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CHAPTER 1

(zeneral introduction

1.1 Context and motivation

Online fault diagnosis of complex dynamical systems is crucial to ensure safe op-
eration in spite of faults impacting the system behaviors. A fault can be defined
as a non-permitted deviation of at least one characteristic property of a system, or
one of its components, from its normal or intended behavior. Consequences of the
occurrence of faults can be severe and result in human casualties, environmentally
harmful emissions, high repair costs, or economical losses caused by unexpected
stops in production lines. Therefore, early detection and isolation of faults is the
key to maintaining system performance, ensuring system safety, and increasing sys-
tem life.

Many complex dynamical systems are embedded in the sense that they consist
of a physical plant with a discrete controller. Therefore, the system has several
discrete changes between different configuration modes through the actions of the
controller exercised on the system plant (e.g., actuators). This kind of system,
called discretely controlled continuous systems (DCCS), is modeled as hybrid dy-
namic systems (HDS). In the latter, the dynamic behavior evolves continuously with
time according to the discrete mode in which the system is. When a change in the
system discrete mode, or configuration, occurs, the continuous dynamic behavior
will evolve differently. Consequently, model based diagnosis approaches need to
take into account both the continuous and discrete dynamics of the system as well
as the interactions between them in order to achieve the fault diagnosis.

The general principal of model based diagnosis approaches is based on the use of
a mode of the system normal and/or fault behaviors. Discrete-event model diagno-
sis based approaches describe the system as discrete modes changes in response to
the occurrence of discrete events. Therefore, they ignore the continuous dynamics
of the system. Continuous model diagnosis based approaches represent the system
dynamics as a continuous time evolution using differential or difference equations.
However, they do not take into account the discrete changes of the system discrete
modes or configurations. Consequently, these both approaches cannot be used to
achieve the fault diagnosis of IIDS since in the latter both continuous and discrete
dynamics (evolutions) and the interactions between them must be taken into ac-
count. In addition, faults may impact both the continuous and discrete dynamics.
Therefore, the diagnosis module, generally called diagnoser, must deal with these
faults. Indeed, fault can be characterized by abnormal changes in system param-
eters describing the system continuous dynamics. This type of faults are called

doc.univ-lille1.fr
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2 Chapter 1. General introduction

parametric faults. Furthermore, faults can cause undesired or unpredicted changes
in the system discrete mode or configuration. This type of faults is termed as dis-
crete faults. Consequently, HDS fault diagnosis approaches need to handle both
parametric and discrete fault. Finally, many real HDS contain a huge number of
discrete modes. Therefore, constructing a global model of the system can be very
hard and complex. Thus, it is important to develop an approach which scale well
to the system size (to discrete modes).

Consequently based on all these issues, diagnosis of HDS is a challenging task.
For this reason, the contributions of this dissertation aims at achieving the paramet-
ric and discrete faults diagnosis of HDS, in particular DCCS, with multiple discrete
modes.

1.2 Contributions

This dissertation develops an event based scheme for parametric and discrete faults
in HDS, in particular DCCS, Louajri et al. (2013), Louajri and Sayed-Mouchaweh
(2014a), Louajri and Sayed-Mouchaweh (2014b), Louajri and Sayed-Mouchaweh
(2014c), Louajri and Sayed-Mouchaweh (2014d). This scheme is based on the de-
composition of the system into several discrete and continuous components in order
to exploit the modularity property of the system. The goal is to construct local
hybrid models for the system hybrid components. Each local hybrid model is build
by the combination of a discrete component with its interacting continuous compo-
nents (i.e., components that change its continuous dynamic evolution according to
the discrete state of this discrete component). These local hybrid models are used
to:

e facilitate the construction of the system global model in order to achieve the
centralized fault diagnosis;

e construct the local diagnosers in order to achieve the decentralized fault diag-
nosis for large scale systems.

The specific contributions of this dissertation are as follows:

1. Modular parametric and discrete faults centralized diagnosis ap-
proach. This approach builds one global hybrid diagnoser based on the use
of one global model of the system. The global model is constructed based on
the synchronous composition between the different hybrid local models. The
use of the latter facilitates significantly the construction of the global model
as well as the centralized diagnoser.

2. Parametric and discrete faults decentralized diagnosis approach
without the need to a global model. In this approach, local hybrid
diagnosers are constructed based on the local hybrid models. Each hybrid di-
agnoser aims at diagnosing the parametric and discrete faults that can occur in
its associated hybrid component. In order to achieve a diagnosis performance
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1.3. Organization 3

equivalent to the one of the centralized diagnosis structure, a coordinator is
defined. The latter merges the local diagnosis decisions in order to obtain one
global diagnosis decision equivalent to the one of the centralized diagnoser.
The local diagnosers and the coordinator are constructed without the use of a
global model but only the local models. Therefore, this approach scales well
to large scale systems with multiple discrete modes.

3. Hybrid diagnosability and co-diagnosabilty notions. For the centralized
hybrid diagnoser, a hybrid diagnosability notion is defined. The latter aims at
verifying if the system model is rich enough in information in order to allow
the diagnoser to infer the occurrence of parametric and discrete faults within
a bounded delay after their occurrence. This hybrid diagnosability notion is
an extension of the diagnosability notion defined for discrete event systems,
Sampath et al. (1996). Likewise, a hybrid co-diagnosability notion is defined
to verify whether the set of local hybrid diagnosers with their coordinator
can infer the occurrence of parametric and discrete faults that the centralized
hybrid diagnoser can infer. These two notions are based on the use of hybrid
events traces which combine discrete events and the events generated by the
continuous dynamics. Therefore, they show clearly the interest of using the
events generated by the continuous dynamics in order to enhance the diagnosis
capacity of the system for both parametric and discrete faults.

4. Experimental case study for parametric and discrete faults decen-
tralized diagnosis of three cell converter. A benchmark of three cell con-
verter is developed using Matlab-Simulink”™ environment and Stateflow”™
toolbox. This benchmark is used in order to validate the performance of the
proposed parametric and discrete faults decentralized diagnosis approach. To
this end, several normal and fault scenarios are generated. In these scenarios,
parametric and discrete faults are generated in different time instances and
different discrete modes as well as different orders. In addition, noises are
added in order to be close as much as possible to real operation conditions.

1.3 Organization

Chapter 2 presents an overview of HDS and their related model based diagnosis
approaches. Firstly, the basic definitions and classes of HDS are provided. Then,
the major HDS modeling tools are presented. Next, general scheme of HDS fault
diagnosis, problem formulation and challenges are detailed. Finally, the HDS fault
diagnosis approaches, in particular DCCS, are studied and compared. They are
clagsified into three main categories: parametric fault diagnosis, discrete fault diag-
nosis and parametric and discrete faults diagnosis approaches. A simple example
of one tank level water control system is used throughout the chapter in order to
illustrate and compare these approaches of literature.

Chapter 3 presents the principal scheme and steps of the proposed modular hy-
brid centralized diagnosis approach. Firstly, the different steps to build the local
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models of discrete, continuous and hybrid system components are detailed. Then,
the construction of the system global model, based on the synchronous composition
of the hybrid local models, is described. Finally, the steps of hybrid centralized
diagnoser construction are explained. The simple example of one tank level water
control system is used throughout the chapter in order to illustrate the proposed
approach.

Chapter 4 presents the motivations, principal scheme and steps of the proposed
hybrid decentralized fault diagnosis approach. Firstly, the different steps of the de-
centralized hybrid diagnosis approach are presented. Then, the procedure to build
the local hybrid diagnoser for each hybrid component of the system is detailed.
Then, the steps to merge the local diagnosis decisions through a coordinator are
discussed. Finally, centralized and decentralized diagnosis structures are compared.
The example of one tank level water control system is used throughout the chapter
in order to illustrate the proposed approach and to compare it with the centralized
diagnosis approach detailed in Chapter 3.

Chapter 5 presents the experimentation of the decentralized fault diagnosis ap-
proach developed in chapter 4. Firstly, the three cell converter system is presented.
Then, the different steps to build the decentralized hybrid diagnosis structure, de-
veloped in Chapter 4, for the three cell converter are detailed. Next, the simulation
results are presented and discussed. Finally, the performance of centralized and de-
centralized diagnosis structures, developed respectively in Chapter 3 and Chapter 4,
is compared in order to show the interest of using decentralized diagnosis approach
for large scale systems.

Chapter 6 summarizes the contributions of this dissertation, discuss the current
limitations of the proposed approaches and presents the future directions of this
work in order to improve these approaches.
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2.1 Introduction

Model-based diagnosis approaches achieve fault diagnosis by detecting a difference
between expected behavior defined by a system model and observed behavior pro-
vided by the sensors. The model represents the system nominal (desired) behavior
as well as the faulty behaviors in response to faults belonging to a predefined set
of failure modes. A failure mode gathers a set of faults in a system which has the
same effect according to either the configuration or maintaining procedure. Model-
based diagnosis approaches can be classified according to the used modeling repre-
sentation tool. Generally, they can be divided into discrete-event, continuous and
hybrid dynamic systems approaches. Discrete event systems approaches, Bhowal
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et al. (2007), abstract time by modeling system behavior as a sequence of discrete
events and states and the fault diagnosis task is achieved based on analyzing ob-
served event sequences. Continuous systems approaches , Cocquempot et al. (2004),
employ a continuous or discrete-time representation of the system, and use quan-
titative and/or qualitative methods for diagnosis. Hybrid dynamic systems (HDS)
approaches combine continuous and event-based behaviors, and are the most gen-
eral, but also the most complex.

This dissertation focuses on diagnosis of HDS. The latter change its continuous
dynamics from one discrete mode to another discrete mode in response to the occur-
rence of discrete events. HDS cover a wide class of systems and can be applied to a
broad class of applications. Examples of HDS are tanks water level control system,
multiple collisions, Coulomb friction, power converter and constrained pendulum,
Van Der Schaft et al. (2000).

In HDS, faults can occur as abnormal change in the value of parameters describ-
ing the continuous dynamics and are called parametric faults. Faults can also occur
as unexpected, abnormal, changes in system discrete mode and are called discrete
faults. Discrete event systems approaches deal with discrete faults; while continuous
systems approaches deal with parametric faults. HDS approaches must deal with
both parametric and discrete faults.

Chapter 2 is organized as follows. Firstly, the definition, motivation and classes
of HDS are presented. Then, the problem formulation and challenges of the diagnosis
in HDS are handled. Finally, major fault diagnosis approaches of HDS are studied
and their performance is compared. The goal of this comparison is to emphasize the
interest and the progress beyond the state of the art of the proposed approaches,
developed in Chapters 3 and 4 in this dissertation. In order to illustrate and compare
the presented modeling tools and diagnosis approaches of the literature, the well-
known one tank water level control system (Fig.2.1) is used.

2.2 Hybrid dynamic systems

2.2.1 Definition and motivation

Many physical systems are HDS. The term "hybrid dynamic system’ has many mean-
ings, one of which is a dynamical system whose evolution depends on a coupling
between variables that take values in a continuum and variables that take values
in a finite or countable set, Van Der Schaft et al. (2000). Therefore, a HDS are a
dynamic systems that exhibits both continuous and discrete dynamic behaviors.

Example 2.1 The one tank water level control system as a hybrid dynamic
system

The one tank water level control system (Fig.2.1) exhibits the continuous dy-
namics represented by the level of the tank and the discrete dynamics represented
by the discrete modes of the pump (pump on (Pon), pump off (Poff)) and the
valve (valve opened (VO), valve closed (VC)). The discrete mode of the pump or
the valve is changed in response to a discrete control command event sent by the
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Figure 2.1: One tank water level control system.

discrete controller. As an example, if the initial discrete mode of the pump, re-
spectively the valve, is 'pump off’, respectively 'valve closed’, the control command
event ’start pump’, respectively ’open valve’, will change the pump discrete mode
to ‘pump on’, respectively ’valve open’. The continuous dynamic evolution of the
tank level x depends on the discrete modes of the pump and the valve. The tank
filling is assured by flow rate Op/sp when the pump is on, where s7 is the tank
surface,. The tank emptying is assured by flow rate Oy when the valve is opened.
Therefore, the one tank water level control system is a HDS.

2.2.2 Classes of hybrid dynamic systems

Three particular classes of HDS can be distinguished:

1. Jump linear systems (JLS), Farhood and Beck (2014), are defined as a fam-
ily of HDS with randomly jumping parameters (usually governed by a Markov
jump process) and are used to model systems subject to failures or structure
changes. JLS are characterized by a hybrid state (g, z) consisting of a discrete
state ¢ whose evolution is governed by uncontrollable external discrete inputs
(unknown) and a continuous variable x whose evolution is represented by a
differential equation without input (an autonomous system). JLS operates
in multiple discrete modes. The individual modes are linear. However, the
switching between these modes introduces non-linearity into the whole system
description. Many HDS are a subject to random abrupt variations such as
a manufacturing system and a networked control system, Zhang and Boukas
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y=0, —c<u<c _}_) velocity

Figure 2.2: Coulomb friction characteristics.

(2009). Let consider a manufacturing system producing a product with a con-
stant demand rate d, Gupta et al. (2009). The system is, however, subject
to occasional breakdowns and so at any time t;, the system can be in one
of two discrete modes. The first mode is normal one in which the number of
produced products x4 at time £ is equal to the products xy produced at
time ¢y, plus the production ug minus the demand rate d (zy+1 = zx + ug — d).
In the failure discrete mode (breakdowns), the number of products 1 will
be equal to zp + u.

. Piecewise affine systems (PWAS), Eren et al. (2014), are a special class

of HDS in which the continuous dynamics within each discrete mode are affine
and the mode switching always occurs at specific subsets of the state space that
are known a priori. PWAS are also an important modeling class for nonlinear
systems because a wide variety of non-linearities are either piecewise-affine
(e.g., a saturated linear actuator characteristic) or can be approximated as
piecewise-affine functions, Rodrigues and How (2003). PWAS are obtained by
partitioning the state and input set into a finite number of polyhedral regions,
and by considering linear /affine subsystems sharing the same continuous state
in each region, Bemporad et al. (2005). As an example of PWAS, we can cite
the Coulomb friction system, Van Der Schaft et al. (2000). In this system, the
velocity y has three discrete modes characterized by three different segments
of piecewise linear characteristics (see Fig.2.2).

. Discretely controlled continuous systems (DCCS), Palejiya et al. (2014),

are a special class of HDS widely used in the literature. These systems are
composed of a set of continuous variables arranged in a feedback loop with
a discrete event controller. In these systems, the changes in discrete modes
are achieved by discrete control commands, e.g. opening or closing a valve
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(see Fig.2.1) . As examples of this class of HDS, we can cite temperature and
water level (see Fig.2.1) control systems, Van Der Schaft et al. (2000).

The class of HDS considered in this dissertation is a DCCS.

2.3 Hybrid dynamic systems modeling

There are three major modeling tools widely used in the literature to model HDS.
These tools are briefly presented in the next subsections.

2.3.1 Hybrid Petri nets

Petri nets are widely used to model discrete event systems. Continuous Petri nets
model continuous systems or approximate discrete systems. Hybrid Petri nets
(HPN), Gomez et al. (2010), model HDS by combining discrete and continuous
parts. HPN is formally defined by the tuple:

HPN = {P,T,h, Pre, Post} (2.1)
where
e P={Py, Py, ---, Py} is a finite, not empty, set of places;
o T ={Th, Ty, ---, T,,} is a finite, not empty, set of transitions;
e h: P(\T — {D,C} called 'hybrid function’, indicates for every node whether

it is a discrete node (D) or a continuous node (C). Node represent transitions
(indicated by bars) and places (indicared by circles);

o Pre: P, xT; — RT or N is a function that defines an arc from a place P; to
a transition T);

Post : Py x Tj — RT or N is a function that defines an arc from a transition
T; to a place Pj;

Example 2.2 Hybrid Petri net for the one tank system example

HPN for the one tank system example is depicted in Fig.2.3. HPN is composed of
one continuous place P; represented by a double circle, two continuous transitions
represented by empty bars, 77 and 75, four discrete places P», P3, Py and P5 rep-
resented by a circle and four discrete transitions represented by full bars T3, Ty, 15
and Tg. P; describes the level x of tank, P, and P53 describe, respectively, the posi-
tion closed and opened of the valve and P, and Ps5 describe, respectively, the position
off and on of the pump. Continuous transitions 77 and T, describe, respectively,
the filling and the emptying of the tank. Discrete transitions T3, Ty, T5 and Tj
describe, respectively, the controller commands to open and to close the valve and
to start and to stop the pump.
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Start pump: T

Pump onPs

Pump off: P,

Filling the tank: T,

Stop pump: T

Open valve: T, C\) Tank: P,

Valve closed: P, Valve opened: P;

-0y

Emptying thetank: T,

Closevalve: T,

Figure 2.3: Hybrid Petri net for the one tank system example.

2.3.2 Hybrid automata

A hybrid automaton is a mathematical model for HDS, which combines, in a single
formalism, transitions for capturing discrete change with differential equations for
capturing continuous change. A hybrid automaton is a finite state machine with
a finite set of continuous variables whose values are described by a set of ordinary
differential equations. A hybrid automaton is defined by the tuple, Lynch et al.
(2003):

G=(Q,%, X, flux,Init,?) (2.2)

where,
e (): is the set of hybrid model states of the system;

e >: is the set of system events;

X: is a finite set of continuous variables describing the continuous dynamics
of the system;

flux : Q@ x X — R™ is a function characterizing the continuous dynamic
evolution of X in each state ¢;

e ) : @ XX — (: is the state transition function of the system. A transi-
tion 6(q,e) = gt corresponds to a change from state ¢ to state ¢ after the
occurrence of discrete event e € 3 ;
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Figure 2.4: Hybrid automaton for the one tank system example.

o Init=(q1 € Q, X(q1), flur(q1)): is the set of initial conditions.
Example 2.3 Hybrid automaton for the one tank system example

Hybrid automaton for the one tank system example is depicted in Fig.2.4 and is
defined by the tuple:

G=(Q,%, X, flux, Init,?)

where,

e Q={Poff—-VC, Pon—VC, Pon—VO, Poff—VO}. represents, respec-
tively, pump off and valve closed, pump on and valve closed, pump on and
valve opened and pump off and valve opened;

e ¥ = {Start pump, Stop pump, Open valve, Close valve};
e flux: is the dynamic evolution & of the tank level in each discrete state;

e J: is the state transition function. As an example 6(Pof f—V C, Start pump) =
Pon -V,

e Init: (Poff —VC, &=0);

2.3.3 Hybrid bond graphs

brid bond graph), Roychoudhury et al. (2009), are a graphical description of a phys-
ical dynamic systems with discontinuities. Similar to a regular bond graph, it is an
energy-based technique. Hybrid bond graph are directed graphs defined by a set
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Figure 2.5: Hybrid bond graph for the one tank system example.

of summits and a set of edges. Summits represent components. The edges, called
bonds (drawn as half arrows), represent ideal energy connections between the com-
ponents. However, it allows instantaneous switching of the junction structure, which
may violate the principle of continuity of power. Hybrid bond graph extend bond
graphs to a hybrid modeling framework, in a way that they produce physically veri-
fiable hybrid models of system behavior. Controlled junctions act as ideal switches,
enabling a junction to be in either the ’on’ or the ’off’ state.

Example 2.4 Hybrid bond graph for the one tank system example

Hybrid bond graph for the one tank system example, Fichou (2004), is depicted in
Fig.2.5. The input flow into the tank, assured by the pump, is represented as flow
source SF'. The two important pressures are the input flow Op and the output flow
Oy. A 0-junction defines each of these variables (pressures) and connects to the
storage element that represent the tank capacity (C') according the the section sy of
the tank. The dissipative element represented by the valve section sy is connected
to the 1-junction to represent the emptying of the tank through the valve.

The molding tools used in this dissertation to model HDS is a hybrid automaton.

2.4 Hybrid dynamic systems fault diagnosis

Fault diagnosis is very important because it can provide accurate fault information
and defined the diagnosability of the system.The diagnosability consists in determin-
ing if the system model is rich enough in information in order to allow the diagnoser
to infer the occurrence of predefined faults within a finite observable events after
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Figure 2.6: General scheme for model-based diagnosis of hybrid systems.

their occurrence. The overall aim of this section is to provide a general scheme of
HDS fault diagnosis, the problem formulation and challenges of the diagnosis of this
type of systems and definition of the classes of faults that can occur in HDS.

2.4.1 General scheme of hybrid dynamic systems fault diagnosis

Fig.2.6 presents the general scheme used by the different approaches of the literature
to achieve the fault diagnosis in HDS. Three main tasks are achieved by these
approaches. These tasks are developed in the following section.

2.4.1.1 Fault estimation

In HDS, the behavior evolves over time. Therefore, continuous monitoring is neces-
sary in order to predict the time-varying behavior and to compare it to the real one.
This comparison helps to generate indicators about fault behaviors. Generally, two
techniques are used to characterize the time varying behavior:

e Output estimation, Daigle (2008) ,which is an algorithm that uses a series of
measurements observed over time, containing noise (random variations) and
other inaccuracies, and produces estimates of unknown outputs that tend to
be more precise than those based on a single measurement alone.

e Parameter estimation, Ding et al. (2014),which consists in determining the
parameters and states of the mathematical model of the system that can be
associated with possible faults in the system. The parameter estimation is
achieved in three steps: establishment of the mathematical model of the sys-
tem’s normal behavior, determination of the relationship between the model
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parameters and the physical system parameters and estimation of the model
parameters from the input/ output measurements.

2.4.1.2 Fault detection

Given both measured and estimated parameters or outputs, observed differences
are computed, and a decision must be made fault occurrence or not since these
differences implicate the presence of a fault in the system. Fault detection, Pisano
et al. (2014), takes as input the difference between expected and actual parameters
or outputs, defined as residual, and issues a true or false value indicating fault
presence. Therefore, fault detection consists in designing a residual enabling one to
make a binary decision indicating the occurrence or not of a fault in the system.

2.4.1.3 Fault isolation and identification

Given that a fault has occurred, fault isolation, Zouari et al. (2014), reasons about
the differences between model-predicted and observed behaviors, and establishes
possible candidates as combinations of faults that can explain the observed behavior.
Therefore, fault isolation consists of determining the localization (sources or origins)
of different faults. In single fault diagnosis, the goal is to obtain a unique single fault
that can explain the observations. In multiple fault diagnosis, the goal is expanded
to obtain sets of faults that, taken together, explain the observations.

If fault isolation discovers a fault, then fault identification computes the magni-
tudes of the faults that match the observations most closely.

This dissertation focuses only on single fault scenarios.

2.4.2 Classes of faults

The faults are abnormalities that affect one or more properties of the system, which
can lead to a failure or to a breakdown of the system. They can occur in different
parts of the system. The objective of diagnosis is to establish which possible faults
or combinations of faults match the observed system behavior. In the literature,
faults are classified according to their location, their time evolution or their nature.

2.4.2.1 Classification of faults according to their location

As shown in Fig.2.7, faults may manifest in different parts of the system, namely,
the actuators, the system, the sensors and controller.

1. Actuator faults, Bouibed et al. (2014), act at the operational part and de-
teriorate the signal input of the system. They represent a total or partial
failure of an actuator acting on the system. An example of total failure of
one actuator is an actuator which remains ’stuck’ at a position resulting in an
inability to control the system through the actuator. Partial failure actuators
are actuators reacting similarly to the rated speed but only partly, that is with
some degradation in their action on the system (loss of engine power, leakage
in a cylinder ...). For the one tank water level system, the actuator faults are
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Figure 2.7: Location of faults in hybrid dynamic systems.

the failed on or failed off of the pump and the stuck opened or stuck closed of
the valve. They are total failure impacting the actuators pump and valve.

. Sensor faults, Cha and Agrawal (2014), are the cause of a bad image of

the physical state of the system. A partial failure sensor produces a signal
with varying degrees of consistency with the true value of the variable to be
measured. This can result in a reduction of the displayed value relative to
the true value, or the presence of a skew or increased noise preventing proper
reading. A total failure sensor produces a value that is not related to the
measured variable. For the one tank water level system, the sensor fault is the
breakdown of the continuous sensor x measuring the water level. The sensor
cannot provide anymore a measure about the water level in the tank.

. System faults, Cha and Agrawal (2014), are faults resulting in breakage or

deterioration of a system component reducing its capacity to perform a task.
For the one tank water level system, the system fault is represented by the
leakage in the tank. The occurrence of leakage fault will change the system
parameters.

. Controller faults, Savkin and Evans (2002), impact the controller outputs.

Indeed in this case, the controller does not respond properly to its inputs
sensor reading . As an example for the one tank system, when the water level
is above a certain threshold, the controller must react by opening the valve.
When the controller is in a faulty mode, it will not respond when the level is
high. In this dissertation controller faults are not considered

2.4.2.2 Classification of faults according to their time evolution
As shown in Fig.2.8, faults can be abrupt, intermittent or gradual.

1. Abrupt faults, Yoo (2014), manifest at full magnitude immediately. Abrupt

faults are defined as a malfunction of a component that must be replaced or
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Figure 2.8: Classification of faults according to their time evolution.

repaired. This type of faults is characterized by a discontinuity in the temporal
evolution of the variable. This evolution is characteristic of an abrupt fault of
the corresponding element. For the one tank water level system, the failed on
or failed off of the pump and the stuck opened or stuck closed of the valve are
abrupt faults.

. Intermittent faults, Xu et al. (2014), are a special case of abrupt faults

with the property that the signal returns randomly to its normal value. In
this dissertation intermittent faults are not considered.

. Gradual faults, Sun et al. (2014), represent slow degradations. Gradual

faults are very difficult to detect. For the one tank water level system example,
a leakage in the tank is a gradual fault, since the leakage section s;, is increased
gradually.

2.4.2.3 Classification of faults according to their nature

In HDS, faults can occur as parameter value changes in continuous dynamics, and
are called parametric faults. Faults can also occur in the form of mode-changing be-
havior, which are represented as unexpected changes in system mode and are called
discrete faults. Therefore, two types of faults may be considered for hybrid dynam-
ical systems depending on the dynamics that are affected by faults (parametric or
discrete). In both cases, they entail unpredicted, abnormal, changes in the system

configuration:

1. Parametric faults, Isermann (2006), are associated with changes in param-

eter values, and are useful for modeling degradations in system components.
For example, the occurrence of a leakage in the tank water level control sys-
tem (see Fig.2.1) adds a new parameter to the dynamic evolution (section of
leakage).

. discrete faults, Daigle (2008), affect the system discrete dynamics and are

considered either as the occurrence of unobservable events and/or reaching
discrete fault modes. For example, valve can become stuck closed by itself.

Example 2.5 Parametric and discrete faults for the one tank system ex-
ample

For the one tank system, six faults can be considered for this system (see Table 2.1).
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Table 2.1: Faults for the diagnosis of one tank level control system.

Fault types Fault labels Fault description
Fy Valve stuck opened
Fy Valve stuck closed
Discrete faults F3 Pump failed off
Fy Pump failed on
Fs Breakdown of the continuous sensor x
Parametric fault Fy Leakage in the tank (s;4 # 0)

2.4.3 Problem formulation and challenges in diagnosis of hybrid
dynamic systems

HDS comprise several discrete modes. In each one of the latter, particular continu-
ous dynamics are defined. Generally, they are characterized by a set of differential
equations. The transition from one mode to another one occurs in response to the
occurrence of the external observable events as controller events, or internal events
as discrete faults. The parametric faults impacting the continuous dynamics’ param-
eters can also be represented as unobservable internal events entailing a transition
towards new modes. In both cases, the problem of fault diagnosis in HDS is to
distinguish normal and fault (discrete and parametric) modes based on observable
discrete events and continuous measurements issued from continuous dynamics.
Therefore, several challenges are arisen to achieve fault diagnosis in DS as:

e HDS have both complex, hybrid dynamics and a relatively large number of
components that can interact in a large scale system, Koutsoukos et al. (2002);

e The space of possible candidates is exponential in the number of faults. There-
fore, space and time complexity of diagnosis algorithms becomes exponential
in the general case;

e HDS have several distinct operational modes. The latter correspond to differ-
ent dynamical models, whereby each model has different governing dynamics.
Each dynamical model can correspond to a nominal or faulty operating mode
and no distinction is made about whether the transition between modes is
normal or due to the occurrence of a fault event, Kan John et al. (2009);

e Different types of faults (parametric and discrete) affect the continuous and
discrete dynamics and generate unobservable autonomous transitions. This
increase significantly the complexity of fault diagnosis.

2.5 Hybrid dynamic systems fault diagnosis approaches

Because of the different types of faults and the different modeling representation
tools, fault diagnosis can be performed in many different ways. In order to situate
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the contribution of this dissertation according to the state of the art, model-based
diagnosis approaches of HDS, in particular DCCS, are classified into three main
categories:

1. approaches for the diagnosis of parametric faults,
2. approaches for the diagnosis of discrete faults,

3. approaches for the diagnosis of both parametric and discrete faults.

2.5.1 Parametric fault diagnosis approaches

In this category, Cocquempot et al. (2004), Alavi et al. (2011), Kamel et al. (2012),
Van Gorp (2013), parametric faults are considered to be abnormal deviations of
parameter values in continuous modes of operation. Functional redundancy between
the model and the sensor measurements are exploited in order to achieve the fault
diagnosis. Relations over observable variables are computed in order to generate
residuals sensitive to a certain subset of parametric faults. In order to take into
account the changes in system dynamics due to discrete mode changes, residuals
are generated for each of these modes. However, since they consider all discrete
events as observable, discrete faults entailing abnormal changes in discrete modes
cannot be diagnosed. In addition, since residuals are defined in each discrete mode,
the system global model including all its discrete modes is required to achieve the
parametric fault diagnosis. This increases significantly the approaches complexity
in the case of large scale systems. In the latter, the global model contains a huge
number of discrete modes.

Fig.2.9 illustrates the general principle of parametric fault diagnosis approaches
in HDS, in particular DCCS. An observer is used in order to estimate the continuous
variables X characterizing the continuous dynamics in each discrete mode. The
latter is identified based on the discrete control command events issued by the
controller. Then, residuals r,;) sensitive to a predefined set of parametric faults
are generated at each discrete mode ¢ based on the use of real, X (measured) and
estimated, X (by the observer) values of continuous variables as well as the input
vector u(t).

Example 2.6 Parametric fault diagnosis for the one tank erample

Let us take the approach proposed by, Van Gorp (2013), as an example of parametric
fault diagnosis approaches and let us applied it to achieve the diagnosis of a leakage
in the tank (parametric fault defined by the leakage section s;5). The different
discrete operating modes must be defined. For the one tank example, four discrete
modes are defined:

1. Pump off and valve closed;
2. Pump on and valve closed;

3. Pump on and valve opened;
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Figure 2.9: General principle of parametric fault diagnosis approaches for DCCS.

4. Pump off and valve opened;

These discrete modes are determined by the observer based on the discrete con-
trol command events (Open valve, Close valve, Start pump, Stop pump) issued by
the controller. In each discrete mode, residual r sensitive to the tank leakage is
defined as follows:

Tq(t) = .’fiq(t) — :B(t) (2.3)

where 7, is the residual at discrete mode ¢, (t) is the measured value of the water
level at instant ¢ and &4 is the estimated value of the water level. The dynamic
evolution, &, of the water level, x, is defined by, Van Gorp (2013):

T = Aq(t)x(t) + Bq(t)u(t) -+ Kq(t)fc(t) (2.4)

where u is the input vector equal to O, (see Fig.2.1), Ay and By are constant
matrices characterizing the dynamic evolution of z. A,y and By change in each
discrete mode ¢ according to the pump, P, and valve, V', discrete modes. K fe(t)
indicates the occurrence or not of the leakage. f. is the parametric fault matrix.

Therefore, f.is equal to the leakage flow, Q4 = —258’; ‘/\/Z%x(t). In the case of leakage

in the tank, K, is equal to 1 and equal to zero otherwise. Thus, (2.4) is rewritten
as follows, Cocquempot et al. (2004):

b=y vV +P——K SigV29

257/To 7® QST\ﬁ (2:5)

where, x¢ is the initial level of the tank, A, is equal to V/ 3‘/?, and By is equal
to Pg. P is equal to 0 when the pump is off and is equal to 1 when the pump is on.
V is equal to 0 when the valve is closed and is equal to 1 when the valve is opened.
sv /29
257+/T0

when

Therefore, Ay is equal to 0 when the valve is closed and equal to —
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Figure 2.10: General principle of discrete fault diagnosis approaches for DCCS.

the valve is opened. By is equal to 0 when the pump is off and equal to é when
the pump is on.

The estimated value of 2 is calculated through a sliding mode observer, Van Gorp
(2013). The estimated evolution in each discrete mode is calculated as follows:

&= Aq(t)i'q(t) + Bq(t)u(t) + Vy(1) (2.6)

where v, (4) is the correction term used in order to overcome the noises problem. v,
is calculated in each discrete mode as follows:

1

gty = — K1 g ? sign (rew) (2.7)

where K is a constant defined in RT.

2.5.2 Discrete fault diagnosis approaches

In these approaches, the discrete faults are considered to be unobservable discrete
events leading to unpredicted changes in the system configuration. They exploit
the system continuous dynamics in order to generate observable events. The latter
are then used to convert unobservable transitions, fired by discrete faults, into ob-
servable transitions. Consequently, These observable events allow to diagnose or to
enhance the diagnosability of discrete faults (see Fig.2.10). According to how the
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observable events are extracted from the continuous dynamics and how they are used
to achieve the discrete fault diagnosis, these approaches can be divided into three
subcategories: estimated continuous dynamics defined in normal modes based ap-
proaches, estimated continuous dynamics defined in normal and fault modes based
approaches and guards based approaches. These three subcategories are developed
in the following subsections.

2.5.2.1 Estimated continuous dynamics in normal modes based approaches

Estimated continuous dynamics in normal modes based approaches, Rahiminejad
et al. (2012), Defoort et al. (2011), define in each expected, normal, discrete mode
a set of residuals. All expected mode transitions are fired by the occurrence of
observable discrete events. The residuals are equal to zero if the system remains in
the same normal discrete mode. Thus, in the case of a normal observable discrete
mode change, the residuals in the new discrete mode are equal to zero. If unpredicted
change occurs due to the occurrence of unobservable discrete fault, the residuals,
defined in the discrete mode before the fault occurrence, will be different of zero
in the new (unpredicted) discrete mode. This change of residuals’ values from zero
indicates the occurrence of a discrete fault. The main drawback of these approaches
is that each discrete fault requires the definition of at least one sensitive residual to
the occurrence of this fault. This hypothesis is hard to satisfy in the most of real
systems, in particular for large scale systems with huge number of discrete modes.

