-0.0062 21310 0.1646 |, P, = | —0.0048 1.6200 0.1246
0 0.1646 2.4753 0 0.1246 1.9752

x(t;) = z(0) is assumed to be [8 9.5 9]". From Lemma 3.1, £(0) is
chosen as [8 9.5 8.85]". ff = 2+ 0.2sin(5t) which occurs at ¢t = 0.15s.
Fig. 3.6 shows the switching detection performance using threshold (3.2.25),
the uncontrollable switching occurs at ¢ = 0.41s, a short detection delay
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Figure 3.6: Switching detection performance with G(1,2)

of 0.04s exists. Two states m 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 [83]. We can see that, in the presence of ff, 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, f4) = {z € 3 : m+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, f4) = {x € R : 0.87+p < 12}, from
Fig. 3.8(a), it is clear that x € G(1,2, f;) A (2,2) € Inv(2), however, using
the relaxed method, it can be seen that (2, x) € Inv,(2). Consider f§ = 0.8
which occurs at t = 6s, Fig. 3.8(a) shows that the stabilization of the system
is achieved as in Corollary 3.1.

Next, we consider Case 4 with G(1,2,fs) = {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.
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-5 . . . .
o -8 -6 -4 -2 0 2 4

(a) FTC for ff (b) FTC for ff and stable G(1,2, f4)

Figure 3.7: FTC for the stable switchings

(a) Relaxed FTC for unstable (b) Active switching detection for un-
G(1,2, fa) stable G(1,2, f4)

Figure 3.8: FTC for the unstable switchings
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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

&= gg(x) +g°(x)u” + o7 (2, u)0” + () f7
= h(x) (3.3.1)

where € 2" are unmeasurable states, u° € R° are inputs, y° € R™ are
outputs, ° € R is an unknown constant vector representing parametric
uncertainties, [07] < 67, for 65 > 0.

The continuous fault is modelled by a “fault pattern”, which consists of
the distribution matrix e’(x) and a “fault signal” f7 € R,

95, g%, ¢7, €7 and h? are smooth and known functions, and ¢7 < m < p?
is considered. o(t) : [to,00) — @ = {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 , 7,7 € @ 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 : @@ x ) — 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}, = [y, yiz, . ,yil(m)]T €
R™ during the activating period of mode j in spite of continuous and dis-
crete faults, parametric uncertainties, meanwhile, make the continuous states
bounded.
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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

&= go(r) +g(x)u+ oz, u)f + e(z)f
y = h(x) (3.3.2)

where 2 € R, u € NP, y € R™, f € N9, § € R! play the same roles as in
(3.3.1). |0| < by and ¢ < m < p, go, g, ¢, € and h are smooth and known.

Definition 3.2 The FD block strict feedback form of system (3.5.2) is

Z.I = AZI + T (Zb y>u + 72(217 y) + wl (217 u, y)e (333)
ho o= Cxn (3.3.4)
2 = tolz) + 322, y)u +(2) f + ha(z,u)0 (3.3.5)
Y2 = 2 (3.3.6)
wherez = [z, 23 ]", ;1= (6,6 - En )t ERTL za = (6 0y, 6] €

R are the states of system (3.8.3)-(3.3.6), with € = [£],&5,...,&1]T € R™,
& e RV =[6n,... &gl y=1[0],0:]" withgy € R™9, §, € R4 More-
over, A = diaglA,,..., A, € RO—DxX0=D O = diag[C,,...,Cp,] €
Rm—a)x(n=a) " ith

01 -+ 0

Aegere = | Lo eRe =[1,0,...,0 ]
00 ---

for1<i<m—q. n(z,9) =3 ,93 - Gmy) with

Gi1(§1s - &1, &1 Vi1 - - Um)
Gi2(&1, -+ &im1, &1, &2y Vit 1 -+ 2 Um)

gi € ROXP = (3.3.7)
ig: (&1, - - - ufi—la.fi,yi-&-la oy Ym)
and Y2(21,9) = 31,93 - Gm_g) " with
G ERT =1[00...0, L2 hi(&1 .- &r&lirr - Ym)] (3.3.8)
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Remark 3.4 The form given in Definition 3.2 is an extension of the the
block parametric strict feedback form in [84] to the faulty case. In our model,
both 11 and 1o terms do not required to take the certain triangular forms as
in [84], since the parameter 6 can be estimated by the observer rather than
the control strategqy as shown later.

Assumption 3.3 There exists a set of integer numbers { g1, 02, - - ., Om } such
that " 0i =n and € =T(x) € R" is a diffeomorphism where
T(x) = [m(z), Lgo(ﬁ)hl(m)v ce 7L§;(_x§hl(x)’
ha(@), ..., L2 Sha(@), ., L2 thy ()]

go(x)

The relative degree of the rth output y,. of system (3.53.2), denoted as p,, is
such that p, =0, =1, m—q+1<r <m.

Under Assumption 3.3, dT'(z) is invertible V2 € R", let r;(z) be the ith
column of [dT'(x)]~" and R(i); := span{ry,j,..., 7}, where v; = ' _, 0;.

Lemma 3.3 Under Assumption 3.3, the diffeomorphism { = T'(x) can trans-
form the system (3.3.2) into (3.5.8)-(3.5.6) if and only if

I'[go(x), R(1)gi—2] C R(1)g-1+R(1+1)g,,—1+ -+ R(m—q)s, -1, for
2<i<m—q.

IT [go(z), R(i);] € R(i); + R(i + 1)gpy1 + -+ + R(m — q)g,,_,—1, for
1<i<m-q0<)<g—2

m—qg+1<i<m,1<i<m-—gq.

[VLCL;Oh,-:QforlSsS@i—l,1§z’§m—q.

Proof: We first show that the conditions I and II lead to the block tri-
angular forms of v; and 7 as in (3.3.7) and (3.3.8). By the construction of
R(i);, we have in {—coordinate [106]

0
a&”i) Y 8€<vi*j>

where £y, 1 <t < n — ¢ denotes the ¢th element of &.

R(i); = span{

} (3.3.9)
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Define by, such that > ¢ @’ 1 Ly _1hzag<—+ =0
v _1+3)

dition IT can be represented in S Coordlnate as

. Con-

glag

~—, 0 0 ) )
b A ) a9 € span ) ;
[; 0y 55<k>] b {3§<vm_q> O (vm—q—1)

0 0
B 9wy o O (wi—j)
n n ob
for p; — j < k < p;. Note that [Zz ! b9185<l ,%M] Yo f)éjkl) e which,
together with (3.3.10) implies that 5 gl =0,for1<i<m—q, 1<l <v—1,
and max(l + 1,v;_1 +2) < k < v;,.

Similarly, define by, = Y7717 L2 h; 86

that 8b9°“” =0,for2<:<m—q, v2_1—|—2§k‘§v2-, and 1 <[ <i¢—1. The
block trlangular forms of v; and v, follows.

Now we show that under Condition III, the term 73(z2, y) is independent
on z1\g1. Similar to (3.3.9), we have

} (3.3.10)

, one can obtain from Condition I

0 0 0

R(i)g—2 = span{ ——, ————, ..., =
(1)g:—2 {a&% O o —1) O (v;—o:+2)

}

Condition IIT can be represented in ¢ —coordinate as

“ 0 0
Z Lgthagvz o —] € span{agvmq

i=m—q+1
0 0 0
W -1y wgire)  O—ai+2)

for 0;_; + 2 < k < 9;. Note that

- 0 0 i 0 0
Lyhi—— 2] = Ly hi——
Z ’ ag(w) a§(k>] Z ’ ag(k) a€<vi>

i=m—q+1 i=m—q+1

} (3.3.11)

which, together with (3.3.11) implies that Ly, h;»2— Beay = =0m—q+1<i<m)
followed by the property that v3(z2,y) is independent on z1\y-
Finally, condition VI decouples the subsystems (3.3.3)-(3.3.4) from con-
tinuous faults f. O
The form (3.3.3)-(3.3.6) that results from the transformation 7'(x) takes
several advantages:
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1. The subsystem (3.3.3)-(3.3.4) is not affected by continuous faults. An
observer can be designed for this subsystem to provide the estimates
of z; and 6. These estimates are decoupled from the continuous fault,
thus they can be used to diagnose the faults in the subsystem (3.3.5)-
(3.3.6). Another benefit is to detect the switching of the HS as it will
be discussed in Section 3.3.4.

2. Both (3.3.3)-(3.3.4) and (3.3.5)-(3.3.6) are in the block strict feedback
form. Which are more friendly for FTC design than that in [45] and
[76]. The back-stepping control method in [84] can be developed to
achieve the fault tolerant tracking goal.

We present a novel observer for the subsystem (3.3.3)-(3.3.4), which re-
laxes the Lipschitz conditions as in the usual high gain observer. The observer
will be constructed firstly through the following several steps as in [88].

Step 1 : Define

Mi(zh u, y) = [CzT7 (CiFi<Z17 u, y))T7 ceey (CiFwiéiil(zh U, y)>T]T

for 1 <i < m —gq, where F;(z,u,y) = A; + G;j(z1,9)u, with Gy;(z1,y) =
0g;/0&; for 1 < j <m —q.

St@p 2 : Let Nz = RZ(MlFZMZ_l — AZ'>TRZ‘, where Rz = [ﬁz Azﬁz A?Z_lﬁz]
with 3; = [0...0 1]". From the construction, N; can be decomposed into
N; = L;C;, where L; € 1% x 1.

Step 3 : Define

Wi(Zb u, y) £ [Cz—ra (CZAZ(ZL U, y))T7 sy (Ci"zlgi_l(zla u, y))T]T

where A, = A; + N;, and also define M, = W[lj\_@-.
We can obtain [88]

Mi(zl,u,y)Fi(zl,u,y)Mi_l(zl,u,y) - AZ—FLZ(.Z',U,Q)CZ
C;M; z,u,y) = C (3.3.12)

Assumption 3.4

3.4.1 The partial derivatives of g; w.r.t. z; and their respective time
derivatives are bounded.

8.4.2 There exists a function B(z1,u,y) € R=0)x(m=9) sych that Y1(z1,u,y) =
Bin(z1,u,y), where B is Lipschitz w.r.t. z, |B| < by, and || <
q(z1,u,y) < qo for a function q and numbers by, go > 0.
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3.4.8 There exist matrices P = PT € R™" = diag|P,, ..., Pn_,] with
P, = P € Re*% and a function R(z1,u,y) € R such that

AGPA€M(217 u, y>B<Zla u, y) = CTR(Zh u, y)

(A — K;C) " P+ Pi(A; — KiCy) = —Q;
where A, = diag[A,, ..., A, ], A, = diag[l/e;, ..., 1/e¥'], with € a
design parameter. M = diag[M, ..., M,,_,], Q; = Q; > 0, K; € Re>*!
are such that (A; — K;C;) is stable.

Remark 3.5 Note that Conditions 3.4.1 and 3.4.2 are taken instead of Lip-
schitz conditions on 7y, 2 and 1y. Condition 3.4.3 is weaker than the strict
positive real (SPR) condition in [77], [76], since the term A, is involved.
Note that if gy is only single output (as in our application), the dimension of
B could be relazed as B € R™=D*% for k > 0, and R could be chosen as a
vector to further relax Condition 3.4.35.

The observer is constructed as

21 = Aél +¢1(217U>y)é+’71(217y)u +,}/2(217y)
+M_1('§17 u, y)[L('éb y) + A;IK](gl - ?31)
+Bsgn(RN[00(q0 + q(21,9))sgn(th — 41)]  (3.3.13)

i o= Ch (3.3.14)

0 = T (3, u,9)R" (21, u, )i — 3, (3.3.15)

where L = diag[Ly, ..., Ly—4], and K = diag[Ky, ..., K;,—,]. The weighting
matrix I' = T'" > 0. Z denotes Z(2,u,y). Denote e, = [e],...,e,, ] with

ei:fz’—éi,liiém—q,egze—é.

Theorem 3.2 Under Assumption 3.4, the observer described by (3.3.13)-
(3.3.14) together with the adaptive algorithm (3.3.15) can realize lim;_. €, =
0 and lim;_. eg = 0 if there exist two positive constants o and ty such that
for all t, the following persistent excitation condition holds:

t+to

Uy (21(8), y(s))n(21(5), y(s))ds > o] (3.3.16)

t

Proof: The proof of the theorem follows the recursive way. Consider the
ith subsystem of (3.3.3) and (3.3.13), we have

~

¢ = Awei+ (g — g)u+g,— g — (M;7)(Li + ALK Cie
+ep1i0 — 160 — ;i (3.3.17)
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where ¢ = [¢]}, ... ,z/JlT(m_q)]T, T=[T],....T)_ " = Bsgn(R")[0o(qo +
q(21,9)) sgn(y1 —,)]. Consider the transformation & = A, M;e; and choose
a Lyapunov candidate function V; = & P,¢;. Based on [88], it can be shown
that the time derivative of V; along (3.3.17) satisfies

i i1
Vi < —€dmin(Qi)|E]7 + Z,U/ij’éi|2 + Zﬂjz‘|éj|2
P =1
—I-QéiTPiAin(%i@ — 1,0 — ;)

where 15, p5; > 0.

Now, consider the Lyapunov candidate function as Wi(e,,eg) =V, + Vj
for the overall system, where V, = >" 9V, Vj = ej'"'ey. Denote é =
[e],...,&} ]T. The time derivative of W along (3.3.3), (3.3.13) and (3.3.15)

) qu

1S

< Y (Cermn(@)+ Xl
i=1 =1

+26TPAM (110 — 1) — 28T PAMY — 2¢ 4 R Ce,

v

Based on Assumption 3.4.3 and (3.3.12), we have

~ A AT .
U = 26" PAMBeq—2e49, RTCATE
+28" PAMB(dby — )0 + 26" PAN (B — B)i6
—28" PAM Bsgn(R")[0o(q0 + ¢(21,9))sgn(51 — 5,)]
< 2¢"PAM(B — B)ir0 (3.3.18)

From Assumption 3.4.2, we further obtain
W < —nléf? (3.3.19)

where ¢;, 1 <7 < m — p, is chosen such that n > 0.

Since M and A, are all bounded and nonsingular, inequality (3.3.19)
implies the stability of the origin e, = 0, ¢y = 0. One can get lim; . e, =
0, which, together with (3.3.15), the persistent condition (3.3.16) and the
uniform boundedness of ey, leads to lim;_,., ey = 0. O

The fault estimates can be obtained straightly from (3.3.5) as
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which yields éf — ef = (g — o) + (20 — 150). Since limy_oce, = 0,
lim; .. eg = 0, due to the continuity of €,y and 5, there always exist
two numbers k,, kg > 0 such that for all bounded z, Z, if |e,| and |ey| are
sufficiently small, the following inequality holds

6f —ef] < kles| + koleo] (3.3.21)

Moreover, we have lim,_. |éf — &f| = 0. Note that f can be estimated if
¢ is invertible, however, it will be shown in the next section that inequality
(3.3.21) 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 z; subsystem (3.3.3)-(3.3.4) and z; subsystem (3.3.5)-(3.3.6)
respectively, then design the global fault tolerant tracking controller for the
overall system.

The tracking controller for the observer (3.3.13)-(3.3.14) 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, p2, ..., pm} such
that 3" pi =n and £ =T (x) € R" is a diffeomorphism where

T(x) = [h(x), Lyphi(x),..., L Sha(z),
ha(@), ..., LI Sha(@), . Lom thy ()] T (3.3.22)

Moreover, p, =1, m—q+1<r <m.
Under Assumption 3.5, the structure of g; in (3.3.7) is changed into
gi € %pixp = 07 07 R 07 giﬂi (517 s 751'—17 giu y)]T (3323>
pi—1 order

41 in observer (3.3.13) is also modified to be consistent with the system.

Remark 3.6 If Assumption 3.5 does not hold, then the system (3.3.3)-
(3.8.4) would contain the tracking dynamics and zero dynamics, the proposed
method can be extended to that case if the system (3.3.3)-(3.3.4) is minimum
phase, i.e., the zero dynamics are input-to-state stable w.r.t. the linearizable
states as in most of related literatures [84].
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Define® = [0],...,0, _ " with©; £ TULi+AZ'K]Ce.,. Eq.(3.3.13)

1s rewritten as

= &ury +Ay, 1<i<p—1

éij
£, = v, 1<i<m—g (3.3.24)

where

A A

Zi = [Aﬂ, .. A pz—l)] é QZJMQA + @z + Ti, zim — 0
T = [T, .. ,Tl_q] 2 Bsgn(R")[0o(q0 + q(21,y))sgn(i — §,)]

v; is the local controller for system (3.3.24).
Define y4; as a tracking signal for y;, where y4 has the bounded p;-orders
time derivative, i.e., ¥4, ..., yc(lfi) are all bounded.

Assumption 3.6 There exists a known smooth function ﬁij<€i17 . ,éij) such
that |w;;| < @iy, 1<j<ppl <i<m-—g, where wy = Aj, wen =

AiZ dOéu glli) gzl Bgt“a and

B Z devigi—1y (G- - - 7éi(j—1)7t)é Do)
85@'8 " 8t 7

o, 18 a fictitious controller to be chosen.

Deﬁne the tracking error as x; € R% = [\i1,- .., Xip;] , where x5 =
Eis — - <5< pi, and define the transformation Y; = [Yi, ..., Xipi] |

di

with Xu = Xi1, and >~Cij = Xij — Q(j-1)-

Lemma 3.4 Under assumptions 3.4, 3.5 and 3.6, there exists a series of
local controllers to make the output of the observer (3.3.13)-(3.3.14) expo-
nentially track the given signals §a € R™ 1 £ [ya1, ..., Yam—q)  while the
continuous states are bounded.

Proof: From (3.3.24) and Assumption 3.6, we have )LCu = Y2 + @i + Q1.

a1 is designed as

1- o X
— ki — A 3.3.25
2 Xil @11’)@'1’ + Eiefait ( )

Q) =

where k;,e;,a; > 0 are designed by the user. Consider the Lyapunov can-
didate function V;; = %)Z?l, it follows that V,; = Xit(Xi2 + @i + ai1) <
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—k; Vi1 + XiXiz + ;%" Similar procedures are introduced for x;; , 2 < j <
p;i. Consider the Lyapunov candidate function Vi; = Vj_1) + %f(fj, we have

@7 Xij
A @ij|Xij|+eie
Finally, choose a Lyapunov function V;; = Vj(,,—1) + %)Z?pi, we obtain

Vij < =kiVij+XiiXig+n+Hieie” " with ai; = —Xig—1)— 3kiXij— —art -
‘./ti S —E‘Z‘/u + (pi)sie_‘“t (3326)
which results from the local controller

. Lo Dips +° Xip: )
Vi = = Xi(pi—-1) — 5kiXip; — — P gy
X (pz 1) 2 X Pi @2p1|>zzpl| + Ez‘e_ait ydl

This completes the proof. O
Similarly to the procedure for z; subsystem, define the tracking error as
Xi = Yi —Yai, m —qg+1 < i < m. From (3.3.5)-(3.3.6), we have x; =

~

Afi —Yai +v;;, m—q+1<1i<m, where v; also denotes the local controller,
and Ay, £ Yoi+1poif+é; f. Define A; £ (%i—?ﬁo?;)+(¢2¢9—1/;2ié)+(éif—§if)a
then based on Theorem 3.2 and (3.3.21), it is clear that |A;| < @; for @; > 0.
The local controller can be designed as

1. . w2X;
v = _ékiXi+ydi_ X

— o — Vo — &f (3.3.27
@i| Xl + eiemt Vs = %2 f A )
for m—q+1 < i < m, which makes the time derivative of Lyapunov function

Vi; = $X7 satisfy the inequality as in (3.3.26).

Theorem 3.3 Suppose that all the conditions in Lemma 3.3, Theorem 3.2
and assumptions 3.5, 3.6 hold. There exists a control law for the system
(3.8.2) to make the outputs asymptotically track the given signals yq €
R = [@}?}]T = [Ya1,- -, Yam| while guaranteeing that all the states x
are bounded in spite of faults and parametric uncertainties, if

Rank[ ';;EZ;’% } —m (3.3.28)

Proof: 1f Eq.(3.3.28) holds, the fault tolerant tracking controller is de-
signed as

A T
u = |: 71(217 y) :| [{}17 ce ;{]m—tp Um—q+15 - - - 7Um]T (3329>

where T denotes right inverse, ¥; L — (1/;1(1',%.)9 + O, + Ty, + jipi), 1<
i < m —q. It is clear that the controller (3.3.29) guarantees the tracking
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performance and the boundedness of states for systems (3.3.13)-(3.3.14) and

(3.3.5)-(3.3.6). From the convergence result of observer in Theorem 3.2, the

outputs of system (3.3.3) 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 (3.3.2) into the fault diagnosis block
strict feedback form (3.3.3)-(3.3.6).

2) Design the observer (3.3.13)-(3.8.15), and the fault diagnostic scheme
(3.3.20) .

3) Design the observer-based fault tolerant tracking controller (3.5.29).

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 supervisor) and low level (continuous modes). The observer estimates
the current continuous 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.

Supervisor High Level
Signals of switching detection
and mode identification
> | I
N I
271 |
1 Observer
ST T T TT T, 1 for mode j ; LOW Level
| | : | . | g
,—\ L[ Controller |! w/ | 1 Y
! for mode j \ o !
I B l
[
b Plant
S | I
| f s |
—’\—‘ﬁ Diagnostic scheme [*]
| for mode j i
— |
L ! 1<j<N

Figure 3.9: the FTC framework for hybrid nonlinear systems

The idea of switching detection appears from the analysis of estimation
error 77, — 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
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problem [77], 71 — ¢, can be regarded as a residual for mode j to detect the
switching, since lim;_, g{ — 4/ = 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 (3.3.1) satisfy the conditions in
Theorem 3.3. If all modes are discernable, i.e., for mode j, the estimation er-
ror |el] is convergent as in (3.5.19) only under the observer (3.3.13)-(3.8.15)
associated with mode j, then all the normal switchings and faulty switchings
can be detected.

Proof: The proof follows the results of Theorem 3.2. We first consider
the initial period before any switching happens. Supposed the system is
initialized in mode j from ¢ = 0, the inequality (3.3.19) can be rewritten as
V) < —iVJ = Vj, for 7, > 0. Using the differential inequality theory, we
have

z

] t y . .
Vi) < e mVI(0) — / e DV (1) dr
0
, . ' ) ot
= ) - e ety - [ enrvioar]
0
< e MVI(0) + e [VGJ(O)—H?{ / e”lTVeJ(T)dT] (3.3.30)
0

where 77, £ #{(Pj). Given an initial z;(0) or a bound of z;(0)(note that the
continuous state is always bounded from lemmas 3.4,3.5 and Theorem 3.3).

It follows from (3.3.30) that |el(t)| < ¢l .(0) with
. 2 A 7]' . . 2 . . A . 2
(0P 2 < IeL0) + 78+ 170
oot . .. 2
+ni/ en’” (93%— |93(7)|> dT:|
0

where 77} & qmeslfd pl & mee(@U0) 7 & gl and P2 MTAPAM.

Since all the modes are discernable, no matter whether the discrete fault
occurs, once |7](t) — 41 (t)] = |Cel(t)] > /mI — ¢ie],, ,(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

t

VO = ) et e <

eV (7)43}3.31)
3 (k)
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The time varying threshold is designed as
€L (1)] < € pna(® (K)) (3.3.32)

with
A A o P L . 2
laa0(0) 2 e [el(6 1)+ 7 (8 -+ /(1))

oot A . 2
—Hﬂl/ en”™ (96 + |6’ (7’)|> dT:|
¢

7 (k)

Once |7 (t) — §1(t)| = |Cel(t)| > /mi — ¢ie),, (7 (k)), the switching that
ends the activating period of mode j is detected. O

After the switching detection, the controller (3.3.29) and the observer
(3.3.13)-(3.3.15) 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, con-
sider the HS (3.3.1) under a family of controllers (3.3.29), diagnostic scheme
(3.3.20) and observers (3.5.13)-(3.3.15), where all the modes satisfy the con-
ditions in Theorem 3.5. If, at t = t/(k), the following inequalities hold :

VI (k+1) < VI (k)) (3.3.33)
Gound @ (k+1)) < €lpna(P(k) 1<j<N (3.3.34)

where V, & St Vi, then y7 V5 € Q asymptotically tracks yg during the
activating period of mode 7, while x is always bounded in spite of faults and
uncertainties.

Proof: Based on (3.3.26) in Lemma 3.4, we can further obtain that V) <
—kIV 4+ nelemot, where k= /%f ca) = a‘g, 1 <17 < m. Appropriate selections
of & and @/ can make V¥ < 0, Vo(t) = j. If (3.3.33) holds, then the Multiple
Lyapunov functions (MLFs) method in [33] 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{(t/(k)) is decreasing
and positive, and therefore has a limit ¢ > 0. One has
lim V7 (¥ (k +1)) = V(¢ (k)] = ¢ = ¢ =0

k—o00

Note that there exists a class K function w such that

0= Jim [V(#(k+1)) =V (#(R)] < Jim [-w(#)] <0 (3335)
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Inequality (3.3.35) implies that the tracking error x’/ converges to the origin,
which combined with Lyapunov stability, leads to the asymptotic stability
of ¥7 for the HS in spite of faults and parametric uncertainty. On the other
hand, Inequality (3.3.34) guarantees that lim; . €pouna(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) — t7*(k), where t7*(k) is the real switching instant. The
effect of this delay is acceptable in the practical situation. Moreover, since
el is always bounded in egound, 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 [200] could be applied.

Example 3.2 : [176] A well known three-tank system is employed to illus-
trate 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 to keep ho and hs rise or drop
with given velocities and maintain the water levels in three tanks in certain
Tegions.

Figure 3.10: The three tank system

The system is modeled as a hybrid automaton with the following three
modes:

Mode 1 (save water): Valves Vi, V5 are open, Vi, Vj are closed. Levels
ho and hg rise according to given velocities.

Mode 2 (lose water): Valves Vi, V5, V3, Vy are open. Levels hy and hg
drop according to given velocities.

hy, ha, hs are continuous states of the system with hy and hs as outputs
for both modes. In the following, (-){ and (-)*® denote the parameters for
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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 switch-
ing. Suppose that the coefficients of pipes P;, 1 < i < 4 are the same. For
the sake of simplicity, only f and # 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 0 can be written as

i:ll —av/hiy — hy %
hg == a/ hl - hg — av/ hg — hg + 0
h3 ay/ hg — h3 %
0.006+/ha—hs 0.006a Q1
—av/hy — hy T ik s §
+ 0 f+ 0.006 0
QA /h2 — Ry 0.0\()/6};1/3?3 B 0.006\/ah2—h3

B = hz, y2:h3

where the fault term corresponds to sediment deposit in P, and Py, i.e.,
sections of P, and P, progressively change. The uncertainty term denotes the
modelling error and input disturbance related to (). It can be checked that
Assumption 3.5 is satisfied. Indeed, according to (3.3.22), a diffeomorphism
is chosen as &7 = hy, &Y = a(vVh1 = ha — Vha — h3), &Y = hs. Mode 1 in
¢M_coordinate can be represented as

¢ = &Y 4+ 0.0060
£U @ ANy ags"
o
228" vavin—m) 2V
a2Q1 X a@s

+
25(6" +avin —y2) 2V
2.3 2
Vi — s 1
—0.006(5“ v pra@  a __)9
252(&5" +ayyr —y2)2 2V —Y2 2

fé” = aVyr — Y2t % +avyr — yaf
+< 0.006a+/y1 — yo B 0.006y/y1 — y2>9
€§1> + a\/y1 — Y2 a

Y2 = §?<,1>
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Table 3.1: Physical parameters of the three tank system
S = Sy = S3 = S = Tank Cross-
0.0171m? section areas
Scl = SCQ = ch = SC4 = 0.00 m2

1pe Cross-
Ses See = 0.0004m section areas

a,; = 0.5279(1 < i < 6) Pipe coefficients

hmaz = 0.63m Maximum level

Qumaz = 5 x 107'm?/s Maximum  In-
flow rate

which verifies Lemma 3.3. Moreover the persistent excitation condition
(3.3.16) holds since the coefficient matrix of 6 does not tend to zero.
One further have that

MY = 52a3\/ﬁ+a21cz1 “ ’
252(¢S" +ayi—p2)? | 2VYI—u2
_ S2adVyi—yet+atQn a 0
1 _ 252y +ayyi—yp)? VLR
= 52a3¢{" —Sa3Q, _ aQs—Sagf!

V22565 1250 y—w2)? 454/ (y1—y2)?

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 discernability as in Lemma 3.5.

Table 3.1 summarizes typical values of the three-tank system.

where the coefficient a; = a,;(S./S)v/2g(1 < i < 6) with g being the
gravitational constant. The system required behavior is shown in Table 3.2.

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 —0.3e~%0(¢=10) which is assumed to occur at ¢ = 10s,
0 = 0.9m/s is unknown, 6, = 1. The parameters of the observer are

chosen as IV = 5, ¢ = 3, K = [1 0257, PV = { ig‘z _2'5 }

R = (.1481, it can be seen that Condition 2.3 is satisfied with &P = 0.006,

QM = [ 2;215 _11 } , é(O) = 0. The parameters of the controller are designed

as i) = 0.0026, @y = 2.5|&"], kW =5, ¢M = 0.0002, and o = 5. Re-
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Table 3.2: System required behavior

Mode Reference signals guard set
yly = 0.45 — 0.08¢ 0011 ()

Mode 1 ={h, >
yil = 0.33 — 0.08¢ 001 t@gg)} {h =
(2) —0.01(t—t2(k))
i = 0.35 + 0.08¢
Mode 2 =1{h <
Yl = 0.23 + 0.08¢ 001~ tz@% = th <
@) _ —0.008(t—t2(k))
Modes Y 0.35 + 0.06e

42 = 0.23 + 00600080~ tg;g% = th s

lated parameters of mode 2 and 3 can be obtained following the same way,
which are omitted.

—— parameter estimates
—— parameter
I

I I I
3 4 5 6 7 8 9 10

0.3 T T T T T T T
— fault estimates
0.25 — continuous fault

0.2

0.15
0.1
0.05

~0.05 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20
s

Figure 3.11: Estimation performance

Fig. 3.11 shows the estimation performance, where rapid and accurate
estimates of 6 can be provided after t = 2s which verifies Theorem 3.2. Note
that &t is invertible, f is also estimated effectively. Fig. 3.12(a) shows that
the switching occurs at t = 98.28s when h; reaches the guard set, and is
detected at ¢ = 98.298s with a delay of 0.018s, the region of h;(98.298) is
obtained from Lemma 3.6 as [0.546 — 6.5 x 107%,0.546 + 6.5 x 10~%] which
belongs to Inv(2)\Inwv(3), so mode 2 can be identified as the current mode.
Figures 3.12 shows the behaviors of hy, hs, hsy and two inputs, from which
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. 0.44 T T

x10 —n2
11 T T T T T T T
— thresnod 043 — reference signal<1> R
9 B 041} B
e B 0af
7L 1 039 b
o038 B
s ]
037 L L
" " : . . . . . . 50 100 150
925 9826 9827 9828 9829 983 9831 9882 9833 9884 0835 s
s
o T T
0.311 — reference signal<1> 7]
os6f Guard set R 0.8 L—_reference signal<2> |
osaf B 0290 b
= o028
os2f B
027 b
051 1 026 1
o. . . o . .
o 50 100 150 o 50 100 150
vs s

(a) Switching detection and h;’s be- (b) The behaviors of hs and h;
havior

Figure 3.12: FTC performance

50 100 150

.
50 100 150
s

Figure 3.13: System behavior
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we can see that the tracking performance is always maintained in spite of
continuous faults and uncertainties, and hq, hs, hg 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.

3.4 Conclusion

This Chapter has investigated the observer-based FTC problem of HS with
uncontrollable 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.
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Chapter 4

Hybrid systems with impulsive and stochas-
tic switching

In this chapter, two important classes of HS are considered that are with im-
pulsive 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.
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4.1 Impulsive switching case

Hybrid impulsive systems (HIS) represent an important type of hybrid sys-
tems [59] that have gained much attention in engineering, where the con-
tinuous states abruptly change due to the impulse effect at each switching
instant. Examples of HIS include some biological neural networks, frequency-
modulated signal processes, flying object motions [92, 58].

In this section, we focus on the FTC problem for hybrid nonlinear im-
pulsive systems 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

{ B(t) = Agtyr(t) + Gogry(2(1)) 0oy (t) + Bo(tyto (1)

y(t) :Cg(t)x(t) t £t ke {1,2,...}
(4.1.1)

2(8) = Joteyot0 () o) (), 02 o (2(E)))

y(t) :Cg(t)a,‘(t) t =1,k € {1,2,...}
(4.1.2)

where x(t) € R" is the non measured state which is continuous between
impulses. y(t) € R" is the output, u,(t) € R™ is the control. A,, B, and C,
are real constant matrices of appropriate dimensions. (A,, B,) is controllable,
(A,,C,) is observable. 6, € % is a bounded parameter, |0,] < 0, for
0, > 0. In the fault-free case, we have 6, = 0y, with 0y, a known constant
vector. The nonlinear term G, (z) is a continuous Lipschitz function, i.e.,
|Gy(21) — Go(x2)| < Lg|xy — 22| for L, > 0. It is assumed that G,(0) = 0,
and |G, (x)| < g, for g, > 0.

The continuous fault changes the parameter 6, unexpectedly as in [80].
In the faulty case, 0, = 0p, + 0., where 0, denotes the unknown constant
fault vector, |0;,| < 0;,, for 07, > 0.

Define @ = {1,2,..., N}, where N is the number of modes. o(t) :
[0,00) — @ denotes the piecewise constant switching function [92]. At the
kth switching instant tz, the system (4.1.1) switches from mode i to mode
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J, where ¢ = o(t),Vt € [ty_1,tx) and j = o(t),Vt € [tg, txs1). 1t is supposed
that the switching can be detected at each switching instant.

The impulsive dynamics (4.1.2) is activated at each . The discrete fault
is considered as an abnormal impulse effect, which is represented by the
unknown function Gg(t_)ja(t)(:c(t_)), and does not exist in the fault-free case.

There are quite a few practical systems that can be described by the
HIS model (4.1.1)-(4.1.2), e.g., the biped walking robot [57], the switched
reluctance motor [148], etc. The objective is to design the FTC law u, and
provide a sufficient condition on the switching frequency of o such that the
state x is always bounded in spite of faults and impulse effects.

4.1.2 FTC for single mode

Let us first consider the system (4.1.1) with o(¢) = j for some j € @ starting
from t = t;, and design the controller u; such that mode j is stabilized in
spite of fault 0y;.

Assumption 4.1 There exist two constant matrices Ej, K; € %™ such
that Gj(x) = E;G;(z), and for a given matriz Q; € R™™ > 0, it holds that

(4 = K;C5) ' Py + Pj(A; = K;C)) = =Q;, and  PiE; = Cj R,

for a matriz P; € R"V™ > 0 and scalar Rj. Moreover, rank(B;, E;) =
rank(B;).

The FD observer for mode j is designed as

A

-

(1) = Aa(t) + G(2(1)0;(1) + Bju;(t) + K;(y(t) — 9(t)) (4.1.3)

g)(t) = C;z(t) (4.1.4)

0i(t) = TG @) R;(y(t) (1)) (4.1.5)

where & (t),6; (t), 7 (t) are the estimates of = (t),6;(t),y (t). The matrix
FJ’ = F;r > 0.

Similarly as in section 2.2, the observer (4.1.3)-(4.1.5) always diagnoses
6; no matter the mode j is faulty or not. Denote e,(t) = x(t) — Z(t), e,(t) =

y(t) = (t), eo(t) = 6;(t) — 6;(2).

Lemma 4.1 Under Assumption 4.1, the observer described by (4.1.3)-(4.1.5)
can realize limy_,o. e, = 0 and limy_,o, eg = 0 if there exist two positive con-
stants o and tg such that for allt, the following persistent excitation condition

holds: "
/t G;(x(s))@j(x(s))ds > ol (4.1.6)
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Proof: The proof can be obtained following the procedure in [80], which
is omitted. O

Lemma 4.1 means that the observer (4.1.3)-(4.1.5) provides both the con-
tinuous state estimates  and the fault estimates éj, which will be used for
controller design.

Definition 4.1 [147]: A system & = f(x,u) is said to be input-to-state
stable (1SS) w.r.t the input u if there ezist functions § € KL, a,7 € Ky
such that for any initial x(0), we have

a(le(®)]) < 6(z0)], 1) +~(lulloy), vE=0

Lemma 4.2 [147]: If there exist ay, ag, az, 11 € Ko, and a smooth function
ViR — Reg such that ai(Jz]) < V(x) < as(|z]), V(z) < —as(|z|) +71(Jul)
then the system & = f(x,u) is 1SS w.r.t. w.

Recall that (A, B;) is controllable. Let W; = W' > 0 be associated with
a given symmetric positive definite matrix H; by the Riccati equation

ATH; + H;A; — 2H;B;B] H; + W; = 0 (4.1.7)

Since G;(z) satisfies |G(x)| < L;|x|. It has been shown in [58] that there
exists 1; > 0 such that

0i;G} (x)Hjx < njx' Hjx (4.1.8)
To this end, our fault-tolerant controller is constructed as
uj(t) = —B] H;i — B} E;G;(2)(0; — 0u;) (4.1.9)

Theorem 4.1 Suppose that Assumption 4.1 is satisfied. Under the feedback
controller (4.1.9), mode j in (4.1.1) is ISS w.r.t. e, and eq, i.e. there exist
functions B € KL, a,v1,7 € Koo such that for any initial state z(t;) and

t > ty, we have a(|z(t)]) < B(lz(t)], t) + nillexllp.n) + vellleoll.n) if
—Amin(W;) + ;1 H;| <0 (4.1.10)

Proof: Applying the control (4.1.9) to mode j in (4.1.1) results in the
closed-loop dynamics

T = (A] — BJB]THJ).T + BjBJTHjBQ; + Gj([E)QHj
+5(Gy(@)0y; - Gi(@)y;)  (4.1.11)
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where ;; 2 0, — 0,. Consider a Lyapunov candidate V;(z) = 7 H;z with
H; > 0 defined by (4.1.7). Its derivative along the system (4.1.11) is

“/j = —ZETVV]',I + QI'TH]'BJ'B]'TH]'GI + QZIfTHjG(QT)jeHj
It is clear that

Gy(x)05; — Gi()05; = G5(2)(0; — Op5) + (Gy(w) — G4(2))0y;  (4.1.13)
Substituting (4.1.8) and (4.1.13) into (4.1.12), together with the fact that
there exists an arbitrary € > 0 such that 2ab < ea® + b*/¢ for two numbers
a, b, yields

‘./}' S (—)\min(Wj)—Fnj’H]"+€1+62+63)‘3§”2
H,B,BTH,|> |H,E;L,|8>,
_|_<| i il +| iE;Lj| f]>|ex|2—|—

€1 €2
where €1, €5, €3 > 0, G_fj and g; denote the norm bounds of 8;; and G;. If the
condition (4.1.10) holds, €;, €2, €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 (4.1.10) 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.

H,E,|*52
HLET; 204114

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 (4.1.10) 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 (4.1.1)-(4.1.2). Since all modes are ISS, it can be ob-
tained from Theorem 4.1 that there exist continuously differentiable functions

Vi : R — Roo, k€ Q and 71(+), J2(+) € K, such that Vp € Q
alz* < V() < aglal? (4.1.15)
Vp(z) < =XoVp(2) + 7i(lex]) + F2(leol) (4.1.16)

where constants @y, ag, Ag > 0.

Assumption 4.2 There exist two numbers &1,& > 0 such that the impulsive
dynamic (4.1.2) with discrete faults satisfies

e(tn)] < Elx(t))| + Eles(tD)], ke {1,2,..} (4.1.17)
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Remark 4.1 Assumption 4.2 is a mild condition due to the following as-
pects: 1) Since the impulsive dynamics includes x and x, the discrete fault
is also a function of x, the form of (4.1.17) appears naturally for the norm
bound of x(ty). 2) The magnitudes of & and & are not restricted, and can
be taken arbitrarily large. 3) Inequality (4.1.17) does not restrict the decay
rate of the impulsive dynamics as in [92], [97], and has no relation with the
continuous dynamics.

The FD observer (4.1.3)-(4.1.4) and the controller (4.1.9) are switched
according to the current mode at each switching instant ¢;. The initial ob-
server state of the current mode is chosen as the previous value z(¢, ). The
parameter estimates éa(tk) are set to 0o, at ty.

Theorem 4.2 Consider the HIS (4.1.1)-(4.1.2) that satisfies Assumption
4.2, and all modes are ISS w.r.t. e,(t), eg(t). The HIS is 1SS w.r.t. e,(t),
eg(t) in spite of any fault and any large impulse effect if the switching function

o has an ADT 7, such that
Inw

Ao

T >

(4.1.18)

A 26082
wherew:a—zfl and @ > 1.