Example 2.7 Estimated continuous dynamics in normal modes based ap-
proaches for the one tank example

In order to illustrated how these approaches achieve the discrete fault diagnosis, let
us take the example of one tank level control system. Let us consider that only the
discrete fault "Pump failed on’ can occur. One residual is defined as the difference
between the estimated £ and measured x water level. In each discrete mode, the
dynamic evolution of the measured water level is defined as follows:

t=-VOy+ P% (2.8)

ST

V is equal to 1, respectively to 0, when the valve is opened, respectively closed. P
is equal to 1, respectively to 0, when the pump is on, respectively off. Similarly in
each discrete mode, the dynamic evolution of the estimated water level is calculated

as follows: o
i=-Voy+P=L (2.9)
ST
Vs equal to 1, respectively to 0, when the valve should be opened, respectively
closed. P is equal to 1, respectively to 0, when the pump should be on, respectively
off.

In each discrete mode (g), a residual, ryq), is defined as follows:

Tqt) =% — (2.10)

doc.univ-lille1.fr



© 2015 Tous droits réservés.

Thése de Hanane Louajri, Lille 1, 2015

22 Chapter 2. Related work in hybrid dynamic systems diagnosis
q(): Poff-1'C q(): Pon-VC
- . 0
*=0 Pump failed on ="

0 R

A=
Ty = J’éq(t) —x(0)=0

Start pump

q(): Pon-1C
9
St
(/2

St
r,,(,) = xq(t) - x(t) =0

x=

Figure 2.11: Estimated continuous dynamics in normal modes based approaches for
Example 2.7.

In the case of the normal change of the system from discrete mode "Poff — V(" to
discrete mode "Pon—V C’ (due to the control command event Start pump), residual
Tq(t) in the new discrete mode "Pon — V(' is equal to zero (see Fig.2.11). Since
the transition to the new discrete mode is observed, the dynamic evolution of the
estimated water level, Z, takes into account this discrete mode change. In the case of
the unpredicted (abnormal) change of the system from discrete mode "Pof f — V('
to discrete mode 'PFon — VC” (due to discrete fault ’Pump failed on’), residual
Tq(t) in this new discrete mode, "PFon — V", is different from zero (see Fig.2.11).
This is due to the fact that the transition to this new discrete mode is unobservable.
Therefore, the dynamic evolution of the estimated water level, Z, does not take into
account this discrete mode change. Consequently, 7, will be different from zero.
The change of residual value from zero generates an observable event used in order
to detect the occurrence of the discrete fault ’Pump failed on’.

2.5.2.2 Estimated continuous dynamics in normal and fault modes based
approaches

Estimated continuous dynamics in normal and fault modes based approaches, Bay-
oudh et al. (2006), define in each normal or fault discrete mode a set of residuals.
These residuals are defined based on a set of analytic redundancy relations (ARR)
between system continuous variables. Value domain of each residual includes 0, 1
or und when the residual value is, respectively, zero, different of zero and undefined.
The latter represents the case when the associated residual is not defined in the new
active mode. A discrete fault is isolated by determining in which discrete fault mode
the system is. This determination is based on the values domain of all the residuals
in both normal and faulty modes. Therefore, these approaches require a sufficient
number of residuals in order to discriminate all the fault discrete modes from nor-
mal discrete modes. This hypothesis is hard to satisfy for large scale systems with
multiple discrete modes.
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Figure 2.12: Hybrid automaton for Example 2.8.

Table 2.2: Table of analytic redundancy relations classified by mode.

System mode || The corresponding analytic redundancy relations
Poff-VC ARR; : =0

Pon —VC ARRy: & =22

Pon —VO ARRy: i =—Oy + =

Poff—-VO ARRy : & = —Oy

Poff—VSC ARR; : & =0

Pon —VSC ARRy: & =22

PFon—VO ARRy : & = —Oy + 22

PFon—VC ARRy : & = 9~

Example 2.8 Estimated continuous dynamics in normal and fault modes
based approaches for the one tank example

For the one tank water level control system example, let us consider the discrete
faults "Valve stuck closed’ (V SC) indicated by fault label F} and 'Pump failed on’
(PFon) indicated by fault label Fy. Let us apply the approach proposed by Bayoudh
et al. (2006), to achieve the diagnosis of these faults. The system is modeled using
the automaton of Fig.2.12. It is supposed that these discrete faults can occur from
any discrete mode. The analytic redundancy relations (ARR) of the system are
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Figure 2.13: Diagnoser for the model defined in Fig.2.12.

computed in each of the four normal modes (Poff — VC, Pon — VC, Pon —
VO, Poff—VO) and of the four faulty modes (Poff—VSC, Pon—VSC, PFon—
VO, PFon — V() (see Table 2.2). The global diagnoser is presented in Fig.2.13.
From the initial state Pof f —V C, the diagnoser infers with certainty the occurrence
of discrete fault ’Pump failed on’ by using the continuous information. When
the discrete fault "Pump failed on’ occurred, residual r1, calculated using ARR;
(r1 = & — ) (see Table 2.2), changes its value from 0 to 1 and residual 9, calculated
using ARR; (see Table 2.2), changes its value from und (not defined in the normal
discrete mode "Poff — VC’) to 0. This change enabled the diagnoser to infer the
occurrence of discrete fault, "Pump failed on’. The same reasoning is applied to
infer the occurrence of discrete fault, "Valve stuck closed’.

2.5.2.3 Guards based approaches

Guards based approaches, Bhowal et al. (2007), Biswas et al. (2006), defined the nor-
mal discrete mode transitions as controlled or autonomous. Controlled transitions
depend only on external events issued by the controller while autonomous transi-
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Figure 2.14: Discrete controller, valve and pump models for Example 2.9.

tions depend on internal system continuous variables. Transition guards are defined
as linear inequalities based on these continuous variables. When a guard is satisfied,
its corresponding mode transition is enabled. The diagnoser is constructed based
on the set of transitions labeled by control command events as well as the guards
defined by the system continuous variables. The diagnoser aims at distinguishing
between the normal and faulty sequences (set of events and guards) based on the
observable events and measured variables. The interest of these approaches is to
enhance the diagnosability of discrete faults by integrating the continuous dynam-
ics. Indeed, the transitions labeled by guards can help to enhance the diagnosability
of discrete faults by integrating the continuous dynamics. Fach discrete mode of
the system is characterized by a different evolution of continuous variables and each
transition validates certain number of guards associated to these variables. Conse-
quently, in an indeterminate cycle, the evolution of continuous dynamics of these
variables changes. This change will entail the violation (non-satisfaction) of some
guards associated to certain states in this cycle and therefore allows to leave the
indeterminate cycle. An indeterminate cycle is a sequence of uncertain states in
which the diagnoser is unable to decide with certainty and within a finite number
of observable events the occurrence of a fault. Thus, the system will get out of this
indeterminate cycle within a finite time. However, these approaches do not scale to
systems with a large number of discrete modes, since the diagnoser is built using
the global model of the system.

Example 2.9 Guards based approaches for the one tank example

For the one tank water level control system example, let us considered the discrete
fault "Valve stuck closed’ (VSC) indicated by fault label F;. Let us apply the
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Figure 2.15: Hybrid model for Example 2.9.

approach proposed by Bhowal et al. (2007), to achieve the diagnosis of this fault.
The model of the system is represented by a hybrid automaton as illustrated in
Fig.2.15. The observable transitions between the normal discrete modes are assured
by the control command events and the internal system continuous variables. The
pump is controlled to be on if the water level is lower than the minimal level
and is controlled to be stopped if the water level is above the maximal level z,,4:.
The valve is controlled to be opened when the water level is above the medium
level z,,.q and is controlled to be closed when the level is lower than the minimal
level zn. The controller states are represented by C1, C2, C3 and C4. The
discrete controller issues the control command events 'Startp’ when the controller
variable C'P change from 0 to 1, 'Stopp’ when the controller variable C'P change
from 1 to 0, ’'Openvalve’ when the controller variable C'V change from 0 to 1 and
'Closevalve’ when the controller variable C'V change from 1 to 0 (see Fig.2.14). The
global automaton is a result of the synchronization of the discrete automata of the
discrete controller, the valve and the pump and the continuous dynamics evolution
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Figure 2.16: Diagnoser of the global model defined in Fig.2.15.
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Figure 2.17: Diagnoser of the global model defined in Fig.2.15 excluding the contin-
uous information.
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corresponding to each global discrete mode. For the sake of simplicity, the discrete
fault 'Valve stuck closed’ occurs starting only from the states where the valve is
closed. We suppose that the flow of the pump id greater than the flow of the valve.

The global diagnoser diagnoses the discrete faults by generating a decision D,.
Every state z; of the diagnoser is of the form ([state], [labels]), where labels indicate
the system operating status (faulty, normal). The diagnoser is built based on the
global model of the system. The diagnoser transition consists of only the observ-
able events and the measurable continuous variables of the global model. A state
z; of the diagnoser includes the states having the same observable discrete output.
The observable output is defined based on the controller command events. As an
example, when pump is controlled to be on, the observable pump discrete state
output is P = 1. The global diagnoser of the one tank water level control system is
represented in Fig.2.16. As shown in Fig.2.16, the diagnoser states z1, 29, 23, 24, 25,
zg, 27 and zg form an indeterminate cycle indicating an uncertain decision 'N, F}’.
In the case of the occurrence of discrete fault "Valve stuck closed’, the level in the
tank will not decrease. Therefore, a guard & < z,,;, will not be satisfied. The satis-
faction of guard & > x4, allows the diagnoser to leave the indeterminate cycle and
to diagnose with certainty the occurrence of discrete fault 'Valve stuck closed’ (see
Fig.2.16). If we remove the continuous information from the model, the diagnoser
will remain in the indeterminate cycle (see Fig.2.17)

2.5.3 Parametric and discrete faults diagnosis approaches

This category includes few approaches for the diagnosis of both parametric and
discrete faults. In these approaches, the discrete faults are considered to be unob-
servable discrete events leading to abnormal changes in the system discrete mode and
the parametric faults are considered to be unobservable discrete events leading to
unpredicted changes in the system parameters. They exploit the system continuous
dynamics in order to diagnose parametric faults and to enhance the diagnosability
of discrete faults; while they use the system discrete dynamics in order to diagnose
discrete faults and to enhance the diagnosability of parametric faults (see Fig.2.18).
According to how they extract the information allowing the diagnosis of paramet-
ric and discrete faults, these approaches can be divided into three subcategories:
events time occurrence based approaches, continuous and discrete symbols based
approaches and hybrid structure based diagnosis approaches.

2.5.3.1 Events time occurrence based approaches

Events time occurrence based approaches, Derbel (2009) and the references therein,
capture the continuous dynamics by integrating the occurrence time of the system
discrete events. They consider that the occurrence of discrete or parametric faults
does not change events ordering but only alters their timing characteristics. There-
fore, a discrete or parametric fault is diagnosed when predicted events occur too late
or too early or they do not occur at all during their predefined time intervals. The
main drawback of these approaches is that only parametric and discrete faults vi-
olating temporal constraints or specifications between events’ time occurrences can
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Figure 2.18: Parametric and discrete faults diagnosis structure.

be diagnosed.

Example 2.10 Events time occurrence based approaches for the one tank
system example

For the one tank water level control system example, let us consider the discrete
fault 'Pump failed of f' (PFof f) indicated by fault label F; and the parametric
fault 'Leakage in the tank’ indicated by fault label F5. Let us apply the approach
proposed by Derbel (2009), in order to achieve the diagnosis of these faults. The
system is modeled using the automaton of Fig.2.19. The system is considered to be
equipped by three discrete sensors capturing respectively the minimal water level
(x = 0), medium water level (x = 250) and maximal water level (z = 500). When
the level is equal to = 0, x = 250 or x = 500, the events S1, S2 and 53 will be
respectively, generated by the corresponding sensors. The time required to reach
the predefined levels (0, 250, 500) is computed based on the estimated flows of
the pump (%’) and the valve (Oy). Therefore, & is equal to (%’f — Oy). This
time is measured by a clock, 1, initiated at each state of the system model. The
pump is controlled to be on if event S1 is generated and is controlled to be stopped
when event S3 is generated. The valve is controlled to be opened when event S2 is
generated and is controlled to be closed when event S1 is generated. The diagnosis
of the parametric and discrete faults is based on the time of the occurrence of
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Figure 2.19: Events time occurrence based model for Example 2.10.

discrete events. The estimated required times, e.g., x1 = 50, or time intervals,
eg., ry = [ 83 125 ]T, in the normal and fault operating conditions are used in
order to infer the occurrence of both parametric and discrete faults (see Fig.2.20)
.The discrete fault 'Pump failed of f’ is diagnosed when event S2 or S3 does not
occur (see Fig.2.19 and Fig.2.20). The parametric fault 'Leakage in the tank’ is
diagnosed when event S2, respectively S3, occurs too late if the system is in the state
"Pon—V C’, respectively "Pon—V O’ (see Fig.2.19 and Fig.2.20). While this fault is
diagnosed when event S1 occurs too early if the system is in the state "Pof f — VO’
(see Fig.2.19 and Fig.2.20).

2.5.3.2 Continuous and discrete symbols based approaches

Continuous and discrete symbols based approaches, Daigle et al. (2010a), Daigle
et al. (2010b), construct the temporal causal graphs (TCG) for each normal and
fault discrete mode based on the use of a global hybrid bond graph. TCG separates
out the variables and signals from the bond graph and makes clear the relationships
between variables. When measurement deviations, caused by a fault occurrence,
are observed through residuals, TCG are used to determine the effects that faults
will have on the measurements as well as the temporal order in which they deviate.
Then, a fault signature is defined for each fault as the qualitative value of the magni-
tude and the first non-zero derivative change which can be observed in the residuals.
They are defined by (4, —,0) symbols to indicate increasing/decreasing/stable val-
ues for the residuals. In order to distinguish parametric from discrete faults, the
signatures are extended by adding discrete symbols. They describe the discrete
change behavior represented as a change from nonzero to zero (N) or a change from
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Figure 2.20: Diagnoser of the global model defined in Fig.2.19.

zero to nonzero (Z). The third symbol, (X), denotes the case when no discrete
change is observed. These symbols provide additional discriminatory information.
Indeed, discrete faults cause abrupt changes while parametric faults cause progres-
sive changes with a finite change in variables magnitude. An individual diagnoser
for each fault in each discrete mode is constructed based on the use of its fault sig-
nature. Then, in order to integrate the control commands, the individual diagnosers
for the set of faults that one wants to diagnose are combined leading to obtain one
global hybrid diagnoser for these faults (parametric and discrete). Nevertheless, this
approach suffers from the need to a global model, hybrid bond graph, to achieve the
diagnosis. In addition, since an individual diagnoser is constructed for each mode,
this approach does not scale to large scale systems containing a huge number of
discrete modes. Furthermore, this approach is based on an ideal symbol generation
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Figure 2.21:  Parts of diagnoser
("Pump failed of f* and ’Leakage in the tank’) in each discrete mode for Example

2.11.
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Figure 2.22: Global diagnoser for Example 2.11.

considering that the order that a fault impacts the system variables is known at
the point of the first deviation. This may not be true due to the fault propagation
delay. Therefore, diagnosability analysis of the system may not be correct. In ad-
dition, discrete symbols do not distinguish between two negative, respectively two
positive, changes due to two different discrete faults, e.g., ’Pump filed off’ and ’ Valve
stuck-opened’, respectively *Pump failed on’ and ’Valve stuck closed’.

Example 2.11 Continuous and discrete symbols based approaches

For the one tank water level control system example, let us consider the discrete
fault "Pump failed of f’ (PFof f) indicated by fault label F and the parametric
fault 'Leakage in the tank’ indicated by fault label F5. Let us apply the approach
proposed by Daigle et al. (2010b), in order to diagnose the predefined faults. The
system is modeled using a Hybrid bond graph (see Fig.2.5). The parts of diagnoser
corresponding to each considered fault in each discrete mode are depicted in Fig.2.21.
In the case of the occurrence of parametric fault 'Leakage in the tank’ the level of
water decreases progressively. This change is represented by a continuous symbol
(4+) and a discrete symbol (X) (non abrupt observable change). In the case of the
occurrence of the discrete fault "Pump failed of f’, the input flow will be removed.
The dynamic evolution of the water level will change from non zero value to zero
value. Therefore, the level of the water decreases abruptly due to the occurrence of
this fault. This change is represented by a continuous symbol (+) and a discrete

doc.univ-lille1.fr



© 2015 Tous droits réservés.

Thése de Hanane Louajri, Lille 1, 2015

34 Chapter 2. Related work in hybrid dynamic systems diagnosis
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Close valve,
Start pump,
Stop pump
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One tank system >

Discrete diagnoser
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Figure 2.23: Hybrid structure diagnoser general scheme for the one tank system
example.

symbol (N). The global diagnoser to diagnose discrete fault *Pump failed of f’
and parametric fault 'Leakage in the tank’ including the control commands is
represented in Fig.2.22. The symbol ¢ = {N, F, F5} indicates the case of uncertain
decision.

2.5.3.3 Hybrid structure based diagnosis approaches

Hybrid structure based diagnosis approaches, Fourlas et al. (2002), Fourlas (2009)
and Fourlas (2014), divide the diagnoser into three parts: the discrete diagnoser,
the continuous diagnoser and the decision logic unit. The discrete diagnoser ex-
ploits the information extracted from the system continuous dynamics to get rid of
diagnosis ambiguity due to the system behavior abstraction. The continuous diag-
noser generates residuals. The latter compare the measured and nominal values of
each continuous variable in order to diagnose the parametric faults in each discrete
mode. The information about the discrete mode is provided to the continuous di-
agnoser thanks to the information extracted from the discrete dynamics. Finally,
the decision logic unit is used to produce the final diagnosis statement (discrete and
parametric fault labels) which is expressed as a combination of discrete (discrete
faults labels) and continuous (parametric fault labels) sub-statements issued from
the discrete and continuous diagnosers. However, these approaches do not scale to
the systems with a large number of discrete mode, since the discrete diagnoser is
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Figure 2.24: Hybrid model for Example 2.12.

built using the global model of the system.

Example 2.12 Hybrid structure based diagnosis approaches for the one
tank system example

For the one tank water level control system example, let us consider the discrete
fault "Valve stuck closed’” (V.SC) indicated by fault label F} and the parametric
fault "Leakage in the tank’ indicated by fault label F5. Let us apply the approach
proposed by Fourlas (2014), to achieve the diagnosis of the considered faults (see
Fig.2.23). The system is modeled using a hybrid automaton (see Fig.2.24). The
discrete diagnoser (similar of the diagnoser of Fig.2.16) is constructed based on the
global model of the system. The decision of a discrete diagnoser allows to diagnose
the discrete fault in the system and to estimate its discrete mode.

The continuous diagnoser is based on the residual (r = £—z) in order to diagnose
the parametric fault of the system. The residual is calculated over time based on
the continuous measurement x issued by the sensor capturing the water level x and
based on the discrete mode defined by the discrete diagnoser. Since the discrete
diagnoser detects the occurrence of a fault of type Fi, the residual, r, is equal to
ZEro.
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Figure 2.25: Classification of hybrid dynamic systems fault diagnosis approaches.

The logic decision unite issues the global decision (Dy) as the union of the
discrete diagnoser (D) and continuous diagnoser (D.): Dy = Dy U D.. In the
case of a discrete fault of type Fp, the discrete diagnoser issues Dy = F1 and the
continuous diagnoser issues D. = N. The global decision is D, = F;. The same
reasoning is applied in the case of a parametric fault of type Iy (Dy = F3).

2.6 Summary

In this chapter, the basic definitions and the classes of HDS are presented. Then,
the different approaches of the literature to achieve the fault diagnosis of HDS,
in particular DCCS are studied. They are classified into three main categories:
parametric fault diagnosis, discrete fault diagnosis and parametric and discrete fault
diagnosis approaches (see Fig.2.25).

As shown in this chapter, HDS are complex systems in which the discrete and
continuous dynamics cohabit. The challenge of the fault diagnosis of this type of
systems is to take into account the discrete and the continuous dynamics as well as
the interaction between them. Many HDS fault diagnosis approaches take benefit
of the discrete dynamics in order to enhance the diagnosis of only parametric faults.
Other HDS fault diagnosis approaches exploits the continuous dynamics in order to
enhance the diagnosis of only discrete faults. However, few approaches to diagnose
both parametric and discrete faults are developed. This is due to the complexity of
distinguishing discrete and continuous fault behaviors from the normal ones using
the same observation of the system. In addition, the approaches of these three
categories suffer from the drawback that they do not scale well to large scale systems
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Table 2.3: Comparison between hybrid dynamic systems fault diagnosis approaches.

Complexity of

the diagnoser

with respect
to the number

of components

with respect
to the number

of components

Discrete Parametric Discrete and
Characteristics approaches approaches parametric
approaches
Modular No No No
approach
Exponential Exponential Exponential

with respect
to the number

of components

Diagnosis of

discrete faults

Yes

No

Yes

Diagnosis of

parametric faults

No

Yes

Yes

Robustness

Weak robustness

Weak robustness

Weak robustness

with a huge number of discrete modes. Table 2.3 compares the major characteristics
of the HDS fault diagnosis approaches of the literature.

Consequently, in Chapter 3, a parametric and discrete faults diagnosis approach
is proposed. In this approach, the modularity of the system is exploited in order
to facilitate the construction of the system global model as well as the diagnoser.
This modularity is taken into account through the decomposition of the system into
a set of interacting hybrid (discrete and continuous) components as we will see in

Chapter 3.
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CHAPTER 3
Hybrid centralized fault diagnosis
and diagnosability
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3.1 Introduction

In this chapter, an approach for the diagnosis of both parametric and discrete faults
in a discretely controlled continuous systems (DCCS) is proposed, Louajri et al.
(2013), Louajri and Sayed-Mouchaweh (2014d). This approach exploits the system
discrete and continuous dynamics as well as the interactions between them in order
to enhance the diagnosability of parametric and discrete faults. In addition, this
approach takes benefits of the modularity of the system in order to facilitate the
construction of the system global model (see Fig.3.1). The system is considered to
be composed of L interacting hybrid components (HC's). Each HC} is composed
of a discrete component (Dc;) associated to its interacting continuous components
(Ces). A local discrete model DG?, j € {1, ---, L}, is constructed for each
Dc;. The latter includes nominal and faulty states reached due to the occurrence
of faults (considered as unobservable events) in its associated component. While
each Ce¢;, i € {1, ---, n}, is represented by the nominal #; and real #; dynamic
evolutions of continuous variable z;. For each C¢;, a residual r; is defined as a
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| Hybrid dynamic system HDS |

Decomposition
D¢, Dg; Dc; Cq Cc; Cc,
DG « \pa| - |pat RO R B RO R
Interactions
HCI e HC’ HCL
G! e e . Gr

Synchronous composition

Global hybrid model G
v

Hybrid diagnoser

Global diagnosis decision

Figure 3.1: Steps of the proposed approach to achieve the centralized hybrid diag-
nosis.

difference between #; and f:i in each discrete state in order to diagnose parametric
faults related to Cc;. The set of n residuals, r;, ¢ € {1,--- ,n}, defines the global
residual r. The set of n nominal @;, i € {1,---,n}, and real @;, i € {1,---,n},
dynamic evolutions of continuous variable x;, i € {1,--- ,n} define, respectively,

the global nominal X and real X dynamic evolutions of continuous variables X.
The local hybrid model G7, where j € {1, ---, L}, is obtained for each HC; by a
combination of the local discrete model DG of Dc; and the dynamic evolutions of
its associated continuous components. G’ includes nominal and faulty states reached
due to the occurrence of parametric and discrete faults (considered as unobservable
events) in its associated discrete and continuous components. The global model G
is obtained by the synchronous composition of the local hybrid models {G7}, j €
{1, .-, L}.
The following assumptions hold:

e The system continuous dynamics are defined by linear differential equations
(L.D.E) allowing describing normal and faulty continuous behaviors;
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e The considered faults can affect sensors, actuators or the system. Controller
faults are not considered;

e The considered faults are permanent and single (multiple faults are not con-
sidered);

e The parametric faults are considered to be incipient faults (i.e., slow abnormal
change in parameters value as for example a consequence of aging effects).

Chapter 3 is organized as follows. Firstly, the different steps to build the local mod-
els of discrete, continuous and hybrid system components are detailed. Then, the
construction of the system global model, based on hybrid local models is described.
Finally, the steps of hybrid centralized diagnoser construction are explained. A sim-
ple example of one tank level water control system is used throughout the chapter
in order to illustrate the proposed approach.

3.2 System modeling

DCCS consist of continuous components (C'cs) whose operating modes are switched
by a feedback of discrete states of discrete components (Des). In the following
subsections, the modeling of these components is detailed. Then, the system global
model is constructed based on the use of these components models as well as the
interactions between them.

Example 3.1 System decomposition for the one tank system example

For the one tank water level control system (Fig.3.2). The system is composed of
one continuous component C'c¢ and two discrete components Dcy and Dcy. Cc is
represented by the tank of section sp. Its continuous dynamics are represented by
the water level x of the tank. Dc; and Dco are, respectively, the discrete behaviors
of the valve, V', of section sy and the pump, P.

3.2.1 Discrete components modeling

The nominal and faulty behaviors of each discrete component Dc;,j € {1,---,L}
is modeled using discrete automaton DGY defined by the tuple:

DG’ = (Q%, hd, hi, 5%, DSL?, 67, Init),) (3.1)
where,

° Qj = {qi7 ke{l,---,g}} :is a finite set of discrete states of Dc¢;. A normal
operating mode is represented by one state in DGY while a failure mode can
be represented by several states;

e The output of state qi is characterized by real discrete output vector hg :
@}, — {0,1} and nominal discrete output vector hj : @, — {0,1}. At normal
discrete mode, hJ is equal to kY while in faulty modes hj is different from hl;
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Figure 3.2: One tank water level control system decomposition.

° E% = E%O U E%u : is the discrete event set of Dc;. It includes observable dis-
crete events ZJD , corresponding to control command events and unobservable

discrete events Z{)u. E%u includes discrete fault events E]b 7 that can occur
at Dc; as well as normal but unobservable discrete events;

e The set of failure events is divided into dd’ different failure types or modes indi-
cated by the following discrete status labels DSLJ = {DN;, Fy, Fo, -, Fy3},
where DN; denotes the absence of discrete faults related to Dc;. Each state
qi of Dc; has its proper discrete status label DSLj;

° 51) : Qi) X Efj — Q%: is the state transition function. A transition (5{7(qj, e) =
¢’ corresponds to a change from state ¢’ to state ¢/ after the occurrence of
discrete event e;

olm%:gﬂe@,%@@:%?%@@:ﬁ,Dﬂﬂ@:Jmﬁ)$me

a

initial conditions;

e K is the language representing the controller output. It is defined as the set
of control command event sequences generated by the controller and sent to
the different Dcs. The set of control command event sequences sent to Dc; is
represented by K7,
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e The global model of discrete components is obtained by synchronizing the
local discrete automata using parallel or synchronous composition operator. It
builds the system global model from its individual component models. In this
parallel or synchronous composition, a common event between two components
can only be executed if both components execute it simultaneously, Cassandras
and Lafortune (2008). However, the private events which can be executed by
only one component can be executed whenever possible.

Example 3.2 Discrete components modeling for the one tank system ex-
ample

Let us take the one tank water level control example of Fig.3.2. Let us consider,
for the sake of simplicity, that the valve V can fail in stuck opened failure mode.
Discrete automaton DG' characterizing valve V discrete dynamics is defined by the
tuple (see Fig.3.3):

DG' = (Qp, hy, hy, Sh, DSL!, 6, Init,) (3.2)
where,
cv or
‘ VC:qi or | vo: e |
—slnt =ht =0 n,=nl =1
a a | cr @
DSL}= DN, DSLY=DN,
fVSO
y
VSO : (j}; , cl VSO : (j%
] 1 471 = 1 _71
o =1Lk, =0 , . =h" =1
('[\ i g ol > Iqi Iqé OV
DSL=F, DSLi=F,
| | L

Figure 3.3: Discrete automaton DG for valve V.

e QL ={dl. @&, &, qi}- ¢ and ¢ represent, respectively, the valve closed,
VC, and the valve opened, VO, in normal operating conditions. ¢} and ¢}
characterize the valve stuck opened failure mode, V.SO;

o XL =%L UXL,: is the set of valve discrete events. $1, = {CV (close V),
OV (open V)}, ©1,, = E}jf = {fso (fault event leading to V stuck opened
failure mode)}. The fault, fyso, can occur at the state where the valve is
opened;
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e hl:QL — {0,1} = {0 (V closed), 1 (V opened)};
e hl: QL — {0,1} = {0 (V should be closed), 1 (V should be opened)};

e DSL! = {DN; (valve in normal discrete mode), F (valve stuck opened)}. As
an example status label for ¢}, DSL1, is equal to DN7y;

d 510 : Q%) X ZlD — QlD: is the valve state transition function. As an example
65(q1,0V) = ¢} (see Fig.3.3);

o Inith : (qf, h;% = i};% =0, DSL'(q}) = DSL} = DNy).

For the one tank system example of Fig.3.2 The discrete automaton DG? character-
izing the discrete dynamics of the pump, is defined by the tuple (3.3) (see Fig.3.4).
We consider, for the sake of simplicity, that the pump can fail in pump failed off
failure mode.

DG? = (Q%,%%, DSL?, 6%, Init3,) (3.3)

where,

Stop_P Start_P
‘ Poff : ‘112 Stari_P .| Pon: q% \
2 72 1.2 ~3
—h", =h7, =0 .o=h* =1
ad af | Step P R
DSL#=DN, DSL 3= DN,
f:“Faﬁ'
Y
3 2
PFoff :q3 Start_P .\ PFoff :qj
2 ~2 2 ~9
Stop_P ™, =h~, =0 h*, =0,h=, =11
I R Stop_P g3 ¢ | Stari P
DSL3=F, DSL3=F,
L |

Figure 3.4: Discrete automaton DG? for pump P.

° Q2D = 1{¢, ¢, qg, q3}. ¢} and g3 represent, respectively, pump off, Poff,
and the pump on, Pon, in normal operating conditions. qg and g3 characterize
the pump failed off failure mode, PFof f;

° hg : Q% — {0,1} = {0 ( pump stopped), 1 (pump started)};

° ﬁg : Q% — {0,1} = {0 ( pump should be stopped) 1 (pump should be
started)};
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e Y2 =32 |J¥%,: is the set of pump discrete events. X% = {Start_P (start
pump), Stop_ P (stop pump)}. X% = ZQDf = {fpross (fault event leading
to pump failed off failure mode) }. The fault, fprors, can occur at the state
where the pump is stopped;

e DSL? = {DN; (pump in normal discrete mode), F, (pump failed off)}. As
an example status label for qg, DSL%, is equal to Fo;

i 5%) : Q%) X Z2D — Q%) : is the state transition function. As an example,
62 (¢2, Start_P) = ¢2 (see Fig.3.4);

e Inity : (¢}, hql®> = hql®> =0, DSL?*(¢}) = DSL} = DNy).

3.2.2 Continuous components modeling

The real continuous dynamic evolutions is supposed to be described in each discrete
state ¢ by the following L.D.E:

b'e

= Ag) X + By wu
- . A oAl i m n 7T r 7 [ B( i ]
i A(q)l A(q)l A(q)l A(q)l T .q
.: 1: z m : n B'
i A Agi Al Ao | | @ @i
. 1 7 m n
m Agm = Algm Agm = Algm | | Tm B (gm
) ; . ';n in :
i Tp i I A(q)n .. A(q)n . A(q)n - A(q)n | L Tn ] B(q)n

(3.4)
i Agm 5 Agn” and By is
equal to [Bigy1 -+ B(gyi* " > Bigym Bl - A(g)i and Byg); are constant matrices
of appropriate dimensions characterizing the dynamics of z;, i € {1,--- ,n}.
For each z;, (3.4) is reduced as:

u is the input vector, A, is equal to [A ) - - A

T; = A(q)zX + B(q)zu (3.5)
where A(,); is equal to [A%q)i . Aéq)i e Al -A?q)i].

Based on (3.5), we can conclude that the dynamic evolution &; of each continuous
variable x; depends on the system global discrete state g, the continuous variables
X and the input vector u. ¢ is obtained as a combination of the discrete states
(¢',¢*- -, ") of the discrete components Dc;, j € {1,---,L}.

Each discrete state ¢ = [q' ---¢7 - - - ¢¥] is characterized by its corresponding real
output vector hy = [hé bl th]. X is the combination of the set of continuous
variables z,,,, m € {1,--- ,n}: X =[w1---2; Ty - 20" .

Ag)i represents the influence of z,,, on &; at discrete state q. Az)i is decomposed

into two parts: A7 and A7". A7 defines the influence of z,, on &; whatever the

© 2015 Tous droits réservés. doc.univ-lille1.fr



© 2015 Tous droits réservés.

Thése de Hanane Louajri, Lille 1, 2015

46 Chapter 3. Hybrid centralized fault diagnosis and diagnosability

discrete state is; while A]" represents the influence of z,, on ; when the system is
in discrete state ¢ = [¢"---¢7 - - - ¢*]. Therefore, A%i can be written as follows:

L
AQ =D AT o RPATT - BEATE 4 AT =N T RIAT + AT (3.6)

A;nj, j € {1,---, L} represents the influence of x,, on &; at Dc; discrete state I
when hj = 1.
Likewise, B(g); represents the influence of u on @; when the system is in discrete

state ¢ = [¢'---¢7---¢¥]. Since input vector u depends on ¢ = [¢'---¢7---¢"],
therefore B(g); can be written as follows:
Bgi=hyB}l +---+hiB! +---+hlBF =) " hl B (3.7)
7=1

where Bg represents the influence of u on 4; at Dc; discrete state ¢/ when hé = 1.
Based on (3.6) and (3.7), (3.5) is developed as follows:
i = AiX + Bg)iv

- [A(q)i”'A(q)i“',A(,q)i"'A(q)z} (w1 @i -]+
(héle+"'+héBf+"'+thBZ~L>u

_ [(h;A}1+~-+hZI’A§j+---+h§A}L+Agi) (héA§1+-'-+th§j+
+hLAliL+Ag,;)---(h;Arl+--~+h§ATj+--~+thA;”L+AQ;>---
(h Art oy thlanr...Jrth?LJrAgi)} 1 @i T )T
<h131 +h§Bf+---+thBiL)u

<

L . . L . . . .
(Z A +Aii> z1+ (Z hg Ay +Azz-> i+ () hg A
j=1 J=1 J=1

<
it

L

Z JA”]+ATL>

Jj=1

L . .. , L .
h”A“—irAl) (z th§J+A;.>---<ZIhZIA§”J+Ag;>
J:
T

L . .
j=

I
h

L . . L .
+AD) Ty + -+ (Z hy A —|—A2i) Tn + > hyBlu
I =]

Thus, the real dynamic evolution of x; is written as follows:

n L
b= Z WA + AT | 2 | + ) BBl (3.8)
m=1 j=1
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1

When the system is in discrete state ¢ = [¢* - - !

gl -qL], characterized by hy = [hq =

0---hg:O'~h§ = 0], then @; is equal to A, X, where A.; = [AL -+ AL - AT .. A7,

If the system changes its discrete state from g = [t --q7 - qL] characterized by
hg = [hi = 0---hj = 0---hk = 0] to ¢* = [¢*---¢'T---¢"] characterized by

hy = [ht =0+ hJ" =1---hL = 0], then & is equal to (Ag' + Aa) X + Blu, where
Al = [AV .. AT ... AT .. A™M]. Therefore, this decomposition allows defining a
change in #;, i € {1,--- ,n}, as a function of a change in the system discrete state.
This decomposition is useful in order to take benefit of an abnormal change, due to
a discrete fault, in the system discrete mode to enhance the system discrete fault
diagnosability as we will see later in subsection 3.3.3.

In order to describe the influence of each discrete component Dc; on &;, (3.8) is
decomposed as follows:

n L . ) L .
Ti= Y ((Z hy AT +AQ;-°> :nm> + > hyBlu
=1

Jj=1 J

—_

3

Il
M=

P14 L . . )
hiIAllj—‘y-Aiz) 1+ o+ <Z héAz]—i_A?éZ) T4+
J

J=1

=~
—

J

J

) . L . . L .
) Ry A + A?g;) T + -+ ( lhz,A;” + Ag) Tn+ ) hyB]u

j=1

j i L . . ) L ‘
h%A3J$1 + ALz 4+ Y RIAY + Al + > WG AT e+
Jj=1 j=1
L . i L
AMg 44+ S W AY 3, + A%z, + S Wi Blu
J=1 j=1

|
M-

<
Il
—

I
M

hg(A;}j:zl+---+A§jxi+---+ATj:cm+---+A§‘jxn)+

<
Il
-

hyBlu+ (ALwy + -+ Al + -+ Al + -+ Al

=

<
Il
-

= (> hz,’A;”jxm+thgu> + 3 ATz,
1 m=1

7=1 \m=1

Thus, (3.8) is decomposed as follows:

L
b= @]+ i (3.9)
j=1

where & = Zl Ry AT 2+ by Bl w and do; = Zl A"z, This decomposition allows
m= m=

determining the part that can change due to discrete control (influence of Dc; on

Cc;). In the case of a system commutation due to a controller command, only the

part of @; sensitive to this command will be changed. The other parts of &; will not

change.
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As for the real continuous dynamic evolutions X, nominal continuous dynamic

evolutions X of continuous variables X is defined as follows:

where fl(q) and B(q) are the nominal constant matrices in the nominal state. For
each x;, (3.10) is reduced as:

Thus, based on (3.11), the nominal dynamic evolution of z; is written as follows:
2= | (D MAM + AT | 2 | + > hBlu (3.12)
m=1 j=1 j=1

In order to describe the influence of each discrete component Dc; on I, (3.12)
is decomposed as follows:

= &+ iy (3.13)
=1

where 7/ Z h]Am]:cm + h]B]u and %o = Z Am

m=1
In order to separate the nominal and faulty continuous operating modes, each

continuous component Cc¢; is modeled by the automaton, G.;, depicted in Fig.3.5.

H i

1 1

H 1

I Parametric fault |

AP 3 . 1

No parametric Jee; : related to Ce, i
i i

! i

L 1

fault related to Cc¢;

Figure 3.5: Continuous model of component C'¢; denoted by Gg;.

Gei = (Qeis Xei, Ociy fluwy, ) (3.14)
where,
e (J¢;: is the set of the continuous operating modes Cl;;
e .. is the event set of the parametric faults occurrence;

o fluz;: Qe X Ty — R™: is a function characterizing the real evolution parts &;
and nominal evolution parts &; of continuous variables x;;

e 71; is the residual associated to x;;

Example 3.3 Continuous component modeling for the one tank system
example
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The continuous dynamics of the one tank water control system (see Fig.3.2) are
characterized by continuous variable x (level of liquid in the tank). We consider as
a parametric fault the leakage in the tank. This parametric fault is characterized by
an output flow rate Oyy. Oy4 depends on the leakage section s;, and on the tank level
x. Based on the definition of the dynamic evolutions of this system in the literature,
Cocquempot et al. (2004), the system real and nominal dynamic evolutions of = are
obtained as follows:

_ 1 svv2g 20 519729
- _hlIZSV \/:Tx—’_hq s; - 251\/7

(3.15)
1.5vV/2g 20
hq 285‘;\/7 h P
where, zg is the initial level of the tank and Oy = ;;gT ‘\;x In nominal conditions,
the leakage section sy, is equal to 0. Thus, Olg = 2;9\/\/;x is equal to 0. (3.15)

can be written as (3.8) as follows:

&= hgAlz + hi A%z + Acx + hyB'u+ b B?u (3.16)
&= hiAlw + hi A% + Acx + hiB'u + h2B*u '
where, Al = A! = —258‘;\\; —Oy (no parametric fault is considered in the valve

section), A? = A2 =0 (the pump flow rate does not depend on the level of the

tank, i.e., no influence of z in the pump flow rate), A, = 28;;\\; =0y, A, =0,

uw=0p, Bl=B' =0 (the valve flow rate Oy is an output of the tank and therefore
it does not depend on the input vector u) and B2 = B? = 5 (no parametric fault
is considered for the section of the tank sp). A, represents the dynamic of the
leakage does not depend on the system discrete state, while A' and B? depend on
the discrete states of respectively, valve V' and pump P.

In order to describe the influence of discrete components, the valve (Dc;) and
the pump (Dcs), on & and z;, (3.16) is decomposed as follows:

. . 1 .2 .
r=x +x°+x
< - ~ ~ 1
{a'c:d:1+j:2+a'cc (3.17)
where:
P a— h;Alx = —héOviU and 7! = iLéfllx = —Béva’,

o i? = h2B%u = h22E and #* = h2B%u = h2%E,

e i, =—09 and Z. = 0.

Cc is modeled by G, shown in Fig.3.6.
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—> Noleakage in C¢c [

Figure 3.6: Cc automaton denoted by G, for the one tank example.

3.2.3 Residuals generation

Based on (3.8) and (3.12), residual r; of z; is calculated as follows:
Ty = T — T

A X + Bigyu) = (AiX + Bgy)
= (A~ A(q)') X+ ( (@)i — B(q)i) u

Therefore, residual r; is defined as follows:

i = (f; (( hy AT +Am) ) + i ﬁg‘é@) -
m=1

J=1

( 3 ((2 AT 4 Agg) xm> + i thg'u>

}T

o
=~ ’th

(3.18)

r={[ry-ori-ormeoory]t is a set of the system residuals.

Parametric and discrete faults impact the system continuous dynamics char-
acterized by matrices A(,); and B,); in each discrete state g. The residual r; is
sensitive to the difference between the nominal fl(q)i, B(q)i and real A(g);, B(g); val-
ues of system parameters. If there is no fault, then fl(q)i is equal to A(,); and B(q)i
is equal to B(y);. In this case, ; will be equal to zero. While, if there is a fault
impacting A(,); and By,);, then for the measured values of X, A); X and B(y,u
will be different from the values of fl(q)iX and B(q)iu. Therefore, r; will be different
from zero. In order to describe the influence of each discrete component Dc; on the
value of residual 7;, (3.18) is rewritten as follows:

A X + Bigyu) = (A X + Bgy)

- L _ . .
> h]qu] +Am> T+ Y. héBfu) —

Jj=1 Jj=1

<
!

Il
I

—~

q

M

—_

T
107z
<

HM“

L.
WA 4 Am> Tm+ Y hf]Bfu>
j=1

I
N
M=
M=
=
Q.

I
—_
<.
Il
—
<
Il
—

L _._.
AT 2 + Z Am Zh;Bgu) -

P
M=
M

3
IL
T

[
<
M=
N =

WA 3, + z AMa, + Z hi Bl )
Jj=

SeE

[y

j=1 \m=1

e . L n . . L
R0 4 thgu> S ( S5 B AT thgu>>
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- 3 gt

3
1§

I +
/~Z
M= i M=
A~ ;;,
M=
S
-
§

A™ g+ iLﬁ,Bfu -y hZA;nja:m + h‘ngu>>

m=1 m=1

)

7§A%£WWMWVM+@%$waQ)

) (Agg _ Agg) :cm>

Therefore, residual r; is rewritten as follows:

_|_
o /\M
iMeiM= I
D
Q.3
3
3
||M3

+ I
3/\/\
M= 1M

L .
= Z !+ re (3.19)
j=1

where Tf is the part of residual r; associated to Dc; such as 7’? = (;Ei — xf)
Example 3.4 Residual generation for the one tank system example

Based on the real & and nominal # dynamic evolutions of z calculated on the
example 3.3, residual r for one tank water level control system (see Fig.3.2) is written
as follows:

r==I—2

1 5vv29 720 hysvv/2g 20 51929
( hqzs‘;fx +hg ;) - < dorva T HhGSE — gl ) (3.20)
—(hy = W) 280 + (B2 — h2)22 + (0 + 5272 z)

In order to describe the influence of each discrete component Dc; on residual 7,
(3.20) is rewritten as follows:

r=rl+r? 4, (3.21)

where 7! = —(h} hl);s‘;?x r? = (h2 —h2)22 and ro = (0 + ;;QT? ).
e Let us consider the occurrence of a fault of type Fi, i.e., when the controller
sends the command 'C'V”’, the valve remains in its stuck opened, VSO, failure
mode (h; = 0 while hé = 1). The occurrence of a fault of type F; will

affect r as follows: r = — ((ﬁ; =0) - (hé = 1)) SV V29 (h2 hg) %; +

23T\/7
(0 + ;Sng\\; ) Since, there is no leakage, s;4 is equal to zero. Therefore, r will
C 71 _ 1 V29 2 2
be written as follows: r = — ((hq =0) = (hy = 1)) o \ﬁx + (h —h ) 2
Since the pump is in normal operating conditions, then h2 is equal to h?r
— svvV29 .

Consequently 7 can be written as follows: r = r! = Sorafio L
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e Let us now consider the occurrence of a fault of type F3, i.e., when the con-
troller sends the command 'Start P’, the pump remains in its failed off fail-
ure mode, PFoff, (hg = 1 while hc21 = 0). The occurrence of a fault of

type Fy will affect the residuals r as follows: r = — (El h1> ;s‘;?x +
((53 =1)—(h2 = 0)) 9 4 (0 + 25;?\;3:) Since there is no leakage, s;4 is
equal to zero. Therefore, r is written as follows: r = — (le h1> SV\/\/:SU +
((ﬁg =1)—(h2 = 0)) . Since the valve is in normal operating conditions,

71 1 _,2_0
then hy is equal to h;. Consequently, r can be written as follows: r == = 8—7{3.
e Let us now consider the occurrence of a parametric fault of type F3, i.e., leakage
in the tank. Based on (3.20), this fault does not depend on the discrete state
of the system. This fault will increase slowly r outside the normal interval.

Since the valve and the pump are in normal operating conditions, then, ﬁé
Slg\/% T
2s7\/x0 """

and B3 are equal, respectively, to hé and hg. Consequently, r = r. =

Parameters Op, sy and sy are known nominal values that can be determined in
advanced. Thus, as an example in the case of the occurrence of fault event of type
F5 the deference & — 2 will be equal to this predefined value %

3.2.4 Hybrid components modeling

A hybrid component HC}, j € {1,--- , L}, is composed of one discrete component
Dcj, j € {1,---,L}, with the set of g, ¢ <n, continuous components (Ccs) whose
continuous dynamic behavior is changed according to Dc; discrete states. Therefore,
the local hybrid model G7 of HC ;j is obtained by a combination of the discrete local
model of Dc;, (DG?), and the continuous dynamic evolutions of continuous compo-
nents C'cs belonging to HC;. Thus, the local hybrid model of the component HC); is
obtained by synchronizing the discrete local automaton DGY of Dc; and the set of lo-
cal automata Gej;, @ € {1,--- , g}, modeling Ccs belonging to HC; using parallel or
synchronous composition operator. The latter builds the hybrid component model
from its individual components models. Therefore, GY = DG7||Gcj1|| - - - ||Gejg. The
state corresponding to the multiple faults are removed from the hybrid local model.
The nominal and faulty behaviors of each hybrid component HC,j € {1,---,L}

is modeled using hybrid automaton G’ defined by the tuple (see Fig.3.7):
GV = (Q7,hd ), %, X7 flux? vd rd, HSLI, Init?) (3.22)

yh e
where,

e (: is the set of local hybrid model states of H C;. Parametric and discrete
faults occurred in the components of HC'; are included as states in the local
hybrid automaton G7 of H C;. Hence, the local hybrid model includes nominal
operating modes, discrete faulty modes of Dc; and parametric faulty modes
of Ccs belonging to HC;. A normal operating mode is represented by one
local hybrid state in G7 while a failure mode can be represented by several
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states. Consequently, @7 is equal to QjD X QZ, where Q% is a finite set of
local states representing the normal and faulty operating modes of Dc;. Q7 =
Qijl X oo X Qijg is a finite set of local states representing the normal and
faulty operating modes of C'cs belonging to HC'j;

e The output of each local state ¢’ is characterized by real discrete output vector
hq : @7 — {0,1} and nominal discrete output vector iL(J] : Q7 — {0,1}. At
normal discrete modes, hg is equal to Bq; while in faulty discrete modes hg is
different from Bq;

YA Efj UXZ: is the event set of hybrid component HC';. It includes the set
of discrete events E% and events indicating the parametric faults occurrence
(32) in all Ces belonging to HC ;.0 = »JUsd,. 27 includes control command
events sent to Dc; and other observable discrete events. Zﬂ denotes the set of

fault events EZ} (parametric and discrete) that can occur in hybrid component
HC 73

e 67 1 () x ¥ — (Y9 is the state transition function of HCj. A transition
67(¢7,e) = ¢o* corresponds to a change from state ¢/ to state ¢/T after the
occurrence of discrete event e € ¥7;

T

e X/ C X: is a finite set of continuous variables x = [x1 ---z4]7 associated to

the set of Ccs belonging to HC'j;

o fluxd : Q x X7 — N™ is a function characterizing the real evolution parts

{Xj = [@] - abé]T, X7 = [ie - ~m'cg}T} and nominal evolution parts

{)}j = [%1 e %Q]T, Xg = [fcd .- -%Cg}T} of continuous variables X in each hy-
brid state ¢/ (see (3.9));

e vl =[r] - -1})T and rl = [Pep - rcg]T are a set of parts of residuals generated
at each HC state ¢

e The set of parametric and discrete fault events is divided into d’ different
fault types or modes indicated by the following hybrid status labels: HSL/ =
{Nj, F\, Fy,--- Fy } where N; is the label indicating the absence of parametric
and discrete faults in HC';, i.e., normal operating conditions of HC)j;

o Init) = (g € Q. hy(q]) = W, hy(q) = Iy, X)), X2(a)),
~ 3 ~ . . . . ! !
Xi(ql), X(ql), HSL’(q])): is the set of initial conditions.

Example 3.5 Hybrid components modeling for the one tank system ex-
ample

Let us take the discrete and continuous components defined, respectively, in
Example 3.2 and Example 3.3. As we have seen in (3.15) in Example 3.3, the nominal
and real continuous dynamic evolutions of this system are written as follows:
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State index :  q
- -
h{, a n

gk

P~ =]

X x| o | XX
HSE

Figure 3.7: Hybrid state of local hybrid model G.

. _ _plsvy2g 20p _ sigV2g
T = hqst\/m—ox+h

q st 2s7+/x0 z

s _Flsvy2g 720p
L= hQQsT\/xoerhq sT

As shown in these equations, the dynamic evolution of x, representing the con-
tinuous component Cc, is influenced by the discrete state output of the valve, D¢y,
and discrete state output of the pump, Dcy. Thus, the one tank water level control
system is decomposed into two interacting HC's as shown in Fig.3.8:

e H(, is composed of valve V' (Dcp) and the tank (Cc);
e H(C5 is composed of pump P (Dcy) and the tank (Cc).

Local hybrid automaton G' characterizing HC} hybrid dynamics is defined by the
tuple (see Fig.3.9 and Fig.3.10):
G = (Q', ht, hl, 2t XY, fluxt, vt el 6%, HSLY, Inith) (3.23)

s Mgy oqo sy e
where,

e Q' = {dl, &2, &, a},dt, ¢t} qf and ¢} represent, respectively, the valve
closed, (VC(no leakage)), and the valve opened, (VO(no leakage)), in nor-
mal operating conditions (of the valve and the tank). ¢} and ¢} characterize
the valve stuck opened discrete failure mode, (VSO(no leakage)). Q =
{qé, qé} characterize leakage failure mode in each hybrid discrete mode of
HC, (VC(leakage)) and (VO(leakage));

o hy: Q' —{0,1} = {0 (V closed), 1 (V opened)};
o Bé : QY — {0,1} = {0 (V should be closed), 1 (V should be opened)};

o X1 =3IJIL: is the set of HCy discrete events. XL = {CV (close V), OV
(open V)}, Bl = E} = {fso (fault event leading to V stuck opened discrete
failure mode), fi; (fault event indicating the occurrence of the leakage in the
tank)}. The fault, fyso, can occur at the state where the valve is opened.
While fi, can occur whatever the discrete mode of HCY is.

o 0l : Q' x ! — Q': is the HC state transition function. As an example
54 (qh,CV) = g} (see Fig.3.10);
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‘__=-
Cec: Tank

—

Dcy:Valve

0,
L HC(, |
-
@_ﬁ
v
— Discrete Controller —

Figure 3.8: Hybrid components of the one tank water level control system.

e X! = z: represents the tank level;

o fluz' = {&', ', &., i.}: are the real #! = —h;%ﬁ%x and nominal z! =
—h; 285‘;%33 dynamic evolution parts of x according to discrete state of the
valve and the real . = —%x and nominal #. = 0 dynamic evolution
parts of x whatever the discrete mode of the system is;

o rl = — (Rl —pl) 220, — _ (Rl — p1) Oy is the part of residual r gener-

q q) 2sr\/xo q q) ¥V p g
. . S19v/29 .
ated in the valve discrete states. r. = <0 + mgy) = (0+ Oyy) is the part

of residual r generated whatever the valve discrete mode is;

e HSL' = {N; (Absence of the faults in HCy), F; (valve stuck opened), F3
(leakage in the tank)}. As an example status label for ¢}, HSL}, is equal to
N,
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¥ . 1
State index :  q,
71 1
hqk hqk
=1 1 W1 [ .
x| x| 7 x| x|
1
HSL

Figure 3.9: Local hybrid state of HCY.
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Figure 3.10: Hybrid automaton G* for HC}.
o Inmit': (¢}, bty =hl, =0, &' =i' =0, . =d. =0, HSL, = Ny): is th
Pan by =hy =08 =30 =0, e = de =0, o = 1): is the

set of initial conditions.

Hybrid states q% and ¢} and the events loading to these states are removed
from hybrid automaton G' of HC; because multiple faults are not considered (see
Fig.3.10).

Likewise, local hybrid automaton G? characterizing HC5 hybrid dynamics is
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defined by the tuple (see Fig.3.11):

G? = (Q* hZ, 12, %%, X2, fluz® r? r2 6% HSL?, Init?) (3.24)
where,
Stop P Start P
[ Poffileakage): | S p 4 Pon(leakage): @ |
i 0 0 — 1 1 i
Stop P
{00 0]0 GG 10,5/ 0\s5]0[0[7G] 0
r 1 [} I
I FO— ! R A — :
Stop P 3 fre Start P
—— :flo ke
Poff mo leakage): ¢ Start P _ Pon (no leakage): ¢,
—~ 0 0 Stop P > 1 1
ofo]oJofofole = 0,\sj0,\sJ0 | 0 | 0| o
N, N,
Jeroy
.
i PFoff (no leakage)y; i PFoff (no leakage):q; |
i 0 0 i Start P i 1 0 :

Stop P 1 ; 1 \ Start P
PP tofofoJofofo o O \s]ofos]o oo St
i L, ! : K, !

___ = - I

Figure 3.11: Hybrid automaton G? for HC,.

Q* = {8, &, &, 3,¢%,¢2}. ¢ and ¢35 represent, respectively, pump off,
(Pof f(no leakage)), and the pump on, (Pon(no leakage)), in normal op-
erating conditions. ¢35 and ¢3 characterize the pump failed off failure mode,
(PFof f(no leakage)). Q? = {q?, g3} characterize leakage failure mode in
each discrete mode of HCy, (Pon(leakage)) and (Pof f(leakage));

° hg :Q?* = {0,1} = {0 ( pump stopped), 1 (pump started)};

° Bg : Q% — {0,1} = {0 ( pump should be stopped) 1 (pump should be
started)};

e X2 = M2 JX¥2: is the set of HCy events. X2 = {Start_P (start pump),
Stop_P (stop pump)}. ¥2 = Eff = {fprofs (fault event leading to pump
failed off failure mode), fi, (fault indicating the occurrence of leakage in the)}.
The fault, fprory, can occur at the state where the pump is stopped. While
fig can occur whatever the discrete mode of HCs is.

e 62 : Q% x X% — @? :is the HC, state transition function. As an example,
52(q2, Start_P) = ¢2 (see Fig.3.11);
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e X? = x: represents the tank level;

o fluz?® = {42, &%, ., Z.}: are the real &% = hzOP and nominal % = hzO;»
dynamic evolutlon parts of x accordlng to dlscrete state of the pump and
the real &, = ;;g\/: z and nominal &, = 0 dynamic evolution parts of x

whatever the discrete mode of the system is;

o 12 = (fzz - h2> O—j’f is the part of residual r generated in the pump discrete

states. r, = (0+25819\‘; )

whatever the pump discrete mode is;

= (04 Oyy) is the part of residual r generated

e HSL? = {N; (Absence of faults in HCs), Fy (pump failed off), F3 (leakage in
the tank)}. As an example status label for ¢7, HSL?, is equal to No;

o Init”: (qf, h% = ﬁf}z =0, % = 3% =0, &, = &c = 0, HSLp = Na): is the
1 1
set of initial conditions.

3.2.5 Global system modeling

The global hybrid model of the HDS is obtained by synchronizing the local hybrid
automata, G7, j € {1,---, L}, using parallel or synchronous composition operator.
The latter builds the hybrid global model from its individual component models.
In this parallel or synchronous composition, a common event between two hybrid
components can only be executed if both components execute it simultaneously.
However, the private events which can be executed by only one hybrid component
can be executed whenever possible. Therefore, G is equal to G1||G?||---||GL. The
continuous dynamics in each state are calculated based on (3.9), (3.13) and (3.19).
The state corresponding to the multiple faults are removed from the hybrid global
model.

The hybrid dynamics of the system are modeled by a linear hybrid automaton
defined by the tuple (see Fig.3.12 and Fig.3.14):

G = (Q, hg, hg, B, X, fluz,r, Init, 5, GSL) (3.25)
where,

e (): is the set of hybrid model states obtained by synchronizing the local hybrid
states of GJ, j € {1,---,L}. Therefore, Q is equal to Q' x --- x Q¥;

e The output of each hybrid global state q is characterized by real discrete output
vector hy : Q — {0,1}% and nominal discrete output vector hy : Q — {0, 1}%.
At normal discrete modes, hy is equal to lqu while in faulty modes h, is different
from ;Lq;

e X =XlU.---UXU---UXE: is the set of system events. ¥ = X, U X, where
Y, includes control command events and other observable discrete events. X,
denotes the set of fault events X; (parametric and discrete) that can occur in
the system as well as normal but unobservable discrete events;
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State index: ¢,
I, h,
X X r
GSL,

Figure 3.12: Hybrid state of global hybrid model G.

X: is a finite set of continuous variables X = [y -+ x; - -xn]T describing the
continuous dynamics of the system;

o flur:QxX — R, is a function characterizing real evolution X and nominal

evolution X of continuous variables X in each state ¢;

o =[ry--- ,rn]T: is a set of residuals generated at each hybrid state ¢ and
used as consistency indicators;

e ) : @ x X — (Q: is the state transition function of the system. A transi-
tion 6(q,e) = gt corresponds to a change from state ¢ to state ¢ after the
occurrence of discrete event e € 3 ;

e The set of parametric and discrete fault events is divided into d different
fault types or modes indicated by the following global status labels: GSL =
{N,Fy,Fy,---F;} where N is the label indicating the absence of parametric
and discrete faults in the system, i.e., normal operating conditions of the
system;

o Init = (q1 € Q, hylq1), he(q1), X(q1), X(q1), GSL(q1)): is the set of initial

conditions.

the multiple faults global states and the events loading to these states are removed
from the global automaton because multiple faults are not considered.

Example 3.6 Global system modeling of the one tank system example

The hybrid global model of the one tank water level system of Fig.3.2 is modeled
by linear hybrid automaton defined by the tuple (see Fig.3.13):

G = (Q, hg, hyg, B, X, fluz, 7, Init, 5, GSL) (3.26)
where,

e Q={q1, @, 43, 4, @11, Q12, ©13, Q14> G21, 922, 923, G24> 431, 432, 33, G34}
q1, G2, q3 and g4 represent, respectively, valve closed and pump off

(VCPof f(no leakage)), valve closed and pump on (VCPon(no leakage)),
valve opened and pump on (VO Pon(no leakage)), and valve opened and pump
off (VOPof f(no leakage)), in normal operating conditions. qi1, ¢12, ¢i13 and
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State index: q,
h, by
GSL,

Figure 3.13: Global hybrid state of on tank water level control system.

q14 characterize the valve stuck opened failure mode (V. SOPof f(no leakage),
VSOPon(no leakage)). qo1, q22, G23 and go4 characterize the pump off failure
mode (VCPFof f(no leakage), VOPFof f(no leakage)). {qs1, q32, 433, q34}
characterize leakage failure mode in discrete normal mode (VC Pof f(leakage),
VCPon(leakage), VOPon(leakage) and VOPof f(leakage));

o hy:Q— 0,12 is equal to hlh2 and hy : Q — 0,12 is equal to hLh2;

e L =XlUX?2uX=3%,U%,. %, ={CV, OV, Start_P, Stop_P}. ¥, =
Y¢ ={fvso, frrotf, fig (fault event indicating the occurrence of leakage in
the tank)};

e X = x: represents the tank level;

o flux = {&, &}: is the real & = &' + &% + 4. and nominal & = &' + % + @,
evolutions of x in each global hybrid state;

o r=— (R hi) 280t (b2 2) 2 (0 - 5270) = — (hi—hL) Ov+
(712 h2> —(0 — Oyg): is the residual generated in each hybrid state, where

_ svy/2 _ SlgVQQ .
Oy = Sar r:c and Oy = pTraytE

e GSL is equal to {N, Fi, F», F3} ( see Table 3.1). N is the label indicating
the absence of faults of types Fi, F5 and F3 in one tank water level control

system;
o Init: (q1, hy=hy =00, =i =0, GSL, = N);

The global model of one tank water level control system (Fig.3.2) is depicted in
(Fig.3.14). Hybrid model G contains 16 hybrid states (4 normal states and 4*3 faulty
states) and 38 transitions (32 observable transitions and 6 unobservable transitions)
(see Fig.3.14).

3.3 Hybrid diagnoser construction

3.3.1 Fault signature construction

A qualitative signature is constructed by abstracting the different residuals. This
abstraction is achieved by continuous and discrete symbols generation. Continuous

doc.univ-lille1.fr



© 2015 Tous droits réservés.

3.3. Hybrid diagnoser construction

Thése de Hanane Louajri, Lille 1, 2015

61

Table 3.1: Faults for the diagnosis of one tank level control system.

Start P

Stop _P,CV

Start_P,CV"

Start P, OV

ESR R S

Stop_P, OV

Fault types Fault labels Fault description
. Fi V stuck opened
Discrete faults
by Pump failed off
Parametric fault F; leakage in the tank (s;4 # 0)
g 3
4 | VOPoff (leakage): q34 Start_P 1’OPon (leakage): qs3 |
10 [ 10 Stop_P 11 [ 1
-0, [-o-9] o, ©,/5)-0)0,/5)-0,-0J0,
T 3
oV cr 1 2 cr oV
VCPoff (leakage): q3, | VCPon (leakage): ¢s,
Start P
[ = 01 [ o1
o [ -0 ] o Stop_P ©,isp ©0)\s)-0,] 0,
E E
1 Jie Jig 1 2 Jig
~
V'CPFoff (no leakage): ¢y, V'CPoff (no leakage): q, 1’CPon (no leakage): q,
00| 00 i Jero 0 | 00 Start P 0| o1
o [ o [ o o [ o | o Stop_P o5, | o4, [ 0
2 N N
N ] y i
ol lev o] lev 4 3 oy a
VOPFoff (no leakage): q,4 VOPoff (no leakage): q VOPon (no leakage): qs
10 | 10 Jeror 10 | 10 Start P 11 | 11
-0, [ -0 ] o o[-0 | o siop P |©,15)-0]©@,15)-0] 0
F, N N
Stop P Stop P| |Start P »
P_ P_ L R 1 {150 2 o
VOPFoff (no leakage): q,3 VSO-Poff (no leakage): q,4 VSOPon (no leakage): q,;3
u___ | 10 10 ] 10 Star¢ P u__ | u
©,5)-0, ] -a. ] ous o | -0 ] o Stop P (0,i5)-0]©0,15)-0] 0
E K K
oV cv oV cV 4 oV cr 3
4
VCPFoff (no leakage): ¢,, VSOPoff : qy, | VSOPon : q,,
o | o0 0 | 10 Star¢ P 0 | 1
> oss | o | o, o | -0 | o Stop_P 05, | 015)-0,] 0
7 T, F,

Figure 3.14: Automaton of composite model.

T

symbols CS(r;) € {0,—,+} represent the qualitative abstraction of residual values
into stable/decreasing/increasing ones (Fig.3.15):

.T,L-O

: 7;(t) belongs to the nominal interval,
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e 7 :1i(t) is below the nominal interval;
e 7 :7;(t) is above the nominal interval.
Measured
""" Threshold
"""""" Nominal
Ti Ti Tip
+ = 0

Figure 3.15: Continuous symbols generation.

Terms in (3.18) (hZ,A:.njxm and thgu, j€{1,---,L}), describe the interactions
between continuous and discrete components for the dynamic evolution (&;,7 €
{1,---,n}) of each continuous variable x;. They can exhibit an abrupt change in the
continuous dynamics due to unpredicted change (abnormal) in De¢; discrete mode.
This change is characterized by the absence (h} = 0 while h} = 1) or the addition
(h} = 1 while h, = 0) of A7z, and B/u. Parametric faults may be characterized as
abrupt, i.e, discontinuous change, or incipient, i.e, slow changes. Incipient faults are
more difficult to deal with. Therefore, in this thesis, parametric faults are considered
to be incipient due to ageing effects for example. Consequently parametric incipient
faults cannot cause an abrupt change with a finite change in magnitude. Therefore,
they are indicated by a progressive abnormal change of parameter value in A;nj and
Bg as well as in the term, A7}. In order to take into account this discriminative
information, discrete symbols D.S(r;) are added for the abstraction of each residual
r; in order to distinguish between parametric and discrete faults as follows (Fig.3.16):

° PC’ij = +Val: denotes an abrupt positive change in residual r; due to a
discrete fault caused by Dc;j. +Val is equal to the absolute value of A"z,
or BJu associated to hi;

o N C’ij = —Val: denotes an abrupt negative change in residual r; due to a
discrete fault caused by Dc;;

e U(C;: denotes that there is no observed abrupt change in residual 7;.

A fault signature Sig, at global discrete state ¢ is the combination of continuous
and discrete symbols of the different residuals as follows:

5ig, = (rfs(rl), DS(rl)) & & (rl-cs(”), DS(m)) & & (TSS(T"), DS(rn))
(3.27)
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——— Measured
""" Threshold
------------ Nnmina‘l

T T Ti

Fault occurrence Fault occurrence Fault occurrence

Figure 3.16: Discrete symbols generation.

Example 3.7 Fault signature generation for the one tank system example

For the one tank water level control example, the system generates a specific fault
signature in each hybrid global state according to the residual defined in this state.
These fault signatures are generated using the continuous dynamic evolutions in
each hybrid global state. In normal operating mode, the system generates a normal
fault signature sigo = (r°, UC), e.g., hybrid states q1, ¢2, ¢3 and q4 of Fig.3.14 (the
residual in these states is equal to zero: there is no change in a residual). The fault
signature sigg is generated also in discrete faults states where the residual does not
yet change its value: Indeed when a discrete fault occurs, the continuous dynamic
evolution will not be change until a control command event changes the discrete
mode. As an example when the discrete fault fpr, sy occurred at the initial state 'q;’
with the normal mode "V C'Pof f(no leakage)’, the system will move to the state go;
with the failure mode 'VCPFof f(no leakage)’. the continuous dynamic evolution
in these two states, g1 and go1 (see Fig.3.14), is the same. Thus, the fault signature
is the same for both states. However, the occurrence of control command event
Startp will move the system to state gao. The continuous dynamic evolution in this
state is different from one of ¢q;. Therefore, a different fault signature is generated
at this state. In the other faulty operating modes the system generates a fault
signature different from sigg. e.g., in faulty state (qi2 : V.SOPon(no leakage)) the
system generates a fault signature equal to sig; = (r*, PC"). This positive change

PC! is equal to (Oy = 288‘;%96) (see Fig.3.14 and Table 3.2). The thresholds are
defined based on the system discrete faults. We consider that the section of leakage
is less than the section of valve: sy > s;,. Therefore, when a leakage occurred, the
residual r increases slowly outside the normal interval. This increase is less than
one produced by the discrete fault related to the valve. Thus the change due to the

discrete fault related to the valve is considered abrupt while the parametric fault
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due to the leakage is considered to be progressive. Table 3.2 shows the global fault
signatures used by the centralized hybrid diagnoser to achieve its diagnosis.