Proof: The proof can be straightly obtained following the same line as
that of Theorem 2.6, thus it is omitted. O

Roughly speaking, Theorem 4.2 shows that, under a low switching fre-
quency, the overall HIS is ISS w.r.t. e,, es.

Remark 4.2 The condition (4.1.18) is similar to the condition in Theorem
2.6 for the non-impulsive systems. However, if w < 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
vanishes instantaneously, unless the impulsive dynamics satisfies some special
structures 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 @ as Q = Qs U Qys, where Q4 (Q,s) denotes the set of
modes that are (not) ISS.

The following two inequalities are considered instead of inequality (4.1.16)

Vo() < =AoVp(@) + M(lex]) +Y2(les]) Vp € Qs
{ Vq(x) < MVy(z) + 7 (lex]) +32(lea]) VD € Qus (4.1.19)
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where 0 < A\; £ maxjeq,. {—Amin(W;) +n;/H,|}. In this case, the continuous
flow in mode p € Qs can potentially destroy ISS.

Define T (7T,s) the dwell period of ISS (non-ISS) modes in [t,7"). 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 N3(T,t) (N*(T,t)) denote the number of switchings of
o during the period Ty (Tys), if there exist two positive numbers Ts and T,
such that

TS Tus
NS(T, ) < No+ =2, N"(T,t) < No+ -, VT >t>0 (4.1.20)

TS Tus

where Ny > 0, then 75 and 7,5 are called double ADT of o over (t,T).

Consider the time interval [0,T") 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, Ts = T.,Ts = (T — T.), i.e., non-ISS modes work in [0,7,") and ISS
ones work in [T, T). Case 2, Ty, = T,,T,s =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 (4.1.1)-(4.1.2) that satisfies Assumption
4.2. The HIS is ISS w.r.t. e,(t), eg(t) in spite of any fault and impulse
effect, if the switching function o has the double ADT 74, T,s such that

XTs > Inw, Tuw=T., Ts=(T-T.)>0 (4.1.21)

T’lLS
AoTs > max{lnw,lnw + AlTus} T, =T, >0, Ty =T ~«T1.22)

TUS
where T' > 0 1s an arbitrary time.

Before proving Theorem 4.3, we provide some insight into the conditions
(4.1.21)-(4.1.22): if the system remains in an ISS mode after the last switch-
ing 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 (4.1.22) implies that

e The larger (smaller) A; is, the longer (shorter) ADT of ISS modes is
needed.

e The larger (smaller) \g is, the shorter (longer) ADT of ISS modes is
needed.
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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.

Proof of Theorem 4.3: Let T > 0 be an arbitrary instant. The function
W (s) is modified as

g = | € Va(a(s)  Vols) € Qq
Wis) {emva@(x(s)) Yo (s) € Qua (4.1.23)

Then we have W (s) < e*5®,Vs € T}, and W(s) < e *15®, Vs € T,,. Denote
by 1%, ... s s and 7, . .. s the switching instants on the interval T}, and
T, respectively.
Casel: T,s=1T.,Ts=(T—-T.).
We first consider the time interval [T, T), following the results of theo-
rems 2.6, 4.2 and (4.1.23), one has
W(T™) < wheeioTe (1)

+$<wN ) Z( SIa >\)> (4.1.24)

where yj £ 2e*%ay&3 e, (¢57)[%, ty, 1, = T Similarly to the iterative proce-
dure in Theorem 2.6, we can obtain

WD) < W)+ Y (=)
=1

Nus
g us—

3 (@ e (<) (129)

where x2* £ 26N Gygdle, (1)
Combining (4.1.24) and (4.1.25) leads to

Nu.s

W(T™) < w@letNeeMiProTeyy () 4 gMitio)le Z( N¥*+Nz—i us)

Z
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us
NU

+€(A1+)\0)Tc_ Z (wa;S—i-Ns—jGtﬂl( /\1)>
=0

NS Ng _
+3° (ch‘?—ixf) +3 <wN5—jG§§“(AO)> (4.1.26)
i=1 =1

From the condition (4.1.21), choose a number A\ < Ay — h;—sw, one has the
following inequalities
2N0 Tb(AO A)(TTSTC)wTuse

wQNoe()\o )\)Telnw +(A1+X0)Te

W NOA (1, To)ePo—NT (4.1.27)

o NEHNE S+ T (Art20)Te

IAINCIA

Al AL420) T, e
where A(7ys, T.) = nwit Mo ig o positive number.

(MR NN < 20 MOA (7, To) @263 e (1) Pe™(4.1.28)

WHOMWN&*“NS—JG;EI( M) < @20 (10, To)eP0NT ;7;1 (\Y4.1.29)

Substituting (4.1.27)-(4.1.29) into (4.1.26), together with the results of the-
orems 2.6 and 4.1, yields

allz(T))? < @A (T, Te)e ™ (o] (0)]* + G5 (V) + Falllea(t ) ler,en, )
(4.1.30)

where the function 74 € K. The ISS result follows from Theorem 2.6.
Case2:71,=1T.,T,,=T—T1T.,.
Similar to (4.1.26), we can obtain

W(T_) < wN5+N;LSe_(>\1+>\O)Tc_W(O)+6 (A1+X0)Te Z( NYS NS —i Z)

N3
+€(A1+)\0) 3 E (w LSENS ]Gt%Jrl(/\O))
j=0

+NZ< ) +NZ< NG (- M) (4.1.31)
j=1
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From the condition (4.1.22), choose a number A satisfying A < min {)\0 —

lnw Ao — IncoTee — @} The following inequalities can be obtained

Tus Ts

Ve HNE® o= (Mat+ro)Te o2 No+1 rs/\o(— 1)

e wms e
w2N0+16>\0T3+1nw%—()\l—w\o)Ts

—(A1+X0)Te

VAR VANVAN

?Notl =Mt gATs (4.1.32)

Since A > 0, there always exists a A* > 0 such that \*T" = A\7,.

e WHATe GNat=iyus < 2®Moay e, () [Ped e M (4.1.33)

U?—

o~ rHA0)Te N“S—JGtgl( Ap) < wNoghoms AT —AlTGtZtl (A) (4.1.34)

Substituting (4.1.32)-(4.1.34) into (4.1.31), together with the results of the-
orems 2.6, 4.1 and Case 1, yields

allz(T)P < @ e ™ ag|z(0)* + Y5 (llewlliom) + To(lleollo44)1.35)

where the functions 75,95 € K. 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 [92] is given to illustrate the
theoretical results. Consider a HIS with two modes as
|
Ty = gT1 — T2
mode 1: Ty =21 + %xg + (sin? 2 + sinzy)0) + uy
Yy=x1 — T2

.i?l = —4$1+£L‘2
mode 2: Ty = 21 — 3o + (sin?21)0s + uy
Yy=x1 — T2

1 1
ZE2:—$1+ .73 $2:§$1+ZE2

where 9H1 8, Ops =1, the bpunds of faulty parameters are assumed to be
0f1 0f2 =1, and 6, = T L 0y = 2. It can be seen that By = E, = [0 1],
L1—3 L2—2 91—2 92—1
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As for mode 1, the matrix K7 and ()7 are chosen as ()1 = [

—1 1.3564 —0.3376
and Ky =15 —0.3376 03376 | M4 =
—0.3376. Note that Assumption 4.1 holds, which implies that the FD ob-
server works well.
On the other hand, by choosing Wy = I, we obtain the matrix H; from

(4.1.7) as Hy, — [ 2.0048  —0.5003

, we can obtain P; =

05003 1.0646 Simple calculation leads to that

n = 0.6366 in (4.1.8), it can be checked that —\y,(W7) + ni|Hy| = 0.5136,

which means mode 1 is not ISS.

As for mode 2, K, and @ are chosen as @ = { 10.8180  —0.7843 1’

—0.7843  1.0912
1.7348 —0.0341}

Ky =

, one has Ry = —0.0341 and P, = { —0.0341  0.0682

—1
-5
Assumption 4.1 also holds.

0.1350 0.0417

0.0417 0.1708 } and 7z =
2.8497, it follows that —Apin(Wa) +n2| H1| = —0.3572, which implies mode 2
is ISS w.r.t. e,, eq.

From above calculations, we get a; = 0.1076, ap = 2.2212 in (4.2.6),
Ao = 0.3572, A\; = 0.5136 in (4.1.19).

Now consider the impulsive dynamics, assume 0, = 111, 63, = x1, we
have & = 1.8028 in (4.1.17), it follows that Inw = 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 (4.1.21),
if the dwell time of mode 2 is larger than hj\—ow = 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, = 10s, from the
condition (4.1.22), if the dwell time of mode 2 is larger than 28.0751s, then

HIS is still ISS w.r.t. e,, e.

By choosing Wy = I545, we obtain Hy = [

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 stochastic differential equation, the mode switching is governed by a
Markov process [125], [105]. 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
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and FTC is natural [105].

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 stochastic system relies on the trade-off among the fault occurrence tran-
sition 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

dr(t) = oo (2 (8), u(t)dt + goio (1) u()AW(K)  (42.1)

where the state x € R", the input v € R™. W is an r-dimensional standard
Brownian motion. Both f, and g, 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 (2, F,P) be a complete probability space of the fault occurrence, the
switching function o(t) is a right-continuous Markov chain on the probability
space taking values in a finite state space @ = {1,2,..., N} with generator
matrix [' = (p;;) vk given by

) =lo(t) =i} = { ﬁAp:AO(f())(A) i;ii (4.2.2)
where 0 < p;; < 1 represents the fault occurrence rate from mode ¢ to mode
jifi#j,and py = =3 . pij- A > 0 is the infinitesimal transition time
interval and o(A) is 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,(z) : R — R, € C? associated with the mode ¢ of the
system (4.2.1), we define the differential operator as

0 0?
LV,(z) = ‘gqa(::) folz,u) + %Tr[g(;(x,u) g;gx)

Gg(z,u)] (4.2.3)

We also define the following generator

LVy(w) = LVy(@) + D po V(@) (4.2.4)
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According to the generalized 1t6 formula [144], one has

E[V 1) (2(t2))] = E[Voa) (x(t1))] + E[/ QZVU(t)(w(t))dt (4.2.5)

t1

for any stopping times tq,ts as long as the involved integrals exist and are
finite. In the following, we assume that the integrals in (4.2.5) always exist
and are finite for any 0 < t; <ty < 0.

Definition 4.3 The system (4.2.1) is said to be input-to-state stable (155)
w.r.t the input u if there exist functions B € KL, a,v € Ky such that for
any initial x(0), we have

Ela(z(t)])] < 8(z(0)],t) + v([lulloy), VE=0

The difference of Definition 4.3 from usual ISS formula (Definition 4.1)
is the introduction of the expectation. It has been proven in [98] that the
following ISS property of the single stochastic system holds.

Lemma 4.3 The system dv = f(x,u)dt+ g(x,u)dW is ISS w.r.t. u, if there
exist ay, o, as, 71 € Koo, and a smooth function V(z) € C*(R";R,) such
that aq (|z]) < V(2) < ap(la]), LV (z) < —as(|]) + 7 (|ul).

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.

Theorem 4.4 The SDP (4.2.1) is ISS w.r.t. w if there exist ay, ag, X € K,
w > 0 and smooth functions Vj, € C2(R™;R,) k € Q such that Vq € Q

aiflal) < V() < allal) (4.2.6)
LV,(@) < —wVy(e) + x(lu] (4.2.7)
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where the generator L is defined in (4.2.3)-(4.2.4).

Proof : Since any t is supposed to be a stop time, applying the generalized
[t6 formula derives

BV (0] = BVt O] + B[ | (o 6)) + Vo)) 5]
We further have
Ele'Vo(2(t)] = ElVoo(@(0)] + E| / e (g (2(6)) + BV a(s) ) ]
< als(0)) + B [ e (Vi (8) — Voo a(e) + () ) ds]
< (o) + B[ [ (xu)) s

< an(z(0))) + 5( = 1) sup {x(lu))

T€[0,t

Consequently, we obtain

Blar(la(®)l)] < e“au(|x(0)]) + — sup {x(Jul)
W reo,t)
This completes the proof. O
It is interesting to analyze the condition (4.2.7). It follows from the
definition of £ in (4.2.4) that if there is only one mode in the system or there
is a common V() for all modes, then LV, (x) = LV,(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 (4.2.4), it is clear that

N

> paVila) = paiVile) = [palVala)
J=1 J7#4q

we further conclude from (4.2.7) that
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o If Z#q PaiVi(x) > | pgqlVy(2), then ISS of SDP implies the ISS of mode
q.

o If > i, PiVi(®) < |pgqlVy(z), then ISS of SDP can be achieved even
mode ¢ is non ISS.

o If >, PeiVi(®) <|pgqlVy(2), 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 occur-
rence transition 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 dis-
cussions. 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 (4.2.1) where each mode is ISS. More formally, suppose
that there exist ay, as, x € K&, Ao > 0, ¢ > 1 and smooth functions
Vi € C3(R™;Ry) k € Q, such that Vp,q € Q

arllel) < V(o) < as(lal) (4.2.8)
LVy(x) < —AoVy(w) + x(Ju] (4.2.9)
Vpa) < aVyle) (4.2.10)

Theorem 4.5 The SDP (4.2.1) satisfying (4.2.8)-(4.2.10) is 1SS w.r.t. w if

>l >

<=, with X & max{|p;||i € Q}, X 2 max{p;li,j € QY  (4.2.11)
where p is defined in (4.2.10), p;; represents the fault occurrence rate defined
in (4.2.2).

In order to prove Theorem 4.5, the following lemma is needed.
Lemma 4.4 [25] Suppose that o is a Markov chain satisfying (4.2.2). It
holds that ¥Vt > 0, Vk € N
—Xt 5\t k
P, (1) = k) <

where X and X are defined in (4.2.11). N,(t) denotes the number of switchings
of o over the interval [0,t) as defined in Definition 2.4.
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Proof of Theorem 4.5 : Let T' > 0 be an arbitrary time. Denote by
Ti, ..., TN, (1,0) the switching instants on the interval [0, T"), where N, (T, 0) is

defined in (4.2.14). Denote G%()\) = fab e =)x(|u|)ds. Since LE[V (z)] =
E[LV (z)], it follows from (4.2.9) and (4.2.10) that for ¢ € [7;41, Tiy2)

E[VU(Ti+1)<x(t))] < E[VU(TiH)(x(Ti-i-l))]e_)\O(t_nH) + E[G;H()‘O)]
BV (i) Je 0] + BIGL ()]
< E[uVo(r(a(n))e )]
+E[pe T IGT (M) + 67 (V)]
B[V, ((7im1))e 0] Efule WG (V)]

Tic1
—i—E[/Le_)\O(t_TiH)GZH ()\0) + G;H ()\0)]

IN

IN

Denote N, = N, (T, 0), following the above iterative procedure, we finally
obtain

E[Voryz(T)] < E[p]e™ Vo) (2(0)) + EIGT, (M)
+E[ 3 qu—je—%(T—TfH)G:;H(AO)](4.2.12)
Based on Lemma 4.4, one has
E[p"] = iu’“P(Na =k) < iukw = I (4.2.13)
k=0
Under the condition (4.2.11), substituting (4.2.13) into (4.2.12) leads to

BlVme(D] < Vo @0) + B[ [ x(ulis]

The result follows directly from the proof of Theorem 4.4. O

Roughly speaking, if each mode is ISS, and the fault occurrence transi-
tion 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
(4.2.11) can be removed 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 (4.2.11) by introducing
the concept of stochastic average dwell time defined as follows.

117



CHAPTER 4. HYBRID SYSTEMS WITH IMPULSIVE AND STOCHASTIC
SWITCHING

Definition 4.4 If there exist a series positive numbers 1, Yk € NU{0} such
that
T—t
k< Ny + , VI'>t>0 (4.2.14)
Tk
where Ny > 0 denotes the chattering bound, then © = {1,k € NU{0}} is
called the set of stochastic average dwell time (sADT) of o 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 £k,
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 (4.2.1) satisfying (4.2.8)-(4.2.10) is 1SS w.r.t. u if
Vk e NU{0}

. >\0+5\ A0T
po< mm{T,e } (4.2.15)
A< A (4.2.16)

where T, € O, O is the set of sADT defined in Definition 4./, X and X are
defined in (4.2.11).

Proof: Following the proof of Theorem 4.5, inequality (4.2.12) is rewritten
as

E[Vama(D)] < Eple " Vy)(2(0))

+ Z E[MNg—je—)\O(T—Tj+1)G:;+1(/\0> +E[GZNU (/\0>] (4'2'17>

=0
It follows from (4.2.15), (4.2.16) and Lemma 4.4 that

E[i7] < A NT < gl (4.2.18)

E[MNU—jG—AO(T—w)} — ZP(NG = k) (uk_je_’\o(T_Tj“))
k=0

< PN, = ) ()

< ZP(NU = k) (MHNOem/\o(%—j—1)6,,\0(T7TH1)>

k=0
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< ZP(NU = k) (MHNOer(TfTHl)e,AO(T,TjH))
k=0
= e (AT
k=0 :

Substituting (4.2.18), (4.2.19) into (4.2.17), we have

IV (T)] < Vao@(0) + 1 B[ [ x(ul)as]

The result follows. O

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 (4.2.11) to achieve the ISS of the SDP.

Remark 4.4 Generally, the condition (4.2.15) can not be used to verify a
priori whether the system is ISS. Since the switching of SDP (i.e. the instant
of fault occurrence ) 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 (4.2.15) 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 @ as Q = Qs U Qys, where Q5 (Qus) denotes the set
of modes that are (not) ISS.

Consequently, the inequality (4.2.9) is modified as

LVy(x) < =XVy(x)+ x(Ju]), Vg e Qs (4.2.20)
LV)(x) < MVy(@)+ x(Jul), Va € Qu (12.21)

where A\; > 0. In this case, the continuous flow in mode ¢ € @),s can
potentially destroy ISS.

Similarly to Chapter 4.1, divide the time interval [t, T') = T, U T,,, where
Ts (Tys) denotes the dwell period of ISS (non-ISS) modes in [t, 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 N;(T, t) =¢e,6 € NU {O} ( gs(T, t) =gy, €9 € NU
{0} ) denote the number of switchings of o during the period Ty (T,s). If there
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exists a series of positive numbers 72 Ve, € NU {0}, and 7% Ve, € NU {0}
such that

TS TUS
e < N() + —, €9 < N() + s vT >t>0 (4222)
T2 Ty

where Ny > 0, then ©4 = O, U O, is called the set of double stochastic
average dwell time of o over [t,T), where ©, = {72 ,e1 € NU {0}}, and
= {75,682 € NU{0}}.

Consider the time interval [0,7") for arbitrary time 7' > 0. For the sake
of simplicity, in the following, we divide [0,7") = [0,7.7) U [T, T") and focus
on two cases: Case 1: T,;, =T, T, =T — T, i.e., non-ISS modes work in
[0,7.7) and ISS ones work in [1,,7T). Case 2: Ts, =T, ,T,s =T — T, ie.,
ISS modes work in [0,7)") and non-ISS ones work in [T,,T)).

Theorem 4.7 The SDP (4.2.1) satisfying (4.2.8),(4-2.10), (4.2.20)-(4.2.21)
is 1SS w.r.t. u if Ve1,e9 € NU {0}

)\0+/\ /\oTES
{ p<m { ¢ 1} for Case 1 (4.2.23)
A< A
y A7, =M1 Tus)Tdy
)\o-i-)\ AoTe %
o= mm{ ehe ’ } for Case 2 (4.2.24)
A<

where \ and \ are defined in ({.2.11).

Proof of Theorem 4.7: Denote by 71**, ..., Txus, and 77, . . ., Txs the switch-
ing instants on the interval T, and T} respecti;ely. ’
Casel1:7,,=[0,7,),T,=1[T.,T).