Table 3.2: Faults signature table.

Signature name || Residual value || Fault signature
5190 0 (Toa uc)
sig1 ;S‘/T\\/ﬁi%x (r+, PCY)
sigo %ﬁ (rt, PC?)
sig3 Sy (++,UC)

3.3.2 Centralized hybrid diagnoser construction

The objective of the centralized hybrid diagnoser (CHD) is to detect and isolate
the occurrence of parametric and discrete faults affecting the system (see Fig.3.17).
CHD is built based on the global model, G, of the system. Initial state z; of CHD
is composed of initial state ¢ of G and all states g of G reached from ¢; by the
occurrence of unobservable events. Then, the G states that are reached from any
G state belonging to z;, through either the same control command event or the
same fault signature, are gathered into the same state z3. By following the same
reasoning, the other states of CHD are constructed. Thus, the transition function
of the CHD can be defined by:
0, =2 xSigx ¥ —=>Z
where, Z is the set of all CHD states and Sig denotes the set of all CHD fault signa-
tures generated by the system. A fault signature generates a new kind of observable
events tanks to the system continuous dynamic evolution in each discrete mode.
This new kind of observable events enhances the diagnosis capacity of parametric
and discrete faults of the system.

Each state 2, of the CHD is of the form:
2 ={Qk, h., X, GSL,, }
where, Qr = {qp,- - ,q} is the set of model states belonging to the CHD state z,
h, is the nominal state output of zy, GSL,, = {GSLy,,---,GSL,} gathers the
set of labels of zj, states. X is the nominal dynamic evolutions of the continuous
variables in the states of z.

CHD contains only transitions labeled by observable events (control command

events or fault signatures). This is the essential difference between G and CHD.
Each state of the hybrid diagnoser is of the form of Fig.3.18.

Definition 3.1 Hybrid diagnoser state zy is called normal, if GSLz is equal to

{N}-

Definition 3.2 Hybrid diagnoser state zy is called Fy,—certain ,w € {1,--- ,d}, if
GSLzy, is equal to {F,}.
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Figure 3.17: Implementation of global diagnoser D online.
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'v

X
GSL,
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Figure 3.18: State of centralized hybrid diagnoser (CHD).

Definition 3.3 Hybrid diagnoser state zj is called Fy,—uncertain, if GSLz, con-
tains different labels beside fault label F,.

Definition 3.4 An indeterminate cycle is a sequence of Fy—uncertain states in
which the hybrid diagnoser is unable to decide with certainty and within a finite
number of observable transitions the occurrence of a fault of type F,,w € {1,--- ,d}.
Therefore, a cycle is Fy,—indeterminate if the following two conditions are satisfied:

o [t is Fyy—uncertain cycle in the hybrid diagnoser;

o [ts states form two cycles in the model, the states of the first cycle have the
normal label while the states of the second cycle have fault label F,.

Example 3.8 Centralized hybrid diagnoser of the one tank system exam-
ple

CHD model of one tank water level control system is carried out in a conventional
way. For the sake of simplicity, only a part of CHD is shown in Fig.3.20. The
global hybrid diagnoser is shown in Fig.3.21. A detailed description of each state
and transition of CHD is represented by states and transition tables. The hybrid
diagnoser state table (Table 3.3) provides a detailed description of the contents of
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each hybrid diagnoser state. Hybrid diagnoser transition table (Table 3.4) defines the
initial state, the final state and the description of each hybrid diagnoser transition.

The hybrid diagnoser is constructed based on the use of hybrid automaton G of
Fig.3.14 as follows:

e Initial state z; (Fig.3.19), characterized by (Q1, h.,, &, GSL.,), is composed
of the following G states: ¢; (G initial state), go1 reached from ¢; by the
occurrence of fault event 'fppors’ (fault of type Fy) and ¢31 reached from ¢
due to the occurrence of fault event ’fi,” (fault of type F3). Thus, Q1 is equal
to {q1, ¢21, q31}- le is equal to the nominal output of the states of Q1. As we
can see in Fig.3.14 and Fig.3.19, ﬁql,ﬁqm and qu in, respectively, q1, go1 and
q31 are equivalent and equal to 00. Thus, ﬁzl is equal to 00. GSL,, gathers the
normal and fault labels associated to the states belonging to @J1. Therefore,
GSL., is equal to {N, F,, F3}. Finally, = gathers & of all the states g of
Q1. Since states go1 and g3 are reached from ¢; due to the occurrence of
unobservable event (a fault)(see Fig.3.14), & in these states are equivalent and
equal to 0 (see Fig.3.19).

[oo] [ o0

N,P;’F; \ flg
""" i CPFoﬁ(noleakage) VCPoff(no leakage)
To0 | | 00 | fony [0 | [ o0

N - 0‘ ............. N - r
| F\ /| N\

Figure 3.19: Initial state z; of centralized hybrid diagnoser (CHD).

e Continuous dynamic evolutions of states belonging to @1 will allow to generate
a set of fault signatures as we can see in Fig.3.20. These fault signatures allow
detecting and isolating parametric fault of type Fj3 as follows. ¢31 of G (reached
due to the occurrence of a fault of type F3) generates fault signature sigs
through the residual calculated in this state (see Fig.3.14 and Table3.2). This
fault signature is used as an observable transition to isolate the occurrence of
a fault of type F3 by moving to diagnoser state z3; (see Fig.3.20). The other
states of Q1, {q1,q21}, generate fault signature sigy (the continuous dynamic

evolutions in these states does not evolve). sigo is used as transition to z;;
. 2,1 is characterized by (Qll, iLZ/, I, GSL ). Qll is composed of states of Qq
1 1

excluding the state isolated from z; (gs1: fault of type F3). Thus, Q’l is equal
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to {q1, g21}. Then, all the states of G reached from Q/l due to the occurrence
of unobservable events are added to Q) (see Fig.3.14). Based on Fig.3.14, fi,
is the only unobservable event that can occur from the states of Qll. This fault
event can occur from state q; (see Fig.3.14). f;, moves the system model from
state q1 to state g3;. Therefore, Qll is equal to {q1, ¢21, 31} ﬁzi is equal

to 00. GSL  is equal to {N, Iy, F3}. & is equal to 0. Consequently, zll is
1

equivalent to z1. Thus, sigy is used as a self transition to loop in the same

hybrid diagnoser state z;.

Table 3.3: Hybrid diagnoser states table for Example 3.8.

Hybrid diagnoser Global model h, T Fault
state z states q label GSL,

21 {q1, @21, g31} 00 0 {N, Iy, I3}
) {q2, @22, g3} 01 cr {N, Iy, F3}
23 {a2, g32} 01 Le {N, F3}
2 {as, @13, gs3} 11 || 2 -0y {N, F1, F3}
25 {a2, 12, g2} 01 £e {N, F1, Fs}
26 {94, q14, g4, g3} || 10 —Oy {N, I, By, F3}
27 {q1, @11, g1, @31} || 00 0 {N, I, Iy, F3}
28 {43, @13, @3, qss} || 11 || 2 —Ov || {N, I, Fy, Fs}
29 {q11} 00 0 {Fl}
210 {q12} 01 Le {F1}
211 {q13} 11| &2 -0y {F1}
212 {q1a} 10| —Ov {F1}
213 {qo1} 00 0 {F>}
214 {q22} 01 Le {F2}
215 {qo3} 1| &2 -0y {F>}
216 {q24} 10 —Oy {F2}
z17 {g31} 00 0 {F3}
218 {gs2} 01 Le {F35}
219 {ass} 11 || 2 -0y {F5}
220 {g34} 10 —Oy {Fs}

e The states of hybrid diagnoser reached due to the occurrence of each control
command are computed. The occurrence of control command ’'Start P’ tran-
sits the hybrid diagnoser from z; to 2o characterized by (Q2, h.,, ©, GSL.,,).

o is equal to all the states reached from Q4 due to the occurrence of'Start P,
q _

Thus, Q2 is equal to {q2, q22, g32} (see Fig.3.14). Then, all the states of G
reached from @2 due to the occurrence of unobservable event are added to Q2.
No other unobservable events can occur from the states of Q2 (see Fig.loopl).
Therefore, Q2 remains equal to {g2, g22, q32}- BZQ is equal to the nominal out-
put of the states of Q2. Consequently is equal to 01 (the pump is considered to
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be started), GSL,, is equal to the set of fault labels of the states of Q2. Thus,
GSL., is equal to {N, F, F3} while & is equal to the nominal continuous
evolution of z in the states of Q. Thus, # is equal to %{’ (see Fig.3.14).
Continuous dynamic evolutions of the states belonging to Q2 will allow to gen-
erate a set of fault signatures as we can see in Fig.3.20. These fault signatures
allow converting unobservable transitions into observable ones. Consequently,
they are used in order to detect and isolate discrete fault Fo and parametric
faults F3 as follows. go2 of G (reached from the faulty state gs3; due to con-
trolled event 'Start P’) generates fault signature sigo. This fault signature
is used as an observable transition to isolate the occurrence of a fault of type
F5 by moving the diagnoser to state z92. g32 of G (reached due to the occur-
rence of fault of type F3) generates fault signature sigs. This fault signature
is used as an observable transition to isolate the occurrence of a fault of type
F5 by moving the diagnoser to state z32. In normal operating conditions, ¢
generates fault signature sigg. sigo is used as an observable transition to move
CHD to state z3.

z3 is characterized by (Qs3, ﬁzg, x, GSL.,). Q3 is composed of states of Q2
excluding the states isolated from zy (go2: fault of type F») and gso: fault of
type F3)). Thus, @3 is equal to {g2}. Then, all the states of G reached from
(3 due to the occurrence of an unobservable event are added to Q3. The only
unobservable event that can occur at g2 is fault event f;,. Therefore, Q3 is
equal to {q2, g32}. BQQ and ﬁqwfor, respectively, states go and ¢392 is equal to
01. Consequently, l~zz3 is equal to 01. Similarly, GSL,, is equal to {N, F3}

and 7 is equal to %{3 (see Fig.3.14).

Likewise, the other hybrid diagnoser states can be constructed as for zg, 21,
zg and z3. The complete CHD is depected in Fig.3.21

Table 3.4: Hybrid diagnoser transitions table for Example

3.8.

CHD Curent Future CHD Curent Future
transition || state z || state 2™ transition || state z || state 2T
8190 z1 21 Stop P z1 21
cv Z1 Z1 Sigg Z1 217

Start P 21 29 ov 21 26
sigs3 29 218 5142 29 214
S190 zZ2 z3 5190 z3 z3

Start P Z3 23 cv 23 23
5tg3 Z3 218 Stop P 23 21
ov Z3 Z4 514 Z4 Za
ov Z4 24 Start P 24 24
5ig3 24 219 Stop P 24 26
cv Z4 zs5 s14o z5 23
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s1g3 25 218 sig1 25 210
CHD Curent Future CHD Curent Future
transition || state z || state z* transition || state z || state z*
$190 26 26 Stop P 26 26
ov 26 Z6 Sigg Z6 220
cVv 26 27 Start P 26 28
5190 27 21 5141 27 29
5193 27 217 5190 28 24
5192 28 215 193 23 219
Sig1 Z9 29 Stop P 29 29
cVv 29 29 Start P 29 210
sigl 210 210 StCLT’t_P 210 210
cv 210 210 StOp_P 210 Z9
oV 210 211 5190 211 211
ov 211 Z11 Start_P Z11 Z1
cv Z11 210 StOp_P 211 Z192
190 212 212 oV 212 212
StOp_P Z192 Z12 Start_P Z12 Z11
cv Z192 Z9 ov 29 Z12
5190 213 213 % 213 213
StOp_P Z13 Z13 StCLTt_P Z13 Z214
5192 214 214 cv 214 214
Start P 214 214 Stop P 214 Z13
oV 214 215 5192 215 215
StCLTt_P Z15 Z15 oV Z15 215
cv Z15 z14 StOp_P Z15 Z16
sigo 216 216 Stop P 216 216
oV 216 216 cv Z16 213
oV 213 216 sigs3 217 217
StOp_P zZ17 z17 CV zZ17 z17
Start_P 217 Z18 Sigg Z18 218
StCLTt_P Z18 Z18 CV Z18 Z18
StOp_P Z18 z17 ov Z18 Z19
sig3 219 219 oV 219 219
Start_P Z19 Z19 cv Z19 218
Stop_P 219 220 5193 220 220
oV 2920 220 StOp_P 2920 220
StCLTt_P 220 Z19 cv 2920 217
ov Z17 290

3.3.3 Hybrid diagnosability notion

Discrete faults are structural faults leading to new operating modes. Parametric
faults can be structural faults corresponding to new faulty modes with their own
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Figure 3.20: Part of centralize hybrid diagnoser (CHD).

continuous dynamics and non-structural faults characterized as disturbances on the
operating mode of HDS. In all cases, parametric and discrete faults are defined in the
system hybrid model G as states in the associated automaton. Therefore, the para-
metric and discrete faults diagnosability notion is defined as the ability to distinguish
each of the faulty states from the normal ones (mode tracking). This distinguisha-
bility is based on the observable discrete events Y, and continuous measurements
X. The measurements are used to generate residuals in each state. Then, these
residuals are abstracted in order to obtain so-called fault signature events. These
fault signature events may turn transitions with unobservable events into observable
ones. The distinguishability of two modes depends on the fact that two faults of
two different types must produce different effect. These effects are defined by a set
of controlled mode change events (controllable events) interleaved with the fault
signature events. These event sequences are called hybrid traces or hybrid event
sequences and define the language generated by the occurrence of faults of type
Fy,w € {1,---,d}. A hybrid trace is composed of fault signatures interleaved by
control command events. Each one of the latter must be preceded and followed by a
fault signature. Therefore, the notion of diagnosability, Gomez et al. (2010) requires
that two faults belonging to two different types with respect to an initial discrete
mode at the time of fault occurrence must produce different observable languages
or hybrid event sequences. The hybrid diagnosability notion consists in determining
whether the system model is rich enough in information in order to allow the hy-
brid diagnoser to infer the occurrence of predefined faults within a finite number of
observable events and finite time of measurement deviations in one discrete mode.

Diagnosability notion defined for discrete event systems (SED), Sampath et al.
(1996), Sampath (1995), is developed in order to integrate the parametric fault
and the hybrid aspect of the considered system. Our aim is to take benefit of the
continuous dynamic evolutions in order to get rid of the existence of indeterminate
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Figure 3.21: Centralize hybrid diagnoser (CHD) model.
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cycles. Thus, an extended notion of diagnosabilty of discrete faults for HDS is
defined as follows:

Definition 3.5 HDS is said to be diagnosable with respect to projection function P
and to fault labels {Fy, Fy,--- , F;} if the following holds:

(Fv e R)(Vw € {1,---,d})(Vs € ¥sy, )(VE € htrace(HDS)/s)(|t| > v) = Diag
where the hybrid diagnosability condition Diag is:

Yy € P7YP(st)] = Sp, €y (3.28)

where,

htrace(HDS) C (3 U Sig)* denotes the set of all the hybrid traces (hybrid event
sequences) generated by HDS;

htrace(HDS)/s = {t € htrace(HDS)|st € htrace(HDS)}: denotes the set of
hybrid event sequences after s. |¢| is the number of events in ¢;

sy, 1s the set of all hybrid event sequences of HDS that end with a event of Y, .
Y F, is a set of fault events of type Fy;

P~Y[P(st)]: corresponds to all the hybrid event sequences which have an observable
projection P(st), i.e. an observable hybrid event sequences similar to the one of st;

The above definition means that the HDS, generating htrace(HDS), is diag-
nosable with respect to a set of faults of type F,,, w € {1,--- ,d}, if and only if all
the hybrid traces containing a fault of type F), have a finite observable part different
from those of all the other hybrid event sequences generated by the system.

Generally, the interest of this definition is the use of continuous information
(the set of faults signature events) in order to increase the diagnosability of discrete
faults and diagnose the parametric faults tanks to the use of fault signature events
generated due to the occurrence of parametric fault.

Each hybrid state of the system is characterized by a different evolution of con-
tinuous variables and each transition is enabled by certain number of faults signature
events associated to these variables. Consequently, in the case of existence of inde-
terminate cycle in a hybrid diagnoser, the evolution of continuous dynamics of these
variables will entail the occurrence of fault signature events associated to certain
states in this cycle. Thus, the system will get out of this indeterminate cycle within
a finite number of observable events.

Example 3.9 Comparison of the diagnosability between continuous, dis-
crete event and hybrid dynamic systems using the one tank system ex-
ample

For the one tank system example, the hybrid diagnoser allows diagnosing the
set of considered faults (Table 3.1) that can occur in the system (see Fig.3.21 and
Table 3.3). In order to show the utility of the use of both continuous and discrete
dynamics in the hybrid diagnoser, the continuous, the discrete event and the hy-
brid diagnosers are compared in this example using the controlled event sequence
'Start P’ 'Stop P’ (Fig.3.22).

e The continuous diagnoser uses a set of residuals in order to achieve the fault di-
agnosis. Since a continuous systems is considered to include one discrete mode,
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the residuals are calculated for this mode. Therefore, they are sensitive to the
faults that occur in this discrete mode. Consequently, if the system changes
its discrete mode, these residuals become uncorrected for the fault diagnosis in
this new discrete mode. For the leakage fault, residual r, calculated by (3.20)
in Example 3.4, is sensitive to this parametric fault according to the tank
system discrete mode. If the the tank system is in (VCPof f(no leakage)), r

is equal to —(0 — hl);g‘;gw + (0 — h2)op + (0 + 25;;? (h1 = h2 =0). If
the tank system changes its discrete mode due to controller command event

'Start P’ then r is equal to —(0 — hl);s‘;?x + (1 hQ)OP +(0+ 28;;\\;

(fz}l =0 and iz,g = 0). Therefore, r must take into account the discrete mode
in order to be sensitive to leakage fault according to the new discrete mode.

e The discrete diagnoser, shown in the right side of Fig.3.22, has the indeter-
minate cycle defined by (Start P Stop P)*. When the discrete diagnoser
observes 'Start _P’, it transits from uncertain state dz; (dz; denotes the ini-
tial discrete diagnoser state) with GLSg,, = {N, F»} to uncertain state dzo
with GLSg4,, = {N, F»}. The latter moves the hybrid diagnoser from z;
into z17 with (GLS,,, = F3). Then, the occurrence of 'Stop P’ moves the
discrete diagnoser from dz; into dz;. Therefore, the discrete diagnoser may
remain indefinitely in this cycle without being able to decide with certainty
the occurrence or not of a fault of type Fy. Moreover, it cannot diagnose the
parametric fault "leakage’; indicated by fault label Fj, since this fault is related
to the system continuous dynamics.

e Form initial state z7, the hybrid diagnoser shown in the left side of Fig.3.22,
diagnoses with certainty the occurrence of a fault of type F3 due to the obser-
vation of the fault signature event sigs. The latter moves the hybrid diagnoser
from z; into z17 with (GLS,,, = F3). sigs is generated thanks to the abstrac-
tion of residual r calculated based on the continuous dynamics in z;. The
hybrid diagnoser moves from z1 to 29 by the occurrence of 'Start P’. In zo,
the hybrid diagnoser isolates with certainty the occurrence of a fault of types
F5 or F3 thanks to the observation of, respectively, sigo or sigs. In addition,
the hybrid diagnoser can infer the absence of a fault of type F» tanks to the
observation of fault signature event sigy (see Fig.3.22).

We can conclude that, the hybrid diagnoser is able to diagnose with certainty the
occurrence of the set of faults of Table 3.1 tanks to the use of both the continuous
and discrete dynamics.

3.3.4 Parametric faults Identification

After isolating a parametric fault, a phase of identification is necessary to define its
amplitude, Brito Palma et al. (2005). When the parametric fault is detected, the
system is assumed to be in faulty state and it is modeled by a linear differential
equation (L.D.E) (3.8) with faulty matrices (A7, A™ and B!, j € {1,---,L}, i €
{1,---,n}). The parameter identification is done through two steps. In the first
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Figure 3.22: Comparison of discrete and hybrid diagnosers in response to the ob-
servation of controller command squence ’Start P”Stop P’

step, the L.D.E are exploited in order to determine the sensitive residuals to this
fault. Then, these residuals are analyzed in order to identify the fault parameters.

Example 3.10 Parametric faults Identification for one tank system ex-
ample

In the one tank system example (Fig.3.2), one parametric fault is considered
(leakage in the tank: fault of type F3). After the detection of the occurrence of this
fault, the real value of leakage section s;, has to be determined. For this example,
the system is modeled through one continuous variable x (the water level) and one
residual r is generated by the system. By analyzing the L.D.E of this system (3.15),
the relationship between r and L.D.E in the case of occurrence of a parametric fault
of type F3 is defined as follows:

_ (il 1y svv2g 72 2\0 s19v'29
r=—(hy; — hq)QS‘;\/ﬁx + (hg — hy)TE — (0 — 25;\/%33)
Since only simple fault scenarios are considered and in the case of the occurrence
of a fault of type F3, i.e., leakage in the tank hé and hg are equal, respectively, to

h; and hg. Therefore, residual 7 in this case is equal to:

o _ . S19v/29
r = 0 + 0 (0 S oo x) (3.29)
r= Slav29 .
2s7+/To

Based on (3.29), si4 is calculated as follows:

_ 2oy
Slg = WT (330)
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3.4 Summary

As discussed in Chapter 2, many HDS diagnosis approaches, diagnose only para-
metric or only discrete faults. While, the approaches that diagnose both parametric
and discrete faults do not scale well to large scale systems. In our approach, we
take benefit of the modularity of the system in order to facilitate the construction
of the system global model. The latter is decomposed into a set of interacting hy-
brid components. The local hybrid model is built for each hybrid component. The
system global model is obtained by synchronizing the set of local hybrid models.
Then, the hybrid diagnoser is constructed based on the system global model. The
hybrid diagnoser exploits the continuous and discrete dynamics as well as the in-
teractions between them in order to enhance the diagnosability of discrete faults as
well as parametric faults. Indeed, the hybrid diagnoser exploits the system contin-
uous dynamic evolution in each discrete mode in order to generate a new kind of
observable events called fault signatures. The latter allow converting unobservable
transitions into observable ones. Thus, fault signatures are used in order to enhance
the diagnosis capacity of parametric and discrete faults.

The number of the system global states, gs, increases exponentially with respect
to the number, Is/, j € 1,---, L, of the local states of system hybrid components
since gs is equal to Is'--- x Is? x --- x Is®. Therefore, the use of the global model
in order to construct the diagnoser can be very hard in the case of large scale
systems. with multiple discrete states In order to overcome this problem, a hybrid

decentralized fault diagnosis structure for large scale HDS are proposed in Chapter
4.
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CHAPTER 4
Decentralized hybrid diagnosis
and co-diagnosability
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4.1 Introduction

Fault diagnosis approaches of the literature do not scale to HDS with a large number
of discrete modes because they achieve fault diagnosis using one centralized diagnosis
module, i.e., diagnoser. The latter is built using a global model of the system.
Centralized diagnosis approaches entail two problems:

1. the weak robustness in the sense that, when the global diagnoser fails, this
may bring down the entire diagnosis task;

2. the system global model can be too huge to be physically constructed. As an
example, the global model of telecommunication networks, as the one studied
in Pencolé and Cordier (2005), has a size of the order of 219 x 4390, Therefore,
constructing a global model for this type of large scale systems is physically
unfeasible.

Consequently, in this chapter, the proposed approach of Chapter 3, Louajri et al.
(2013), Louajri and Sayed-Mouchaweh (2014d), is developed in order to achieve
the diagnosis of parametric and discrete faults in decentralized manner using sev-
eral local hybrid diagnosers, Louajri and Sayed-Mouchaweh (2014b), based on the
following steps (Fig.4.1):
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Decomposition of the system into a set of L interacting hybrid components,
HCj, j€{1,---,L}. Asshown in subsection 3.2.4 of Chapter 3, each Hybrid
component HC} is composed of one discrete component Dc; with the set of
g, g < n, continuous components (Ccs) whose continuous dynamic behavior
is changed according to Dc; discrete states;

Construction of local hybrid models, G1,--- ,G¥, for the system hybrid com-
ponents HC1,--- , HCL. The details of this step can be found in Chapter 3,
subsection 3.2.4;

Construction of local hybrid diagnoser D;, j € {1,---,L}, based on local
model G7, j € {1,---, L}, of each hybrid component HC). The objective of
this local hybrid diagnoser is to detect and isolate the occurrence of parametric
and discrete faults that can occur in HC).

Construction of a coordinator in order to merge the different local diagnosers’
decisions and to issue one global diagnosis decision equivalent to the one pro-
vided by the centralized diagnoser. This decisions merging is based on the use
of rules allowing overcoming the decision ambiguity that can be arisen due to
the partial observability of the system by each local hybrid diagnoser.

Two major differences can be stated between the centralized diagnosis approach,
studied in Chapter 3, and the decentralized diagnosis approach:

1. the fault diagnosis is achieved by a set of local diagnosers, and not by one

global diagnoser. Therefore, the diagnosis robustness is enhanced in the sense
that when one local diagnoser is failed, the other local diagnosers remain
operational and continue to assure their fault diagnosis.

. the local diagnosers are constructed based on the use of local models. The

complexity for constructing the local diagnosers is polynomial in the size of
local models. Therefore, no need to use a global model to achieve the fault
diagnosis of the system. This helps to overcome the problem of handling a
huge number of discrete modes in the case of large scale HDS.

Chapter 4 is organized as follows. Firstly, the different steps of the decentralized

hybrid diagnosis approach are presented. Then, the procedure to build the local
hybrid diagnoser for each hybrid component of the system is detailed. Then, the
steps to merge the local diagnosis decisions through a coordinator are discussed.
Finally, the comparison between centralized and decentralized diagnosis structure is
presented. The example of one tank level water control system is used throughout
the chapter in order to illustrate the proposed approach and to compare it with the
centralized approach detailed in Chapter 3.

4.2 Local hybrid diagnoser

Local hybrid diagnoser D;, j € {1,---, L}, is built based on local model G’ of each
hybrid component HC';. The objective of D; is to detect and isolate the occurrence
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Hybrid dynamic system HDS
Decomposition
Interactions
! \
Hybrid component Hybrid component Hybrid component
HC, Interactions HC, Interactions HC,
Local hybrid Local hybrid Local hybrid
model G! model G? model G®
Local hybrid Local hybrid Local hybrid
diagnoser D, diagnoser D, diagnoser D,
Local diagnosis DD, DD,
decision DD,

Coordinator

¥

Global diagnosis decision DD

Figure 4.1: Decentralized hybrid diagnosis structure for a HDS composed of 3 in-

teracting HC's.

of parametric and discrete faults that can occur in HC};. D; observes in each local

discrete state ¢/ a part (Xj and X7 ) of the system real and nominal continuous

dynamic evolutions X and X. Therefore, D; states are defined based on ¢, X7 and

X7 In the next subsections,the details required to construct D; are presented.

4.2.1 Local fault signature construction

Let us consider the set of residuals r;, i € {1, -+ ,n}, generated by the global sys-
tem, G, in each global discrete state g, as developed in subsection 3.2.3 of Chapter 3:

Ti:j}i—l‘i

L .
— J
T, = Z Ty + T
—

o= S5 (AP~ 1A 2+ (WGB! — B! ) u

J
where,
n
m=1
noo
Tei = . (AZ’ — AZZ) T
m=1

Based on (3.27), the set of residuals defined in global state ¢ belonging to the
diagnoser state z are abstracted into a global fault signature as follows (see subsec-

tion 3.3.1 of Chapter 3):
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sig, = ( CS(r1) DS(rl))& &( CS(rs) DS(TZ))& & (rns““") DS(rn))
Based on (3.9) and (3.13) (see subsection 3.2.2 of Chapter 3 for more details), the

normal and global dynamic evolutions in ¢ = (¢'--- ¢’ - - - ¢*) are defined as follows:

As defined in subsection 3.2.4 of Chapter 3, each hybrid component HCj is
composed of one discrete component Dc; and the set of {Ccy} , g < n, continuous
components (Ccs) whose continuous dynamic behavior is changed according to Dc;
discrete states. Therefore, the set of continuous variables associated to the set of
Ces belonging to HCj is equal to:

X9 = [ag, - a4,]"

The set of parts of real continuous dynamic evolutions that change according to the
discrete state ¢/ of Dc; is described as follows:

Xi = [asgl . xég]T

where, xf, i € {g1, - ,9q}, describes the part of @; that changes according to the
Dc; discrete state (¢7).

The set of real parts of continuous dynamic evolutions of X7, related to Dc;j, that
does not Change according to the discrete state of the system is defined as follows:
XL = [ieg, - g, )T

Likewise, the set of parts of nominal continuous dynamic evolutions that change
according to discrete state ¢/ of Dc; is described as follows:

X7 = [ﬂUgl .. .i»ég]T

where, :vg, i€ {g1, - ,9g}, describes the part of &; that changes according to the
nominal Dc; discrete state.

The set of nominal parts of continuous dynamic evolutions that does not change
according to the discrete state of the system:

Xg = [»%cm ’ ."%ng]T

Therefore, the set of parts 7/ + rg of residuals r associated to HC) is defined as
follows:

r= ()N(] +)~(£) - (X]Jng)
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- ()T(J' - Xj) + ()EZ —Xﬁ)
i e 7 a7

x.‘]l Jf’g Cchl mcgl
= xi - 1{ + T - Tei
7j . ~ .
L Tgy | L ZTgy [ Tegg | L Tegg |
- ] - - -
T Tegy
_ J .
- T; + Tci
J
L rgg . L ngg .
r= r + rl
=7l 47l

Let M; be the masque function defining the continuous dynamic evolutions im-
pacted by discrete state ¢/ of HCj. M;j(r) is equal to the part of residual r related to
the discrete and continuous dynamics defined by the HC; components. Therefore,
for each hybrid component HC}, M;(r) is defined as follows (see Fig.4.2):

M;(r) =1 + 7} (4.1)

M,(r) e M () i M, (r)
A A A 4

ol o1 j j L L

7 +"z‘ o r’'+r o r +rc

Figure 4.2: Local residuals related to HC}, j € {1,---,L}.

The local fault signatures are obtained by abstracting the different parts of
residuals defined in the local hybrid states of GJ/. This abstraction is achieved by
continuous and discrete symbols generation as the one defined for the global residual
r (see subsection 3.3.1 of Chapter 3 for more details). By analogy to the global fault
signature at global diagnoser state z defined by (3.27), local fault signature sig,; at
local hybrid state 27 is the combination of continuous and discrete symbols of the
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different g residual parts as follows:

M;(sig.) = sig,; = (Mj(rl)CS(Mj(”)),DS(Mj(rl))) & & (Mj(m)CS(Mj(n)),
DS(Mj(r:))) & -+ & (Mj(ry)) M) DS(M;(r4)))

Ifrg, k& {g1, - ,99} = Mj(ry) = @.

Based on (4.1), sig,; is written as follows:

51955 = ((7‘51 + Tcy1)cs(rgl+rcgl)v DS(rj, + 70091)) Lok ((7"5 + Tci)CS(T5+TCi)a
DS(r! + rm-)) & & ((rgg + 7eg, )OSRt Te0) DS () + rcgg))
_ (4.2)
Local continuous symbols C'S(r] +re;) € {0, —, +} represent the qualitative abstrac-

tion of the part (r] + r¢;) of residual r; observed by HCj into stable/ decreasing/
increasing ones:

e 0: rf(t) and rgi(t) belongs to the nominal interval;

o —:7/(t) or 1/ (t) is below the nominal interval;

o |: rg (t) or rji(t) is above the nominal interval,

C

e &: if r; is defined for a continuous component Cc;which does not belong to
HCj (CCz ¢ HC])

Local discrete symbols DS(’I”Z-FTCZ') € {PCij, NC’f, UC’Z} represent the abstraction of

each residual part (1] 4 r¢;) in order to distinguish between parametric and discrete
faults as follows:

° PCij = +Val: denotes an abrupt positive change in rg due to a discrete
fault caused by Dc;j. +Val is equal to the absolute value of A"z, or Bju
associated to hi;

e N C’ij = —Val: denotes an abrupt negative change in part of residual rf due
to a discrete fault caused by Dc;;

° UCij : denotes that there is no observed abrupt change in r7;

o &:if Cc; ¢ HC;.
Example 4.1 Local fault signatures for the one tank system example

As shown in Example 3.5 of Chapter 3, the one tank system is decomposed into
two hybrid components:

e HC; composed of valve V' (Decy) and the tank (Cc);

e H(C5 composed of pump P (Dcsy) and the tank (Cc).
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The residual r of this system is defined, as we can see in Example 3.4, as follows:

r==&—2=
_ 1 sv/2g 20 hgsv/2g 20 s19v/29
_< hQ2sV\/TIjl7“ P>7< 238\/7 T+ (1873: 2sz~\/7 )
— _1(h1 hl);s‘;ra:—i—(hQ he) 2+ (0+ QSijr )
=rl 42 4,
where,
- h1)258vT\\; = (h} — h))Oy
r2 — (fLZ h2>0P
ST
= (0+ ;;;? )= (0+0y)

(4.3)

where, Oy is the valve flow rate, Oy is the leakage flow rate and Op is the pump

flow rate.

Since HC| is composed of valve V' (Dey) and the tank (Cc), the masque function

M;(r) is defined as follows:
Mi(r) =71 +r.

Since HC4 is composed of pump P (Dcy) and the tank (Cc), the masque function

M>(r) is defined as follows:
My(r) =72+,

Based on Fig.3.10 of Example 3.5, the local fault signatures for HC; can be calcu-

lated as follows:

e In normal operating mode of hybrid component HCj (¢i and ¢} of Fig.3.10),
the parts (r! and 7.) of residual r defined in these states (¢i and ¢3) are equal
to zero (because ﬁ; = hé and s, = 0). By abstracting the value of (r! + r)
in these states, HC; generates the following normal local fault signature:

sigg = ((rl + rc)o , UC’1>

e Faulty local state (g} :
discrete fault 'valve stuck open’.
residual r defined in this state is equal to Oy (because hé = 0 while h(ll

VSO(no leakage)) corresponds to the occurrence of
Therefore, based on (4.3), the part r! of

:1)

and 7. is equal to zero (because s;; = 0). By abstracting (r! +r.) in this state,

HC) generates the following local fault signature:
sigh = ((rt+7.) ", PC})

This positive change PCY is equal to (Oy = sv V2 2 1) (see Fig.3.10).