During the time interval [T, T'), following the proof of Theorem 4.5, one
has

E[Vona(T)] < Epe TV, o) (o(T)))]

+E[ pNe=ig=2oT=T5) G J+1()\0) +E[GZJSVS (Ao)] (4.2.25)

Similarly, during the time interval [0,7,), we obtain

E[V,a(T,)] < E[uzvgsemv(,(o)(a;(o))]+E[GZ§ZS(—A1)]

N¥s—1

+E[ Z NE i T T ()] (4.2.26)

J

120



CHAPTER 4. HYBRID SYSTEMS WITH IMPULSIVE AND STOCHASTIC
SWITCHING

Combining (4.2.25) and (4.2.26) leads to

E[V,yz(T)] < E[pNetNe e oot ATy, ) (2(0))]
Nus 1
—|—E|: Z MN;—I—N;LS . —)\0T+()\0+)\1)Tc A TY Jr1G« J+1( )\1)
7=0
B[V M TTIGT, (<)

Ni—1
+E[ S s AT GJ“(AO) +E[GT, ()] (4.2.27)
=0 7

Under condition (4.2.23), it follows that E[u"ot""] < e*T and

B = Yo P(VTT) =<)

61*0
T Te) () _ .
< Zu )()\(T T.))™ _ (IA=-N(T-T0) < Mo(T=Te)
€1=0 81!
1=

On the other hand, G:%Zl(—)\ ) < et g ”1()\0) Consequently, we get
J

N¥—1

EV,a(T)] < eMoWTey o (2 (O))+e(A0“1>TCE[ > GJ“ ﬂ
j=0
Ng-1
+PPEE GT ()| + VB Y 6T ()]
o JZO b

B(GT, (V)]

Define T £ max{ePot )T )1+No} " we further have

BVona(T)] < TVoo(@(0) + TE[ [ x(iupas]

The ISS result follows.
Case 2: T, =[0,7.),Tys = [T.,T).
Similarly to (4.2.27), we can obtain

E[V,a(T)] < E[pNetNeMT-Got Ty o (2(0))]
Ns-1 .
=0 ’
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+E [N M1 GT (Ao)] + E[GZ w (= )]
N#s—1
+E[ S N TG (- ) (4.2.28)
=0
From the condition (4.2.24), the following inequalities can be obtained

T-T,

s L_ - -C
M51+52€)\1T7(/\0+)\1)Tc < M2N0+16751Ao(75s l)u T oMT—(Mo+A1)Te
< 2No+1,™ T /\0+1nuT“S+)\1Tus
< pPhotd (4.2.29)

T-T,
ILL€1+62—je)\lT*()\o+)\1)Tc+/\oT;+1 < M2N0+1 e )‘0(7*1 U,LL Tgsc AlT*()\OJr)\l)Tch)\oT;Jrl

2o+, —78 /\0+lnuT“9+)\1Tus

VARVAN

p2Not1 (4.2.30)

Since g > 0, there always exists a A* > 0 such that AT, = A7 . It holds
that

Neze)\l(T Te) — A"Teg=207e) ,UI€26)\1(T*T¢) < eA*TcluNo (4231)

u527’]€/\1(T T]+1) < /L€2€A1T AT 1 < e(A*+A1)TCMN0€ )‘17—]+1 (4232)

Let us come back to inequality (4.2.28), under (4.2.29)-(4.2.32), we further
have

E[V,qz(T)] < p*Not! Z Z P(N; =21, N* = &)

£1=0¢e2=0
Ngo =1 rus,
* J
-(m (2(0)) + XT3 / x(Jul)ds
j=0 J7;°
Ni—1 T
+e TG (A Z Gf“ o) + X T / X(|u|)ds)

T
S u2N0+1VU(0)(ZL‘(O))+LL2N0+16(>‘*+>‘1)TC/ X(|u|)d8
0

This completes the proof. O
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.
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Remark 4.5 [t 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 [105], less control effort is required. Compared with
the general FTC methods [16], 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 inequal-
ity (4.2.9) is changed into

LV,(2) < MVy(@) +x(lul), Vg€ Q (1.2.33)
where A\; > 0. We have the following result:

Theorem 4.8 The SDP (4.2.1) satisfying (4.2.8),(4.2.10) and (4.2.33) is
ISS w.r.t. w if B .
pA+ A < A (4.2.34)

where X and X are defined in (4.2.11), Ay is given in (4.2.33).

Proof: Following the similar procedure in the proof of Theorem 4.5 yields

BIVogrye(T)] < B eV +E[Nf PN TG LG
(4.2.35)
Under condition (4.2.34), it holds that
E["] < WA NT < =NT (4.2.36)
Equality (4.2.36), together with (4.2.35), 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 (4.2.34), we do not need to design the stabilizing con-
troller even the stochastic system is not stable separately in the healthy and
faulty situations.

Example 4.2 : A fault-prone manufacturing system originated from [51] is
a good example to illustrate our results. Consider a machine producing a
single commodity, the SDP model takes the form

dx(t) = (fory(x(t)) — d)dt + g(x)dW () (4.2.37)
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where the state z(t) € R denotes the inventory, d > 0 is a constant represent-
ing the demand rate, which is regarded as the input. W is a one-dimensional
Brownian motion independent of o(t). f,(z) is the state feedback control
policy which is the production effort. The term g(z)dW is often interpreted
as "sales return”, ”inventory spoilage”, or "sudden demand fluctuations”.

Two modes are considered, o(t) = 1 or 2, depending on whether the man-
ufacturing system is in the functional state or the actuator faulty situation re-
spectively. o(t) is modeled as a Markov chain with generator —p;; = p1a > 0
and —pgs = pg; > 0. This means A = .

In mode 1, fi(z) = —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: fy(z) = —2x.
Choosing Vi (z) = Va(x) = 2? leads to

_ 1
LVi(x) = LV)(x) = —22° — 2xd + Z:EQ

_ 1
LVy(x) = LVs(1) = —42® — dad + ZxQ

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 simulation, suppose that
—p11 = p12 = 0.5 and —p9y = po; = 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 : fy(z) = 2.

We can get

_ 1
LVy(x) = LVy(x) = 42* — 4xd + sz

Theorem 4.4 is unavailable now. It can be seen that the faulty mode may
become non-ISS. Choose A\g = 1.5, A\; = 4.5 that satisfy (4.2.20) and (4.2.21).
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 at the faulty mode (mode 2), it is obtained from
(4.2.24) that if 7° > 3T, i.e. the dwell period of the healthy mode is large
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Figure 4.1: State trajectories in faulty case 1

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.

40 50 60 70 80
s ts

(a) State trajectories (ended at mode (b) State trajectories (ended at mode
1) 2)

Figure 4.2: State trajectories in faulty case 2

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
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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.
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Chapter 5

Hybrid systems with discrete specifi-
cations

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 convergent 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 follow 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 reconfigure the discrete part after faults occur, which can be
achieved from discrete event system (DES) point of view. However, compared
with pure DES, continuous system behaviors must be taken into account in
HS. Two major discrete event system models, namely finite state machine
and Petri net are used respectively.
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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 specifi-
cations. 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 [128]. However, compared with pure DES, continuous dynamics have
to be considered for HS, the reachability must be checked after reconfigura-
tion of the sequence. It has been shown that checking reachability for very
simple class of HS is a difficult work, and the accurate mathematic model of
the system must be known. In fact, the hybrid models of physical environ-
ment in real world are usually too large and complicated. How to 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 accessible to analysis tools [3]. Such method leads to a lower compu-
tation level than that for the original system. Qualitative abstraction (QA)
originates from the qualitative theory that has been shown to be effective
tools to analyze system behavior in the absence of complete knowledge [85].
Several results have been reported about QA for HS, e.g., [11, 157], most of
these works focus on the linear HS. In [14], 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. 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 continuous parts are linked qualitatively such that the reacha-
bility 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
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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 knowledge. QA is a link between con-
tinuous and discrete part of HS, the reachability can be analyzed effectively
in this level; Discrete abstraction is also a finite state machine which repre-
sents the discrete modes and the switchings among them, while the behavior
of continuous modes is removed. Fault tolerance is discussed in this level us-
ing DES supervisory control theory [128]; Supervisor determines whether the
controllable switching between modes is activated or not, and reconfigures
the switching sequence after faults occur.

Supervisor [~~~

Discrete Abstraction

A

Qualitative Abstraction

A

Hybrid Automaton

1

Plant

Y

Figure 5.1: The hierarchical FTC model

It will be shown that under this model, it is easy to check if the switch-
ing sequence design based on discrete abstraction is available for original
HS, the reachability 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 [102] and
[103]. However, in [102], the Petri net is used to model the abstraction
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of the system. Our work utilizes the finite state automata which is more
suitable for fault tolerance analysis of discrete fault. In [103], the objective
is to handle a kind of continuous systems with the discrete inputs. The
qualitative abstraction in [103] relies on the behavior theory which is also
quite different from ours.

The HS is modeled by a hybrid automaton H as Definition 1.1 where the
outputs and continuous faults are not involved. The trajectories of H that
start from some initial state (qo, x¢) € Init consist of a sequence of continuous
flows and discrete transitions. When the discrete state ¢ is maintained, the
continuous state x evolves according to the differential equation & = f9(x),
as long as © € Inv(q). After 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).

A .
T Init =G
—— Continuous state trajectory
——> Discrete state trajectory Mode 3
Mode 2
Mode 1 - \

If

Figure 5.2: Illustration of the system trajectory

The considered discrete faults Fy affect the discrete transitions E : V' x
Fy — Q x @, that forces the system to switch into a mode which is not the
prescribed 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.
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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 ¢ is omitted in this section.

We first define sign as the symbol of the scalar, i.e., for a scalar a,
sign(a) = —1, if a < 0; sign(a) =0, if a = 0; sign(a) = 1, if & > 0. Define
the set S = {¢ = [c1,...,su]T;6 € {—1,1}}. Tt is clear that S contains 2"
elements. Denote ¢* as the kth element of S. The matrix diag(3) is the
diagonal matrix having the vector 4 on its main diagonal.

Consider the nonlinear system

i = f(z) (5.1.1)

where © = [z1,...,2,]7 € R", f(z) = [fi(x), ..., fu(z)]" is a smooth function.
It is not assumed to have the complete knowledge of f(x), only two qualitative
properties are required: sign(f;(z)) and sign(gﬁ), Vi,j e {1,2,...,n}.

Consider a point x*, which divides the domain R" of x into 2" regions,
denoted as , £ {z € R"|diag(s?)(x —2*) > 0}, for ¢? € S. 0 is a null vector
of dimension n. Each region (2, has n neighbors that share a hyperplane with
;. Tt is clear that one of continuous states x; equals z; which is on this
hyperplane, for j € {1,2,...,n}. Denote Mg, ;) as the hyperplane between
two neighboring regions €2, €y, and x; = x}. Also denote sign(fi(r))q, as
the sign of f;(x) in ,. When x goes from one region to another, we say that
a continuous transition occurs.

Definition 5.1 The nonlinear system (5.1.1) is said to be point monotonous
iof there exists a point x* such that

1) Vi € {1,2,...,n}, ¥¢? € S, sign(fi(x))q
sign(fi(z))q, s unique.

2) there is a fived k € {1,2,...,n}, s.t. sign(fi(z))o, # sign(fi(x))q,. and
Vj € {1,2,....n},5 # k, sign(f;(x))a, = sign(f;(z))q,, where Q,, Q, are
two neighboring regions.

18 fized, i.e. the value of

q

The following Lemma gives the method to check which f; changes the
symbol between neighboring regions.

Lemma 5.1 Consider a point monotonous nonlinear system (5.1.1) and two
neighboring regions €, Qq. If Vo € M), for s,i € {1,2,....,n}, we have

fi(z) =0 and
> <§_3J:;fj) 70

36{1,2,,71},3751
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then sign(fi(z))a, # sign(fi(z))e,
Proof: Differentiating equation (5.1.1) w.r.t the time leads to
. Ofi. dfi

JE{1,2,n} gt Y

Note that Vo € Mg, fi(z) = 0 implies z; admits an extremum at Mg ).
The following two cases are considered.

- For the case that sign(}_;c1o  ayjxzi ng;fj) = 1, it is obtained from
(5.1.2) that & > 0 Vx € Mpg,5)- So #; changes monotonously at
Mpq.5)- On the other hand, sign(f;(z)) is fixed respectively in €, and
Q,, we have that sign(f;(x ))Qq > 0, and sign(fi(z))q, < 0, x; reaches
a maximal point or sign(f;(z))o, < 0 and sign(f;(z))o, > 0, x; reaches
a minimal point. It follows that sign(f;(z))a, # sign(fi(z))a,

- For the case that sign(ZﬂE{LZ )i %fj) = —1, it follows that &; <
0 Vx € M. Thus 2; also changes monotonously at Mpq,s), the
similar procedure as for case 1 can be done to obtain the results. O

Lemma 5.1 captures the symbolic change of # 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 (5.1.1), Q,,, €,
are two neighboring regions sharing M, jy, and sign(f;(z))a, # sign(fi(z))a, -
-If sign(xy — 7)), = —sign(fj)a,, then crossing of M, ;) is possible
from €2, to Q.
-If sign(zj—x5)a, = —sign(fj)a,, then crossing of My, ;) is possible from
Q, to Q,.

Proof: For the case that sign(z; — x})q, = —sign(f;)a,, without loss of
generality, assume that in €, sign(r; — 27) = 1, and sign(f;) = —1, then
x; would converge to x} and reach the M, ;) from 2, then go to €2,. If in
Qy, sign(z; —x3) = —1, and sign(f;) = 1, then x; would also converge to
and reach the M, ;). The proof of the transition from 2, 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 (5.1.1) as ¢ :  — M = {1,2,...,2"}, which is a finite
set of variables interpreted over 2" regions of system (5.1.1), e.g., Vo € Q,
Y(z) = ¢, which is denoted as 9,,.
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Example 5.1 : Consider the Lotka-Volterra system describing the relation
between a population of preys (z7) and a population of predators (z5):

T, = axy — brize
[ii'g = —CT2 + d.’lfll’g

where a, b, ¢ and d are positive. The system is point monotonous with
v* = [c/d a/b)T. Fig. 5.3(a) shows its four regions divided by z*: €, s,
Q3 and Q. sign(f;) is also fixed in each region as in Fig.5.3: sign(fi)q, <0,
sign(f1)a, < 0, sign(fi)a, > 0, sign(fi)a, > 0. sign(f2)a, > 0, sign(fo)a, <
0, sign(fa)a, < 0, sign(fa)a, > 0. Based on Lemma 5.2, four continuous
transitions can be obtained: from €2y to €25, from 5 to 3, from Q3 to €1y,
from €, to ;. Fig. 5.3(b) shows the graph of qualitative states.

X

alb M 3,

Q, M 3y, Q,
0 o - [ 193 ] [ I94 ]

(a) vector field in each region (b) qualitative state graph

Figure 5.3: qualitative behavior of the system

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 con-
tinuous transitions in each mode is the same as in Lemmas 5.1, 5.2. Denote
E. as the continuous transition set of HS.

-Discrete transitions (between modes): As in Definition 5.1, when z in
mode ¢ reaches the guard set G, and (i,7') € FE, then the system can be
switched from mode 7 to ¢ under v.

The region of mode i is denoted as Q° = [Q, ..., Q2,]7, where

Q) = {x € R"|(diag(<?)(x — D) > 0) N Inv(i),s? € S} (5.1.3)
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where 2*() is related to the point monotony property of mode i. From
(5.1.3), it follows that some regions 2, may be empty if (diag(c?)(x — z*) >
0) N Inv(i) = 0. The qualitative states of mode i are denoted as ¥ =
[0, .., U}y, where 0 < u(d) < 27, 9 is related to = € O # 0.

Definition 5.2 The region Qfl is said to be determined if only discrete tran-
sitions or only one continuous transition may occur from QZ.

The "determined region” is a special case of the "good region” defined
in [4], which ensures the uniqueness of the continuous transition from each
region.

The QA of HS is constructed as a finite state machine QA = (Q, o, 2, 1),
where @ = ;e ¥ is the state set, Qo = UV(x,z‘)elmt,erg;ﬁ@ ! is the initial

state, 3 = E|JE. is the transition set T : 3 % Q — Q is the activated
transition!. Divide T' = T, UT}, where T}, is the set of continuous transitions,
T, 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 O(Zf\il [e(7)]).

Compared with the abstraction in the usual sense [3], [157], Q.A corre-
sponds to the qualitative behavior of HS, since the continuous state in each
region of HS has a unique related state in Q.A4. The following theorem proves
the qualitative reachability equivalence between QA 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, € Qfl, Ty € Qi, if there exists a
solution z(t) of HS and ti, ta, s.t. 0 <ty < t9, x(t1) = x1, x(t2) = xo, then
QA has a solution §(t) € Q s.t. G(t) = V¢, and §(t;) = 7.

@

Proof: Consider two points z; € Qé, Ty € Qg, st z(t)) = 21, x(tz) = a9
for 0 < t; < ty. From the structure of QA, it follows that for every transition
of HS, there is a unique related transition in QA. If t; = t, then §(¢) is a
trivial solution satisfying the theorem. If ¢; < t5, denote ¢°,q",...¢"™ as the
state sequence of QA in the interval [t1, t5]. If 21 and x5 are within the same
region of the same mode, i.e. ¢ = j, p = ¢, then no transition occurs, m=0,
@ = q4(t)) = q(tz) = ¥°. If z; and xy are within the different regions of
the same mode, i.e., © = j, p # ¢, continuous transitions must occur from
z(t1) to z(tz), so m > 0, and all ¢°,...,¢" € V', with ¢° = §(t;) = Ui, and
qm = q(t2) = 19;). If 21 and x5 are within the different regions of the different
modes, i.e., i # j, p # q, then both discrete and continuous transitions occur,
we have ¢ = ¢(t1) = ¥%, and ¢™ = ¢(t2) = V. O

'In some literatures of DES, ¥ is also called ”Event”, and T is called ”transition”.
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The converse version of Theorem 5.1 is not true, i.e., for §(t;) = %, and
q(t2) = V) x1 € ), xo € QJ, it may not hold that the solution z(t) of HS
satisfies 2(t1) = 1, x(ty) = 29, but z(t1) € Q, z(t2) € 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, € Qf], Ty € Qg,, iof there exists ty, to,
s.t. 0 <ty <ty, G(t1) =%, and ((ts) = V), then there exists a solution x(t)

s.t. x(ty) € Q, x(ta) € Q.

Proof: Consider the state sequence ¢°,4?,...¢"™ of QA in the interval
[t1,1s], Similarly to the proof of Theorem 5.1, if m=0, then both z;,z, are
within the same region of the same mode, which leads to x(t), z(t2) € Qf].
In the sequel, suppose m > 0, we have ¢(t1) = 9}, G(t2) = . From the
definition of 9/, there must be a solution x(t) s.t. z(t1) € Q, x(tz) € Q). O

Example 5.2 : Consider a HS with two modes as

L‘Ul = 2%1 — T1X2
jfg = —4.732 + T1To

ftl = 31’1 — 1.51311’2
ZtQ = —21'2 + T1T9

mode 1: { . mode 2: {

where Inv(1) = {x; > 3}, Inv(2) = {x; < 3}. The guard set G(1,2) = {z €
R2, 1 < 3}, G(2,1) = {x € R?,r; > 3}, and =z is continuous everywhere.
Both two modes are point monotonous with z*(!) = (2,2), #*® = (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 € Q3 could
be reached from z € Q}. 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 QA 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

DA = (Qd, 3, Ty, Qao, Qdm)

where QQy = Q and X = E are the same as in Definition 5.1; T; denotes the
activated discrete transition as in QA, Qg4 = Uv(x gyeinit 4 Qam C Q is the
set of marked states.
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Figure 5.4: qualitative behavior of the HS

The following theorem shows discrete reachability equivalence between
DA, QA and the original system.

Theorem 5.2 Consider a HS where each mode is point monotonous and all
the regions are determined. For any xy € Inv(p), xe € Inv(q), if there exists
a solution x(t) of HS and ty, ty, s.t. 0 <ty <ty, x(t1) = x1, x(t2) = x2, then
-there is a solution ¢(t) of QA s.t. 4(t1) € V', and §(t3) € V7.
-there is a solution q4(t) of DA s.t. qq(t1) = p, and q4(t2) = q.

Proof: The result can be obtained following the same procedure in proof
of Theorem 5.1. O
The following definition gives the relations between the transitions of Q.A

and DA.

Definition 5.3 A transition sequence s = ejes---em of QA, e; € 3,0 =
1,2...,m form > 0 is consistent with the transition sequence 6 = €169 - €,
of DA, g; € 3,0 = 1,2...,u foru > 0 if at any t, s.t. ¢(t) € V" under s,
then Gq(t) = 1 under &, where §(t) is the solution of QA along s, and qq(t) is
the solution of DA along 6.

5.1.5 Fault Tolerance

Let us recall that the discrete faults force the system to switch into an un-
prescribed 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 QA and DA are gen-
erated by the normal HS off-line, and then works in parallel with HS. QA
receives all the switchings and state information from HS, and triggers its
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corresponding transitions to keep itself synchronized with HS. Meanwhile
OA sends the information of discrete transitions to DA, such that DA is
also synchronized with HS. Since the set of faulty switchings is not included
in normal HS, once the fault occurs, its information may be missing for Q.4
or sent to QA 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 QA and DA, if when
such faulty switching occurs in HS, the corresponding transitions occur in
QA and DA before the next discrete switching in HS occurs.

Definition 5.4 is equivalent to the diagnosability with 0-delay step in [119].
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 continuous states. Such property of HS also allows us not to
consider the observability of faults as in [137]. 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 QA receives the information of faulty switching, and sends it to
DA, the transition set Y; in DA would be updated, and partitioned as
X = X, UXy, where ¥, are normal transition sets corresponding to £ in H,
and X corresponds to faulty transitions.

In this section, fault tolerance problem is discussed on DA under the DES
framework, 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 [128] for more detailed notations. 3* denotes the set of all finite
strings of elements of ¥, including the empty string e. A subset of X* is
called a language over ¥. The prefix closure of L C ¥* is defined as L =
{u € X*|luv € L for some v’ € ¥*}. The closed behavior of DA is L(DA) :=
{s € ¥*|Ty(s,Quo) is defined}, which is the set of transition sequences. The
marked behavior of DA is L,,(DA) = {s € I*|Ty(s,Qa) € Qam} which
represents the completed tasks. A(qq) denotes the set of transitions that are
possible at ;. A supervisor S C ¥* — 2% specifies the set of transitions for
the system’s desired specification. The behavior of DA supervised by § is
denoted by L(S/DA).

Assume that a supervisor § has been designed for the healthy system
satisfying the specifications. In the following, we will focus on how to update
S for the purpose of fault tolerance. Denote B;; and B, as the ideal behav-
ior and the acceptable behavior respectively, where B,y C B, C L,,(DA).
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Moreover, for k, k" € ¥*, define
L(qq,w) := {k|Ty(K', Quo) = qq,and x'wr € L(DA)}

which is a set of transition sequences generated in DA after the transition w
occurs at the state g;. Similarly, define

LBid(Qd7w) = {I{|Td("i,7 QdO) = {d, and "i,w"i € Bzd}

Lg,(qq,w) == {k|Ta(k', Quo) = q4, and K'wk € B,}

The following definition gives conditions for discrete faults to be tolerable.

Definition 5.5 The transition w that occurs at qq is an absolutely tolerable
fault w.r.t. Qam, if

1) There exists a nonempty K C Lp, (qa,w) s.t. KXy N L(qg,w) C K.

2) There exist a transition sequence s from ¢; in QA that is consistent
with K, where §; is the state of QA reached due to the fault.

Condition 1) means that K is controllable w.r.t. L(gq,w) [128], which
implies that for a faulty transition w, the system DA can still be driven
to the marked states. Condition 2) ensures that the discrete switching se-
quence designed from DA is possible for HS, i.e., there exists a trajectory of
continuous states in HS that is consistent 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 w that occurs at qq is a tolerable fault w.r.t.
Qam, if 2) in Definition 5.5 holds, and there exists a nonempty K C Lp, (qa,w).

Denote ¥,y C ¥ ¢ 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 = ejeq e, € Biy(DA), e; €
Yoi=1,2...,m form > 0 is called an ideal tolerable fault marked sequence
(ITFMS) if any transition in A(qau-1)) — {e:i} € XU Xy, where qq;_; =
Tu(ei—1,Qao) and ey = €.
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Definition 5.7 means that ITFMS 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(DA) := {t € L(DA)|t is an ITFMS}. For a language L and
s € L, define 11 (s) := {a € ¥|sa € L}. We have the following theorem.

Theorem 5.3 Consider a HS where each mode is point monotonous and all
the regions are determined. Suppose that DA has a fault transition w € Xy

at qq, which is diagnosable w.r.t QA, DA, and IT(DA) # (. There exists
an ideal fault tolerant supervisor S;q for HS if

1) 3K CIT(DA) s.t. Vs € K,9x(s) C trrpa(s) and {sw}NIT(DA) C
K.

2) There exists a transition sequence s from ¢; in QA that is consistent
with K, where §; is the state of QA that is reached due to the fault.

Proof: Consider a supervisor S;y = ¥ (s) = {a € X|sa € K}, which
represents the set of enabled transitions after the string s. Firstly, let
s = €. Since IT(DA) # 0, we have {;rpay(e) # 0, which implies that
Vi (s, (€) # 0, and Vps,,/pa)(€) € Yrrmay(e). Secondly, let s # e, fol-
lowing the same procedure, it can be proven that ¥, /p.4)(5) € Yrrma)(s),
leT(DA)(S) 7é €.

Also, since {sw} N IT(DA) C K, we have sw € K and w € 9k (s) =
Sia(s), which further leads to that w € 11(s,,/p.4)(s). To this end, it can be
obtained that L(S;q/DA) = K, which means that the abstraction D.A under
S;q 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 QA from §; that reaches the G, s.t., G, € 99,
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 supervisor, but also its construction method. Obtaining IT(D.A)
requires the calculations of ¥y (p 4y (s) which needs O(N) computation, where
N is the number of states in Q.

We denote Sypdated = Sia, wWhich is the updated version of the original S
after a fault occurs. This means that S is applied to the normal plant. Once
a discrete fault occurs and S;; has been obtained, & will be self updated
into Sypdatea = Sid, as shown in Fig. 5.5. In the healthy situation, it can be

proven that L(S/DA) = L(S,4/D.A) following the procedure in [137].

139



CHAPTER 5. HYBRID SYSTEMS WITH DISCRETE SPECIFICATIONS

Control redesign

Updated
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Intelligent
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Figure 5.5: Updating of the supervisor

< Abstraction

Remark 5.1 The proposed intelligent supervisor is less conservative than
those ones obtained assuming that possible faults occur from the beginning
as in [134]. Compared with the pure DES in [134], the reachability problem
of continuous systems 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 = ejes---e, € B,(DA), e; €
i = 1...m for m > 0 is called an acceptable tolerable fault marked
sequence (ATFMS) if any transition in A(qa;,_,) — {€i} € X U Xy, where
Gai—1 = Tulei—1,Qao) 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(DA) := {t € L(DA)|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 regions are determined. Suppose that DA has a fault transition w € ¥y
at qq which is diagnosable w.r.t QA, DA, and AT(DA) # 0. There exists
an ideal fault tolerant supervisor S, for H if Condition 2) in Theorem 5.3
holds and

1) 3K C AT(DA) s.t. Vs € K, ¢ (s) C Yarma(s) and {sw}NAT(DA) C
K.

Note that the candidate transition sequences L(S,/D.A) 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.
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Definition 5.9 [22] A (1-bounded) metric space is a pair (Xg;d) consisting
of a nonempty set X4 and a function d : Xg x Xq — [0, 1] which satisfies the
following conditions:

1) d(a,b) =0 if and only if a = b;
2) d(a,b) = d(b,a), Ya,b € Xg;
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 metric
induced by d, which measures the distance between transition sequences, Let
s=eiey- €5 and p = 0102 - 0y(p) be two transition sequences in X*, and
(s,p) :==max{l(s),l(p)}. I l(s) #lp), eg. Us)<l(p), set e; =€ Vi > I(s).

Define
l(s,p) 1

dr(s,p) =) (e, 0i)

i=1
set d(a,€) = d(e,a) =1 for a € ¥. 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(S,/D.A) ob-
tained from Corollary 5.1. If s = argmin{max,ecp,, 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 Sypdate
s.t. L(Supdate/DA> = 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 H of HS.
(2) Describe the qualitative behavior of each mode based on Section 5.1.2.
(3) Build QA and DA of the HS based on sections 5.1.3, 5.1.4.

(4) Apply the supervisor S to the HS, let the QA and DA work in parallel
with HS. Once a fault occurs, go to (5). When the task is completed
without fault, go to (8).
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(5) If 2) in Theorem 5.8 holds, send the information of fault to QA and
DA, go to (6), else go to (8).

(6) If 1) in Theorem 5.3 holds, update S into Supdgate = Sias aPPLY Supdate
to HS until the task is completed, go to (8), else go to (7).

(7) If condition 1) in Corollary 5.2 holds, update S into Supdate, apply
Supdate to 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 contin-
uous states x; and o 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 into two con-
figurations with different form of hose, e.g. B; (convex upward) and By (con-
cave 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 working process,
three normal switching sequences are designed: A-C —-D —-J—K,
A—>Bl—>E2—>F2—>J—>K andA—>Bl—>BQ—>C’2—>D1—>J—>I~(
A hybrid automaton is constructed as in Fig. 5.7.

Al B

g % B (convex upward)
J K

BZ (concave upward)

Figure 5.6: Contact configuration

Since x in each mode has constant derivatives, all modes are point monotonous

with 2* = [oo oo]”, and there is no continuous transition in each mode. It
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can be checked that each region is determined. The QA is not given, which is
the same as DA. The DA of the system is shown in Fig. 5.8, where the K is
the target mode, ey, ..., eq; are corresponding events. The marked behavior
is L, (A) = {e1eaesey, esegereses, esegerperres}. The desired specification
is that in one working process, modes C; and D; must be visited, and D,
is not visited until é’l has been visited. So B;; = ejeseses. In the healthy
situation, the supervisor S enables events {ey, e, €3, €4} while disable others.
The initial of the fingertip’s position is (2,5). Fig. 5.9 shows the continu-
ous state trajectory, which implies that the work is completed with an ideal
behavior.

Figure 5.8: Abstraction of the hybrid automaton

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 (x1,25) = (0.7,3) of B; from
(z1,25) = (1.5,3) of C}.

Case 2: The system is switched into (zy,25) = (—1.5,3) of E, from
(5131,1'2) = (15, 3) of él.
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Figure 5.9: Continuous state trajectory

Case 1 Case 2

Figure 5.10: Abrupt change of the fingertip’s position
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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) ejefiegeiperreses. Assume that there is a time delay of
0.2s to detect this fault. The ideal fault tolerant supervisor S;; enables
events {ej, g, €3, €4, €9, €10, €11.¢;, }, and set Sypdare = Sia- Fig. 5.11(b) shows
the continuous state trajectory, it can be seen that fault tolerance goal is
achieved.

(a) Event sequence in Case 1 (b) Continuous state trajectory in
Case 1

Figure 5.11: FTC performance

In Case 2, the conditions of Theorem 5.3 do not hold, which means that
no sequence 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): ejeprereseq, which can
be considered as the most similar behavior to the ideal one. The acceptable
fault tolerant supervisor S, enables events {ey, es, €3, €4, €7, €5, €52}, and set
Supdate = Sa. 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
[31, 143] e.g., autonomous manufacturing, traffic control, and chemical pro-
cess. Such model inherits all the advantages of the PNs model such as the
ability to capture behaviors including concurrency, synchronization and con-
flicts.
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—x
)

(a) Event sequence in Case 2 (b) Continuous state trajectory in
Case 2

Figure 5.12: FTC performance

To the best of our knowledge, until now, only few attempts have been
made to FTC for HS modeled by HPNs such as [7, 71], 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
[13], an unfolding based diagnosis approach is provided for asynchronous
discrete-event systems. A diagnoser is given based on the concept of basis
marking in [55]. An on-line diagnosis method is proposed in [129], where the
output information of marking has to be used. The identification scheme
developed in [35] relies on full observable events. The method derived in
[90] is based on marking variation and causality relationships. In [166], 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 [53] and [54]. 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 transi-
tions as in [55, 90], which may violate timed-PN’s general mutual ex-
clusion constraints (GMEC) that is the basic requirement for system’s
stability (the former definition 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 ab-
normal time as in [166], which do not violate GMEC, but affect the
optimality of continuous PNs.

146



CHAPTER 5. HYBRID SYSTEMS WITH DISCRETE SPECIFICATIONS

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 con-
sists 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 estimates the unmeasurable marking in discrete place and
meanwhile, diagnoses the fault (F1).

2. Based on the marking estimates, an adaptive FTC scheme is designed
for timed-PN with (F1) to maintain the GMEC. The general condi-
tion 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 transitions. 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 HPNs in [31, 143, 41, 42] and PNs in [115]. 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 T'°)
and m¢ continuous places P¢ (resp. n® continuous transitions 7¢), where
m =m+m¢ n=n+n.

Pre: PxT — {R* Vp; € PY, 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 positive real numbers, and N the set of natural numbers. Post :
PxT — {R* Vp; € PY, or N,Vp; € PP} that assigns a weight to any arc
between a transition t; 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; € PY, 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.
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The following two transition rules are considered:

Firing of discrete transitions: A discrete transition t € 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; € TP lasts d; time units, where
d; is a nonnegative deterministic number. Denote M[w)M’ such that the
enabled sequence of transitions w may fire at M yielding M’.

Firing of continuous transitions: A continuous transition ¢; € T is en-
abled if M (p) > Pre(p,t;),Vp € *t;NPP and M(p) > 0,Vp € *t;NPC. Note
that ¢; is affected by the discrete places of timed-PN if *t; N PP = () (this
is consistent with our application as shown later). Given two time instants
7 and 7/, the evolution of the marking is given as M(p,7) = M(p,7') +
I(p,t,7,7), Vp € PC, where ¥(p,t,7,7") = the.p Posty,, - [L v, (s)ds —
>iiepe Prepu, - [L vy, - (s)ds, vy, and v, denote 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 discrete 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 discrete part (This property will also be illustrated in our
application).

Define two sets PP¢ = {p € PP|3t € T p € *tNt*} and TP = {t €
T 3p € PPt € p* N °*p}. A place p € PPY and a transition t € TP are
related if p € *tNt* (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 TIME},
where TP = Ty UTy, Ty NTy = () with Ty the set of normal transitions,
Ty 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 7T 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 cir-
cles, 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 represented 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
simultaneously. This is the basic requirement on the initial performance,
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t

/ Ps Ps
0 O
P P, P p,
tl t2 tl t2
dl dz d]/ dz
(a) A PN with fault ¢(F1) (b) A PN with fault ¢1(d]) (F2)

Figure 5.13: A PN with the fault

which must be guaranteed, otherwise the AVs may crash.

P2 (optimal): The AVs flow from different input roads keeps a safe dis-
tance 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.

\\\\\

Figure 5.14: Segment of AVs flow on the bridge

The fault considered in this system represents the abnormal behavior of
the supervising 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 AVs by adjusting the speed of AVs on-line as in
[52, 126], 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 v,orma, it always keeps
Unorma; 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 supervisory 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. Compared with the HPN model in [41, 42|, red lights
are considered in ours, which is more suitable for fault modeling and FTC
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Discrete timed-PN level

Continuous
PNs level

Figure 5.15: HPN model of AVs transportation of the bridge

design. For more complicated traffic networks as in [9, 36|, coloured timed
Petri nets can be used to model the vehicle flows.

Note that the first and second parts of the bridge bzf and b; are divided
as in Fig.1.4, where the length of the first part is equal to 3v,ormal, 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;(7) = min{a;(7 —
77), Unormal }, Where a; is the accelerate speed and 77 is the time when ¢
starts firing. We assume that a; = a,i = 1,2, 3. Since the accelerating time
is much less than green period, we further have Dg,te = 3Unormar + %
Moreover, v® represents the maximal speed, and M? denotes the capacity
of (b{ + 03), i.e. the full length of the bridge. From physical point of view,
blf and b; for ¢+ = 1,2, 3 in Fig. 5.15 represent the same bridge.

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 t2 such that Dy, is kept in
the presence of faults (F2).

To make the HPNs mode closer to our application, we impose the follow-
ing hypothesis throughout Section 5.2.

H1 (timed-PN) All ¢t € Ty are controllable and observable. All t € T}
are uncontrollable and unobservable. Vp € PP, Pre(p,-) = Post(p,-).
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Table 5.1: Places and transitions of the HPN in Fig.5.16

Place Meaning
Ji green period of AVs flow from ¢ th input road
Yi yellow period of AVs flow from ¢ th input road
T red period of AVs flow from ¢ th input road
bzf the first part of the bridge from ¢ th input road
bs the second part of the bridge from 7 th input road
Transition | Meaning
tff AVs flow get into the first part of the bridge
from ¢th input road
tbs AVs flow get into the second part of the bridge
from ¢th input road
tout AVs flow from ¢th input road gets out from the bridge

M (p) is unmeasurable. The initial marking is unknown while the initial
macromarking is known.

H2 (continuous PN) All t € TP are measurable with alterable firing
speeds. All t € T¢ \ TP are measurable with fixed firing speeds.
Vp € PY, M(p) is unmeasurable. VX € PCUTY, both *X N (PCUT®)
and X* N (PYUTY) are singleton.

H3 (interconnection) For p € PPY and t € TP that are related,
Pre(p,t) = Post(p,t), such that the firing of a continuous transition
cannot modify the marking 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 transitions discussed in this section are related to the discrete PN.

Denote T'S as the set of transition sequences, and T'S° the set of ob-
servable transition sequences. Similarly to finite state machine formulation
in [136], let P : T'S — T'S° denote a projection operator that “erases” the
unobservable transitions in a transition sequence. The inverse projection
operator is defined as

P (y) ={s € TS : P(s) = y}

The diagnosability definition of finite state machine in [136] is extended
to PN as follows:
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Definition 5.10 A PN is diagnosable with respect tot € Ty, if In € N, and
an observable transition sequence w, such that ||w| > n =t € P~H(P(y(t)w)),
where Y (t) denotes the observable sequence that is ended at t, |w|| is the length
of the sequence w.

The above definition of diagnosability means the following: Let () be
any transition sequence that is ended at a fault ¢ € T, and let w be any
sufficiently long continuation of ¢ (t). t € P~!(¢(t)w) means that every
transition sequence, that produces the same record of observable transitions
as the sequence 9 (t)w, should contain a fault in it. This implies that along
every continuation w of ¥(t), one can detect the occurrence of a fault ¢ 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', Pre’, 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
T\T.

Definition 5.12 An induced subnet of an unobservable transitions subset
of a PN s 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 ezist 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 € T}, if
1) T-induced subnet is acyclic.
2) Ty-induced subnet Ny is not AC.
3) the initial marking My(py) = Mo(p.) = 0, where py, €° t, p, € t°.
4) *pa \ t do not fire before p} \ t or pd fire.

5) After one transition from *py fired, *p, do not fire again before py fire.
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Proof: From the graph point of view, there exist two transition sets *p,
and p? before and after t. Condition 3) implies that a transition ¢, €°® p, must
fire before ¢ since My(py) = 0. Condition 1) means that the occurrence of
a fault must be interconnected with the firing of normal transitions. Under
the condition 2), three cases are considered as follows:

Case 1: The Ny is FCF and BCF. Since Pre(p,-) = Post(p,-) from H1
and My(py) = 0, Condition 5) implies that if 3o € pp \ ¢ 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, \ ¢ do not fire, i.e., My(p,) do
not change due to the firing of *p, \ t. Thus ¢ can be diagnosed once ¢, € 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
T} in which the fault belongs to can be determined. The property of BCF
ensures that ¢ can still be diagnosed once t, 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 ¢,. Although several
faults share one same output place, t can be diagnosed once ¢, fires. O

Remark 5.2 The conditions in Lemma 5.3 depend only on the observable
transitions, no information of marking is needed [185], while the marking
information is required in [129, 90, 166]. The diagnosis procedure derived in
[55] 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 information 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 = PBjUP,U...UP, such that PyNP; =0, Yj>0.
The number of tokens contained in P;(j > 0) is known to be b;, while the
number of tokens in Fy is unknown. For each Pj, let v; be its characteristic
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vector, i.e., vj(p) = 1 if p € P;, else vj(p) = 0. Let V = [vy,...,v,] and
b = [bi,...,b]. The macromarking is defined as the set V(V,b) = {M €
N™|VTM = b}.

The following definition describes consistent markings as in [53].

Definition 5.15 After the transition sequence w has been observed, we de-
fine the set of w-consistent markings C(w) = {M|IM € N™* M'[w)M} as the
set of all markings in which the system may be given the observed behavior
and the initial macromarking.

Denote X(f) as the set of all transition sequences that ¢ may follow, with
t= {tl,tg, ...,tq} € Tf

Assumption 5.1 Ifw; € X(f), 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
algorithm provides the marking estimates in the form of consistent markings
iteratively in spite of faults.

Algorithm 5.1 marking estimation with event observation, initial macro-
marking and faults

1. Let the initial estimate MS (p) = 0, the initial complementary estimates

Mg, = Mg, .

2. Let the initial bound B,,, = b—VTMOﬁO, the initial complementary bound
B, = B.,.

3. Leti=1.

4. Wait until t.; fires.
If fori > 2, lai € t3° whefe t; € Ty, then
Mf’i—l = Mﬁf; Bwi,l = BEJ]“ qgo to 0.
end if.

5. If fori > 2, w; € x(t) then
Let M, (p) = max{ Mg,  (p), Pre(p,tai)},
Let Mle = Ml;l + O("tai)f Bw- - Bwi—1 - VT ’ (Mu/)

3

Me

i wi—1>'
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Let MZ' (p) = max{MZ (p), Pre(p,tai)},

Wi+1

cj _ cj cj _ cj T cj cj
Let M = M +C(-tai), B, = BI =V - (MJ' — M), go to
9.
end if.