T 2s7+/T0

e Faulty local states (gi : VC(leakage) and g} :

VO(leakage)), corresponding

to the occurrence of a leakage, the part 7! of residual defined in these states is
equal to zero (because ﬁé = hj) and r is equal to Oy (because siy # 0). By
abstracting the value of (r! +7.) in these states, HC} generates the following
local fault signature:

sigs = ((rl + TC)+ , UC'1>

As shown in Example 3.7 of Chapter 3, the parametric fault representing the
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leakage is considered to be progressive. The parameter of this fault corresponds
to the leakage section.

Based on the same reasoning used to construct the fault signatures of HCY, the
fault signature of HCy can be computed using Fig.3.11 of Example 3.5

e In normal operating mode of hybrid component HC> (¢f and ¢3 of Fig.3.11),
the parts (r? and r.) of residual r defined in these states are equal to zero. By
abstracting the value of (r? +r.) in these states, HC3 generates the following
normal local fault signature:

sigé = ((7’2 + 7’0)0 , UCQ>

e Faulty local state (¢7 : PFof f(no leakage)) corresponds to the occurrence of
discrete fault 'pump failed off”. Therefore, based on (4.3), the part r? of r

defined in these states is equal to 2—1{’ and r, is equal to zero. By abstracting

(r? 4+ r.) in these states, HC5 generates the following local fault signature:
sigy = (2 +7.) ", PC3)
This positive change PC? is equal to %{’ (see Fig.3.11).

e Faulty local states (¢2 : Pof f(leakage) and q3 : Pon(leakage)), the part 72
of residual r defined in these states is equal to zero and r. is equal to Oy. By
abstracting the value of (r? +7.) in these states, HCy generates the following
local fault signature:

sigg = ((r2 + TC)+ , UC'2>

4.2.2 Local hybrid diagnoser construction

The objective of local hybrid diagnoser D; of HC is to detect and isolate the occur-
rence of parametric and discrete faults affecting the dynamics of hybrid component
HCj. Dj is built based on the local model, G7, of HCj. Initial state 2] of Dj is
composed of initial state q{ of G’ and all states qi of GJ reached from q{ by the
occurrence of unobservable events. Then, the G7 states that are reached from any
GY state belonging to z{ , through either the same control command event or the

same local fault signature, are gathered into the same state z3. By following the

same reasoning, the other D; states are constructed. Thus, D; transition function
can be defined by:

§ =79 x Sigl x X9 — 73 (4.4)

where, Z7 is the set of all D; states and Sig? denotes the set of all Dj local fault
signatures sig,; generated by its HC).

Each state z,i of Dj is of the form (see Fig.4.3):
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il I
g
X

HSL,

Figure 4.3: Local state of decentralized hybrid diagnoser D;.

where, Qj = {qZ, e ,q‘lj} is the set of model local states belonging to the D; state
z,, hl is the nominal local state output of zj, HSL;,- = {HSL;J-,-~- ,HSL‘;]-}
k b l

_ - . 1T
gathers the set of labels of 2], states and X7 = [a:]l, e ,a';j] is the nominal parts

of dynamic evolutions of the continuous variables in the local states of zi
D; contains only the transitions labeled by observable events (control command
events or fault signatures). This is the essential difference between G’ and D;.

Definition 4.1 The state zi of local hybrid diagnoser D; is called normal, if HSL;
k
is equal to {N;}.

Definition 4.2 The state zi of local hybrid diagnoser D; is called F,—certain ,w €
{1,---,d’}, z’fHSLJZj is equal to {F,}.
k

Definition 4.3 The state zi of local hybrid diagnoser Dj is called F,—uncertain,
if HSLJZJ- contains at least one other label in addition to fault label F,.
k

Definition 4.4 An F,, indeterminate cycle is a sequence of F,—uncertain states
in which the local hybrid diagnoser D; is unable to decide with certainty and within
a finite number of observable transitions the occurrence of a fault of type F,,w €
{1,---,d’}. Therefore, a cycle is F,—indeterminate if the following two conditions
are satisfied:

o [t is F\y—uncertain cycle in the local hybrid diagnoser D;;

o Its states form two cycles in the model G7, the states of the first cycle have
the normal label N7 while the states of the second cycle have fault label F,.

Example 4.2 Local hybrid diagnoser of one tank system example

For the one tank system example, two local hybrid diagnosers D; and Ds are
constructed for, respectively, HC1 and HCs .

Dy is constructed based on the use of local hybrid automaton G* of Fig.3.10 as
follows:

e Initial state 2| (Fig.4.4), characterized by (Q}, Bil’ &, HSLil), is composed
1 1
of the following G! states: ¢} (G' initial state), ¢t reached from ¢} by the
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&

I'C (no leakage)@

Figure 4.4: Initial state z{ of local hybrid diagnoser D;.

occurrence of fault event f, (fault of type F3). Thus, Q1 is equal to {qf, ¢i}.
hil is equal to the nominal output of the states of Q1. As we can see in
1

Fig.3.10 and Fig.4.4, ﬁ;l and E;l in, respectively, q% and qgl) are equivalent
K 5
and equal to 0. Thus, hil is equal to 0. HSL;1 gathers the normal and fault
1 1
labels associated to the states belonging to Q1. Therefore, H SL;1 is equal
1

to {Ni, F3}. Finally, #' gathers &' of all the states q; of Q1. Since state ¢}
is reached from ¢f due to the occurrence of unobservable event (a fault)(see
Fig.3.10), 2! in ¢} and ¢} are equivalent and equal to 0 (see Fig.4.4).

Continuous dynamic evolutions of states belonging to @} will allow to generate
a set of fault signatures as we can see in Fig.4.5. These fault signatures
allow detecting and isolating parametric faults of type Fj as follows. g of G*
(reached due to the occurrence of a fault of type F3) generates fault signature
sigs through the part (r!+7.) of residual r calculated in this state (r' = 0 and
re = Oyy)(see Fig.3.10 and Table 4.1). sigi is used as an observable transition
to isolate the occurrence of a fault of type F3 by moving to diagnoser state
2} (see Fig.4.5). The other state of Q1, g1, generates fault signature sigj (the
parts (7! + r.) of residual 7 in these state does not evolve yet (r! = 0 and
re = 0)). sigy is used to label the transition to z]';

21" is characterized by (Q}, Biw it HSL;,). Q1" is composed of states
1 1

of @} excluding the state isolated from 2{ (gi: fault of type F3). Thus, Q%’
is equal to {gi}. Then, all the states of G! reached from Q%/ due to the
occurrence of unobservable events are added to Q%/ (see Fig.3.10). Based on
Fig.3.10, fi4 is the only unobservable event that can occur from the states of
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Q1’. This fault event can occur from state g} (see Fig.3.10). f, moves HCy
model from state gi to state gi. Therefore, Q%’ is equal to {q1, g1} hil/ is
1

equal to 0. HSL;/ is equal to {N7, F3}. &' is equal to 0. Consequently, z%’
1

is equivalent to 2f. Thus, sigg is used as a self transition to loop in the same
local hybrid diagnoser state 2} (see Fig.4.4).

sigh, CV
h 4 il
| ;1 - v I sig,, OV
T4 | 0 s 1
, T
ds o 45
0 - -0,
F,  [&—<— F
7y A
sigy,CV sig} 5183
| v . 1
210 2 1 I sig,, OV
. 1 1 1
AT or 1> 432 4
0 -0,
Nl’ F3 Nl’ Fl’ FS
cV
z 0
siol 1 1 1 siol
50 415445 45 53
0
Ny, F,, F,
.1
sig,, 0V sig! 1
| a’l -~ A2 Iszgl,CV
7 1 <6 0
q; 4
-0, oV 0
F, F,

Figure 4.5: Local hybrid diagnoser D, of HC.

e The states of D reached due to the occurrence of each control command are

computed. The occurrence of control command OV moves D; from z{ to z3
characterized by (Q3, hil, !, HSL;). Q3 is equal to all the states reached
2 2

from Qi due to the occurrence of ‘OV’. Thus, Q} is equal to {q3, ¢} (see
Fig.3.10). Then, all the states of G! reached from Q1 due to the occurrence of
unobservable event are added to Q3. The unobservable event, other than figs
that can occur at g4 is fault event fiy so. Therefore, Q9 is equal to {q3, q3, gt}
ﬁi% is equal to the nominal output of the states of Q3. Consequently, Bi% is
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equal to 1 (the valve is considered to be opened), HSL;1 is equal to the set of
2

fault labels of the states of Q3. Thus, HSL;1 is equal to {N1, Fi, F3} while
2

#! is equal to the nominal part of continuous evolution of z! in the states of

Q3. Thus, &' is equal to —Oy (see Fig.3.10).

Continuous dynamic evolutions of the states belonging to Q3 will allow to gen-
erate a set of local fault signatures as we can see in Fig.4.5. These fault signa-
tures allow converting unobservable transitions into observable ones. Conse-
quently, they are used in order to detect and isolate parametric faults of type
F3 as follows. ¢} of G! (reached from faulty state g3 due to controlled event
OV') generates fault signature sigi. sigs is used as an observable transition to
isolate the occurrence of a fault of type F3 by moving the diagnoser to state
zt. The other states of Q3, {g3, ¢}, generate local fault signature sig} (the
parts of continuous dynamic evolutions in these state do not evolve). sigg is
used as a self transition to loop in the same local hybrid diagnoser state z3.

The occurrence of control command CV transits Dy from z3 to 23 character-
ized by (Q3, hil’ !, HSL;). Q3 is equal to all the states reached from Q1
3 3

due to the occurrence of CV. Thus, Q3 is equal to {qi, ¢}, ¢i} (see Fig.3.10).
Then, all the states of G! reached from Q3 due to the occurrence of unobserv-
able events are added to Q%. No other unobservable events can occur from
the states of Q3 (see Fig.3.10). Therefore, Q3 remains equal to {qgi, qil 3}

}Nlié is equal to the nominal output of the states of Q3. Consequently, h'

. I8
23

equal to 0 (the valve is considered to be closed), HSL;1 is equal to the set of
3

fault labels of the states of Q1. Thus, HSL;1 is equal to {N1, Fi, F3} while

~ 3

@' is equal to the nominal part of continuous evolution of 2! in the states of

Q3. Thus, ! is equal to 0 (see Fig.3.10).

Continuous dynamic evolutions of the states belonging to Q3 will allow to gen-
erate a set of fault signatures as we can see in Fig.4.5. These fault signatures
allow converting unobservable transitions into observable ones. Consequently,
they are used in order to detect and isolate a discrete faults of type F; and
parametric faults of type Fj as follows. ¢} of G! (reached from faulty state q?l)
due to controlled event C'V') generates fault signature sigi. sigi is used as an
observable transition to isolate the occurrence of a fault of type Fi by moving
D, to state zé. qé of G! (reached from the faulty state qé due to controlled
event 'CV’) generates fault signature sigi. sigi is used as an observable tran-
sition to isolate the occurrence of a fault of type F3 by moving the diagnoser
to state zi. The other state of Q%, qi, generates fault signature sigé (the parts
of continuous dynamic evolutions in these state do not evolve). sig} is used
as a transition to loop Dj initial state z{ (see Fig.4.5).

Based on the same reasoning used to construct local diagnoser D1 of HCY, Dy of
HC(C5 can be constructed as we can see in Fig.4.6.

Table 4.1 and Table 4.2 represent, respectively, the local fault signatures used
by local hybrid diagnosers D1 and D2 in order to achieve their diagnosis.
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Figure 4.6: Local hybrid diagnoser Do of HC.

4.3 Coordinator construction

The coordinator aims at providing a global diagnosis decision equivalent to the one of
a centralized diagnoser. It achieves that based on the use of local diagnosis decisions

provided by the local diagnosers. The coordinator is composed of two main parts
(see Fig.4.7):

1. Central processing point;

2. Decision merging point.
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Table 4.1: Local fault signatures used by local hybrid diagnoser D;.

Local fault signature Part of residual value Local fault
name rl 47, signature

sigg 0 ((rt +r)0,UCh)

sig: ;s‘;‘\/ﬁi%a: ((rt +re)™, PCY)

Siga ;sl?/\/z%x (rt +re)t,UCh)

Table 4.2: Fault signatures used by local hybrid diagnoser of HCy to achieve its

diagnosis.
Local fault signature Part of residual value Local fault
name r? 47, signature
sigs 0 (r*+ 1), UC?)
sig3 %’f ((r* +re)™, PC?)
sig3 ;SZQT%:B (r*+re)T,UC?)

4.3.1 Central processing point construction

As shown in subsection 4.2.2, local diagnoser D; takes benefit of the local fault
signatures in order to enhance the diagnosability of the parametric and discrete
faults that can occur in its associated HCj. Indeed, these fault signatures are used
to convert unobservable transitions into observable ones. This conversion helps to
isolate the occurrence of certain parametric and discrete faults by distinguishing
their corresponding failure mode states from the other ones. To achieve that, D;
requires its associated local fault signatures. Since X is not measurable at the level
of local diagnosers (X7, j € {1,---, L}, is not measurable), the part (r/ + 72) of
residuals 7 is not measurable. Consequently, the local fault signatures cannot be
calculated at the level of local diagnosers. Indeed, only the global residual r = X — X
can be calculated. Thus, a central processing point is defined in order to construct
observable local fault signatures based on the use of global residuals r (see Fig.4.8).
To achieve that, the central processing point computes first the global residuals
r. Then, its replaces the unmeasurable local residuals (r/ + r#) in the local fault
signatures by r. This allows calculating observable fault signatures.

4.3.1.1 Global residual computing

The global residuals r is computed at the central processing point as follows (see
Fig.4.8):

e The parts {Xl, D CEE 7XL} of nominal continuous dynamic evolutions X
are sent by the local diagnosers {Dy,---, Dj, -+, D} to the central processing
point;

doc.univ-lille1.fr



© 2015 Tous droits réservés.

Thése de Hanane Louajri, Lille 1, 2015

B Central processing point -

4.3. Coordinator construction 91
— D A D —
DDll :X‘ g :)?L :DDL
| |
| [

: : M, M, : :

I . - I
| | sig, sig, | |
| |
| - |
| | Coordinator | |
o L
| ' ' 1
| [
| [

b ———-> Decision merging point K————————— 4

Global decision
DD

Figure 4.7: Coordinator to compute the global decision DD.

e The part X, of X that does not change according to the discrete state of the
system is registered in the central processing point (see Fig.4.8);

e The global nominal continuous dynamic evolution X is computed as the sum
of the parts {X1,~~ X ,XL} and X,;

e The global residual r is calculated as the difference between nominal X and
real X continuous dynamic evolutions;

4.3.1.2 Equivalence between global and local residuals

Through this subsection the equivalence between the global and local residual will
be demonstrated as follows.

Based on (3.19), the set of residuals {r;}, ¢ € {1,--- ,n}, generated by the global
system G in each global discrete state ¢, is decomposed into a set of L parts rzj and
r¢. Therefore, we can write:

L
ri = Z 7“3 + e
j=1
ri=ride 4t g

e Let us consider the occurrence of a discrete fault related to Dc; (iL‘ZI # hg).
Based on (3.19), the residual 7 is computed for each C'¢; € HCj as follows:

. n -~ o~ . . . -~ o~ . .
) (PAAT — AT ) w + (RGB! = BB ) u
m=
where, 77 is different from zero since h different from hj.
Since one fault can occur at the same time, rf" , k # j, and r¢; are equal to
zero. Consequently, we can write:

ri=04-404+7r +0+---+0
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r; = rf == rf + 7¢i (since 74;=0).

For each Cc,, ¢ HCj, the residual 7, is equal to zero (the discrete state of
Dc; does not influence the dynamic evolution of CCp,).

Thus, we can write:

VCle¢; GHC]‘,
rf—H“CZ- =1
VCCm %HCJ
7ﬁZn"’Tcm =0 (45)
Vke{l,- L}, k#j
VCc, € HCY
rf—krcv =0

Let us now consider the occurrence of a parametric fault related to the change

in the value of parameter A for Cc; € HC;. Based on (3.19), we can write:
n

rei = 3 (Agg _ Agg) T

m=1
rei is different from zero. Since one fault can occur at the same time, ], j €
{1,--+,L}, and ry, # r; are equal to zero. Consequently, we can write:

Ti:0+"'+0+"'+0+7"ci A

i =T = Ti =71 +1¢ (since 1) = 0).

Likewise, for each HCYy, k # j that contains Cc;, rf + rci = r;. Thus, we can
write:

Vjie{l,---,L}, Cc; € HC,
rf—i—rci:n—
VCcm;éC'ci
P+ Tem = 0
Vke{l,--- L}, k#j, Cc; € HC,
Tf‘}"rci:ri (46)
VCcnm # Ccy
r,’fl—i—rcm:()
Vse{l,---,L}, s#j, s#k, Cc; ¢ HC,
VCe, € HC,

S —
Ty +7Tey = 0

4.3.1.3 Local residual computation

As developed in subsection 3.3.1, the global residuals allow discriminating the oc-
currence of parametric and discrete faults. As an example, a discrete fault in Dc;

causes an abrupt positive change in residual r; equal to PC’Z-j . Consequently, based on

subsection 4.3.1.2, the central processing point replaces the local residuals (17 + rg),
which are not measurable, by the global residuals r as follows:

e when the global residuals {r;}, i € {1,--- ,n}, is equal to PCij or NC’ij (abrupt

positive or negative change in global residuals {r;}, i € {1,--- ,n}, due to a
discrete fault caused by Dc;j, the local residuals are computed by (4.5);
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e when r; # 0 and r,,, =0, m # 4, m € {1,--- ,n} and r; is not equal to any
defined PCZ or NC’Z, j€{1,---,L}, (there is no observed abrupt change in
residuals), this indicates the occurrence of a parametric fault in continuous
component C¢;. Thus, the local residuals are computed by (4.6);

e when the global residual {r;} i € {1,---,n} is equal to zero, i.e, normal
operating mode, the local residuals are computed as follows:

{Vjé{l,---,L}, CCZ‘EHC]' (47)

rf-+rci:0

Replacing the unmeasurable local residuals (r/ + rﬁ) in the local fault signature
stg,; by their corresponding measurable values and abstracting these values into
discrete and continuous symbols, leads to obtain observable local fault signature
sig,i. The latter, entails the evolution of D; from one state to another one.

Discrete controller
command K
Kl KJ lKL
sig . . 5
) .o ; oo o Sigql
|2 o I . a1l
X X7 Sig ; X7
| I I
Local :ign;l‘ture : I Local signature I Local signature
construction et . : construction
| | construction o+ rcj |
L L
M+ rc1 I l l FUtr
| I I
| — |
| | Central processing point |
slobal residuals computation
| Global idual putati |
| I
1 i n
I Acl Acl '” Az‘l l
(N : Lo e —————— ——— 1
& _ 1 i n
Xe= A,"i A,"i A,”i X Local
- : r residual
1 i .
S A, A;,, e AZ, computation
FeT= 7 ~ jod o fod ~
| X=X"+.+ X'+ +X"+X,
2|1 [4
8 3 — 1 r
= X dt X . ~ .
r=|:|=X-X
Ty

Figure 4.8: Central processing point used to compute the current global fault sig-
nature.

Example 4.3 Central processing point of one tank system example
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As shown in Example 4.2 for the one tank system example, two local hybrid diag-
nosers D; and Dy are constructed for, respectively, HC7; and HC5. Each one of
them sends its part of nominal continuous dynamic evolution to the central process-
ing point. Therefore, D; sends &!; while Dy sends #2. First, The central processing
point calculates the nominal continuous dynamic evolution (see equation (3.17) in
Example 3.3):

=1+ 1%+ .

V39 1 — () (3 = 0).

T Osrymot T
The real continuous evolution is obtained by the system through the continuous

sensor measuring the water level x in the tank. Second, The central processing
point calculates residual r as a difference between the nominal and real continuous
dynamic evolutions of x. Finally, the local residuals are computed as follows (see
Fig.4.9):

where, &, =

e Based on (4.5), when r is equal to ;s‘/T‘/\/i%x = PC! (see Table 4.1), the local

residuals are computed as follows:

rl—&—rczr
{ 2 +r.=0 (4.8)

e Based on (4.5), when r is equal to %{’ = PC? (see Table 4.2), the local
residuals are computed as follows:

7’1 +r.=0
{ 2 fr.=r (4.9)
e Based on (4.7), when r is equal to 0 (see Table 4.1 and Table 4.2), the local
residuals are computed as follows:

rl+r.=0
{ g (4.10)
e Otherwise, i.e, there is no observed abrupt change in residual (parametric fault

representing a leakage), the local residuals are computed by (4.6) as follows:

{rl+rc:r

R (4.11)

4.3.2 Decision merging point construction

The system decomposition achieved by the proposed approach allows each local
hybrid diagnoser to diagnose faults that can occur in its corresponding hybrid com-
ponent. In order to obtain a decentralized diagnosis performance equivalent to a
centralized diagnoser, a decision merging point is defined. It generates a global
diagnosis decision by merging local diagnosis decisions provided by local hybrid
diagnosers. Let F',-..  FJ ... FL denote the set of fault types that can occur, re-
spectively, in HC,--- ,HC},--- , HC. Global diagnosis decision DD is computed
based on the following rules (see Table 4.3):
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Figure 4.9: Central processing point for one tank system example.

e Rule 1: Global diagnoser D issues the decision DD equal to "N’ only if the sys-
tem is in a normal operating mode. Thus, the global decision, DD, issued by
the coordinator is equal to N’ iff all the components of the system are in nor-

mal operating mode, i.e., all the local diagnosers {D1,---,Dj,---,Dr}, de-
clare a local decision {DDy,--- ,DDj,--- ,DDr}, equal to 'Ny’,--- JN;,-- -,
’NL’;

e Rule 2: If D issues DD equal to "F}’, then local diagnoser D; will declare with
certainty the occurrence of a fault of type F}; by issuing the local decision DD;
equal to 'F;’. The other local diagnosers {Dy}, k # j, k € {1,---,L}, will
issue local diagnosis decision DDy equal to "Ny or Nothing’ since they cannot
diagnose a fault occurring in a component which is not associated to one of
them;

e Rule 3: If the faults of two different types F}, F}j cannot be distinguished
by D, then DD is equal to "F} or Fj’. In decentralized diagnosis structure
local diagnosers D; and Dy, issue, respectively, the local diagnosis decisions
DD; ='F;" and DD;, ='F}’. Since only simple fault scenarios are consid-
ered for the construction of local diagnosers, then DD issued by the decision
merging point will be equal to "F}; or F}’;

e Rule 4: When D is unable to decide with certainty the occurrence or not of a
fault, its decision DD is equal to 'Nothing’. In this case, all local diagnosers
{D1,---,Dr} will be unable to decide with certainty the occurrence or not
of a fault, DDy = --- = DDy, ="Nothing’. The global diagnosis decision DD
issued by the decision merging point will be equal to 'Nothing’.

These rules result from the equivalent between local and global disgnoers states as
we will see in section 4.5.
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Table 4.3: Rules to compute global diagnosis decision DD.

[Bules | D1 || .. D [ .. D | ..]l D [ DD
1 Ny N; Ni, Ny, N
N1 or F Nk or NL or F
9 Nothing J Nothing Nothing J
Ny or N; or r Ny, or r
Nothing Nothing Nothing
Ny or Ny, or F; or F,
3 Nothing Ej E, Nothing
4 Nothing Nothing Nothing Nothing || Nothing

Table 4.4: Global diagnosis decision DD for the one tank system example.

Rules Local hybrid || Local hybrid || Global decision
diagnoser D || diagnoser Do DD
9 Fi Nothing Fy
Nothing Fy Fy
3 F3 F3 F3
4 Nothing Nothing Nothing

Example 4.4 Coordinator construction for one tank system example

The global decision DD for the one tank example is computed using Table 4.4. We
must note that, the global diagnoser of this system is able to diagnose with certainty
all the predefined faults (Fy, F» and F3); there is no confusion between global fault
signatures, i.e., faults of two different types do not own the same fault signature.
In the Example 4.5 of section 4.5, we will demonstrate the equivalence between
the global decisions issued by the centralized and decentralized diagnosers for this
example.

4.4 Hybrid co-diagnosability notion

As in the global model of the system, the parametric and discrete faults are de-
fined in their associated hybrid component models as faulty states. Therefore, the
parametric and discrete faults co-diagnosability notion is defined as the ability to
distinguish each of the faulty states,reached due to the occurrence of a fault of type
F,, from the normal ones in decentralized manner. This distinguishability is based
on observable discrete events ¥y and continuous measurements X through the use
of a set of local hybrid diagnosers. Hybrid co-diagnosability notion allows verifying
that each fault diagnosable by a centralized diagnoser is diagnosable by at least one
local hybrid diagnoser based on its proper observation.

Definition 4.5 HDS composed of L hybrid components ({HC;}, j € {1,---,L}) is
said to be co-diagnosable with respect to local projection functions Py,--- , Pj,--- , P,

and to fault labels {Fy,--- , Fy} if the following holds:
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(Fve®)(Vw e {1,---,d})(Vs € 1/12% )(Vt € htrace(HC;)/s)(|t| > v) = Diag’

where the co-diagnosability condition Diag’ is:
Vy € Pl [Pi(st)] = S €y (4.12)

where,

htrace(HC}j): denotes the set of all the hybrid traces (hybrid event sequences)
generated by HCj;

htrace(HCj)/s = {t € htrace(HCj)|st € htrace(HCj)}: denotes the set of hybrid
traces after s. |t| is the number of events in ¢;

¢E% . is the set of all hybrid traces of HCj that end with a event of E{Tw. prw is a

set of fault events of type Fy, that can occur in HCj;
Pj_l[Pj(st)]: corresponds to all local hybrid traces (htrace(HC})) which have a
projection Pj, i.e. an observable part, similar to the one of st;

The above definition means that the occurrence of a fault of type Fy,, w €
{1,---,d}, is diagnosable by at least one local hybrid diagnoser D; after a finite
number of observable events if and only if all the local hybrid traces containing a
fault of type Fy, have a finite observable part different from those of all the other
local hybrid traces observed by D;.

The above definition cannot always hold since it assumes that there is no com-
munication between any pair of local hybrid diagnosers. Indeed, co-diagnosability
property is stronger than diagnosability one. If a system is co-diagnosable, then it
is diagnosable; while a diagnosable system does not ensure that it is co-diagnosable.
This is due to the fact that, the local or partial observation of the system by lo-
cal hybrid diagnosers may create ambiguity between their local diagnosis results.
Therefore, limited communication through a coordinator is required to ensure that
the system is co-diagnosable.

4.5 Centralized and decentralized structures equivalence

In order to demonstrate the equivalence between the centralized and decentralized
diagnosis structures, the equivalence between a global hybrid trace v € htrace(HDS)
and the synchronization of its local hybrid traces vq,---,vj--- v (see Fig.4.10)
must be demonstrated:

v=1% (4.13)

Indeed, when a global hybrid trace conducts the global diagnoser, D, from state
2, characterized by (Qk, GSLy) to state 2 characterized by (Q;, GSL), the set
of local hybrid traces observed by the corresponding local diagnosers move them
from states (zéziz{i) characterized by {(Qi, HSL}), -, ( {C,HSL%),--~ ,
(Q’?,HSL%)} to states (2" -+ zf -+ 2z T) characterized by {(Q,", HSL. "), ,
Q1T HSL"), -, (Q T HSLE ™)}

As defined in subsection 3.3.3, htrace(HDS) C (X U Sig)*, denotes the set of
all the hybrid traces (hybrid event sequences) generated by HDS;

doc.univ-lille1.fr



© 2015 Tous droits réservés.

Thése de Hanane Louajri, Lille 1, 2015

98 Chapter 4. Decentralized hybrid diagnosis and co-diagnosability
. +
Sk “k
Ok " Or

GSLk GSL}';
L1
z %

1 ) 1
Ok " i
HSL}, HSLY

L ]
L ]
L ]
s _ '+
z i
Qi l'j Qi—l-
J j+
HSL; HSL;
L
oA %"
3 'L o™
HSLE HSLEY

Figure 4.10: Global hybrid trace and its corresponding local hybrid traces.
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where,
e Sig: denotes the set of global fault signatures {sig,} generated by the contin-

uous dynamics at each state g of z ;

L=X'U---UXIU---UXFUXCis the set of system discrete events;

¥J is the set of HC; discrete events;
e 3¢ is the set of events indicating the occurrence of parametric faults.

Thus each discrete event e € ¥ belongs to at least one ¥/ and each e € Y7 is
also in X since ¥ = UjLzlEj.

Based on subsection 4.3.1.2, the equivalence between global and local fault sig-
natures is demonstrated.

When (4.13) is demonstrated, the global diagnoser states zj, and 2} will be equiv-
alent to the combination of local diagnoser states (z - - - zi - zF)and (2,7 zﬁ e
z,f*'). The state equivalence means that:

e The global model states Q3 and Qz are equivalent to the combination of local
model states (Qi -+ Q1 -+ QF) and (Q;F -+ Q1"+ QF™);

e The global decision labels GSLy and GS L,Jg are equal to the union of local de-
cision labels (HSL} --- HSL],--- HSLEF) and (HSL," - HSL" --- HSL{™).

At diagnoser state zj, two type of events can occur:

1. A control command event which changes the discrete mode of model states
Qp In zy;

2. A fault signature sig, generated by the continuous dynamics in model states
Qp in zi. If the diagnoser does not detect a fault in zx, the fault signature will
be a self loop transition. If the diagnoser detect the occurrence of a discrete
fault, the fault signature will move the diagnoser to another state z,j with
different discrete mode. If the diagnoser detect the occurrence of a parametric
fault, the fault signature will move the diagnoser from z; to another state z,j
with the same discrete mode.

As we have seen in subsection 4.3.1, the central processing point will calculate
observable local signatures (sigl - - sigl - - - sigk) based on the global residuals 7.
These local signatures are equivalent to the global fault signature sig,. Therefore,
they are generated at the same time.

Fault signature sig, can be generated in response to the occurrence of a fault of
type Fy, w € {1,---,d}, or to the normal operating conditions. In the first case,
stg, is equal to sigr, while in the second case, sig, is equal to sigp.

In the decentralized diagnosis structure, the local fault signatures are calculated
as follows (see Fig.4.11):
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sig! sig

sig T

b

---‘sigzLAsigz

Figure 4.11: Equivalence between global and local fault signatures.

e If the global fault signature is sigo, the centralized processing point will calcu-
late the observable equivalent local fault signatures sig - - - sigf - - - sigl. The
latter will occur at the same time for all the local diagnosers. This means that
sig} cannot occur in D7 without the occurrence at the same time of the other

SZgé:, k#]? k€{17 7L}

o If the global fault signature is equal to sigr,, indicating the occurrence of a
fault of type F,, in hybrid component HC), then the central processing point
will calculate the observable local fault signatures sig(l) . --sig%wsigg x -sigg
since only the part of residuals related to HC; is sensitive to this fault (see
subsection 4.3.1.2).

The synchronous composition operator between the local fault signature can be
defined as follows:

sigal| - I|sigl]] - |lsigZ A sig. (4.14)

since the execution at the same time of sigl- --sz’gg - sigl is equivalent to the
execution of sig,. A denotes the equivalence symbol.
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Let v be equal to sigy e sigp, (sigy means that the fault signature sigp can
occur zero or many times). Based on the definition of the projection function P;
in subsection 4.4, the local hybrid traces according to local hybrid diagnosers are
calculated as follows. We suppose that Pj(e) = e; while Py(e) = ¢, k # j k €
{1,---, L} (see Fig.4.12) and a fault of type F, occurred in HCT.

: @), : ()
S ] D o |
() ()

e =cl-[ele}-|e

Figure 4.12: Local projection of the occurrence of event e observable by local hybrid
diagnoser D;.

vy = sigl* e sigy*

vj = sigg* e sigg* (4.15)

v, = sigt* e sigﬁz
Based on (4.14), (4.15) can be rewritten as follows:
Iy = (sigh -+ Wl sigh -+ 1 sigh )~ e (sigh I+l sig) -+ Il sigk, )
Thus, (4.15) is rewritten as follows:
H]L:ﬂ)j = sigg € sigp, (4.16)
Therefore, the equivalence between global and local hybrid traces is demon-

strated.

Example 4.5 FEquivalence between centralized and decentralized diagnosers
for the one tank system example

For the one tank system example, let us consider the observation of global hybrid
trace (see Fig.4.13):
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v = Start P sigo OV sigo

Start P

Figure 4.13: Part of centralize hybrid diagnoser corresponding to global hybrid
traces Start P sigg OV sigp.

Based on Fig.3.21 and Table 3.3, the initial states of this global hybrid trace is 21,
characterized by Q1 = {1 (VCPof f(no leakage)), go1 (VCPFof f(no leakage)),
qgs1 (VCPof f(leakage))} and GSLy = {N, F,, F3}. The final state of v is z4,
characterized by Q4 = {q3 (VOPon(no leakage)), qi3 (VSOPon(no leakage)),
q33 (VOPon(leakage))} and GSLy = {N, Fi, Fs}.

v is observed in decentralized diagnoser level as follows.

e The local hybrid diagnoser D; observes its corresponding part (see the defini-
tion of the projection function P; in subsection 4.4):
Pi(v) = vy =& M (sigo) OV M (sigy) = ¢ sigy OV sigd
The initial states of this local hybrid trace (see Fig.4.14) is 21, characterized
by Qi = {qg} (VC(no leakage)), ¢t (VC(leakage))} and HSL1 = {Ny, F3}.
The final state of vy is z3, characterized by Q = {gi (VO(no leakage)),
a3 (VSO(no leakage)), ¢t (VO(leakage))} and HSL = {Ny, F1, F3}.

sig&
| 21 ] 1 li Isfg&
<1 42
1 1 1
4, 4s oV 05 435 4s
0 0,
Ny, F N,, F,, F,

Figure 4.14: Part of D; corresponding to local hybrid traces € sigs OV sigg.

e Likewise, the local hybrid diagnoser Dy observes its corresponding part as fol-
lows:
Py(v) = vg = Start_P Ms(sigo) € Ma(sigo) = Start_P sig3 € sigs
The initial states of this local hybrid trace (see Fig.4.15) is 22, characterized by
Q3 = {¢ (Pof f(no leakage)), ¢3 (PFof f(no leakage)), g2 (Pof f(leakage))}
and HSL? = {N2, F,, F3}. The final state of vy is zg, characterized by
Q% = {3 (Pon(no leakage)), q3 (Pon(leakage))} and HSL3 = {Na, F3}.

e The synchronization between local hybrid traces vy and wo is obtained as
follows:
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sig,
2
o |0 5 |1 ;|1 1
ﬁ 1 2 2 2 .
2 2 2 Y = = = o 2 2
qis 45 s Start P xRy’ SIg qss qg

0 0,\s, 0

N,, F,, F,

N,, F,, F, N,, F;

Figure 4.15: Part of Ds corresponding to local hybrid traces Start P sig? € sig3.