6. Let MLI (p) = max{]\/[jiil(p), Pre(p,tq)}

7. Let M, = M¢, = M, + C(-ta;), By, = BY = By, , = V- (M, —
Me ).

Wi—1

8. Ifdp et and ty,... t, € Ty, such that p €* t;,(1 < j < q) then

%%

For1 <5 <q
Let Mg, (p) = max{Mg, (p), Pre(p,t;)}. | |
Let Mfgﬂ - Mfilﬂ + C<"tj>’ Bijiﬂ - Btf)jz -Vt (Mffilﬂ o Mf)‘f)
End for.
Let Mg, = UMfﬂ, Bf, = UBff
end if.
9. Leti=1+1, go to 4. |

Algorithm 5.1 extends the algorithm in [53] to the faulty case. Its nov-
elty 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 M.
Otherwise, M¢ will not be changed (steps 6 and 7).

Now we analyze the computational complexity. Once a transition is ob-
served, Algorithm 5.1 not only updates M¢, B, as the algorithm in [53], but
also updates complementary estimates MS and BS. The number of opera-
tions required depends on how many times the for cycle in Step 8 is executed.
Both the number of M¢ and B¢ are ¢, the complexity is O(3 x |q]).

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 diag-
nosed, the faults from other N — 1 input places may occur. Assume that the
1th place may fire q; possible faults, 1 < i < N. In this case, to consider all
possible faults, (Hie[l,N](% + 1) — 1) complementary marking estimates have

to be used, the complexity becomnes (9(3 X (|Hi€[1’N] ¢ + 1] — 1)) In the

155



CHAPTER 5. HYBRID SYSTEMS WITH DISCRETE SPECIFICATIONS

Me McZ

:;

Figure 5.16: Marking estimation of Algorithm 5.1

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(V,b), an observed tran-
sition sequence wj, the fault transition t € Ty, and Mg , B, Mg B¢

computed by Algorithm 5.1. The set of w;-consistent markings is o o
Ci if wi & x(t)
V. b) = 2.1

where )
C 2 {M e N™|VIM = VT M, + B, M > Mji}

C; 2 {M e N"|VIM =VIM, + B

Wi41 Wi+417?

M = min{Mg}}

Proof: For the case w; & X(f), i.e., no fault occurs, the proof is similar to
[53], and thus is omitted.

For the case w; € x(f), we first consider that the Ty-subnet is FCF,
i.e., only one possible fault ¢ may occur after w;. In this case, w;-consistent
markings C(w;|V,b) should include the marking that may be reached under
wit. This can be provided by Mg and Bf as follows.

Steps 6 and 7 in Algorithm 5.1 ensure MS = MS and B,, = B, before ¢

occurs. Let us show that C(w;|V,b) = {M € N™|VTM = VT M + B¢, M >
Mg} = Clwit|V,b) = {M € N™|VTM = VTM¢,  + B M > M.

Wi+1? Wit1 }
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In fact,

Clwit|V,b) = {M e N™|3M’' € C(w;|V,b), M > Pre(-,t), M = M+ C(-,t)}
= {Me N™3M, VIM =VTME, + B,
M' > Mg, M" > Pre(-,t), M = M' + C(-, )}

which together with the step 8 of Algorithm 5.1, leads to M" > MS . We
further have from the step 8 that V' M¢ +BS, = VIME  +B¢, . Therefore,

Wit1 Wit1”

Clwit|V,b) = {M e N™3M VM =V'MY + B

Wit1 Wi41?

M = Msi’M = M/+C(at)}
VIM =VTMS  + B, M > M

d
‘ Wi417? wi+1}

= {MeN™
For the case that the Ty-subnet is FC, it can be seen from the analysis
above that C(w|V,b) defined in (5.2.2) includes all markings that may be
reached by any fault ¢;. Once we determined whether the fault occurs or
not from Lemma 5.3, C(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 [53].

Proposition 5.1 Let w; be an observed transition sequence. Under Assump-
tion 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;{ M5 }} < M,,.

Wi+1

Proof: If w; € x(#), it holds that M¢, < M,,, the proof is similar to [53],
and thus is omitted.

If w; € x(t), we consider two cases:

Case 1: t; € ¢ really occurs. Before t; is diagnosed, according to Step
8 of Algorithm 5.1, we can prove that min;{M¢  } < M,, using the result
of [53]. Once t; has been diagnosed, from Step 4 of Algorithm 5.1, we have
Mg, = Mg, which further leads to Mg, = Mg = < M,, from [53].

Case 2: t; € £ does not occur. Algorithm 5.1 guarantees that Mg, is not
affected by the fault if it does not occur. Thus we obtain Mg < M,,. O

Denote two positive numbers €; and e, such that, the sequence w., may
be followed by the fault, and the sequence w., determines whether the fault
occurs or not. The following proposition gives the estimating convergence

property.
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Proposition 5.2 Given M, and Mg, , under Assumption 5.1 and Condi-

tions 1)-5), the estimation error e(My,, Mg,) = > pp(My,(p) — Mg, (p))
has the following property:

Wi+1) Wit1

e(My.,, Mg, ) = e(M,,,, Mg, )

Weg? *Hwey

{e(Mwi,Mf)i)Ze(M MS ) for 0<i<e —1 and g2 <

(5.2.2)

Proof: For 0 < i < e; — 1 and &5 < 4, no fault may occur or we have
determined whether the fault occurs or not, following the same procedure as
in [53], we can prove that e(M,,, M) > e(My,,,, Mg, ), i.e., the estima-
tion error is monotonically nonincreasing. During the interval between the
sequences we, and we,, Algorithm 5.1 leads to that MZ is not affected by
the fault before we determine whether the fault occurs or not. If the fault ¢;
occurs and has been diagnosed, M¢. is set to the same as Mz{ﬂ. Note that
Mg, is updated according to t;, thus e(Ma,,, Mg, ) =2 e(M,.,, M5 ). 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 continu-
ous transitions

1. Let the initial estimate Mg (p) =0
If 3t € TP related to p € PPC is firing, then
Let Mg, (p) = Pre(p,t)
end if.
Let the initial complementary estimates Mg = M, .

2. Let the initial bound B,,, = b—VTMf;O, the initial complementary bound
B¢ =B,,.
wo wo

3. Let1=1.

4. Wait until t,; fires.
If for i > 2, to; € 13°, then
Muefi—l = MS{) Bw = BZJN go to 6.
end if.

i—1

5. If fori > 2, w; € x(t) then
Let M/, (p) = max{ M _ (p), Pre(p,tai)}, M5 = M, 4+ C(- ta;),
Let M (p) = max{ M (p), Pre(p,tai)}, M, = M +C(-ta),

Wi41 Wit1 Wi41
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If 3t € TCP related to p € PPC fires, then
Let Mg, (p) = max{ Mg, (p), Pre(p,t)}, M (p) = max{ M (p), Pre(p,)},

end if. " "

Let B, = By, =V"- (M., = M5,_,), B, = B —VT-(Mg!, ~ Mg),
go to 9.

end if.

6. Let M‘LL (p) = max{MﬁFl(p), Pre(p,tq)}.

7. Let MS = Me, = M/, + C(-tai), Bu = BY = By, — VT - (M, —
Mg, ).
8. Ifdpets,, andty,... t, € Ty, such that p € t;,(1 < j < q) then

Let MY (p) = max{M¢ (p), Pre(p,t;)}.

Let Mg, = Mt + C(oty), BY,, =By = V7 (M, ~ M)
Let M5 =\JMZ, B, = Bg.
end if.
9. Leti =141, go to 4. [ |

Algorithm 5.2 provides the set of w;-consistent markings in the same form
as (5.2.2), 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 M,, 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 [54, 111, 73].

Definition 5.16 Given an integer matriz L = [l; ... 1] with [; € Z™" and an
integer vector k = [ky, ..., ks] with k; € Z, a GMEC of the discrete timed-PN
(L, k) defines the set of legal markings £ = {M € N™|LT . M < k}.

For the two F'TC objectives of our application described in Section 5.2.1,
i.e. stability and optimality, we consider three sets of markings:

A set of forbidden markings F = {M € N"™|M & L}.
A set of ideal markings L; that is optimal for system’s normal operation.

A set of unideal markings L, that is non-optimal for system’s normal
operation.
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It is clear that £; N L, = 0, F C L,. Forbidden markings violate L,
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 forbidden markings is designed at timed-PN level. Unideal
markings may affect the performance of continuous PNs, the related FTC
problem will be considered at continuous PNs level.

Before an adaptive FTC scheme is designed for time-PN, the following
assumption is given.

Assumption 5.2 The initial actual marking in discrete places My € L.

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 w;, solve for each j(1 < j < s) the IPP

max L]T -M
s.t.

M € Cluy|V,b) (5:2:3)
MecL
and let h; be its optimal solution.
2. Update the F'TC controller with
Ocj - —LJC
{ My =k — (5.2.4)

where Cg; and M.; denote the row j of the incidence matriz and the
element j of markings of the controller.

3. Leti=1+1, go to 1. ]

Remark 5.5 Compared with the logical control design in [54] and [70], the
control law (5.2.4) is based on place invariants [111], which is updated based
on the consistent markings of the observer at each time when a normal dis-
crete transition fires, and disables some controllable discrete transitions such
that F is never reached, and does not require separate computation as in [70].

Theorem 5.5 Supposed that Assumptions 5.1, 5.2 and Conditions 1)-5) in
Lemma 5.3 hold. The controller (5.2.4) guarantees that F is never reached
in spite of fault t € p°®, if

Mwitj S E,\V/tj c p. (525)
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Proof: Since My € L from Assumption 5.2, and the fault does not occur
as the first transition from Lemma 5.3, based on the result in [111], the
controller (5.2.4) ensures that M, € L.

As for i > 2, assume that ¢ may follow w;, condition (5.2.5) 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
(5.2.4) only disables the controllable normal transition rather than the fault
transitions at each step. From Theorem 5.4, C(w;|V, b) includes all markings
that may be reached by possible faults after observed w;, which together with
the result in [111], leads to that JF is never reached in spite of faults. O

Remark 5.6 The condition (5.2.5) is less restrictive than the general con-
dition in most literature ( see for instance [111],[73]), where L-C(-,t,,) = 0,
i.e., the unobservable 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 fort e Ty as shown in the application.

If Ty-subset is FC, i.e. some faults share the same input discrete place,
then C(w;|V,b) has to include more possible markings, which would lead to
more restrictive 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
C(wi)re, C(wi)ror be two sets of w;-consistent markings under FC and FC
free Ts-subsets respectively, and the same observable subset. The controller
(5.2.4) based on C(w;)rcr is at least as permissive as that based on C(w;)pc.

Proof: For all w;, Theorem 5.4 implies that C(w;) rer C C(w;) po, it follows
that hjpcr < hjpc, where hjpcr and hjpe denote the solutions of Algorithm
5.3 with C(w;)rcr and C(w;)re respectively, which, together with (5.2.4),
leads to M jpcr < Mjrc ie., the marking in control places under C(w;)pcr
is equal to or less than that under C(w;)rc. Based on the result in [111],
it holds that more controllable transitions may be disabled under C(w;)rc.
This completes the proof. O

Remark 5.7 The observer-based controller may be more restrictive than that
obtained 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 [71],[54] and [73].

Even the GMEC L is satisfied, the unideal markings may affect the op-
timality of the continuous PN, e.g., in our transportation system, this cor-
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responds 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 t € T®" as shown in the following algorithm. Two time
instants 77 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 1g.
If the transition t, € TP starts firing at 7o then
Find the transition ty € TP that fired most recently, capture the time
information (13°)%, (15°)¢, go to 2
else, go to .
end if.

2. If (13°)¢ < 19 then
Go to 3,

else go to 4,
end if.

3. If the equations

{ %& . (t/)2 + at't! f: M — Dsafe
/ n_ MP—vo-d

t = A

have the positive solutions t' and t”, then

Set the firing speed vi(7) = min{a(T — 79), at’, v"**},
else set v1(7) = min{a(T — 79), V]"**}

end if, go to 5.

4. Let vy = 0 until the firing of t3* ends. Then let vi(7) = min{a(r —
(13°)¢),v2} after the time 7 = (15°)°.

5. Go to 1. ]

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 v; such that the distance converges to Dy, fe.
On the other hand, for the status that shortens such distance, Step 4 sets v,
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to zero until ¢3° 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(g;)+
M(g2) + M(g3) < 1}, i.e., only one green light can be activated at one time.
Li = {M € N2|M(g)) + M(r;) + M(ra) = 3, M(y,) + M(r,) + M(r) =
3,1 # j # h,p # q # m, with the green light sequence g; — g2 — g3 — 01,
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 vyormar = 8m/s, the acceleration of each
AVs flow at beginning is a = 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(y:) + M(r) =1
M(g2) + M(y2) + M(rz) = 1 (5.2.6)
M(gs) + M(ys) + M(r3) =1
The initial marking is
M (g1) M (1) M (r1) M (p1) M (g2) M (y2) M (r2) M (p2) M (93) M (y3) M (r3) M (ps)
= (100000100010)

which is unknown. The system is initialized when t]ff fires, i.e., the AVs flow
from the first input roads is getting into the bridge. The firing of tff 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 t4 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 Dgqp. = 40m with each other.

The following 4 faulty cases are simulated:

Case 1: Elt} € T} as shown in Fig. 5.20. In this case, after t, fired,
more consistent markings have to be provided. Note that Assumption 5.1 is
satisfied, since after t, fired, ¢, is impossible to fire again before tg or t} fires.
If t} really occurs, it can be diagnosed once t, fires as shown in Lemma 5.3.
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estimates / actual marking
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Figure 5.17: Marking estimation

Figure 5.18: Timed-PN in the healthy case
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Figure 5.19: The AVs flow on the bridge in the healthy case
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Fig. 5.21 shows the marking estimation which illustrates Algorithms 5.1, 5.2,
one complementary marking estimate is required. After ¢, fires, the marking
estimate is updated by the complementary estimate. Propositions 5.1 and
5.2 can also be verified, indeed, min{ Mg , Mg, } < M,,, for 1 <i <5, and
e(My;, M5,) > e(My,,,, Mg, ) for 0 <i < 2, e(My,, Mg,) = e(My,, MS,).
If t9 fires before t9, then it is determined that t} does not occur. The fault
tolerant controller after ¢y fired is also given in Fig. 5.20, which ensures that
ty does not violate the GMEC. Even t} and t3 fire simultaneously, GMEC is

still maintained.

Figure 5.20: Timed-PN in the faulty case 1

complementary estimates / estimates / actual marking

(100000000000 / 100000000000 / 100000100010)
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(010100000000 / 001100000000 / 001100100010)

| o

(010010000000 / 001010000000 / 001010000010)
I
(010010000000 / 001010000000 / 010010000010)
t 1[ has been diagnosed l t,
(001110000000 / 001110000000 / 001110000010)
L 4

Figure 5.21: Marking estimation in the faulty case 1

Case 2: 3t},t7 € Ty as shown in Fig. 5.23. Note that LC(-,t}) # 0,
which violates the condition in [111] and [73]. Two complementary marking
estimates are required. The Ty-subnet is FC since t}c and tff share the same
input place r;. However, the controller after t, fired, shown in Fig. 5.22

165



CHAPTER 5. HYBRID SYSTEMS WITH DISCRETE SPECIFICATIONS

is less permissive than that in Case 1. Due to possible fault tfc which may
activate g1, the controller must disable t3, i.e., the green light g» can not be
activated. This verifies the Proposition 5.3. In fact, under tfc, the system
gets deadlock unless t% really occurs.

/“’ \m

7/ i 1
\O / n

Figure 5.22: Timed-PN in the faulty case 2

Case 3: Ht} € Ty which occurs at 87s, as in Fig. 5.23, the controller
after t3 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 tgf to zero until the time
tb* stops firing. Fig. 5.24 shows the AVs flows on the bridge, from which we
can see that the prescribed distance is still kept.

Figure 5.23: Timed-PN in the faulty case 3

Case 4: Elt} € TIMEy such that dj = 8, i.e., the firing of ¢; 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 tgf as at’ = 8.066m/s to accommodate this fault, the AVs
flows are presented in Fig. 5.25, where the distance between AV, and AVj
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Figure 5.24: The AVs flow on the bridge in the faulty case 3
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Figure 5.25: The AVs flow on the bridge in the faulty case 4
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converges to Dy, and finally equals Dgqp. 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, dis-
crete faults can be accommodated 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 due to continuous faults, fault tolerance analysis could be done
by rebuilding the continuous transition sequence, and checking whether the
designed discrete switching sequence is available for the reconstructed system.

In Section 5.2, the FTC design that deals with faults in both discrete
and continuous PNs 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.
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Chapter 6

Hybrid control approach in FTC de-
sign

The potential faults in a system often range over a very large region. A sin-
gle controller (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 optimal-
ity, 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
between 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 [149] and [120] and [121]. 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 controller (even an adaptive one) is hard to stabilize all faulty situ-
ations effectively. The supervisory FTC approach assumes that the plant
model belongs to a pre-specified set of models, including the nominal situ-
ation 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.
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Consider the general nonlinear system

y(t) = H(x(t), f(t)) (6.1.2)

with measurable states z € X C R", inputs u € U C RP, outputs y € Y C
R™. Process and/or actuator and/or sensor faults are represented by the
function f € F = Uz'eQ:{L...,M}JTi C R? and F; is the set of fault vectors
that are associated with fault mode number ¢ and fault free operation is fault
mode Fy; = {0} . Both G and H are smooth functions.

The classical supervisory FTC approach follows three steps [149]: 1) De-
tect 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 controller (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 remain bounded during this delay can be

exhibited.

D&t]

(1) 1 * Fault
C ntroller 1 detection
Com roller 2 () |

x x
Plant

(a) (b)

Figure 6.1: FTC framework

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 pro-
cess.
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2) Unlike the multiple model FDI /FTC method [198, 18] or supervisory
control technique [191], we do not need a series of models or filters to
work concurrently with the plant in order to identify the current situ-
ation. 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 (6.1.1)-(6.1.2) with the fault and regulated
error defined as

fit) = Si(fi(t), Vi€ Q, Yt >tg, with f;(t) =0 VYt €[0,t;)(6.1.3)
e(t) = y@t) —y(2(t)) 6

Supposed that S; is neurally stable. The initial fault value f;(t;) are assumed
to be known as a constant f;n);.

Assumption 6.1 There ezists a family of controllers u; = a;(z, f;) for f; €
Fi, i € Q solving the fault tolerant regulation problem (FTRP) for system

(6.1.1)-(6.1.4).

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 (6.1.1)-(6.1.3) with f; has a center manifold z = m;(f;)
[75]. We further obtain that the equilibrium (z, f;) = (0,0) of system (6.1.1)
and (6.1.3) is stable and this center manifold is locally attractive, i.e.,

|2 (t) — m(fi(t))| < Biem ottt

where t;, denotes the time at which controller wu;(¢) is applied for the k'
time.
The following assumption means that all modes are discernable.

Assumption 6.2 Inequality (6.1.5) does not hold if the system (6.1.1)-(6.1.3)
is controlled by u;, Vj € Q\ {i}.

Consider a time window where the control law u; and the fault f; are in
adequacy, therefore (6.1.5) holds, and a simple fault detection law is given

|17(t) - ﬂ-z(fz(t)” > Bie_ai(t_tik)

l’(tik) — Wz(fz(tzk)” — detection (616)
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Proposition 6.1 Under assumptions 6.1 and 6.2, the fault detection law
(6.1.6) 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 (6.1.1)-(6.1.3) with ¢ = 0 is controlled by u = ag(z,0). Ac-
cording to Assumption 6.1 and (6.1.5), we have

lz(t)] < Boe™™x(0)], t>0 (6.1.7)

Once a fault occurs at t = ¢, Assumption 6.2 ensures that (6.1.7) is violated.
The following inequality holds

[2(tya)] > Boe " ]a(tyq)| (6.1.8)

where tyq > t, thus the fault can be detected using the detection law (6.1.6)
at t = tyq. Note that z is still bounded at t = 4.

Next consider ¢t > t;, at which the system (6.1.1)-(6.1.3) has the fault f;
and is controlled by v = «;(z, f;) (the accurate value of f; can be approxi-
mated via the proposed supervisory FTC scheme as shown later). Inequality
(6.1.5) holds for ¢ > ¢;;,. Once a fault occurs at t = t; > t;;, we can also find
a tgq > ty such that (6.1.5) is violated for ¢ > ts4, which implies that the
fault can be detected using (6.1.6) at t = t74. This completes the proof. O

The fault detection may have a short time delay ¢4 —t¢. Due to the time
varying threshold, ¢4 — t; is often much shorter than the activating period
of the mode. 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., tfd = tf.

We propose a novel fault isolation method based on control switching.
Since a series of controllers have been designed a prior: 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(t) : [0,00) — @ as the switching function of the candidate
controllers, which is assumed to be a piecewise constant function continuous
from the right. Denote by tg,t1,ts, ... the switching instants of o(t). 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(t;) # o(t;) fori >0, 5 >0, and i # j.
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Theorem 6.1 Consider a system (6.1.1)-(6.1.4), and a family of controllers
u; satisfying assumptions 6.1, 6.2. Suppose that a fault f € F,, 1 € Q) occurs
and is detected simultaneously at t =ty via the threshold (6.1.6), then there
exists a control switching scheme such that the FTRP of system (6.1.1)-
(6.1.4) 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(t;)}; Set a(ty) = i*
where

i* = argmin (y(to) =y (m(fi(t0)))) (6.1.9)

~

with f; the fictitious fault generated from the system fz = Si(f;) with
the function Si(-) = S;(-), the initial fi(to) = fini-

2. Choose tiys such that
@ (t1s) = i (fir (trges))| < R/ Bla(ts) = mi (fir ()] (6.1.10)

If [2(tr1s) = mie (fir (f11s))] < Byre™ 0 |(t,) — miv (fis (£)))]
then apply the controller uq,)(t) YVt > ti,s; Stop the switching.
else, go to 3.

3. Let Q" = Q* — {o(ts)}; Set o(ti+s) = i* where

i* = argmin (y(tr,,) - w(m(filt) (6.1.11)

Apply the controller uyq,, )(t) att =t115; Let s=s5+1; Goto 2. W

We shall prove that Algorithm 6.1 solves the FTRP.

Note that the performance driven switching sequence obtained from (6.1.9)
and (6.1.11) is non-repeated, since at each switching instant, the next con-
troller is selected from the set Q* where the uncorrect controller activated
before has been removed (Step 3). Thus at most M — 1 switchings occur be-
fore the controller w,(t) related to f € F, is applied. We consider the worst
situation that o(ty o) = ¢. The results in other situations are obtained
straightly.

Because the function S(-) = S;(-), the initial f;(¢) = f(inyi» and the fault
detection delay is not considered, there must be one fictitious fault signals
fi which is the same as the real fault signal f;. Note that § > 1 and control
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mode o(ty) is faulty, according to Assumption 6.2, we can choose t; > t
such that (6.1.10) holds with s = 0.

Since o(tpy—2) = ¢, it holds that fa(tM_Q) = fo(tr_»)- By induction, we can
obtain for t > ¢y,

|33(t) — To(tar—2) (fg(tM—2) (t)) |

< BBe™ -2 1(t0) — Tty (Fore) (t0))]
M-—1

+Belimtr-2) y (ﬁﬁ|7r(,(%_1_8)(f0(w_1_3)(tM_l_s))

s=1

~ottr- ot (tur-s)l)  (6.1.12)

Inequality (6.1.12) means that —m,¢,, ,)(fo@,_,)) cOnverges to zero Vt > ty.
It follows that lim; g e(t) = 0. 0

Remark 6.1 Under Algorithm 6.1, the switching stops after a finite time.
Assumption 6.2 could be loosened as inequality (6.1.5) 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
depends on the value of 3. A large 3 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 selection of 3 is still an open problem that deserves fur-

ther investigation.

Example 6.1 : A DC motor investigated in [148] is employed to illustrate a
potential application field of our approach. z = [0,,, wn|? is the state, where
0, wp, denote the angular position and velocity of the motor. The system
model is:

ém = Wn
. Ke . b c
Wy = T sin(6,,) — J—mwm + J—mu
y = Ot fi (6.1.13)

e = Y=Y =y — 20, =—0,+ f1
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where J,,, denotes the inertia of the motor. k., > 0 is the elasticity constant.
u is the voltage. b and ¢ are the related viscous friction coefficients and the
amplifier gain. f; denotes the sensor fault.

In the fault-free case, design the controller u = K(z) = JT’" <j—m sin(6,,) +

b . 0 1
7 Wi + K0, + ngm> such that the matrix [ K K,
leads to the asymptotical 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:

] is Hurwitz. This

foyr vy = On+ fi (6.1.14)
foy: y = On+2h (6.1.15)
foy: vy = On+4h (6.1.16)

where f; is generated by the following exosystem

{ ;1 - Ji?f (6.1.17)
Choosing a mapping = = mq)(f) = [ ;Ei;;gg } = [ jz; ] leads to
Omn
% = 7e(f)
Om(1)2 e . b
OmelT) R s (1))~ ~-mnl) + ()
0 = () — ulr () (6.1.15)

where C(y)(f) = 2= (jm sin(my1(f)) + ﬁﬂ'(l)g(f) — 7r(1)1(f)>. We can design
the fault tolerant regulation law for fault mode 1 as

uay = oz, f) = Coy(f) + K(z) — K(ma)(f)) (6.1.19)

It is clear that controller (6.1.19) solves the FTRP.

Similarly, we choose two mappings 7(9)(f) = [ ;Q }, ) (f) = [ iﬁ },

design
J, < Ke b

Cp(f) = Tm I sin(me (f)) + J—mﬂm)z(f) - 7?(2)1(f)>
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0.8 T T T T T T

— threshold
— KX

The FTC law can be provided as

ue) = ape(, f) = Celf) + K(x) — K(r@e)(f)) (6.1.20)
wsy = o)z, f)=Cu(f) +K(x) - K(mg)(f)) (6.1.21)

Controllers (6.1.20) and (6.1.21) solve the FTRP for fault modes 2 and 3
respectively. Assumption 6.1 is verified.

In the simulation, the parameters are .J,,, = 0.935 kgm?, b = 1.17 Nms/rad,
ke = 0.311 Nm/rad, ¢ = 20.196 Nm/V. Assume that f(;) occurs at t = 3s,
and Algorithm 6.1 is applied. Fig. 6.2 shows that the fault f() is detected at
nearly ¢ = 3s using threshold (6.1.6). We choose = 1.5. The non-repeated
switching sequence obtained from (6.1.38) and (6.1.40) is u(2) — u@). The
dwell period of w) is 0.245s; Once the fault is detected at t = 3s, () is
applied, then switch to u(;) at t = 3.245s. f(9) is assumed to occur at t = 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.
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0.8

States
Regulated error
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Figure 6.3: Trajectories of x and e

Definition 6.2 [21] A system (6.1.1)-(6.1.2) 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, ue U,y €Y andt >0

V(z(t)) - V(z(0)) < /0 Wi(y(s),u(s))ds (6.1.22)

stored energy

supplied energy

where x(t) are the states at time t.

Definition 6.2 is more general than Definition 2.6. Similarly to assump-
tions 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) € C*(R™; R>o) and
functions o, ab € Koo, &1 <0, and ¢5 > 0 such that

Vi€ Q:ai (Ja]) < Vite) < a (o) (6.1.23)
o feF Vi) —Vilelta)) < [ (s (a)
S = { feFyitis Vilalt) — Vilalta) < JL. oh(s)ds ()
(6.1.24)
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Remark 6.3 Assumption 6.3 explicitly addresses the behavior of the plant
under the correct controller (u = wu;(t) when f € F; ) or incorrect ones
(uw=u;(t) when f € F;,j #1 ). For faults f € F;, the controller u;(t) makes
the plant still dissipative, as it can be seen from (6.1.24)(a), which means
that all fault modes are recoverable. For faults f ¢ F;, the function V; may
increase due to more stored energy. This implies that x may escape to a large
region or infinity.

We first address fault detection issue. Consider a time window where the
control law and the fault mode are in adequacy, therefore (6.1.24)(a) holds.
Once a fault occurs, the constraint (6.1.24)(a) may be violated. Similarly to
the diagnosis idea in Section 2.4.1, we have

Vi(a(t)) — Vila(ta) < / 6 (s)ds + / (9% @)] " (a(s), ) (6125

'

“fault” energy E;

As indicated in (6.1.25), the energy dissipativity property changes due to
the fault. A fault detection law is given as

Vi(z(t)) — Vi(x(ty)) > /t lt ¢’ (s)ds = detection (6.1.26)

so that ¢4 is the first time at which inequality (6.1.24)(a) is violated. Note
that the faults with £y < 0 are not necessary to be detected since they do
not change the energy dissipativity.

Define o(t) : [0,00) — @ and t¢, t;, s, ... as in Section 6.1.1. The following
theorem provides a supervisory FTC scheme.

Theorem 6.2 Consider a system (6.1.1)-(6.1.2) and a family of controllers
satisfying (6.1.23)-(6.1.24) and assumption 6.3. Suppose that a faull f € F,,
L € Q occurs at t =ty and is detected at t = tyq via the threshold (6.1.26),
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 = tsq; Let s = 0; Define Q* = Q — {o(tf)}; Set o(ty) = i*
where
i* = arg mcign Vi(z(ty)) (6.1.27)
1EQ*
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2. Choose tiys such that

Va(tﬁ_s)(x(tl_—s—s)) - Va(ts)(x(ts)) S Mﬂ_ 1

(6.1.28)

_ ti. o(ts
I Vi ) (@(153.0)) = Voo ((t0)) < f1+ 67" (s)ds
then apply the controller uq,)(t) YVt > ti4s; Stop the switching.
else, go to 3.

3. Let Q" = Q* — {o(ts)}; Set o(t14+s) = i* where

i* = arg nelg*l Vi(z(ty,,)) (6.1.29)

Apply the controller uyq,, )(t) att =ti15; Let s=s+1; Goto 2. W

We shall prove that Algorithm 6.2 implies the stability.

Note that at most M — 1 switchings occur before the controller wu,(t)
related to f € F, is applied. We consider the worst case that o(ty_2) = ¢.
The results for other cases are obtained straightly.

Since > 0, and control mode o(ty) is non-dissipative, it follows from
(6.1.24)(b) that we can choose t; > to such that V- (z(t1)) = Vo) (2 (t)) <

£ We further have from (6.1.23) that

M-1°
s
M—-1

2(17)] < (@) o ( s a;“°><|:c<to>|>) (6.1.30)

Note that the fault detection law ensures that x(to) is bounded, thus z(¢;)
is also bounded since the increasing stored energy is bounded during [¢o, ).
By induction, it can be obtained at t = t;;_; that

Vottar—) (@(tv—1)) = Vo) ((to)) — Er(2(t0)) < B (6.1.31)

N, .
where Ey,. = Zk:(ltM‘l) [Vg(tk) — Vg(t;)]. The correct controller u, is se-

lected and applied Vt > t;;_1, we have

¢
Vi(z(t)) = Vi(x(ty-1)) < 1(s)ds, t >ty (6.1.32)
ta—1
for ¢4 < 0.
Combining (6.1.31) with (6.1.32) leads to

t

Vi(2(t)) = Vo) (2(t0)) — Ein(2(t0)) < ¢ (s)ds + 3 (6.1.33)

th—1
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Since ¢4(s) < 0, 8 > 0 is a bounded constant, there exists a time instant
t > tp—1 such that the inequality (6.1.33) satisfies the condition (2.4.8) in
Definition 2.7 (global passivity). This means that the system is periodically
fault tolerant dissipative during [to,?). On the other hand, it follows from
(6.1.26) that during [ts, o), the energy is still dissipative. The stability result
follows from Theorem 2.7.

For the general case where u, (t) is selected before M — 2 switchings occur,
we can verify (6.1.33) with 5* instead of 5 where 8* < 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 (6.1.2), 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(z) : R" — Rso, and functions o}, al,v € Ko, ¢} € KL, and ¢y € GKL
such that

Vie@:a (|z)) < Vi(z) < al(|z]) (6.1.34)

i@ b —tik) (a)
Vi(x (i), t — tix) (D)
(6.1.35)

Let us consider a time window where the control law and the fault mode
are in adequacy, therefore (6.1.35)(a) holds, and a simple fault detection law
is given by

Vi(z (t)) > &% (Vi (z (tir)) ,t — tsx) = detection (6.1.36)
so that ¢4 is the first time at which inequality (6.1.35)(a) is violated.

Assumption 6.5 There exists a known constant x > 1 such that

X7 jearsia. W%Eiﬁﬁj}’jﬁ 2 (6.1.37)

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 ¢, )

will be taken instead of qug(ti) in (6.1.35)(b) only.

Theorem 6.3 Consider a system (6.1.1) and a family of controllers satisfy-
ing (6.1.34)-(6.1.35) and assumptions 6.4-6.5. Suppose that a fault f € F,,
L€ Q occurs at t =ty and is detected at t = t;q via the threshold (6.1.36),
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then there exists a control switching scheme such that x is bounded for all
t>t;.

Proof : Choose a constant 8 > max[(M — 2)(1 + x)x™ =2, (M — 2)(M —
3)xM 3], where x is defined in (6.1.37). The switching law is designed as:

Algorithm 6.3 Switching law of the controllers

1. Denote ty = tyq; Let s = 0; Define Q* = Q — {o(t)}; Set o(ty) = i*
where
i* = arg mé)n Vi(z(to)) (6.1.38)
1EQ*

2. Choose tiys such that

s ali+1—t;

> <H {'/(Z ) < G _ﬁs)XM_Q_S —1 (6.1.39)

i)
k=0 j=k o(tj)

If V(e (@(t14)) < 07 (Vo ((8), t = 1,)
then apply the controller uq,)(t) Vt > ti,s; Stop the switching.
else, go to 3.

3. Let Q* = Q* — {o(ts)}; Set o(t11s) = i* where

i* = arg mén Vi(x(t14s)) (6.1.40)
1eQ*

Apply the controller uyq,, )(t) att =ti1s; Let s=s+1; Goto 2. B

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
controllers may result in a large . In the following, the transient performance
is improved by reducing the number of switchings.

Assumption 6.6 There exists a family of continuous non-negative functions

Vi(z) : R* — Rao, Vi € M and 5 € Koo, & € GKL such that

Vi(z(t)) < &(Vila(tm),t — tyr) (6.1.41)
VieFou=u(z),j#1i, t >ty k=1,2,..
The following table shows the difference between Assumption 6.6 and

Assumption 6.4. Assumption 6.4 assumes the existence of functions such
that (6.1.35)(a) and (6.1.35)(b) are satisfied (rows 1 and 3 in the table)
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Table 6.1: Comparing Assumptions 6.4 and 6.6

Fault Control Assumption
1 fer u = u;(x) Vi (1)) =<
&5 (Vi (@ (t)) .t — tar)
2 fer u = Vi(z (t)) <
uj(z),j # i & (v (x(tjr)),t tjk>
3 feFi#i u=ux) Vi(w (¢) <
¢y (Vi (z (tin)) .t — tin)

while Assumption 6.6 adds the existence of functions that satisfy also the
conditions on row 2.

Note that the inequality (6.1.41) may still hold for f ¢ F;. However, the
converse is not true, i.e., if (6.1.41) is violated, it must hold that f & F;.
Inequality (6.1.41) 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 = tsq; Let s = 0; Define M* = Q — {o(tf)}; Set o(ty) = i*
where
o 0 Vi (a(t
i* = arg min Vi(z(fo))

2. Choose tiys such that

i (H (b‘;tj ) (M —2 _ﬁs)XM s 1 (6.1.42)

k=0 j=k o(ty)

IN

If V(e (@(t145)) < 077 (Vo (2 (8)), t = 1,)
then apply the controller uq,)(x) Vt > ti1; Stop the switching.

else, let Q* = Q* — {a(ts)}; Go to 3.
3. Set o(t1.s) =1 where
i = arg min Vi(e(t1,.)
If Vo) (@(t145)) > &ty (Vo (i) (w(ts)), £ — L)

then let Q* = Q* — {o(ti)}; Go to 3.
else, apply v, () at t =t14s; Let s = s+ 1; Go to 2. |
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The main idea behind Algorithm 6.4 is that at each switching instant,
we check whether the fault mode satisfies (6.1.41), and remove incorrect
candidate controllers from the switching sequence.

We shall prove that Algorithm 6.4 improves the transient behavior w.r.t.
Algorithm 6.3. Denote z(ta1) o(ta1) and tays (respectively x(ta2) o(ta2)
and t 49)5) 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 (3.5.2) and a family of con-
trollers satisfying (4.2.6)-(6.1.35) and assumptions 6.4-6.6. Supposed that
a fault f € F,, v € M occurs at t = ty and is detected at t = tsq via the
threshold (6.1.6), then

1) Algorithm 6.4 guarantees that x is bounded for allt > t; and the system
is ISS w.r.t. d after the correct controller u,(t) is applied.

2) If 0 as(tas)s) = oai(tary) = ¢, then |xas(tags)| < |war(tary)|

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 that r = M — 2.

Choose t 495 as (6.1.42), we obtain

s—1  s—1 ¢tA2|j+1—tA2u

a(taz)y) B
| | < — 1.
( VtA2\j ) - (M — 1 = S)XM—I—S 1 (6 1 43)

k=0 j=k a(taz);)

Since s < M — 2, we verify condition (2.5.5) with * instead of 3 where

B =L < Batt=ts

It follows that

2 (tasgs)] < (a7 42 o B*a(|z(to)) (6.1.44)

where @ is defined in (2.5.19). Comparing (6.1.44) with (2.5.19) in Theorem
2.9 leads to the result. For the general case where r < M — 2, the result can
be obtained following 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 [77]. The states are the angular positions and velocities of the motor
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Table 6.2: Faulty cases

Fault mode Reason
Case b is changed within [10m, an increase in the friction of
1 15m]| the motor
Case  k reduces to 25% ~ 50% an unexpected change on
2 elasticity condition
Case  k reduces to 50% ~ 75% an unexpected change on
3 elasticity condition

Case ¢ is changed within amplifier malfunction

4 [30NmM/V,40Nm/V]

and of the link = [0,,,, wpm,01,wi1]". The control u is the torque delivered
by the motor. The state-space model is

O0p = wn
. C
Wm = ——m(91—0m)——mwm+ﬂu
th = w
o = = —0,) - "9 Gne) (6.1.45)
Jl Jl

where J,,, and J; denote respectively the inertia of the motor and of the link.
k is the elasticity constant, b denotes the related viscous friction coefficient,
and c is the amplifier gain. The numerical values of the parameters given
in [77] are: J,, = 0.935 kgm?, J, = 23.303 kgm?, r = 45.440Nm/rad,
b=1.169 Nms/rad, ¢ = 20.196 Nm/V. mgh = 7.760Nm/rad.

Table 6.2 describes four considered faulty cases, where cases 1-3 are con-
cerned with process faults, and Case 4 is related to actuator faults. Con-
sequently, we divide F into five parts as F C UieQ:{m 77777 5}.7-'7;, where F;
is related to the fault values in Case i. F5 denotes the fault-free situation.
According to the FTC design procedure described in [77], we can design a
nominal controller us(z) for the healthy plant and four candidate controllers
wi(z),i = 1,2,3,4 for cases 1-4 respectively. The details are omitted here.
Moreover, for each controller u;, we can obtain V;(z) = x " H;z where H; is a
positive definite matrix. V5 denotes the function of the healthy plant.

In the simulation, suppose that Case 1 happens, b = 11.69m, we further
have

e IO (2(0)), Vf € Fru=u(z), t >0
8283, (2(0)), Vf € Fryu=us(z), t >0

IA A
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Figure 6.4: Fault detection

88BN (2(0)), Vf € Fi,u=us(x), t >0
e 1031 (2(0)), Vf € Fiyu=uy(z), t >0

IA A

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;(z). Suppose that the initial
states are [1 0.4 0.5 0.1]". Case 1 occurs at t = 1.5s, Fig. 6.4 shows that the
fault is detected at t = 2.343s using threshold (6.1.36).