Since local signatures sig} and sigd have to be observed at the same time
by Dy and D5 (since they are generated through the same global residual
r), the first event that can occur is Startp in Dy;

sigé and sz’gg occur at the same time leading to evolve both D; and Ds.
The execution of sig(l] and sigg is equivalent to the execution of sigg since
they are calculated based on the same global residual r (see Example 4.3
and Fig.4.9);

Since local signatures sigi and sigd have to be observed at the same time
by Dy and D5 (since they are generated through the same global residual
r), the following event that can be occurred is OV in Dy;

sz’g(l) and sigg occur at the same time leading to evolve both D; and Ds.
The execution of sigé and sigg is equivalent to the execution of sigg since
they are calculated based on the same global residual r (see Example 4.3
and Fig.4.9);

Thus the global hybrid trace obtained by the synchronization of P;(v) and

PQ(’U

) is:

Start P sigo OV sigg
which is equivalent to the global hybrid trace v.

e The

combination of the initial local states zll, characterized by Q% equal to

{g} (VC(no leakage)), ¢¢ (VC(leakage))} and HSL} equal to { Ny, Fs}, and
22, characterized by Q? equal to {¢3 (Pof f(no leakage)), q3 (PFof f(no leakage)),
q? (Pof f(leakage))} and HSL? equal to { N2, Fy, F3}, of the observed hybrid
trace can be obtained as follows:

a14; = (VOPof f(no leakage)) A q1 =
(HSL{HSL} = N1N3) A (GSL1 = N);
4143 = (VCPFof f(no leakage)) A g1 = (VCPFof f(no leakage)) and
(HSL%HSLz == N1F2) é (GSLl == Fgl);

qiq? = (VCPof f(leakage)) A q31 = (VCPof f(leakage)) and
(HSL{HSL? = N1F3) A (GSLs; = Fy);

(VCPof f(no leakage)) and
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— ¢t} = (VCPof f(leakage)), A g31 = (VCPof f(leakage)) and
(HSLEHSL? = FsN3) A (GSLs = F3);

— ¢¢¢2 = (VCPFof f(leakage)) can not be considered because is corre-
sponding to multiple fault;

— ¢3¢ = (VCPof f(leakage)) A gs1 = (VCPof f(leakage)) and

Thus the result of the combination of initial local states z{ (Q1, HSL}) and
22 (Q3, HSL?) is a global state characterized by Qr = {q1, q21, ¢31} and
GSLy = {N, F5, F3}. That means that the combination of initial local states
21 and 22 is equivalent to the global initial state z; (Q1, GSL1).

e Likewise, the combination of final local states 2z characterized by Q) =
{@2 (VO(no leakage)), ¢ (VC(leakage))} and HSLT = {Ny, F3}, and 23,
characterized by QF = {¢® (Poff(no leakage)), ¢35 (PFoff(no leakage)),
@2 (Pof f(leakage))} and HSL? = {Na, F», F3}, and 23, characterized by
Q3 = {¢3 (Pon(no leakage)), ¢ (Pon(leakage))} and HSL3 = {Na, F3} of
the observed hybrid trace can be obtained as follows:

— q2q3 = (VOPon(no leakage)) A g2 = (VOPon(no leakage)) and
(HSLYHSL? = NiNs) A (GSLy = N);

— @3q¢ = (VOPon(leakage)) A q33 = (VOPon(leakage)) and
(HSLYHSL: = N1F;) A (GSLss = F3);

— ¢3q3 = (VSOPon(no leakage)) A q13 = (VSOPon(no leakage)) and
(HSL§HSL3 = Fi1N3) A (GSLiz = F);

— q3q@2 = (VSOPon(leakage)) can not be considered because is correspond-
ing to multiple fault;

— ¢§¢3 = (VOPon(leakage)) A g33 = (VOPon(leakage)) and
— ¢3q8 = (VOPon(leakage)) A q33 = (VOPon(leakage)) and
(HSL§HSLE = FsF3) A (GSLss = F);
Thus, the result of the combination of final local states 21 (Q3, HSL}) and
22 (Q3,HSL3) is a global state characterized by Qf = {2, q13, ¢33} and
GSL} = {N, F,F3}. That means that the combination of final local states
23 and 22 is equivalent to the final global stat z4 (Q4, GSLy).

Therefore, the global and local hybrid diagnosers are equivalent.

4.6 Centralized and decentralized structures comparison

The centralized hybrid diagnosis approach presented in Chapter 3 allows exploiting
the modularity of the system in order to diagnose the parametric and discrete faults
that can occur in the system. However, it is necessary to build the global model
in order to construct the diagnoser. This constraint implies that the use of this
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approach for large scale systems remains difficult. Consequently, in this chapter, a
decentralized approach for the diagnosis of parametric and discrete faults without
the use of a global model is developed. The computation complexity of this approach
is polynomial with the number of system components and the size of their local
models.

Let |G| be the number of states of local model G’ and |G| be the number
of states of global model G. Let |¥7| be the number of events in ¥/ and |3| be
the number of events in 3. the number of transitions is equal to |G7| x |%| for
G’ and |G| x || for G. Consequently, the complexity for constructing D; is of
the order O (|G7| x |£7]); while the complexity for constructing D is of the order
0(IG] x [2]).

Let us assume that the system is composed of L local hybrid component {HC}}.
The number of global model states is equal to |G| = |GY x --+ x |GI| x --+ x
|G¥| = |G7|" and the number of events is equal to |X|. Consequently, the com-
plexity for constructing the L local diagnosers {D;}, j € {1,---,L}, is of the
order O (L|G7| x |%[); while the complexity for constructing D is of the order
0 (]Gj\L X \E‘) Therefore, the complexity of the proposed decentralized diagno-
sis approach is polynomial in the number of the system components and the size of
local model G7; while the complexity of the proposed centralized diagnosis approach
is exponential in the number of the system components and the size of local model
GI.

Remark 4.1 In the centralized hybrid diagnosis approach, the foult diagnosis is
achieved by one global hybrid diagnoser. When the latter fails, this bring down
the entire diagnosis task. while, in the decentralized hybrid diagnosis approach the
fault diagnosis is achieved by two local diagnosers, and not by one global diagnoser.
Therefore, the diagnosis robusiness is enhanced in the sense that when one local
diagnoser is failed, the other local diagnosers remain operational and continue to
assure their foult diagnosis.

Table 4.5 shows a comparison between the centralized and decentralized pro-
posed approaches.

Example 4.6 Comparison between centralized and decentralized approaches
for the one tank system example

For the one tank system example, the centralized hybrid diagnosis approach is devel-
oped throughout the Chapter 3. In this chapter, the decentralized hybrid diagnosis
approach is applied to diagnose the same faults considered in Example 3.8. Based
on Example 4.4, the decentralized fault diagnosis approach achieve a globl diagnosis
decision equivalent to the one of centralized diagnoser. Table 4.6 represents the
comparison between the major characteristics of the centralized and decentralized
proposed approaches for the one tank system example. Based on remark 4.1, the
decentralized proposed approach has the advantage to be robust because when D;
fails, Do diagnoses the occurrence of faults Fo and F3; while, when Dy fails, D;
assures the diagnosis of the occurrence of faults Fy and F3.
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Table 4.5: Comparison between the proposed centralized and decentralized ap-

proaches.
.. Centralized Decentralized
Characteristics
approach approach
Decomposition Yes Yes

© 2015 Tous droits réservés.

of the system

In order to exploit the

modularity of the system

In order to construct

the local diagnosers

The use of
global model

Yes

No

Complexity of

the diagnoser

Exponential with respect to

the number of components

Polynomial with respect to

the number of components

Diagnosis of

discrete faults

Yes

Yes

Diagnosis of

parametric faults

Yes

Yes

Robustness

Weak robustness

(see remark 4.1)

Strong robustness

(see remark 4.1)

Table 4.6: Comparison between the centralized and decentralized proposed ap-
proaches for the one tank system example.

Characteristics Centralized Decentralized
approach approach
Decomposition Yes Yes
of the system Into 2 hybrid components || Into 2 hybrid components
HCq and HCy HC{ and HCy
The use of global model Yes No
The complexity of G x |62 G+ |62
the diagnoser
Diagnosis of Yes Yes
discrete faults Fi and Fy Fi and Iy
Diagnosis of Yes Yes
parametric faults F3 F3

Robustness

Weak robustness

(see remark 4.1)

Strong robustness

(see remark 4.1)
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4.7 Summary

As discussed in Chapter 2, many HDS diagnosis approaches diagnose only paramet-
ric or only discrete faults. While, the approaches that diagnose both parametric and
discrete faults do not scale well to large scale systems. In Chapter 3, a new cen-
tralized diagnosis approach of both parametric and discrete fault is defined. This
approach takes benefit of the modularity of the system in order to facilitate the
construction of the system global model. Nevertheless, the number of system global
states increases exponentially with respect to the number of the system hybrid com-
ponents. Therefore, the use of the global model in order to construct the diagnoser
can be very hard in the case of large scale systems.

In this chapter, a decentralized fault diagnosis of large scale HDS is proposed.
This approach builds a local disgnoser for each hybrid component based on its local
model. The local hybrid diagnoser exploits the continuous and discrete dynamics as
well as the interactions between them in order to enhance the co-diagnosability of
parametric and discrete faults. Indeed, the local hybrid diagnoser exploits the part
of the system continuous dynamic evolutions defined in each local discrete mode
in order to generate a new kind of observable events called local fault signatures.
The latter were demonstrated to be equivalent to global fault signatures. These lo-
cal fault signatures allow converting unobservable transitions into observable ones.
Thus, fault signatures are used in order to enhance the diagnosis capacity of para-
metric and discrete faults that can occur in each hybrid component. In order to
ensure a local diagnosis decision equivalent to the global one, the interactions be-
tween the different hybrid components must be taken into account. This is achieved
by the use of a coordinator. The latter merges the local diagnosis decisions, issued
by the local hybrid diagnosers, in order to issue a final decision about the origin of
the fault and identifies its parameters. The advantage of the proposed approach is
that local hybrid diagnosers as well as the coordinator are built using local models.

In order to demonstrate the efficiency of the proposed decentralized fault diag-
nosis approach, the latter is applied to achieve the parametric and discrete faults
of the three-cell converter system in Chapter 5. Then, centralized and decentral-
ized diagnosis structures are compared in order to show the interest of the use of
decentralized approach.
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CHAPTER 5

Case study: Diagnosis of three cell

converter system
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5.1 Introduction

In this chapter, the decentralized diagnosis approach developed in Chapter 4 is
applied to achieve the fault diagnosis of the three cell converter, Louajri and Sayed-
Mouchaweh (2014a). Through this chapter the three cell converter is used in order
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to demonstrate the efficiency of the proposed decentralized diagnosis approach. The
local diagnosers are constructed using the local model of each hybrid component of
this system.

Chapter 5 is organized as follows. Firstly, the three cell converter system is
presented. Then, the different steps to build the local models of discrete, continuous
and hybrid system components are detailed. Next, the procedure to build the local
hybrid diagnoser for each hybrid component of the system is developed. Then,
the steps to merge the local diagnosis decisions through a coordinator are discussed.
Next, the simulation results are presented. Finally, the performance of the proposed
centralized and decentralized diagnosis structures is compared in order to show
the interest of using the proposed decentralized diagnosis approach for large scale
systems.

5.2 Three cell converter presentation

In order to illustrate the centralized and decentralized proposed approaches, the
three cell converters, Shahbazi et al. (2013), Benzineb et al. (2013), Lezana et al.
(2009), depicted in Fig.5.1, is used.

The continuous dynamics of the system are described by state vector X =
[ Ver Veg 1 ]T, where Ve; and Vg represent, respectively, the floating volt-
age of capacitors C'1 and Cs and I represents the load current flowing from source £
towards the load (R, L) through three elementary switching cells S;, j € {1,2,3}.
The latter represent the system discrete dynamics. Each discrete switch S; has two
discrete states: {S;} opened (h} = 0) or S; closed (h? = 1), where h} is the state
discrete output of S;. The control of this system has two main tasks:

1. balancing the voltages between the switches;
2. regulating the load current to a desired value.

To accomplish that, the controller changes the switches’ states from opened to closed
or from closed to opened by applying discrete commands ’close’ or ’open’ to each
discrete switch S;, j € {1,2,3} (see Fig.5.1). Thus, the considered example is a
DCCS.

5.3 System modeling and decomposition

5.3.1 Discrete components modeling

In the literature, Defoort et al. (2011), Uzunova et al. (2012) and Gray et al. (2014),
eight faults are considered for the diagnosis of the three cell converters system (see
Table 5.1). Based on subsection 3.2.1 of Chapter 3, discrete automaton DG char-
acterizing switch Sp discrete dynamics is defined by the tuple (see Fig.5.2):

DG' = (Qp,hy, hy, Sh, DSL!, 6, Init,) (5.1)

where,
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Table 5.1: Faults

Figure 5.1: Three-cell converter system.

in the three cell converters.

Fault types

Fault labels

Fault description

" S stuck opened

I Sy stuck closed

F: Sy stuck opened

Discrete faults 5 2 b

Fy Sy stuck closed

Fy S3 stuck opened

F S3 stuck closed

7 Change in the nominal parameter values of
7

. C due to electrical chemical aging of Cy
Parametric faults

7 Change in the nominal parameter values of

8

Cs due to electrical chemical aging of Cy

e QL ={ql, &, &, ai, &, ¢} ¢ and ¢} represent, respectively, switch S
closed, S1C, and switch S; opened, S10, in normal operating conditions. g3
and ¢} characterize switch S; stuck opened failure mode, S150. ¢} and ¢}
characterize switch Sq stuck closed failure mode, S15C;

o Xh =% UXh,: is the set of S; discrete events. XL, = {CS; (close Sy),
OS; (open S1)}, B4, = E})f = {fs,s0 (fault event leading to S; stuck opened
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0S1| 1 1 |CSl
$10:q3 CS, $1C:q
1 _ 1 2.1 _ 1
AL . =h' =1
Q@ o | 0S a a4 [
DSIL =DNy | DSIA =DN,
fslm f:S'ISC
0s, Y 4 Cs,
|: 8180 : ¢4} 838C : g5
W, =", =0 R |
5 4 % 0
DSI = F DSIL=F,
os,| |cs cs,| |os
Yt oyt
$;80:4) 8;8C: g4
Wl -0, A4, =1 W', =1, &', =0
g4 % 2% 26

1
DSIy =F, DSLi =F, o
Ccs, i

Figure 5.2: Discrete automaton DG' for switch 5.

failure mode), fs,sc (fault event leading to Sp stuck closed failure mode)}.
The fault, fs,50, can occur at the state where the valve is opened; while fg,s¢
can occur at the state where the valve is closed;

o h}:Qp — {0,1} = {0 (S1 opened), 1 (S) closed)};
. izé : QL — {0,1} = {0 (S should be opened), 1 (S; should be closed)};

e DSL! = {DN; (S; normal), F} (S; stuck opened), Fy (S stuck closed)}. As
an example, status label for ¢f, DSL}, is equal to DNy (see Fig.5.2);

e 65 1 QL x 2L — QL is S state transition function. As an example,
55 (qi,081) = ¢ (see Fig.5.2);

o Inith: (qf, h;% = /};% =1, DSLY(q}) = DSL} = DNy).

Likewise, discrete automaton DG? characterizing switch Sy discrete dynamics is
defined by the tuple (see Fig.5.3):

DG? = (Qp, h2,h2, S}, DSL?, 6%, Inith) (5.2)
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DSIZ=F, DSIZ—F, os
Cs, 2

Figure 5.3: Discrete automaton DG? for switch Sy.

where,

° Q% = {q%, qg, q%, qz, q?)7 qg}. q% and q% represent, respectively, switch S
opened, S20, and switch Sy closed, SoC, in normal operating conditions. q3
and ¢7 characterize switch Sp stuck opened failure mode, S2SO. ¢2 and ¢3
characterize switch Sy stuck closed failure mode, SoSC

° E% = Z%OUE%U: is the set of So discrete events. E%O = {CSy (close S3),
OS; (open S2)}, X2, = Esz = {fs,s0 (fault event leading to Sy stuck opened
failure mode), fs,sc (fault event leading to Sa stuck closed failure mode)}.
The fault, fg,50 can occur at the state where the valve is opened; while fs,sc,
can occur at the state where the valve is closed;

e hZ: Q% — {0,1} = {0 (Sy opened), 1 (S2 closed)};
e h2: Q% — {0,1} = {0 (S should be opened), 1 (S2 should be closed)};

e DSL? = {DN (S5 normal), F3 (S stuck opened), Fy (S stuck closed)}. As
an example, status label for ¢7, DSL?, is equal to DNy (see Fig.5.3);
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e 6% 1 Q% x Y2, — % is Sy state tramsition function. As an example,
6% (q3,CS2) = g3 (see Fig.5.3);

o Inith: (¢f, hl = }332 =0, DSL?*(¢?) = DSL} = DN,).
1 1

Finally, discrete automaton DG® characterizing switch S3 discrete dynamics is de-
fined by the tuple (see Fig.5.4):

DG? = (@3, h3, k3,53, DSL3, 63, Init}) (53)
where,
oss| v . 3‘F |cs3
830 :4; CS; | 3¢
B —73 —0 a3 =53 =1
'8 d | os, [
DSIZ =DNy DSI3 = DN
fs,m fsssc
0S; Vi ¥ |GS3
|: 5350:q3 $35C:q5
K, =h3, =0 By —hs =1
23 4 e 4
os;| |cs CSs| | OS.
3]‘\/ ; % \ 4 ’
$380:q; $38C: g5
. =0k =1 3 183 =
G a4 fa b 0

DSL; = Fs DSLE = Fg
cs, | a 0s,

Figure 5.4: Discrete automaton DG? for switch S3.

e O3 =1{4, &, &3, 4, &, ¢} ¢ and ¢ represent, respectively, switch S;
opened, S50, and switch Ss closed, S3C, in normal operating conditions. qg’
and qi’ characterize switch S3 stuck opened failure mode, S350. qg’ and qg
characterize switch S3 stuck closed failure mode, S3SC

o 3 =%3 XY, is the set of S5 discrete events. X3, = {CS; (close Ss),
OSs (open S3)}, B3, = Eng = {fs,s0 (fault event leading to S stuck opened
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failure mode), fs,sc (fault event leading to Ss stuck closed failure mode)}.
The fault, fs,50, can occur at the state where the valve is opened; while fs,sc
can occur at the state where the valve is closed;

o h}: Q% — {0,1} = {0 (S3 opened), 1 (S3 closed)};

. ﬁg : @3, — {0,1} = {0 (S5 should be opened), 1 (S5 should be closed)};

e DSL3 = {DNj (S5 normal), F5 (S3 stuck opened), Fg (S3 stuck closed)}. As
an example, status label for ¢, DSL$, is equal to DN3 (see Fig.5.4);

e 53 1 Q% x X3, — @3 is S3 state transition function. As an example,
63(q3,CS3) = g3 (see Fig.5.4);

o Inith : (¢}, h% = hi, =0, DSL3(q}) = DSL{ = DN3).
1 1

5.3.2 Continuous components modeling

Based on (3.8), the real system dynamic evolution of three cell converter is written
as follows, Defoort et al. (2011):

’ _ 1.1 2 1
VC]_ = —hqq + hqg

I=—8 4 plive + h2E(Vey — Ver) + h4(E — V)
Based on (3.9), (5.4) is decomposed as follows:

Ve, = Vc} + Vc?
Veg = ch + ch (5.5)
I=I+1'"+12+13
where Vci = WL Ve =n2 Ll Ve, =12l Ve, = 3L, [, = —BL 1 =
qCy? 1 qCy» 2 qCy? 2 qCy> ~¢ L>
Wi Ver, I = h2L(Vey — Vey), IP = h3H(E — V).
The goal of this decomposition is to show the influence of the discrete state of each
discrete component Dc;, j € {1,2,3}, on the continuous dynamic evolutions of V¢;
(Cey), Veg (Ceg) and I (Ces). Vc} represents the real dynamic evolution of Ve
according to the discrete state of S7 (Dcy). Likewise, Vci, ch, ch, I', 1% and I3
have the same definition as Vcl. I.. represents the part of dynamic evolution of I
which does not depend on the discrete state of any switch.
Based on (3.12), and since the parametric faults related to the load (R, L) are
not considered (R is equal to R and L is equal to L), the nominal system dynamic
evolution of three cell converter is written as follows:

‘7/01 =—ntL 4 p2 L

90, ¢,
’ _ 72 1 731
‘{02 = _hqa + hqa (56)

I=—8 4 plivVe + h2E(Vey — Ver) + hE(E — V)
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where, C; and C’Q are the nominal values of C'y and Cs.

Based on (3.13), (5.6) is decomposed as follows:

< T 1 T 2
Ver=Ve +Vey
2 + 3

‘}CQ = f/CQ +Vey (5.7)
I=I.+1"+12+13
T 1 ~1172 ~2172 ~2173 T RI 51
where Ve, = —hqé—l, Ve, = hqé—l, Vey = —hqé—Q, Vey = hqé—Q, ce=—1,1" =

B;%Vcly = BZ%(VCQ —Va), = ﬁg%(E — V).

5.3.3 Residuals generation

As developed in subsection 3.2.3 of Chapter 3, residuals 1, ro and r3 for, respec-
tively, C'ci, Cca and Ces are generated based on (3.18), (5.4) and (5.6) as follows:

r 711 11 [ 72 1 21 [
1 hq C’l hq C1 hq C’l hq C1

_ 21 21 3.1 31
ro = hqiéb + hqug I + hqié’z — hq702 I

) . (5.8)
rg= (214 21+ (h; —h) HVer + (hg = hg) L(Vey — Ver)+

(133 - hg) L(E - Vo)

These residuals take into account the discrete state of switches impacting the con-
tinuous dynamics of the corresponding C¢;, i € {1,2,3}.

Based on (3.19), (5.8) is decomposed in order to describe the influence of each
discrete component {Dc;}, j € {1,2,3} on the value of residual {r;}, ¢ € {1,2,3}
as follows:

r = r% + r%

r=r3+rd 59

3 :rcg—i—r% —I—r%—i—r%

1 _ (_5711 11 2 _ (721 2.1 2 _ (_521 2.1

where, 7! = (—hqé—1 v hqc—l) 1,12 = (hqé—l - hqc—l> 1,12 = (—hqa v th—Z) 1,
3_ (331 3.1 _ _Ry Ry .1 _ (11 1) 1 2 _ (52 _p2) 1
= (W = h3d ) Lres = —RI+R0, v = (= nb) $Ver, 13 = (A2 = h2) §(Ver—
Vep) and 73 = iLZ - hg +H(E —Veg). reg is ignored since it is always equal to zero
(parametric faults related to R and L are not considered). In order to separate
the nominal and faulty continuous operating conditions, each continuous compo-
nent C¢;, i € {1,2,3} is modeled by the automaton, G;, i € {1,2,3}, depicted in
Fig.5.5.

5.3.4 Hybrid components modeling

Based on (5.4), we can conclude that:

© 2015 Tous droits réservés. doc.univ-lille1.fr



Thése de Hanane Louajri, Lille 1, 2015

5.3. System modeling and decomposition 117

No parametric fx Abnormal change in the
e C,2C ins ATE Ve
G >| fault related to Cc, 1771 nominal parameter value
& —c of C| due to C, ageing
1=%1 ~
C,#C,
No parametric fr Abnormal change in the
>| fault related to Cc, €270y nominal parameter value
G., G —c of C, due to C, ageing
e C,#C,
G,.; No parametric

fault related to Cc;

Figure 5.5: Continuous component model C¢;, i € {1,2,3}, denoted by G, i €
{1, 2,3}, for the three cell converter.

e The discrete state of S1, represented by real discrete output h;, influences the
dynamic evolution of Ve¢; and [.

e The discrete state of Sy, represented by hg, impacts the dynamic evolution of
Ve, Veg and 1.

e The discrete state of S3, represented by h;’ , influences the dynamic evolution
of Vep and V.

Thus, the three cell converter system is decomposed into three interacting hybrid
components HC's as shown in Fig.5.6:

e H(C is composed of switch S1 (Dcy), Vep (Ceq) and I (Ces);
e H(Cj5 is composed of switch So (Dcg), Viey (Cey), Vea (Ceg) and I (Ces);
e H(Cj5 is composed of switch S5 (Dcs), Viea (Ceg) and I (Ces).

Local hybrid model G' of the component HC] is obtained by synchronizing the
discrete local automaton DG of De; and the set of local automata G and Geg of,
respectively, Cc; and Ces using parallel or synchronous composition operator (see
subsection 3.2.4). Therefore, G! is equal to DG*||G¢1||Ge3. The state corresponding
to the multiple faults are removed from G'.

Based on (3.22), local hybrid automaton G* characterizing HC; hybrid dynamics
is defined by the tuple (see Fig.5.7 and Fig.5.8):

G'=(Q" hy, hl, B X1, fluat, v 6" HSLY, Init") (5.10)

where,
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IIIIIIIIIIIII..

)

Figure 5.6: Three-cell converter decomposition.

Q' ={d, &, &, &}, &, &, &, &4}. ¢} and g3 represent, respectively, switch
S1 closed, S1C, and switch S opened, S0, in normal operating conditions for
switch S7 and capacitor Cj. qé and qi characterize S; stuck opened discrete
failure mode, S150. ¢} and g} characterize S; stuck closed discrete failure
mode, S15C. QL = {q}, ¢i} characterize the failure mode of C; due to its
electrical chemical aging in each discrete mode of HCf, SlO(C'l # (1) and
S51C(Ch # Ch);

hy = Q" — {0,1} = {0 (S} opened), 1 (S closed)};
ﬁ}z : Q' — {0,1} = {0 (5] should be opened), 1 (S should be closed)};

¥ =nlJXL: is the set of HCy discrete events. X1 = {OS; (open S1), CS;
(close S1)}, BL = 2} = {fs,s0 (fault event leading to S; stuck opened discrete
failure mode), fg,sc (fault event leading to S stuck closed discrete failure
mode), f o, (fault event indicating the occurrence of electrical chemical
aging of C7)}. The fault, fs,50 can occur at the state where S; is opened
and fs,sc can occur at the state where S; is closed. While fé'l £, Can occur
whatever the discrete mode of HC' is.

st Q' x 21 — Q' is the HC, state transition function. As an example
§1(q3,081) = qi (see Fig.5.8);

T . . . . .
X! = [ Ver 1 } : is a finite set of continuous variables associated to S1;

. s . . . T s
fluzt = {X! X'} are the real X! = { Vci It } and nominal X! =

1. T . . . .
Ve, I! ] dynamic evolution parts of X! according to each discrete state

of switch Si;

. . u *‘ | | n \

AR AV . AN I
: . . L

) I E RS A SO}

E . T I
2 a . -

. =: —o} :.—/._ Ll
; . - 777
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Figure 5.7: Local hybrid state of HCY.

e rl=1[rl r ]T is the part of residual  generated in the switch S; discrete
states;

e HSL' = {Ny (Absence of faults in HC}), Fy (S; stuck opened), Fy (S; stuck
closed), Fy (parametric fault in C; due to its electrical chemical aging)}. As
an example, status label for ¢f, HSL1, is equal to Ny;

~ . < T
o Init': (g}, bl =Bl =1, X! = X! = [ # Y } , HSLy = Ny): is the

set of initial conditions.

As we have done for constructing G, local hybrid automaton G? characterizing
HC5 hybrid dynamics is defined by the tuple (see Fig.5.9):

2 2 12 72 v2 2 2.2 2 2 72
G* = (Q%, hy, hy, X7, X7, flux®,r®, 0%, HSL*, Init”) (5.11)
where,

o ()® = {q%, q%, q%, qi, qg, qg, q%, qg, qg, q%o}. q% and q% represent, respec-
tively, switch Sy opened, S>0, and switch S5 closed, S3C, in normal operating
conditions for switch So, capacitor C; and capacitor Cs. qg and ¢7 charac-
terize Sy stuck opened discrete failure mode, S250. qg and qg characterize
Sy stuck closed discrete failure mode, S2SC. Q% = {¢2, ¢, ¢3, ¢%y}. ¢? and
q? characterize the failure mode of C due to its electrical chemical aging in
each discrete mode of HCo, 520(6'1 # () and SgC(C’l # (). qg and q%o
characterize the failure mode of Cs due to its electrical chemical aging in each
discrete mode of HCo, SQO(C'Q # C3) and SgC(é’g # C3);

o hg : Q% — {0,1} = {0 (S2 opened), 1 (Ss closed)};
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................................... CSy
oS, $,0(C; #€)) ¢} Slc(f”lli C:ai
: : 1 1
: 0 0 : H _7 -1 17
:[0 : [GAY H= —_ o .l
: 0 0 L 3 C1 [ 1 G
io 0 0 i 05, i Y vey 0
- T I L L
Fy : i 7
----------------------------------- s A
05y fé, 2c, A JE sc,
510 g4 (_LSi 51C 1 qq
o | 0 - 1 1
.»;1 > _1 _I
0 0 0 ‘ < < o] [€
. oS,
)
0 0 0 Vey Vey 0
L L
Ny N,

Isys0 ¢ P fssc
I Y.V os, Ve Nt
: 5,50 : g3 — cs ] s $,5C g5 H

: : 1 1
o | 0 - |
-1 -1
0 0 0 ) «, 0
Vi Vi
0 0 0 ‘1 ra 0
L J3
F Fs
S asssEsEEEEEEEsEspEgEsEsEssssmsEsEs 0 GCaEssssssssEsEsmaEs fessssssssmsmsEmE"
OSlTlCSl Ogll s,
B T L L CEPUEPCEEREY S CEEREFTERY, CEEPLE 3 0.,
(OA5] SISO:q} : SlSC"i'; : ‘
| 0 - 0 | 1
i E =L !
0 <1 ] (&) )
Ve 0 Vey 0 Vey —Vep
L L : L L
F, E Fy
llllllllllllllllllllllllllllllllllll IS N NN SN NI NI NN NN NN NN EEEEEEEE

Figure 5.8: Hybrid automaton G* for HC}.
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713 : Q% — {0,1} = {0 (S should be opened), 1 (Sy should be closed)};

Y2 = ¥2|JX2: is the set of HCy discrete events. $2 = {OS, (open Ss), C'Sy
(close Sp)}, ¥2 = 230 = {fs,s0 (fault event leading to S stuck opened discrete
failure mode), fs,sc (fault event leading to S stuck closed discrete failure
mode), fa, 20y fé, 20, (fault event indicating the occurrence of parametric
fault in Cy due to its electrical chemical aging)}. The fault, fg,s0 can occur
at the state where Sy is opened and fg,5¢ can occur at the state where So

is closed. While fél;écl and fé#@can occur whatever the discrete mode of
HCQ 1s.

62 1 Q% x ¥? — Q?: is the HC, state transition function. As an example,
62(q3,CS2) = g3 (see Fig.5.9);

X? = [ Ver Ve T ]T: is a finite set of continuous variables associated to
Sa;

. s . . . . T
fluz? = {X2, X2}: are the real X2 = [ch ch I ] and nominal
bl ~ ~ T
X2 = Vci Vc; 2 ] dynamic evolution parts of X? according to discrete

state of switch Sy;

2= 1[r r3 r} ]T is the part of residual r generated in the switch Sy

discrete states;

HSL? = {Ny (Absence of the faults in HCy), F3 (So stuck opened), Fy (So

stuck closed), Fy, Fs. As an example status label for ¢, HSL?, is equal to

No;

Init*: (f, h% = 0% =0, X* = X2=[0 0 0]", HSLp = N): is the
1 1

set of initial conditions.

Likewise, local hybrid automaton G® characterizing HC3 hybrid dynamics is

defined by the tuple (see Fig.5.10):

G* = (Q*,h3, 13, %, X3, flua®,r® 6% HSL?, Init?) (5.12)

g

where,

o ()3 = {qil)’, qg’, qg’, qﬁf, qg, qg’, q%, qg’}. qif and qg’ represent, respectively, switch

Ss opened, S30, and switch S35 closed, S3C, in normal operating conditions for
switch S3 and capacitor Cs. q??)’ and ¢} characterize S3 stuck opened discrete
failure mode, 5350. qg’ and qg’ characterize S3 stuck closed discrete failure
mode, S35C. Q2 = {¢3, ¢3} characterize the failure mode of Cy due to its
electrical chemical aging in each discrete mode of HCj, S30(Cy # Cy) and
S3C(Cy # Cy);

o hg : Q% — {0,1} = {0 (S3 opened), 1 (S5 closed)};
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Figure 5.10: Hybrid automaton G* for HCj.
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. 712 : Q% — {0,1} = {0 (S3 should be opened), 1 (S3 should be closed)};

e 33 = 333 is the set of HC3 discrete events. X3 = {OS3 (open S3),
CS3 (close S3)}, X3 = Z;’c = {fs,s0 (fault event leading to S3 stuck opened
discrete failure mode), fg,s¢ (fault event leading to Ss stuck closed discrete
failure mode), f@;écz}- The fault, fs,so can occur at the state where S3 is
opened and fs,sc can occur at the state where S3 is closed. While f@;ﬁ@
can occur whatever the discrete mode of HCj is.

e 6% : Q% x X3 — Q3 is the HCy state transition function. As an example,
§3(q3,CS3) = ¢} (see Fig.5.10);

T . . . . .
o X3 = [ Ve 1 } : is a finite set of continuous variables associated to S3;

. b . . . T s
o flur® = {X3, X3}: are the real X3 = [ ch & ] and nominal X3 =

T 3. T . . . .
{ Ve, I3 ] dynamic evolution parts of X3 according to discrete state of

switch Ss;
T . . . . .
o 3 = [ rs i ] is the part of residual 7 generated in the switch S3 discrete
states;

e HSL? = {N3 (Absence of the faults in HC3), Fy (S3 stuck opened), Fgs (S3
stuck closed), Fg. As an example status label for ¢, HSL3, is equal to Ns;

o Initd: (¢}, h23 = 523 =0, X3 = X3 — [ 00 ]T, HSLq% = N3): is the set
1 1
of initial conditions.

5.4 Local hybrid diagnoser

5.4.1 Global fault signature construction

For the three cell converter, the system generates a specific fault signature in each
hybrid global state (¢'¢%¢®) according to the global residuals r = [ T To9 T3 ]T

These fault signatures are generated using the continuous dynamic evolutions X =
|:‘T/Cl ‘}CQ IT:|TaHdX: [ VCl VCQ I]T

Based on (5.8), in normal operating mode, the system generates the following
normal fault signature:
sigo = (1), UCY)&(r, UC2)&(r9, UCs)
The residual in these conditions is equal to zero; there is no fault in the system:
(hy = hy), (h2=h2), (3 = h3), (C1 = C1) and (Cy = Cy).

Let us consider the occurrence of a fault of type Fy (5150), residuals r =

[ L T9 T3 ]T are computed as follows:
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_ 7l _ 1 1_q) L 721 2.1
= (= (R=1) &+ =0) &)1+ (R2E —n2d )1
— (521 2.1 731 3.1
ro = _hqa+hq@>l+ (hqa—hq@>l

rs= (B + BJ) 4 ((B; = 1) — (ht = 0)) Vel + (ﬁg - hﬁ) T(Vey = Ve)
+ (B8 = 13) H(E - Ver)

Since only simple fault scenario is considered and in the case of the occurrence

of a fault of type F1, i.e., Sy stuck opened, hg and hg are equal, respectively, to hZ

and hg and C; and C» are equal, respectively, to C; and Cy. Therefore in this case,
residuals r are equal to:

r = —%11
r3 = %Vcl

Thus, in response to the abrupt change in r caused by the occurrence of a fault of
type F1, the system generates the following fault signature:

sigr = (r; , NCD&(r,UCy)&(r], PCY)

where NC’l1 = —C%I and PC% = %Vcl.
1

Let us now consider the occurrence of a fault of type Fy (51.5C), residuals r are
computed as follows:
(

_ 71 1 1 _ 1 72 1 21
r= —(hq—0>é—l+(hq_1)c—1)l+(hqé—l—hqc—l)l
_ 72 1 21 73 1 31
ry = —hqa+hq@)1+(h@—h@ I

rg= (214 21) + ((ﬁ; - o) — (b} = 1)) Lye + (ﬁg - hg) L(Vey — Vey)
n (f}g - h§) L(E—Vey)

Since only simple fault scenario is considered and in the case of the occurrence

of a fault of type Fy, i.e., S stuck closed, hg and hg are equal, respectively, to hg

and hg and C; and Cy are equal, respectively, to C7 and Cy. Therefore in this case,
residuals r are equal to:

T = CTI
rg = —%Vcl

Thus, in response to the abrupt change in r caused by the occurrence of a fault of
type Fy, the system generates the following fault signature:

siga = (rf, PCH&(r), UCy)&(ry , NC3)

where PC} = C‘%I and NC§ = —1Vey.

Let us now consider the occurrence of a fault of type F3 (5250), residuals r are
computed as follows:
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_ 11 72 _ 2 _ 1
ri= (—hyA +h) ) ((hq— )a—(h 0) &)1
1
ry = (—h3:1>é—2 (h2=0) & ) ( sl -mh)1
mz{—%[+%ﬂ%—@éf@>ZVq+(O%:1)fU%:OD%U@Q—Vqu
(2 = 13) +(B = Ver)
Since only simple fault scenario is considered and in the case of the occurrence
of a fault of type Fj, i.e., Sy stuck opened, hé and hg are equal, respectively, to hé

and hg and C; and Cy are equal, respectively, to C; and Co. Therefore in this case,
residuals r are equal to:

ro=— 11 (5.15)

Thus, in response to the abrupt change in r caused by the occurrence of a fault of
type F3, the system generates the following fault signature:

sigs = (r{, PC})&(ry , NC3)&(rg , PC3)

where PC} = C,%I, NC3 = ——I and PCy = (Ve — V).

Let us now consider the occurrence of a fault of type Fy (525C), residuals r are
computed as follows:

[(ri= (b k)T ((hQ—O)—I—(hQ_l) I
_ 2 _ 2 _ 31 3.1
ro = <—hq_0)é—2 (2 =1) &) 1+ (R3& —nid) 1
rs = (—B1+ £7) + (h; - h;) 1ye + ((hg - o) — (2= 1)) L(Vey — Ver)+
(3 = 13) (B~ Ver)
Since only simple fault scenario is considered and in the case of the occurrence
of a fault of type Fy, i.e., So stuck closed, hé and hg are equal, respectively, to hé

\

and hg and C; and Cy are equal, respectively, to C; and Co. Therefore in this case,
residuals r are equal to:

T = *C%I

Thus, in response to the abrupt change in r caused by the occurrence of a fault of
type Fy, the system generates the following fault signature

57;94 = (TfaNCIQ)&(r2 ,PC&)&(T;,NC%)

where NC? = —CLII, PC? = é] and NC} = —3+(Veo — Vey).
Let us now consider the occurrence of a fault of type F5 (5350), residuals 7 is
computed as follows:
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—(_7 1 721 21
= (-hid hgcl)u(hgé—l—hqa)l
ro = Bgé—l—hq—)I—l—((fﬁ:l C‘%_(hg: )L>I

ry = (7%1 I %I) <h1 hl) %VCl + <ﬁg — h3> EQ(VCQ —Ver)+
(B =1) = (n=0)) H(E-Ver)

Since only simple fault scenario is considered and in the case of the occurrence
of a fault of type F5, i.e., S stuck opened, h}l and hZ are equal, respectively, to hé

and hg and C; and C» are equal, respectively, to C; and Cy. Therefore in this case,
residuals r are equal to:

T = 0
r=g1 (5.17)
= %(E Ves)

Thus, in response to the abrupt change in r caused by the occurrence of a fault of
type Fjs, the system generates the following fault signature:

sigs = (17, UC1)&(ry, PC3)&(ry , PCY)

where PC3 = C%ZI and PC3 = 2(E — V).

Let us now consider the occurrence of a fault of type Fg (S3S5C), residuals r is
computed as follows:

r= (<hid -k ) T+ (A —n2d) 1
_ (721 73 _ 3_1)1
- (hanrh@) +( hq—O)é—Q—(hq_l)C—>I
ry= (=1 + £1) + (hh =) $Ver + (B2 = 2) H(Ver = Ver)+
(R =0) = (n3=1)) £ (B~ Ve)
Since only simple fault scenario is considered and in the case of the occurrence
of a fault of type Fg, i.e., S3 stuck closed, hé and hg are equal, respectively, to hé

N

and hg and C; and Cy are equal, respectively, to C and Cs. Therefore in this case,
residuals r are equal to:

r = 0
ry=—g1 (5.18)
r3 = —%(E - VCQ)

Thus, in response to the abrupt change in r caused by the occurrence of a fault of
type Fg, the system generates the following fault signature:

sige = (19, UC’l)&(rQ_,NC’S)&(Tg_,NC:%)

where NC§ = —4-I and NC§ = —7(E — Vea).
Let us now consider the occurrence of a fault of type F7, residuals r is computed
as follows:
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_(_511 1 721 1
ri= (ki +rbd ) T+ (WA —n2d )1
721 1 731 1
ro= (A& +n2d ) T+ (Rdd —nid) 1
13:(f%l+%1)+(@AJQ)%Vqﬁ—O%fh@%xVQAW%Q+
(B8 = 13) H(BE - Ves)
Since only simple fault scenario is considered and in the case of the occurrence of

a fault of type Fr, i.e., parametric fault in C due to its electrical chemical aging, hé,
ﬁg and ﬁg are equal, respectively, to hé, hg and h;’ and Cs is equal to Cy. Therefore,

residuals r are equal to:

owhenﬁé:hézﬁgzhgz&

= 0
ro = 0 (5.19)
r3 = 0

° whenﬁé:hé:ﬁgzhgzl:
= 0
ro = 0 (5.20)
r3 = 0

° whenﬁé:h;:Oandﬁgzh(g:l:

ry = (5.21)
T3 0
° whenﬁé:hézlandﬁgzhg:():
_ 1 1
n=—(& &)1

rg =10
Thus, in response to a change in r caused by the occurrence of a fault of type F7,

the system generates one of the following three fault signatures according to the
discrete state of S7 and Ss:

o when Al =hl=h2=h2=1or hl=hl=h2=h2=0:

sigy = (r(l), UC’l)&(TS, UCQ)&(Tg, UCs)

° whenﬁé:hézlandﬁg:hgz&

s1g7 = (Tf, UCl)&:(rg, UCQ)&(T?O), UCg)
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o when Al = hl=0and h2 =12 = 1:

sig7 = (rf, UCl)&(rg, UCQ)&(Tg, UCs3)

Let us now consider the occurrence of a fault of type Fg, residuals r is computed
ag follows:

_(_711 11 721 2.1
o= (<hbd 4 nid) T+ (R2E —n2d) T

_ (321 2.1 731 3.1
ry = (hq(z + hqc—z) I+ (hq@ - hq@> I
ro= (=1 + £1) + (b= nb) $Ver + (B2 = 2) H(Ver = Ver)+

(78— 13) (B - Ver)

Since only simple fault scenario is considered and in the case of the occurrence
of a fault of type Fj, i.e., parametric fault in Cy due to its electrical chemical aging
of, hé, hg and hg are equal, respectively, to hcll, hg and hg and C] is equal to Cf.

Therefore, residuals r are equal to:

owhenﬁgzhg:ﬁgzhg’:o:

ry =20
7‘2:0 (5.23)
7’3:0

° Whenﬁgzhg:ﬁgzhgzlz
7“1:0
1y =0 (5.24)
’r‘3_0

r = 0

1 1
ry = <a - ci) I (5.25)
r3 = 0

° whenﬁgzhgzlandﬁg’:hgz&

T‘1:0
re = — (c% - c%) I (5.26)
r3 =0

Thus, in response to the change in r caused by the occurrence of a fault of type
Fy, the system generates one of the following three fault signatures according to the
discrete state of Sy and Ss:

owhenﬁgzhg:ﬁgzhg:10r/~1§:hg:/~12:h220:

Sigo = (T?, UCl)&(rS, UCQ)&(T’??, UCg)
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Table 5.2: Global fault signatures table.

Signature name Fault signature
g0 (r),UC)&(rY, UC)& (13, U C3)
sig1 (ri , NCH&(r3, UCo)&(ry , PC3)
s1go (r{, PCH&(r9,UCs)&(ry , NC3)
5193 (r{, PCH&(ry , NC3)&(r§, PC?)
5194 (r;, NCH&(ry, PC3)&(ry , NC?)
sigs (r), UC)&(ry , PC3)&(ry, PC3)
sige (r),UC)&(ry , NC3)&(r5 , NC3)
, (r;, UCL)&(r9, UC)&(r, UCs)
T (rF, UCY& (13, UCa)&(rS, UCs)
‘ (r),UC1)&(ry, UC)&(r3, UC3)
- (19, U &e(ry , UC)& (18, UCy)
° whenﬁgzhgzlandﬁgzhgz&

5198

e when h2 = h2 =0 and h3

sigs =

= (r},UC1)&(ry ,UC)&(r§,UCs)

hy =1

(7“?, UCl)&(r;, UCQ)&(?“g, UCg)

Table 5.2 shows the global fault signatures generated by the system in response
to the occurrence of one of the faults defined in Tableb.1.

5.4.2 Local fault signature

5.4.2.1 Local fault signature generated by H(C|

Based on (4.1) and since HC is composed of S; (Decy), Vey (Cep) and I (Ces), the
masque function M;(r) is defined as follows:

(5.27)

where, 7 = (—hl 1 _|_th1> I, rg = —%I—i— %I = 0 and T% = (E}I — hé) %Vcl.

M (rg) is equal to <I> because Vo does not belong to HC. rq3 is ignored since it is

always equal to zero (parametric faults related to R and L are not considered).
Therefore, hybrid component HC' is sensitive to faults of type Fy, F» and Fy

(see Table 5.1).
(¢! € Q) is defined.

Consequently, a local fault signature in each local hybrid state
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Based on (5.27), in normal operating mode of HC a local normal fault signature
sigg is generated:
sigy = (r1 *, UCT)&(r3 °, UC3)
The part of residuals associated to HC in these conditions are equal to zero (there
is no fault in HCy: (bl = hl) and (C) = C1).

Let us consider the occurrence of a fault of type Fy (S150), the parts of residuals
associated to HC in these conditions are computed as follows:

= (-(h=1) 2+ (=0 &)1
= ((A=1) = =0)) }ver
Therefore, the parts of residuals associated to HC1 in this case are equal to:
{ ri = —%II
ri = %Vcl
Thus, in response to the abrupt change in the parts of residuals associated to HC}

caused by the occurrence of a fault of type Fy, the local fault signature sigi is com-
puted as follows:

sigl = (r] 7, NC})&(r} *, PC3)

where NC{ = _%I and PC} = %Vcl.
1
Let us now consider the occurrence of a fault of type Fy (S1SC), the parts of
residuals associated to HCq are computed as follows:

1_ il 1 1_ 1)L
rl = —(hq_O)é—l—i—(hq—l)C—l)I
= ((A=0) = =1)) }ver
Since only simple fault scenario is considered and in the case of the occurrence

of a fault of type Fb, i.e., S1 stuck closed, Cy is equal to Cy. Therefore, the parts of
residuals associated to HC in this case are equal to:

11
7“11 = 011[

Thus, in response to the abrupt change in r caused by the occurrence of a fault of
type Fy the local fault signature sigs is computed as follows:

sigy = (r{, PC{)&(ry , NC3)

where PC| = C*%I and NC} = —1V¢y.
Let us now consider the occurrence of fault of type F%, the part of residuals
associated to HC] are computed as follows:

1_(_711 1.1
7"1 — <_hqc~,71 + hqa) I
ri = (ﬁ}z — h;) %Vcl
Since only simple fault scenario is considered and in the case of the occurrence

of a fault of type F%, ?zé is equal to hé. Therefore, when Eé = hé = 0 the parts of
residuals associated to HC] in this case are equal to:

r{ =0
ry =0
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Table 5.3: Local faults signatures table of H(C'.

Signature name Fault signature
sigg (ri % UCH&(ri 0 UCk)
sigy (7"1 ,NCH& (r3 3 ,PC3)
5195 (T%+7P01)&( ~.NG3)
sigy (7“% ~UC)H&(r3°,UCs)

Table 5.4: Local faults signatures table of HC5.

Signature name Fault signature
sigs (r20UC?)&(r3%,UC2)&(r3°,UC3)
sig3 (ri*, PCY)&(ry ~, NC3)&(r3 *, PC3)
8194 (ri =, NC})&(r3+, PC3)&(r: ~,NC?)
sig? (ri T, UCH&(r3°,UC3)&(r2 0, UC?)
sigs (r?0,UCH&(ra ~,UCo)&(r2 %, UC3)

In this case, the obtained local signature is equal to sigg-
when hé = hnlz = 1 the part of residuals associated to HC in this case are equal to:
1 _ (L _ 1

"= <C'1 Cl) I

7‘% =0
Thus, in response to the change in the parts of residuals associated to HCY caused
by the occurrence of a fault of type F7, the local fault signature sigs is computed
as follows:
sigy = (r ~,UCH&(r3 °, UCsy)

Table 5.3 shows the local fault signatures generated in response to the occurrence
fault that can occur in HC;.

Likewise, Table 5.4 shows the local fault signatures generated in response to
the occurrence fault that can occur in HC5. where, the masque function Ms(r) is
defined as follows:

My (ry) = r?
Ms(rg) =13 (5.28)
MQ(Tg) ="7Tc3+ T3

where, r? = <h2 L _ hgé) I,7r3= (—ﬁgé + hsc%) I, 73 = —%I+ %I and r2 =

<h3 — hg) Z(VCQ —Vey). reg is ignored since it is always equal to zero (parametric
faults related to R and L are not considered).

Likewise, Table 5.5 shows the local fault signatures generated in response to
the occurrence fault that can occur in HC3. where, the masque function M3(r) is
defined as follows:
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Table 5.5: Local faults signatures table of HCs.

Signature name Fault signature

Sigg (TSO,UC’S)&(@O,UC}?)

sigg’ (7“:23 * PCS’)&(T% +, PC§’)

sigy (ry ~,NC§)&(r3 ~, NC3)

sz’gg’ (r§+,UC§)&(r§O,UC§)
Ms(r1) =@
Ms(ro) =13 (5.29)
Ms(rs) = re3 + T‘g

731 1 R R 7 1
where, r§ = <h20—2 — h20—2> I, re3 = =31+ 71, and r3 = (hg — hg) 7(E —=Vea).
Ms3(rq) is equal to @ because Vey does not belong to HCs5. rg is ignored since it is
always equal to zero (parametric faults related to R and L are not considered).

5.4.3 Local diagnoser construction

For the three cell converter system, three local hybrid diagnosers D;, D2 and D3
are constructed for, respectively, HC, HC5 and HCj5 .

D; is constructed based on the use of local hybrid automaton G' of Fig.5.8 as
follows:

e Initial state 2; (Fig.5.11), characterized by (Q1, Bil, Xt HSL;I), is com-
1 1

posed of the following G states: ¢i (G! initial state), ¢i reached from ¢i by
the occurrence of fault event fs,sc (fault of type Fy) and ¢l reached from ¢f
by the occurrence of fault event fCH 20 (fault of type F7). Thus, Q1 is equal

to {qt, ¢, 4t} ili% is equal to the nominal output of the states of Q1. As we
can see in Fig.5.8 and Fig.5.11, ﬁ(ll%, ﬁéé and ﬁéé in, respectively, g1, q% and
qé are equivalent and equal to 1. Thus, ﬁi% isequal to 1. H SLi% gathers the
normal and fault labels associated to the states belonging to Q1. Therefore,
HSLi% is equal to {Ny, Fy, F7}. Finally, X1 gathers X1 of all the states a
of Q1. Since states qé and qé are reached from qi due to the occurrence of

unobservable events (a fault)(see Fig.5.8), X! in qi, ¢ and ¢} are equivalent

-1 ve 17 .
and equal to [ o I } (see Fig.5.11).
e Continuous dynamic evolutions of the states belonging to Q1 will allow to gen-
erate a set of local fault signatures as we can see in Fig.5.12. These fault sig-
natures allow converting unobservable transitions into observable ones. Con-
sequently, they are used in order to detect and isolate a parametric faults of
type Fr as follows. qé of G! (reached from ¢f by the occurrence of fault event
fe, 7501) generates fault signature Sig%. sig% is used as an observable transition
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HSLIl {le Fls Ff}
a1

Figure 5.11: Initial state z{ of local hybrid diagnoser D;.

to isolate the occurrence of a fault of type Fr by moving the diagnoser to state
z4. The other states of Q1, {¢}, ¢}, generate local fault signature sig} (the
parts of continuous dynamic evolutions in these states do not evolve). sig} is
used as a transition to loop Dj in state z1.

The states of D; reached due to the occurrence of each control command
events are computed. The occurrence of control command OS7 moves Dq

from 21 to 24 characterized by (Q3, }Nlil, )7(1, HSL;). Q3 is equal to all the
2 2

states reached from Q1 due to the occurrence of OS;. Thus, Q3 is equal to
{q, a¢, ¢} (see Fig.5.8). Then, all the states of G! reached from Q3 due to
the occurrence of unobservable event are added to Q%. The unobservable event,
other than fél 20y that can occur at g3 is fault event fg,s0. Therefore, Q2 is

equal to {q3, @3, q¢, ¢+ }. iLil is equal to the nominal output of the states of
. 2
Q3. Consequently, hil is equal to 0 (the switch S; should be opened), H.S’Li1
2 2
is equal to the set of fault labels of the states of Q3. Thus, HSL;1 is equal
2

to {Ny, Fi, F», Fr}; while X1 is equal to the nominal parts of continuous

evolutions of X! in the states of Q3. Thus, X1 is equal to [ 00 ]T (see
Fig.5.8).

Continuous dynamic evolutions of the states belonging to Q3 will allow to gen-
erate a set of fault signatures as we can see in Fig.5.12. These fault signatures
allow converting unobservable transitions into observable ones. Consequently,
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Figure 5.12: Local hybrid diagnoser D; of HC}.
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they are used in order to detect and isolate a discrete fault of type Fy as fol-
lows. g3 of G! (reached from faulty state ¢} due to controllable event OS))
generates fault signature sigs. sigs is used as an observable transition to iso-
late the occurrence of a fault of type F» by moving D; to state zé. The other
states of Q3, {q3, ¢, ¢i}, generates fault signature sig} (the parts of contin-
uous dynamic evolutions in these states do not evolve). sz’gé is used to label
the transition to local hybrid diagnoser state 23 (see Fig.5.12).

23, characterized by (Q3, izil, X1 HSL;), is composed of states of Q3
3 3

excluding the state {q}} isolated from z3. Thus, Q3 is equal to {qi, ¢i, ¢i}.
h};gll is equal to the nominal output of the states of Q3. As we can see in

Fig.5.8, ﬁ;l, ﬁ;l and ﬁ;l in, respectively, g3, qé and q% are equivalent and
2 3 N 7
equal to 0. Thus, hil is equal to 0. HSL;1 gathers the normal and fault
3 3
labels associated to the states belonging to Q1. Therefore, HSL;1 is equal to

3

{Ni, Fi, F7}. Finally, X! gathers X1 of all the states g of Q3. Thus, X!in
g3, g3 and ¢ are equivalent and equal to [ 00 ]T (see Fig.5.8).

The states of D; reached due to the occurrence of each control command
events are computed. The occurrence 0f~control command CS7] moves D;

from z3 to 2} characterized by (Q}, ﬁil, X1 HSL;). Q] is equal to all the
4 4

states reached from Qé due to the occurrence of C'S;. Thus, Q} is equal to
{q}, 4}, ¢i} (see Fig.5.8). Then, all the states of G! reached from Q} due
to the occurrence of unobservable event are added to Q}. The unobservable
event, other than fs 201 that can occur at qf is fault event fg,sc. Therefore,

Q4 is equal to {¢}, ¢, ¢, a2} Bil is equal to the nominal output of the states
- 4
of Q}. Consequently, hil is equal to 1 (the switch S; should be closed), HSL;
4 4
is equal to the set of fault labels of the states of Q1. Thus, HSLil is equal
4

to {Ny, F1, Fy, Fy}; while X' is equal to the nominal parts of continuous

s T
evolutions of X' in the states of Q). Thus, X! is equal to [ =L % } (see

C
Fig.5.8).

Continuous dynamic evolutions of the states belonging to Q} will allow to gen-
erate a set of local fault signatures as we can see in Fig.5.12. These fault sig-
natures allow converting unobservable transitions into observable ones. Con-
sequently, they are used in order to detect and isolate discrete fault of type
Fy and parametric faults of type Fy as follows. ¢i of G' (reached from faulty
state q% due to controllable event C'S;) generates fault signature sigi. sig:
is used as an observable transition to isolate the occurrence of a fault of type
F} by moving the diagnoser to state zé. qé of G! (reached from faulty state
q% due to controllable event C'S7) generates fault signature sz’g%. sig% is used
as an observable transition to isolate the occurrence of a fault of type Fr by
moving the diagnoser to state z+. The other states of Q}, {ql, ¢i}, generate
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Figure 5.13: Local hybrid diagnoser Dy of HCs.

local fault signature sigy (the parts of continuous dynamic evolutions in these

states do not evolve). sigd is used to is used as a transition to loop D; to state
1

2i.

Based on the same reasoning used to construct local diagnoser Dy of HCq, Dy of
HC(C5 and D3 of HC'5 can be constructed as we can see in, respectively, Fig.5.13 and
Fig.5.14.

5.5 Coordinator construction

5.5.1 Central processing point construction

As shown in subsection 5.3.4, the three cell converter is decomposed into three hybrid
components HC1, HCy and HC5. Therefore, three local hybrid diagnosers Dy, Do
and Ds are constructed for, respectively, HC7, HC> and HC3. Each one of them
sends its part of nominal continuous dynamic evolution to the central processing

point. Thus, Dy sends X!, Dy sends X2 and Ds sends X3. The central processing
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Figure 5.14: Local hybrid diagnoser D3 of HCs.
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point achieves the following tasks:

1. It calculates the nominal continuous dynamic evolution (see (3.13)) as follows:

X=X'+ X 24 X 3 - X,

Vc1 Vcl + Vc1

VCQ V02 —|—Vc2 )

I:IC+Il+12+f3
where {/ci = —h V01 = h == V02 = —fz ch = hqC2 = —%,
= hi Ve, 2= h2 2(Vey — Vcl) = hiL (E V).
Xt = [vc1 Il} X2 = [Vc1 v 2] and X3 = [f/cg fﬂT.
X.=[0 0 I }T.
It is worthy to note that X is already recorded in the central processing point
(see Fig.5.15).

Real continuous evolution X is obtained through the continuous sensors mea-
suring the floating voltages V1 and Vg of, respectively, capacitors € and
(5 as well as the current I.

. It calculates residuals r as the difference between the nominal and real con-

tinuous dynamic evolutions of X (r = X — X).

. Finally, the central processing point calculates the local residuals as follows

(see Fig.5.15):

e In the case of the occurrence of a discrete fault of type Fy in Decy (see
Table 5.1) belonging to HC1, residuals r are equal to (see (5.13)):

1
T = —51[
ro =0
r3 = %Vcl

In the case of the occurrence of a discrete fault of type Fy in Decp (see
Table 5.1) belonging to HCY, residuals r are equal to (see (5.14)):
= é I
=0
r3 = —ZVCl

Based on (4.5), in the case of the occurrence of a fault in a discrete
component of HCY, residuals r are equal to the local ones of HC. The
local residuals are computed as follows:

7“% 1, 7“1 O 7‘1 P
=0 rm=r3=0 (5.30)

1 _ 2 _ .3 _
r3=r3, 15 =15 =0

e In the case of the occurrence of a discrete fault of type F3 in Dco (see
Table 5.1) belonging to HC?y, residuals r are equal to (see (5.15)):
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— 1
= 011[
T = —672_[
rs3 = %(VCQ — VCl)
In the case of the occurrence of a discrete fault of type Fy in Dco (see
Table 5.1) belonging to HC?, residuals r are equal to (see (5.16)):

1

r3 = —2%(‘/62 — VCl)
Based on (4.5) which indicates that in the case of the occurrence of a
fault in a discrete component of HCY, residuals r are equal to the local
ones of HCy. The local residuals are computed as follows:

1 _ 2 _ 3 _

ri=0,rf=r, ==

1 _ 2 _ 3 _

rg =®, 15 =19, 15=0 (5.31)
1 _ 2 _ 3 _

r3=0,r3=r3 ry =0

e In the case of the occurrence of a discrete fault of type F5 in Dcs (see
Table 5.1) belonging to HC', residuals r are equal to (see (5.17)):
rr =20
Ty = C‘%I
r3 = %(E — VCQ)

e In the case of the occurrence of a discrete fault of type Fg in Dcs (see

Table 5.1) belonging to HCj, residuas r are equal to (see (5.18)):

rL = 0

T = —~LI

Cs

r3 = —%(E - VCQ)
Based on (4.5) which indicates that in the case of the occurrence of a
fault in a discrete component of HCj, residuals r are equal to the local
ones of HC3. The local residuals are computed as follows:

ri =0, r%:O, 7“:1)’:<I>

=@, r2 =0, r3 = (5.32)

7%:7“%:0, 7‘%:7‘3

e In the case of the occurrence of a parametric fault of type Fr in Ce; (see
Table 5.1) belonging to HC, and HC5 and residuals r are equal to:

— when ﬁ}l = hy = ﬁg = h2 =0 (see (5.19)):

7”1:0
7’2:0
7’3_0
— when Bé:hé:ﬁgzhgzl (see (5.20)):
7“1:0
r9 =0
rg =0
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— when 71; = hy =0 and }ng =hZ =1 (see (5.21)):
_ (1 1
n=(E-&)7
ro =0
r3 = 0
— when Bé =hy =1and izg = h2 =0 (see (5.22)):
_ 1 1
n ()
ro = 0
r3 = 0
Based on (4.6), in the case of the occurrence of a fault in a continuous

component belonging to HC1 and HCo, residuals r are equal to the local
ones of HC7 and HC5. The local residuals are computed as follows:

1,2 _ 3 _

7“% =ry 727417 7“31 =&

ro=®, r5=r3=0 (5.33)
1_.2_.3_

r3=r3=r3=0

e In the case of the occurrence of a parametric fault of type Fg in C'cy (see
Table 5.1) belonging to HCy and HCj, residuals r are equal to:

— when izg =hi2 = iNzg = h3 =0 (see (5.23)):

1 =0
ro =
T3 0
— when B?I =hi2 = ~2 = hd =1 (see (5.24)):
1 =0
) =0
r3 =0
— when ﬁg = hg =0 and fzg’ = hg =1 (see (5.25)):
1 =0
_(a 1
= (- 4)1
rg =0
— when ﬁg =h2=1and ﬁg’ = h3 =0 (see (5.26)):
™ =0
1 1
== (& -4)1
r3 =20

Based on (4.6), in the case of the occurrence of a fault in a continuous
component belonging to HC3 and HCj3, residuals r are equal to the local
ones of HCy and HCj3. The local residuals are computed as follows:

1_ .2 __ 3 _

T%—Tl —20, 1”13—(1)

re =®, 5 =15 =19 (5.34)
1_.2_ .3 _

rz3=r5 =13 =0
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Figure 5.15: Central processing point for the three cell converter.

e In the case of the nominal conditions, residuals r are equal to:

7“1:0
r9 =0
rg =0

Based on (4.7), the local residuals are computed as follows:

r%:r%:O, ri)’:<I>
ry = rf=rj=0 (5.35)
r§:r§:r§:0

5.5.2 Decision merging point construction

As we have seen before (see subsection 5.4.3), local diagnoser D; of HC)| is sensitive
to faults of types Fi, Fy and Fy (see Fig.5.12), local diagnoser Do of HC is sensitive
to faults of types F3, Fy, F; and Fg(see Fig.5.13) and local diagnoser D3 of HCj is
sensitive to faults of types F5, Fg and Fg (see Fig.5.14). In order to obtain one global
diagnosis decision DD for the three cell converter, the local diagnosis decisions are
merged using Table 5.6 (see the rules defined in subsection 4.3.2).
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Table 5.6: Global diagnosis decision DD for the three cell converter.

Rules Local hybrid || Local hybrid || Local hybrid || Global decision
diagnoser D; || diagnoser Dy || diagnoser Dj DD

9 I Nothing Nothing 13
I Nothing Nothing Fy
Nothing E3 Nothing F3
Nothing Fy Nothing Fy
Nothing Nothing Fy F5
Nothing Nothing Fy Fg
3 F5 Fr Nothing F
Nothing Fg Fg Fg

4 Nothing Nothing Nothing Nothing

Table 5.6 comprises three rules. The first rule (rule 2), indicates the case of
the occurrence of a fault of type F} declared by only one local diagnoser. As an
example, a fault of type F} is declared by only D since the latter is the only local
diagnoser sensitive to the occurrence of this type of faults. When more than one local
diagnoser are sensitive to the occurrence of a fault of type I}, these local diagnosers
will declare this fault. This is the case of rule 3 for faults of type F7 declared by
Dy and Dy and faults of type Fg declared by Dy and D3. Rule 4 indicates the case
when all the local diagnosers are not yet able to diagnose a fault. Thus, they remain
all silent.

5.6 Experimentation and obtained results

In order to evaluate the proposed approach, simulations were carried out for the
three-cell converter using Matlab-Simulink” environment and Stateflow’™ tool-
box. The parameters used in these simulations are:
E =60V, C; = Cy =40 uF, R =200Q, L =0.1H.

In order to highlight the efficiency of the diagnoser, the simulations take into
account the set of faults defined in Table 5.1 for the three-cell converter.

Discrete controller commands are assured by a pulse width modulation (PWM)
signal, Defoort et al. (2011). Fig.5.16 depicts the control of the three switches S1, S
and S3. When the triangular signal is below the reference signal (ref in Fig.5.16),
the associated switch is controlled to be opened. When the triangular signal is above
the reference signal, the associated switch is controlled to be closed. This sequence
of control is periodic with a period of Tpy s = 0.02s.

5.6.1 Normal conditions scenario

Fig.5.17 depicts, respectively, the signals of floating voltages V¢; and Vo and the
current I. These signals correspond to the normal conditions. Moreover, one can see
in Fig.5.17 that Vep (respectively Veg) has a periodic signal corresponding to load
and unload of capacitor C (respectively C5) around the mean value Veiper = % =

doc.univ-lille1.fr



© 2015 Tous droits réservés.

Thése de Hanane Louajri, Lille 1, 2015

144 Chapter 5. Case study: Diagnosis of three cell converter system
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Figure 5.16: PWM for control of three switches 57, Sy and Ss.
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Figure 5.17: Real signals corresponding to Ve, Vg and I in normal conditions.
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Figure 5.18: Real and nominal dynamic evolutions of V¢, Vs and I in normal
conditions.

Fault genereration
K
F,
A
K
E
2
22
)
N
0 01 015 02 025 03 035 04 045 05 055 0.6 0.65 0.7 0.8 0.9 0.95 1 t(s)

Figure 5.19: Time of appearance, injection, of faults during the simulation of three
cell converter.

20V (respectively Vegper = % = 40V) and that the current I remains constant in
the region of its reference value (0.15A).

Fig.5.18 shovgs the real and nominal dynamic evolutions of V¢ (Vcl and f/cl),
Vey ( Viey and Veg) and I (I and I). We can notice that the curves representing

the real and nominal dynamic evolutions are superposed. Consequently, residuals
r1, 79 and 73 are equal to zero in these conditions.