Now we apply Algorithm 6.3 to achieve the FTC goal. It can be obtained
from (6.1.37) that y = 1, this satisfies Assumption 6.5. Since there are
three unstabilizing controllers that may be activated, M —2 = 3. We choose
B = 6.5 > 3x2. The non-repeated switching sequence obtained from (6.1.38)
and (6.1.40) is uy — us — uy — wuy. Simple calculation based on (6.1.39)
of Algorithm 6.3 leads to the dwell periods of three controllers: 0.0245s
for uy(z); 0.0020s for uz(x); 0.3750s for uy(x). These dwell periods can be
determined without checking the value ch(t). Once the fault is detected,
ug(z) is selected from (6.1.38) and applied at ¢ = 2.343s, then switch to
ug(x) at t = 2.3675s, and switch to uy(x) at 2.3695s. At t = 2.7445s, the
fault is identified to be Case 1, the correct controller w;(z) is applied for
t > 2.7445s. The blue lines in Fig.6.5 shows the state trajectories, it can be
seen that the FTC goal is achieved and during the delay [1.5s,2.7445s), the
states are always bounded.
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Figure 6.5: state trajectories

Now we illustrate Algorithm 6.4. It follows from the control design pro-
cedure in [77] that

Va(z(t)) < e24939,(2(0)), Vf € Fou # up(z), t >0
Va(a(t)) < M%V((0)), Vf € Foou# us(x), t>0
Vi(z(t)) < eV (2(0), Vf € Fayu# ug(z), t>0

The obtained switching sequence is the same as that using Algorithm 6.3.
However, at the second switching instant, the controller ug(z) is removed
from the sequence using the Step 3 of Algorithm 6.4. It follows from (6.1.42)
that the dwell period of controller u4(z) becomes 0.0269s. Thus we first apply
ug(z) at t = 2.343s, then switch to uy(z) at ¢t = 2.3675s. At t = 2.3944s,
the fault is identified to be Case 1, the correct controller u;(z) is applied
for t > 2.3944s. The red lines in Fig.6.5 shows the state trajectories under
Algorithm 6.4, it can be seen that during the delay [1.5s,2.7445s), the states
are also bounded, and the transient performance is better than that under
Algorithm 6.3.
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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 input constraints, actuator faults and the external resistance. A hybrid
FTC approach, which combines the linear quadratic control method in [151]
and the control Lyapunov 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 external 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 [24]. 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 [135], but also benefits from the 4WS structure where both the
steering positions of front wheels and rear wheels can be controlled [60, 113].
Such structure significantly improves EV’s lateral dynamics, especially in the
situation of path tracking [123], [112, 127].

Faults may lead to vehicle’s abnormal behaviors. The faults that mainly
degrade the vehicle’s performance include faults of sensors that provide im-
portant physical 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 vehi-
cles have been investigated intensively by Isermann’s group [44, 153], Ding’s
group [49], the PATH project [126], and also our LAGIS laboratory [37].
FTC approaches of vehicles have also been developed in order to guarantee
the safety of the vehicle [17, 38].

However, few contribution has been made for the fault tolerant path track-
ing control of EV, e.g. [180], [184]. 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 oc-
cur, 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.
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- 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 defor-
mation of the wheels, and the internal friction of the vehicle. These
factors always affect the vehicle.

Figure 6.6: The Robucar™ in LAGIS

In this section, we focus on the optimal fault tolerant path tracking control
for a 4AWS4WD EV in LAGIS as shown in Fig. 6.6. This prototype vehi-
cle, named RobuCar™ is built by the Robosoft Company [205]. Several
important types of actuator faults are considered as in [180]. A hybrid con-
trol approach is proposed, which combines the linear quadratic (L.Q) based
progressive accommodation (PA) method [151] 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 FDI tech-
nique of vehicles. The readers interested by fruitful results on such FDI
techniques are referred to [44, 37]. The sensor faults are also not involved,
some related work can be seen in [161].

6.2.2 Vehicle Model and fault setting

The features of the RobuCar™ 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
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the front axle (resp. rear axle) is lf (resp. [.), lg is one half of the tread.
Tei(i = 1,2,3,4) denotes the effective radius of the wheel 7.

Figure 6.7: The vehicle system

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
pref- The traction forces f,; 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 J; and the torque 7;. Denote ¢ L5, =0yand §, £ 53 = 6,
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 [123], [2] and [37], thus are omitted here. Around
the free-rolling equilibrium point: v = vy, 6 =0, v =0, y. =0, ¢ = 0, and
pref = 0, a linearized vehicle model can be obtained as

&= Axr + BKus,+ R (6.2.1)

where z = [(v —vg) B v ye ¢ are measurable states, u, = [T¢+ 17 T§ +
I; T5+15 Ty+17 of 5¢]T are torques and steering controllers’ output
vector, T} is used for the path tracking control design, while 77 is applied to
overcome the external resistance, denoted as R = [R0 00 0]". R is assumed
to be a known constant around the free-rolling equilibrium point. Denote the
plant input vector as @ = [T} Ty T3 Ty 67 6,]" as shown in Fig.6.7. @ = Kus,
with K defined as the actuator gain matrix, and K = diag[n;,ns,. .., 76,
1; = 1 in the healthy situation, and will be defined later for the faulty cases.
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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. Cfy = Cp + Cpe, C, = Cy + Cro. The pair (A, B) is controllable.
Note that the developed model is more general than the usual vehicle’s lateral
model as in [135], [112] and [127] where only §; and J, are applied as the
inputs, and the resistance factors are not considered.

The structure of B ensures the existence of constant torques 71}, ¢ =
1,2, 3,4 such that

S(EL) =R

> G (6.2.2)
=1 H
L (=)l TT

- dlfid;

—)=0 6.2.3
> (0:23)

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}, 9;) to the wheel slip S; at the free-rolling equilibrium point can be
given as in [123] and [2]

(6.2.4)

(6.2.5)
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where k; represents the tire-tread-profile attenuation factor. From (6.2.4)-
(6.2.5), it can be seen that T; and §; need to be constrained to ensure the
magnitude of S; below the prescribed value ¢, i.e., |S;| < ¢, with |- | the
Euclidean norm. More precisely, since n; 1] is a constant, a constant bound
can be imposed on 1,77, while a state dependent bound should be imposed
on 1;05.

The control objective in the healthy situation is to let the vehicle track
the reference path, i.e. to make the origin of the system (6.2.1) asymptotical
stable, and meanwhile, restrict the magnitude of S; into the prescribed region
to prevent the vehicle from skidding or spinning.
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Figure 6.8: The schematic diagram of the RobuCarT™

Once an actuator fault occurs at t = ty, the system (6.2.1) can be repre-
sented as
&= Ax+ Bjus+ R (6.2.6)

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 sys-
tems 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 breakdown. In this case, the steering actuator float
with zero moment and does not contribute to the control authority.
Consequently, 75 = 0 or 1 = 0, which is consistent with By; = 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
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this case, n5 and 74 represent the loss of effectiveness factors and are
such that 0 < n; < 1,0 < ng < 1. If n; = 0, this faulty case is consistent
with F1.

- (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 < n; < 1,7 € {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-FJ.

In the sequel, we consider that the torque inputs 7] are chosen to over-
come the resistance term R, i.e. equations (6.2.2)-(6.2.3) are solvable. This
implies that at least 2 wheel torque controllers are available. Consequently,
equations (6.2.1) and (6.2.6) are rewritten as

= Ax+ Bu (6.2.7)
= Az + Byu (6.2.8)

where u = [T Ts Tg Ty 05 6¢] "

We will first recall the progressive accommodation (PA) strategy proposed
in [151], and analyze its availability in the presence of input constraints, then
combine such optimal FTC approach with the CLF based bounded controller.
The resulting 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 z(0) = xy to some final value x(oc0), while minimizing the cost
function

J(u,zg) = /OO(UTRU + 2" Qx)dt
0

where () and R are symmetric matrices. From the classical theory, the so-
lution is given by u = —R™'BTP,x & —F,z where P, is the unique posi-
tive definite solution of the algebraic Riccati equation P,A + A"P, + Q —
P,BR™'B"P, = 0.
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In the practical faulty situations, three time instants, namely t¢,% ¢4, ¢ e
have to be considered, leading to four time windows :

[0,2f] Nominal system, (A, B) is controlled by u = —F,,x

[tr,trai]  Diagnostic delay, (A, By) is controlled by u = —F,x

[trair trie] FTC delay, (A, By) is controlled by u = —F,x

[tf1c,00)  Fault is accommodated, (A, By) is controlled by the FTC law

The pair (A, B) is changed into (A, By) at time ¢; due to the actuator
faults. Once By has been identified at ¢ = ¢4 under some FD schemes, the
classic FTC law can be designed as u = —R_lB;Pfac and applied at t = ¢,
where Py is the unique positive definite solution of

PfA+ ATP;+Q— PByR'B} P; =0 (6.2.9)

The delay ¢ ;. —tq; is mainly due to the computation of the Riccati equation
(6.2.9).

The PA strategy aims at minimizing the cost in ¢y — t4;. Such strategy
is based on the following Newton-Raphson scheme:

Let P; be the unique solution of the Lyapunov equation

P(A; — ByF;1) + (A — ByFi1) ' P, =—Q — FL,RF,_;  (6.2.10)

where F; = RlefTPi for all 7 =1,2,--- and the initial Fj is given.

The Newton-Raphson scheme is one of the effective solutions for (6.2.9).
The computation of (6.2.10) is much faster than (6.2.9). The PA strategy is
to apply u; = —F;x as soon as it is obtained. The system behavior after the
fault occurrence is therefore

= (A—Ban>$, te [tf,to[
= (A—BfF())[L', te [to,tl[
= (A—BfE)(L’, t e [ti,tz‘+1[7 Z:1,2,

where ¢y > t;4; and Fy define the algorithm initialization. It has been proven
in [151] that lim;_.FP; = Py, and the PA strategy significantly reduces the
loss of cost that results from the classic FTC law in the time delay ¢ s —t 4.

Now we consider the input constraints. In the fault-free situation, u =
—F,x is applied. We can find a region

U ={zcR"z" P <r} (6.2.11)

where r is small enough such that Vo € W, the ith input |u;| < u*(z),
Vi ={1,...,6}. u(z) > 0 is a constant or a state dependent bound of the
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ith input from (6.2.4)-(6.2.5). It follows that if the initial state x(0) is chosen
within W, then u = —F,,x is always available.

In the faulty situation during [t;,¢;+1[, the PA control law v = —F,x is
applied. Note that after the fault occurs, 77 is adjusted to overcome R,
denote

AT} 2 T} - ni(n),fir(n)

where 7;,) T} () is related to the normal situation, and 7,7 corresponds to
the new controller in the faulty case. If all n; # 0 ¢ = 1,2,3,4, then each
n; 1] keeps a unique constant throughout the process, i.e. An, 77 = 0, and

does not affect the bound of the 7. Similarly, define the region

U, ={z e Rz Pa <e) (6.2.12)

where ¢; is small enough such that Vo € U;, |u| < u!™>(x) £ W) ATy

7 i 9
for n; # 0, and uf™(z) = 0, for n; = 0, where u**(z) —An, T} (i = 1,2,3,4)
is assumed to be positive, and T3, Ty do not exist. If n; = 0, it follows that
u; = 0 from the LQ control method. Note that if 2(¢;) € ¥;, then u = —Fx

is available throughout the interval [t;,t;,11[. We also obtain the following
property

Proposition 6.2 If z(t;) € ¥; such that

B u;fmax T .
(—RBIY,| 1P Je] < @) i~ 1,6}

then the PA strategy is available throughout the interval [t;, 00).

Proof: The result follows the fact that the iterating algorithm (6.2.10)
leads to Py <--- <Py <P < <P [151]. Since z(t;) € U;, then under
the controller —Fjz, U, is an invariant set for z, i.e., z(t) € W;,Vt € [t;, tiv1].

(~RB),| - IR - ol < @) implies that |(— R BJ);] - || - 2] <
M, thus —F, 2 is available throughout the interval [t; 1, t; 2], ¥, is
still an invariant set for z. Finally, it can be concluded that the optimal
FTC strategy is available for t € [t;, 00). O

Such property is useful to reduce the computation level. If we have
checked at t = t; that [(=R™'By);| - || - |z] < %;(‘r), then we do not
have to check at every following instants ¢, for k > 1.

However, we can not always guarantee the availability of the PA strategy.
If #(t;) ¢ V;, such strategy would lead to the input saturation and the
system’s performance 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.
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Reformulate the faulty system (6.2.8) as
t=Ax + Bu+ Bf (6.2.13)

where the fault is represented as an additive term Bf. f = (K — Iu, I is
the unit matrix, and K = diag[n, ...,n] 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.c., |f| < f, where f > 0. It is also assumed
that |An, T7| < A, for A; > 0 and u™>(x) — A; (i = 1,2,3,4) is positive.

Consider a Lyapunov function V = 2" Pz for the system (6.2.13), where
P is a positive definite symmetric matrix that satisfies the Riccati equation
ATP 4+ PA— PBBTP = —W for a positive definite matrix .

V' can be regarded as a control Lyapunov function for system (6.2.13).
The continuous bounded FTC law can be designed as

u; = =Yi(V)(Lg, V) (z) £ bi(z), i=1,..,6 (6.2.14)
with
(V) +4/I(V)2+(uf ™ ()| (Lp, V) T|)* (Lp V)T £0
T,(V) =g Iws,)TP [1# L+(uf ™ (2) | (L g, V) T)2
07 (LBZV)T =0

where (V) £ £(La,V + pV + |L;V|f), L denotes the Lie derivative, i.e.,
LaV =2 (ATP+PA)x, (L, V)" = 2B Pr,and p > 0. uf ™ £ nax(g) —
A;.
For all initial states, the stability region of system (6.2.13) is defined by
the set
Q={z e R"|V(x) <"} (6.2.15)

6y ui ™| (Lp, V)|

max

where ¢™** is small enough such that J(V) < mineg o
for all z € Q.

.....

Proposition 6.3 For the initial state x(0) € Q, the bounded controller u =
b(x) with b(x) = [by(x)...bs(x)]T in (6.2.14) makes the origin of the system
(6.2.13) asymptotically 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;| < u™*(x), ¢ =1,...,6. It can be seen that for any
z(0) € Q, the controller u = b(x) can always be applied and does not need
to be modified in the presence of faults.
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Based on above analysis, a hybrid control method can be provided as

—F,x, forxz e ¥ NQ, 0,tsa;[, with 2(0) € T NQ

te|
b(z), forz € WNQ, €[t t] (6.2.16)
[ 2.
[

—Fyx, forz e W;NQ, tel[tti]
b(l‘), for x €\IJ,ﬂQ, t e tiati+1[; 1= 1,2,...

where ¥, W; and ) are defined respectively in (6.2.11), (6.2.12) and (6.2.15).
Fig. 6.9 shows the block diagram of the control system.

FDI

l— PA controller
e

Switching
decision

CLFbased ) | | Vehicle plant
controller

Figure 6.9: The block diagram of the FTC system

Discussion:

1. Compared with the convex conjugacy technique [56] that requires = €
U, the bounded hybrid controller (6.2.16) restricts z 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} as
in [56].

2. Since the initial state z(0) € ¥ N, the controller —F,x ensures that
z(ty) € YNEQ. Nothing can be said about the state trajectory during the
diagnosis delay t r4;—t ;. Effective diagnosis approaches can significantly
shorten this delay. Assuming x(trq4;) € ¥ NQ is quite acceptable in the
practical application.

3. Applying b(z) at the beginning of the FTC process [t 74, t1[ shortens the
initial time of PA strategy in [151]. Moreover, in each interval [t;,¢;11],
once z ¢ ¥; NS, the controller b(x) can always make x return to W; N
as in Proposition 6.2, such that the controller —F;x is available.

4. The region € in (6.2.15) 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.
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Table 6.3: Parameters of RobuCar™ and the reference path

Parameter Value
m (kg) 350
l; (m) 0.401
[, (m) 0.802
lq (m) 0.605
Te; (M) 0.350
Cr (N/rad) 2000
C, (N/rad) 2000
J, (kgm?) 82
vo (m/s) 5
Pref (m™") 0

5. In this work, a straight reference path is considered, i.e. the curvature
pref ~ 0. For the curving path with p,.; # 0, an additional term
[0 0 0 vopres] should be added in the system equation (6.2.1). The
robust design of LQ control [152] 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 RobuCarT™
system (6.2.1). The parameters are given in Table 6.3. The vehicle starts the
path tracking with the initial values v(0) = 5 m/s, 3(0) = 0 rad, v(0) = 0
rad/s, y.(0) = 0.2 m, and ¢(0) = 0 rad. In accordance with the road con-
dition and vehicle data stated in Table 6.1, the resistance factor R is as-
sumed to be —0.5 m/s?. We set the wheel slip constraint as ¢ = 0.3, the
attenuation factor in (6.2.4)-(6.2.5) is k; = 0.2. The input constraints are
imposed as —0.0004 Nm < T¢ < 0.0004 Nm, (—0.18 + 0.08y + ) rad <
0f < (0.1840.08v+f) rad, for i = 1, ..., 4. Since the vehicle’s speed is around
a constant vy, small torques 7} are required. The objective is to obtain the
tracking behavior as fast as possible (under no fault and faulty conditions)
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
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the inverters of the two front wheels broke down at ¢ = 0.3 s. These fail-
ures make the motor torques of the two wheels become zero, i.e., 1, and 7,
abruptly change from 1 to 0 after 0.3 s, By; = By, = 0. The consequence
is a big yaw moment and the unstable vehicle motion. In addition, there is
a 75 percent loss of control effectiveness of rear right wheels after t = 0.3 s,

ie., ny = 0.25.
Both @ and R are chosen as the unit matrices. The classic FTC law
uy = —Fyx can be obtained after 2 iterations of (6.2.10), ie., Fy = Fi.

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 —Fyx, while the PA strategy applies
—F,z until 0.4 s and then applies b(z) at 0.4 s, and the sequence —Fyz and
— Fyx at respective times 0.5 and 0.6 s. Fig. 6.10 shows the input trajectories.
Due to the complete failures of two wheels’ inverters, the inputs 77, 15 are not
provided any more after 0.3 s. The tracking performance is maintained by
the tradeoff among 75, T}, 6 and 6,. Although 77 (i = 1,2, 3,4) are adjusted
abruptly after the fault occurs. The original input constraints imposed on 4y
and 77 are still available.

Fig.6.10 shows the trajectories of the PA controller output vector. It
can be seen that both 6% and o7 are adjusted to compensate for the big
yaw moment due to faults. All the inputs are within the constraints, the PA
controller is always available. Fig.6.11 shows the torques 77 for the resistance
rejection, 77 and 77 are not provided any more after 0.3 s. Once the fault is
diagnosed at 0.4 s, both 75 and 77 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 (6.2.1). The input
trajectories and vehicle motion behavior under the classic FTC law are sim-
ilar as that in Fig. 6.10, thus 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 7 = 0. Such failure is also
consistently represented by Bys = 0. In addition, there is a 90 percent loss of
control effectiveness in the power amplifier of the rear steering actuator after
t =2s, ie., ng = 0.1. In this case, the tracking performance is maintained
only by applying T, Ts, T3, T, and 9,.

The classic FTC law uy = —Fx can be obtained after 3 iterations of
(6.2.10), 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
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Figure 6.10: Input trajectories
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of PA. However, —Fix 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. — Fyx satisfies the property of Proposition 6.3 at ¢ = 5 s, which
implies that the PA control is always available after 5 s.

Fig. 6.14 shows the trajectories of the hybrid controller. It can be seen
that all T¢ are adjusted abruptly to compensate for the faults. All the torques
T7 = 15.315 Nm ¢ = 1,2, 3,4, which do not change since no fault occurs at
torque control system. Fig. 6.16 illustrates the vehicle motion behavior. Af-
ter t = 2 s, the trajectory of the vehicle deviates from the reference path,
while the tracking goal is achieved at nearly ¢ = 8 s, v is also maintained
at 5 m/s. Fig. 6.16 illustrates the trajectories of the controller that com-
bines 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. Fig.6.17 illustrates the vehicle motion behavior. The vehicle tracks the
path again at nearly ¢ = 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.

Us

(a) Torque inputs (b) Steering angle inputs

Figure 6.14: Input trajectories

6.3 Conclusion

This chapter has discussed the supervisory FTC problem using hybrid system
approaches. Three novel switching control based FDI/FTC schemes have
been proposed for general nonlinear systems. The good feature of these
three switching schemes is that no additional model or filter is needed to
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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 RobuCart™
vehicle in LAGIS. Several important types of actuator faults are addressed.
More directions would be associated with the robust fault tolerant path track-
ing control design of 4WS4WD vehicles.

204



Chapter 7

Conclusion and future research direc-
tions

FTC of HS is a hot research topic that intersects two communities of fault
diagnosis/tolerance and HS. This thesis has presented several interesting the-
ories and applications on FTC for HS. It has been shown that both the con-
tinuous system theories and DES theories can be applied. This conclusion
seems natural since HS consists of continuous and discrete dynamics. How-
ever, 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 prop-
erties 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 thesis 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 [12, 124] and the proposed FTC methods in this
thesis.
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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 [108]. On the other hand,
the time-variant continuous vector fields as described in [89] also de-
serve further investigations.

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 continuous and discrete ones) occurring simultane-
ously. The nondeterministic finite automata model developed in [101]
maybe a good tool to address this issue.
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