5.6.2 Faulty conditions scenario

The test scenario is generated as follows (see Fig.5.19). Each fault f, belonging to
one of the fault labels of Table 5.1, is generated starting at time t;; and ending at
time Z.y. Then, the system returns to normal operating conditions before generating
a new fault for a certain predefined time. Parametric faults of types Fr and Fg are
simulated by changing gradually the real values of C1, respectively C5, in negative
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Figure 5.20: Ramp signal applied to simulate the gradual change of C; value, re-
spectively ,Cy value.
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Figure 5.21: Real signals of Vi, Ve and [ in simulated normal and faulty condi-
tions of Fig.5.19.

direction (aging) using a ramp signal (see Fig.5.20). Vi, Vg and I simulated
signals including these faults are represented in Fig.5.21. The ramp signal is used
in order to generate a slow gradual change in the value of C1, respectively, Cs.

One can see in Fig.5.21 that V¢; (respectively Veg) has lost the periodic aspects
in the case of a fault and that the current I has become inconstant in the region of
its reference value. 71, ro, r3 are represented in Fig.5.22 and Fig.5.23. As expected,
r1 is sensitive to the faults of types Fy, Fy, F3, Fy and Fy, ro is sensitive to the
faults of types F3, Fy, F5, Fg and Fg; while rg is sensitive to the faults of types Fi,
FQ, Fg, F4, F5 and FG.

Fig.5.24, Fig.5.25, Fig.5.26 and Fig.5.6.2 show, respectively, local decision DD,
of diagnoser D1, local decision D D5 of diagnoser Ds, local decision D D3 of diagnoser
D3 and global decision (DD). we can see that, The first local diagnoser (Dj) is
sensitive to faults of types F, F» and F; (diagnosis with certainty their occurrence),
the second local diagnoser (Ds) is sensitive to faults of types Fj, Fy, F; and Fy;
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Figure 5.22: Residuals corresponding to the generated discrete faults of Fig.5.19.
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Figure 5.23: Residuals corresponding to the generated parametric faults of Fig.5.19.
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Figure 5.24: Local decision DD; of D;.
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Figure 5.25: Local decision DDy of Ds.

while the third local diagnoser (Ds) is sensitive to faults of types F5, Fg and Fg.
We can conclude that the global decision indicates with certainty the occurrence of
each of the generated faults of Fig.5.19. The diagnosis delay, Ap, (see Fig.5.28) is
defined as the difference between the time of the occurrence of a fault and the time
of the diagnosis of this fault. If the fault is occurred when hybrid component HC)
is in a local hybrid state (¢7), this fault is diagnosed if the continuous dynamics
of ¢/ generates a fault signature sensitive to this fault. In this case, the generated
fault signature moves the diagnoser D; from an uncertain state to a certain state
with only one fault label indicating the occurrence of this fault. However, if the
continuous dynamics of ¢/ does not allow the generation of a fault signature sensitive
to this fault, the latter cannot be isolated. As an example in Fig.5.12, if a fault of
type Fr occurs when HC] is in local state g3, HC; reach q% due to the occurrence
of this fault. The continuous dynamics in q% does not allow the generation of a
fault signature sensitive to this fault. The local diagnoser D; cannot diagnose with
certainty the occurrence of this fault (see states 24 or 21 of Fig.5.12); while if a fault
of type F; occurs when HCY is in local state g1, HCj reach qé due to the occurrence
of this fault. The continuous dynamic in g allow generating a fault signature sigs
sensitive to this fault. Local diagnoser D; moves to 21 (see states 21, 2z} and 2} of
Fig.5.12).
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Figure 5.26: Local decision D D3 of Ds.
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Figure 5.27: Global diagnosis decision issued by the coordinator.
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Figure 5.28: Diagnosis delay, Af,, d € {1,---,8}, for the fault scenario of Fig.5.19.

AF, depends on the discrete mode in which a fault occurred.
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Figure 5.29: Noises added to the load resistor, R.

5.6.3 Normal conditions scenario with noises added to load resistor
R

Diagnosis algorithms should be tested and evaluated on real systems with practical
significance. In these systems, factors such as noises make diagnosis challenging.
Therefore, there is a need to evaluate the robustness of the diagnosis algorithms for
different faults and noises magnitudes. Accurate simulation models of the system
are required for this purpose. Further, it is important to execute the diagnosis al-
gorithms on systems, where the noises model is always present, and complicates the
diagnosis task. In order to examine the robustness of our approach, a parametric
noises (see for example Fig.5.29), applied on parameters, is used. From an electrical
point of view, the resistors are the most disturbing elements in the three cell con-
verter systems. For this reason, we added noises to the nominal value of resistor R.
In order to take into account the noises added to R, the residuals of (5.8) is written
as follows:

— 11 11 l’ 21 21 [
Tl - _h;a"_hqa + hqa—h?a

— 21 21 l’ 3.1 3.1 l’
r2 hq 6’2 hq Co hq C~’2 hq Co

T3 = (—R + Rb> L+ (ﬁ}l — hé) Yert (b2 - hg) %4_ (5.36)

(- 35) =

where R is the nominal value of R without noises; while Rj is the real value of R.
Ry, corresponds to the nominal value of R with noises. r1, 9, r3 are represented in
Fig.5.30. As expected, r1 and 79 are not sensitive to this perturbation in normal
conditions (R does not influence the dynamic evolutions of V¢; and Veg; while r3 is
impacted by these noises. 73 changes between —0.4 A/s and 0.4 A/s as we can see
in Fig.5.30.
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Figure 5.30: Set of residuals with noises corresponding to the normal conditions.

Ideally, any non-zero residual value implies a fault, which should trigger the fault
isolation system. Therefore, statistical techniques are required for reliable fault de-
tection. The fault detection system is based on a Z-test that uses the estimated
variance of the residuals and a pre-specified confidence level to establish the signifi-
cance of observed nonzero residuals. To cope with noises, we compute the mean and
the variance at different time points, Biswas et al. (2003), Khorasgani et al. (2014).
The Z-test is a statistical inference test employed to establish the signification of
the deviation. It requires the mean and standard deviation of the population, and
the mean and size of the samples. These values are estimated using sliding windows
over the residual for a variable. A small sliding window of size Wi samples, is used
to estimate the current mean g, (t) of residual r; related to the variable x;:

1
i) =5 D>, i) (5.37)
1
v=t—Wi1+1

We suppose the mean of the population is equal to zero, since the residual should
be zero when the system is free of faults. We compute the variance from data history
of the nominal residual signal over a window Wy proceeding Wy, where Wa > W7,
as an estimate of the true variance:

t—W1
0= > (5.39
t—W1
m =g S () - a0 (5.39
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Figure 5.31: Set of residuals and thresholds with noises corresponding to the normal
conditions.

The size of Wy must contain enough of measurements in order to estimate cor-
rectly the residuals mean and variance in the normal operating conditions and there-
fore to reduce the rate of false alarms. The size of W1 must also be selected as a
tradeoff between the delay of fault detection and the rate of false alarms. The size
of Wy, respectively W1, is chosen experimentally to be equal to 25, respectively 5,
measurements.

Since the distribution of residuals mean is supposed to follow the normal distri-
bution, a confidence level, «, is defined by determining the bound [,u;i, ,uji ] within
which i, (t) is considered to correspond to normal operating conditions. [u;i,,ujfi]
is defined using Z-test table and the approximation o, :

e () = S
(5.40)
+. .
() = S
For a equal to 0.95, z,; and z;; are equal to, respectively, —1.64 and 1.64.
The Z-test is employed in the following manner:

o [, < fir; < it = No fault;
e Otherwise = Fault;

Fig.5.31 depicts the mean of residual p,, and the negative and positive thresholds
of this residual defined by the Z-test. The mean and true variance of residuals 1
and ry are equal to zero. Thus, their thresholds are also equal to zero (u,,, ,u:,“l and
My, » Tespectively, pip,, ,u;; and p,., are superposed).
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Table 5.7: Local fault signatures generated due to the occurrence of faults in HCy
in the case of parametric noise.

Local It . .
sign;fsrefZZmbol Equivalent global fault signatures
sigh (pry <oy <) & (o < oy < i)
& (/"L’IT?) < Hr; < :u;":)
sig! (NCT+ pyy < iy < NOT+ ) & (i, < iy < 1)
' &(PC§+M1?3</¢T3<PCJ+MT3)
sigs (PCY +/%Tl < iy < PCY A+ 1) & ('“7"2 < iy < pif)
(NC3 +M7”3 < Mg < NC3 +:u7”3)
Sigl (Hrl < Mh) (Mrg < flry < :urg) & (:U’rg < prg < M'I‘g)
! L > ) & (i < firy < p1y) & (i, < pirg < 1)

Table 5.8: Local fault signatures generated due to the occurrence of faults in HCs
in the case of parametric noise.
Local fault

signature symbol

Equivalent global fault signatures

(ki < iry < 1) & (i < piry < pif)
& (pry < firy < uig)

(PCE + piy, < pry < PCY + 1)
Sig?% & (NCQ + /‘1’72 < Horg < NC2 + /‘1’72)
&(PC3 +M'rg, <:U’7“3 <PC3 +/‘L'rg,)

)

Sigg

(NC? + py, < pry, < NCY —i—,um)
sigs & (PC3 + pyy < piry < PC’2 + 1

(NC'3 + oy < g < NC’3 +ur3)
sig? (e, < pary) & (pagy < pory < i) & (i, < porg < p1y,)
’ (i, > pory) & (i, < iy < p131y) & (g < piry < pisf)
sig? (pry < iy < i) & (pny > i) & (i, < pirg < i)
° (i, < ey < piaty) & (prfy, < piry) & (g, < piry < pif)

Table 5.9: Local fault signatures generated due to the occurrence of faults in HC
in the case of parametric noise.

Local fault
signature symbol

Equivalent global fault signatures

(i, < iry < 1) & (piy < piry < pif)
& (pry < s < piify)

(ry, < pry < pif) & (PC3 + iy, < piry < PC3 + 1))

& (PC3 + piyy < ey < PC3 + i)
sigd (ry < piry < i) & (NCF + i, < iy < NCF 4 p1f,)

6 & (NC3 + py, < pry < NC3 + 1))
(i < oy < 1) & (i, > i) & (pry, < piry < pi3t)
(i < oy < 1) & (i <) & (py, < iy < 137)

st gg

sigs

st g§
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Tables 5.3, 5.4 and 5.5 are modified by replacing 1 by pr,, 72 by pr, and rs by
try. Thus, Tables 5.3, 5.4 and 5.5 become as, respectively, Tables 5.7, 5.8 and 5.9
in order to integrate the noises added to resistor R.

5.6.4 Faulty conditions scenario with noises added to load resistor

R
E Fault generation
K
L
i
K
K
5
£
N | J
0 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.8 0.9 095 1 t(s)

Figure 5.32: Time of appearance, injection, of faults during the simulation of three
cell converters with noise.

In order to evaluate the proposed approach in the case of noises, fault scenario
is generated (see Fig.5.32). The order of the occurrence of faults according to the
one of Fig.5.19 has been changed in order to show the robustness of the proposed
approach according to the order of fault occurrence. The corresponding jiy,, ftr, and
ry for this scenario is represented in Fig.5.33 and Fig.5.34. In this case, noises are
observed only in p,, at normal and faulty conditions (see zoom in Fig.5.35). As we
said before, only p,, is impacted by noises since the noisy parameter R is included
only in the dynamic evolution I of I (see (5.36)). To overcome this noises problem, a
threshold is defined for each residual using Z-test. These thresholds are used during
the fault detection and isolation in order to avoid the false alarms ( residuals are
different from zero due to the noises and not because of the occurrence of a fault) as
well as the missed fault detection (The discrete symbols PC7 and NCV in the faults
signatures must take into account the presence of the noises) caused by noises.

Fig.5.36, Fig.5.37, Fig.5.38 and Fig.5.39 show, respectively, local decision DD,
of diagnoser D1, local decision D D5 of diagnoser Do, local decision D D3 of diagnoser
D3 and global decision DD. The first local diagnoser D; is sensitive to faults of
types F1, Fy and F; (diagnosis with certainty their occurrence), the second local
diagnoser D5 is sensitive to faults of types F3, Fy, F7 and Fg; while the third local
diagnoser D3 is sensitive to faults of types F5, Fg and F3. We can conclude that
the global decision indicates with certainty the occurrence of each of the generated
faults of Fig.5.32 regardless of the existence of noises.
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Figure 5.33: Residuals corresponding to the generated discrete faults of Fig.5.32 in
the case of noises added to R.

5.6.5 Normal conditions scenario with noises added to capacitor

Ci

In order to test the diagnosis approach performance, noises are added to the nominal
value of the three cell converter capacitor C. Fig.5.40 depicts the mean of residual
tr, and the negative and positive thresholds of this residual defined by the Z-test.
The mean and true variance of residuals r9 and r3 are equal to zero. Thus, their
thresholds are also equal to zero. In the case of noises added to Cy, only u,, is
impacted by noises since the noisy parameter C] is included only in the dynamic
evolution Vcl of V.

5.6.6 Faulty conditions scenario with noises added to capacitor C}

In order to evaluate the proposed approach in the case of noises added to capacitor
(1, the fault scenario generated previously (see Fig.5.32) is used but by adding
noises to capacitor C1 and not to resistor R. The corresponding fi,,, iy, and g, for
this scenario are represented in Fig.5.41. In this case, noises are observed ounly in p,
at normal and faulty conditions. As we said before, only pu,, is impacted by noises
since the noisy parameter C; is included only in dynamic evolution Vep of Vey.
Fig.5.42 shows the global decision DD in the case of noises added to capacitor C.
In this case, the decentralized approach allows to diagnose the set of the generated
fault of Figh.32. By comparing DD for Cy without noises (see Fig.5.39) and DD for
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Figure 5.34: Residuals corresponding to the generated parametric faults of Fig.5.32
in the case of noises added to R.
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Figure 5.35: Zoom of p,, with noises corresponding to normal and faulty conditions
scenario of Fig.5.32.
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Figure 5.36: Local decisions DD of D; in the case of noises.
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Figure 5.37: Local decisions DDy of Dy in the case of noises added to R.
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Figure 5.38: Local decisions DDs of D3 in the case of noises added to R.
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Figure 5.39: Global diagnosis decision issued by the coordinator in the case of noises
added to R.
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Figure 5.40: Set of residuals corresponding to the normal conditions in the case of
noises added to the nominal value of the three cell converter capacitor C1.
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Figure 5.41: Set of residuals corresponding to the generated faults of Fig.5.32 in the
case of noises added to the nominal value of the three cell converter capacitor C.

Cy with noises (see Fig.5.42), we can see that the diagnosis delay for the diagnosis
of a fault of type F% is bigger in the later than the one of the former. This is due
to the fact that the diagnosers wait p,, to exceed the thresholds in order to detect
the occurrence of this fault.

5.7 Comparison between the proposed centralized and
decentralized approaches for the three cell converter
system

In this chapter, the decentralized hybrid diagnosis approach is applied to achieve
the diagnosis of the parametric and discrete faults ( see Table 5.1) that can occur in
the three cell converter system. Table 5.10 represents the comparison between the
major characteristics of the centralized and decentralized proposed approaches for
the three cell converter system.

Based on remark 4.1, the decentralized proposed approach has the advantage to
be robust because when D; fails, Do, respectively Ds, diagnoses the occurrence of
faults of types F3, Fy, F7 and Fyg, respectively Fy, Fg and Fg; while when Ds fails,
Dy, respectively Ds, assures the diagnosis of the occurrence of faults of types £y, Fb
and F%, respectively F5, Fg and Fg. Likewise, when Dj fails, D1, respectively Ds,
assures the diagnosis of the occurrence of faults of types Fi, F»> and Fy, respectively
f?g, 174, l:% and l:é.

Let |G7|, j € {1,2,3}, be the number of states of local model G’, j € {1,2,3},
and |G| be the number of states of global model G of the three cell converter system.
Let |%7], j € {1,2,3}, be the number of events in ¥/, j € {1,2,3}, and |X| be the
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Figure 5.42: Global diagnosis decision issued by the coordinator in the case of noises
added to C.

number of events in X, i.e., events generated in the three cell converter system. The
number of transitions is equal to |G7| x |¥7|, 7 € {1,2,3}, for G’ and |G| x |¥| for
G. Consequently, the complexity for constructing Dj, j € {1,2,3}, is of the order
O (|G?| x |£7]), e.g., the complexity for constructing D is of the order O (8 x 5) ((8
hybrid states) x (2 controller command events and 3 events indicating the occurrence
of faults (see Fig.5.8))). Likewise, the complexity for constructing Ds is of the order
O (10 x 5) ((10 hybrid states) x (2 controller command events and 3 events indicating
the occurrence of faults (see Fig.5.9))) and the complexity for constructing Ds is of
the order O (8 x 5) ((8 hybrid states)x(2 controller command events and 3 events
indicating the occurrence of faults (see Fig.5.10))). The complexity for constructing
D is of the order O (|G| x |X|). i.e, the complexity for constructing D is of the order
O (640 x 125) ((8x10x8 hybrid statesx(5x5x5 events)). Therefore, the complexity
of the proposed decentralized diagnosis approach is polynomial in the number of the
system components and in the size of local model G7; while the complexity of the
proposed centralized diagnosis approach is exponential in the number of the system
components and the size of local model G.

5.8 Summary

In this chapter, the decentralized hybrid diagnosis approach for discretely controlled
continuous systems, developed in Chapter 4, is applied using the three cell converter.
This application demonstrated the capacitor of the hybrid models to represent in-
trinsically the interactions between the continuous and the discrete dynamics of
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Table 5.10: Comparison between the proposed centralized and decentralized ap-
proaches for the three cell converter.

of the system

Into 3 hybrid components
HCl, HCQ and HC3

L Centralized Decentralized
Characteristics
approach approach
Decomposition Yes Yes

Into 3 hybrid components
HCl, HCQ and HCg

The use of global

Yes No
model
The complexit .
PR 6 <167 < (6? G+ 1G]+ |G?|

of the diagnoser

Diagnosis of Yes Yes

discrete faults Fl, FQ, F3, 1!747 F5 and F6 Fl, FQ, Fg, F4, F5 and FG

Diagnosis of Yes Yes
parametric faults Fr and Fg Fr and Fy

Robustness

Weak robustness

(see remark 4.1)

Strong robustness

(see remark 4.1)

the system. The diagnosis task is accomplished by a set of local hybrid diagnosers
Dy, Dy and Ds3. Each of the latter is responsible of the diagnosis of a specific part
of the system. These local hybrid diagnosers are built without the use of the system
global model but only the local models. The decisions of the local hybrid diagnosers
are merged using a coordinator in order to diagnose the set of generated faults in
the system.

In order to highlight the efficiency of the decentralized diagnosis approach, de-
veloped in Chapter 4, several simulation scenarios are generated for the three cell
converter. These scenarios represent several parametric and discrete faults impact-
ing the discrete switches (S7, Se and S3) and the capacities (C and C3). In the
first time, the faults are generated without considering the noises in the parameters
of the three cell converter. The diagnosers diagnosed with certainty the occurrence
of the set of generated parametric and discrete faults. In the second time, noises
are added to load resistor (R) and to capacitor (C7). The obtained results showed
that the decentralized fault diagnosis structure continues to diagnose with certainty
the occurrence of parametric and discrete generated faults in the presence of noises.
This proves the robustness of the proposed decentralized approach against the noises
in the converter parameters.

Based on Fig.5.8 and Fig.5.10, we can conclude that the models of the first and
the third hybrid components, HC, and HC', representing the first and third cells
of converter are similar. Therefore their local diagnosers Dy and Dy are also similar
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(see Fig.5.12 and Fig.5.12). consequently, in the case of multi-cell converter with
n cells, the local diagnosers for the impair cells will be similar. Likewise, the local
diagnosers of the pair cells will be similar. This can help to reduce significantly the
computation efforts to construct the local diagnosers for n multi-cell converter.

In the future work, this approach will be applied to a physical real three cell
converter with different types of controllers. The goal is to apply the proposed
approach to the converters used in wind turbines. In the latter, the controller is
used to change the current frequency in order to obtain different relation speeds for
the generator. The goal is to optimize the generated electricity by the generator
according to the wind speed.
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CHAPTER 6

Conclusion

6.1 Summary of contributions and discussion

The work presented in this dissertation focused on the development of a model based
approach to achieve the discrete and parametric faults diagnosis in hybrid dynamic
systems (HDS), in particular discretely controlled continuous systems (DCCS). In
Chapter 2, the basic definitions and the classes of HDS are presented. Then, the
different approaches of the literature to achieve the fault diagnosis of HDS, in par-
ticular DCCS, are studied and compared using a simple example of one tank system.
As shown in Chapter 2, these approaches are classified into three main categories:

1. approaches for the diagnosis of parametric faults. They take benefit of the dis-
crete dynamics in order to enhance the diagnosis capacity (i.e., diagnosability)
of only parametric faults. They cannot diagnose discrete faults because they
consider the discrete events as observable events while the discrete faults are
unobservable discrete events;

2. approaches for the diagnosis of discrete faults. They use the continuous dy-
namics in each normal or fault discrete mode in order to generate observable
events. The latter, generated thanks to the continuous dynamics, are used to
enhance the diagnosability of only discrete faults. These approaches cannot
diagnose parametric faults. This is due to the fact that they use the events
generated by the continuous dynamics in order to distinguish between normal
and fault discrete modes;

3. approaches for the diagnosis of both parametric and discrete faults. In these
approaches, discrete and parametric faults are represented by different states
in the system model. Thus, the system model size is more complex than the
one built by the approaches of the two previous categories. This increases the
complexity to diagnose these faults since the diagnoser, based on the same
observability, needs to distinguish between a higher number of normal and
faulty states (i.e., distinguishing discrete and continuous fault behaviors from
the normal ones using the same observation of the system). For this reason, few
approaches have been proposed in the literature to achieve both the parametric
and discrete faults.

However, the approaches of these three categories suffer from the drawback that they
do not scale well to large scale systems with huge number of discrete modes. This
is due to the fact that they need a global model of the system. The construction of
this global model may become unfeasible in the case of large scale systems because
of the state space complexity.
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Consequently, the contributions of this dissertation aim at developing an ap-
proach to achieve the diagnosis of parametric and discrete faults in large scale
DCCS. To this end, two approaches have been proposed. The first approach is
a modular parametric and discrete faults centralized diagnosis approach that takes
benefit of the system modularity in order to facilitate the construction of the system
global model. The second approach is based on the use of a decentralized diagnosis
structure to achieve the parametric and discrete faults diagnosis without the use of
a global model but only the local models of the systems components. The major
advantages of these two approaches are as follows:

1. Exploitation of the modularity of the system: The system is decomposed
into a set of discrete and continuous components. The discrete components
present the discrete behaviors of the systems while the continuous components
present the continuous behaviors of the system. The hybrid components are
built as a combination of one discrete component and the continuous compo-
nents interacting with it (i.e. the components that change their continuous
dynamic evolutions due to the discrete mode of these discrete components).
The local hybrid model of each hybrid component is built by synchronizing the
local models of discrete and continuous components belonging to this hybrid
components.

2. Modular construction of the global model as well as the central-
ized diagnoser. The global model is constructed based on the synchronous
composition between the different hybrid local models. This facilitates the
construction of the system global model. Then, the centralized diagnoser is
constructed systematically based on the global model of the system.

3. Decentralized parametric and discrete faults diagnosis strcuture. In
this approach a set of local diagnosers are built based on the local hybrid mod-
els of the system hybrid components. The aim of this approach is to diagnose
the discrete and parametric faults without the use of global model. Each hy-
brid local diagnoser is sensitive to the fault occurring in its associated hybrid
component. The local decisions issued from the local diagnosers are merged
throughout a coordinator in order to obtain one global decision equivalent to
the one of the centralized diagnoser. The advantage of this approach is that
local hybrid diagnosers as well as the coordinator are built using local mod-
els. Consequently the decentralized parametric and discrete faults diagnosis
approach scales well to large scale systems with multiple discrete modes.

Experimental case study to achieve the decentralized diagnosis of the three cell
converter is devloped. In order to evaluate the proposed decentralized fault diagnosis
approach, simulations are carried out for the three-cell converter using Matlab-
Simulink™™
are generated for the three cell converter in order to test the capacity of the proposed
approach to diagnose the discrete and parametric faults impacting the system. The
noises are added to be as close as possible to real operating conditions. The obtained
results showed that the decentralized fault diagnosis structure continues to diagnose

environment and Stateflow’™ toolbox. Several simulation scenarios

doc.univ-lille1.fr



© 2015 Tous droits réservés.

Thése de Hanane Louajri, Lille 1, 2015

6.2. Future directions 165

with certainty the occurrence of the parametric and the discrete generated faults
in the presence of noises. This proves the robustness of the proposed decentralized
approach against the noises.

6.2 Future directions

The proposed approaches of this dissertation do have some limitations which provide
directions for future work. These future directions are summarized as follows:

1. Diagnosis of drift-like faults. A system can change its operation condi-
tions from normal to faulty either abruptly or gradually. In the case of gradual
change, the system begins to malfunction (degraded behavior) until the fail-
ure takes over completely. Early or advanced warning of failures can help
providing a time to achieve appropriate corrective actions and to reduce the
maintenance costs. The discrete faults are abrupt failures and thus can be
caused by exogenous actions; while parametric faults are caused by a devia-
tion (variation) in some system parameters. We considered in this dissertation
that the parametric faults are gradual ones that may lead the system, after a
certain time, to a failure mode. This failure is diagnosed when its importance
(the abnormal change amplitude of the parameter nominal value) is enough to
allow the sensitive residuals to be greater than the predefined failure detection
thresholds. The gradual dynamics of the parametric faults can be represented
as a drift in the system operating conditions from normal to faulty ones. This
drift leads to a gradual change in the characteristics of the system dynamics.
Detecting this drift as early as possible may allow warning human supervision
operators about the fault occurrence in early stage. Therefore, one future
work is to integrate in the proposed approaches drift indicators allowing mon-
itoring any serious change in the characteristics of the discrete and/or the
continuous dynamics of the system in each discrete mode or configuration.
These indicators observe some statistical properties of the observed discrete
events and/or the continuous measurements in a discrete mode. When at
least one characteristic statistical property of these discrete events or mea-
surements changes, a warning is activated. Then, this warning is confirmed as
soon as this drift is confirmed. As an example, the data indicating the time
of events occurrences in the case of normal operating conditions are gathered
to form a historic or learning set. Then, a histogram is constructed to show
the frequency distribution of the occurrence of the various events in response
to actions (commands). This histogram can be used to calculate the mean
and the spread of the normal variation of the component behavior. When
the system begins to malfunction, the time occurrence of events starts to drift
(increases or decreases). This drift leads to a change in the frequency distribu-
tion of time event occurrences. Therefore, an indicator monitoring the change
in the mean and spread of the normal variation of the system behavior, or
one of its components, can be used to detect this drift and alarm a human
operator. Same reasoning can be applied for the continuous measurements in

doc.univ-lille1.fr



© 2015 Tous droits réservés.

166

Thése de Hanane Louajri, Lille 1, 2015

Chapter 6. Conclusion

Frequency
distributions

for

discharging
( J Cmin)

each discrete mode, e.g. the time for filling or draining a tank or for charging
or discharging a capacitor. Fig.6.1 shows an example of the change of the
frequency distributions of the maximum, respectively minimum, tension of a
capacitor during the charge, respectively discharge, of this capacitor.
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Figure 6.1: Abnormal drift from normal to faulty operation conditions of a capacitor
representing its degradation (aging effect).

2. Multiple faults diagnosis. In this dissertation, the proposed approaches are

based on the single fault hypothesis. In this case, only one fault (parametric
or discrete) can occur. However, sometimes a set of faults may occur together.
This case is termed as multiple faults scenario and the diagnosis method must
be able to infer their occurrence together in order to explain the observed
fault behavior. The multiple faults diagnosis is a challenging task due to the
interaction between the different faults. This interaction may generate new
fault behaviors or cause fault masking. In addition, the same set of multiple
faults can manifest in different ways, depending on which fault occurs first, and
on the fault propagation delays in the system. This will increase exponentially
the state space with the number of potential faults. Therefore, one future
direction of our work is to extend the proposed decentralized hybrid diagnosis
approach in order to achieve the diagnosis of parametric and discrete faults
occurring in multiple faults scenarios. To this end, the multiple faults modes
will be included as states in the local hybrid models. The goal is to be able
to include the effect of multiple faults on the system behavior as well as on
the generated fault signatures. In addition, the processing capacity of the
coordinator will be increased in order to generate new information useful to
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improve the discrimination power of the different normal and fault behaviors
of the decentralized diagnosis structure. Example of this useful information
is the integration, in the fault signatures, of the time ordering deviations
impacting continuous variables. This ordering is useful to distinguish between
the occurrence of a single fault and the effect of its propagation towards other
components from the occurrence of multiple faults. Finally, the incremental
inference used by the proposed approaches can be used here in order to reduce
the set of fault candidates in response to the occurrence of new observable
events.

Application of the proposed decentralized diagnosis structure to
a physical three cell converter. The proposed decentralized diagnosis
structure were tested and evaluated using a bench-mark of three cell converter
developed using Matlab-Simulink”™ environment and Stateflow”™ toolbox.
A future direction is to apply these approaches using a physical three cell
converter. The challenge is to incorporate parametric and discrete faults on
the physical converter (changing artificially the values of capacitors and forcing
switches to change or to remain in their current discrete mode, i.e. ’stuck-
closed’” or ’stuck-opened’). To this end, the scheme of Fig.6.2 will be used.

Discrete controller

command events
Discrete controller

‘ommunication protocol

Diagnosis structures

Acquisition system of sensors signals
5]
)
N

Figure 6.2: General scheme of the physical three cell converter.

In this scheme, the decentralized diagnosis structure (local diagnosers and the
coordinator) are implemented using a calculator (CPU) equipped with Matlab-
Simulink”™ environment and Stateflow’? toolbox. The sensors readings as
well as the discrete control command events will be communicated to the
calculator (CPU) in order to allow the evolving of the decentralized diagnosis
structure. Then, discrete faults are incorporated using the scheme of Fig.6.3.
In this scheme, the 'stuck-closed’ discrete fault in switch S;, j € {1,2,3}, is
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4.

generated by closing the additional parallel related switch SC;, j € {1,2,3}.
Likewise, the 'stuck-on’ discrete fault in switch S;, j € {1, 2, 3} is generated by
opening the additional serial switch SO;, j € {1,2,3}. Similarly, parametric
faults in capacitors will be incorporated by changing artificially the tensions
(Vei, i € {1,2}) of capacitors C;, i € {1,2}. To achieve that, the value
of resistor SR;, i € {1,2}, (see Fig.6.2) will be increased gradually from its
initial value (i.e., zero corresponding to the normal operation conditions of
Ci, i € {1,2}). This increase of SR; will decrease the value of C; leading to
generate an artificial abnormal change in the value of C;.

Se.

Figure 6.3: Discrete faults generated in switch S; in the physical three cell converter.

Integrating the decentralized diagnosis structure in an advanced su-
pervision scheme and its application to achieve the monitoring of
wind turbines. One future direction of our work is to develop the proposed
decentralized fault diagnosis approach in order to be integrated in an advanced
supervision scheme. The latter contains a fault management module that
aims at deciding the actions to be taken (to stop or to change the operation,
to reconfigure the system or to achieve an adequate maintenance procedure)
in response to the occurrence of a fault. These actions lead to maximize the
system performance (availability, production, security) and to reduce its main-
tenance costs. One potential application of this advanced supervision scheme
is the monitoring of wind turbines, in particular the converters. Indeed, the
converter used in wind turbines is similar to the three cell converter used in
Chapter 5 of this dissertation. The difference is that the converter in the wind
turbine has 3 arms; each one of them is a three cell converter (see Fig.6.4).
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Figure 6.4: Wind turbine with its corresponding converter.
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Abstract: This thesis aims at defining a diagnosis approach for hybrid dynamic
systems in particular Discretely Controlled Continuous Systems. The goal is to build
a diagnosis module called, diagnoser, able to diagnose parametric and discrete faults.
Parametric faults affect the system continuous dynamics and are characterized by
abnormal changes in some system parameters; whereas discrete faults affect the
system discrete dynamics and are considered either as the occurrence of unobservable
events and/or reaching discrete fault modes. This approach is based on modular
modeling in order to take into account the interactions between continuous and
discrete dynamics. This approach is developed through two approaches. A modular
diagnosis approach in which the diagnoser is built based on the use of the global
model and a decentralized approach in which a set of local diagnosers are built based
on the local model of the system components. The three-cell converter is used to
demonstrate the efficacy of these two approaches.

Keywords: Mots clefs : Hybrid fault diagnosis, Hybrid dynamic systems,
discretely controlled continuous systems, Parametric faults, Discrete fault, Hybrid
dynamic system modeling, Power electronics.

R$umeé Les travaux de ma thése ont pour but la définition d’'une drharche modu-
laire permettant le diagnostic des dfauts liés conjointement aux dynamiques continue
et discréte des Systémes Dynamiques Hybrides (SDH), en particulier les systémes
continus & commande discréte (SCCD). L’objectif est de construire un modele de
diagnostic appelé, diagnostiqueur, permettant de diagnostiquer a la fois les défauts
paramétriques et discrets des SDH de grande taille. Les défauts paramétriques sont
caractérisés par un changement anormal de certains paramétres tandis que les dé-
fauts discrets sont caractérisés par un changement inattendu du mode discret du
systéme. Cette démarche est basée sur une modélisation modulaire orientée com-
posant permettant de tenir compte de la nature composite du systéme. Elle tient
compte également des interactions entre les dynamiques discréte et continue. Cette
démarche est développée & travers deux approches. Une approche de diagnostique
modulaire dont le diagnostiqueur est construite a partir du modéle global de sys-
téme, et une approche de diagnostique décentralisé dont d’un ensemble des diagnos-
tiqueurs locaux sont construits a partir des modeéles locaux du systéme. Ces deux
approches sont validées en utilisant un convertisseur & trois cellules.

Mots clefs: Diagnostique des défauts, Systémes dynamiques hybrides, Sys-
tem continus a commande discréte, Défauts paramétriques et discrets, Modélisation
hybride, Electronique de puissance.
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