) ol gl s 31 5 e pad)
People’s Democratic Republlc of Algeria

el S 5
Ministry of Hz er Educatzon and Scientific Research
—kﬁw )’ﬁ‘m\?
Freres Mentourz Constantme 1 University
e e
Faculty of Technology Sciences
o sl .3

Department of Electronics

Ordre N°:  39/DS /2021
Series: 02/ELE /2021

A Dissertation

Submitted to the Department of Electronics

in Fulfilment of the Requirements for the Degree of

DOCTOR of SCIENCE

in Electronics

Specialty: Control Systems

TITLE:

Contribution to Robust Fault-Tolerant Predictive Control with
Constraints for Hybrid Systems

By
Abdelmalek ZAHAF

Defended on April 11, 2021

Committee Members:

Chairman :  Abdelatah Charef Prof. Freres Mentouri University- Constantine 1
Advisor  :  Sofiane Bououden Prof. Abbes Laghrour University, Khenchela
Co-Advisor :  Mohamed Chemachema  Prof. Freres Mentouri University- Constantine 1
Examiners : Mohamed Lashab Prof. Larbi Ben M’Hidi University, Oum el-Bouaghi
Salim Ziani M.C.A  Fréres Mentouri University- Constantine 1

Fouad Allouani M.C.A  Abbes Laghrour University, Khenchela



No fear to boldly go
Where no man has gone before

Since all hard things must come to an end.



To whom I did not find words of gratitude and thankfulness, my
parents

To my Soulmate
To my Sisters

To my Brothers and their sweet families

Abdelmalek



Acknowledgments

At First, I thank God for giving me strength and health to bit the obstacles and
to go through the way He planned for me.

I would first like to thank, Prof. Bououden Sofiane, my advisor from Abbes
Laghrour University of Khenchela. I express my gratefulness to him for his patience,
motivation, enthusiasm, and immense RKnowledge. I worked with him since my Magister
study in 2013. Now, almost seven years have passed that we were working together; I
could not wish for a better or friendlier advisor, My deep gratefulness to you my friend
and brother.

Special thanks go to Prof. Chemachema Mohamed, my co-advisor at Fréres
Mentouri Constantine 1 University. I would like to say thank, you for your
unconditional help, guidance and pieces of advices throughout my thesis. Whatever to
say, thank you for attentive readings and your suggestions concerning my dissertation
over these years. I had the pleasure to have a friendly advisor like you, My deep
gratefulness to you my friend.

I offer my sincere gratitude to Prof. Abdelfatah Charef, from Fréres Mentouri
Constantine 1 University, who accepted to be the Chair of my thesis committee. I thank,
you for your suggestions concerning my dissertation.

I am also grateful to Prof. Mohamed Lashab, from Larbi Ben M Hidi University
of Oum el-Bouaghi, who accepted to be a member of my thesis committee. I thank you for
your feedback concerning my dissertation.

I owe special thanks to Dr. Salim Ziani, Maitre de Conference at Fréres
Mentouri Constantine 1 University, who accepted to examine my thesis. I thank you for
your valuable suggestions concerning my dissertation.

I am also thankful to Dr. Foudd Allouani, Maitre de Conference at Abbes
Laghrour University of Khenchela, who accepted to be a member of my thesis committee.
I thank you for your valuable suggestions.

I am grateful to Laboratory team of Thermodynamics and Surface Treatments of
Materials (LTISM) at Fréres Mentouri Constantine 1 University, for their support I
have needed to complete my thess.

Finally, this dissertation is for you my parents, my sisters, my brothers and their
sweet families; to you my beloved for your tremendous support, encouragement, tolerance,
and ...... It is to you that I dedicate this work,



Abstract

In this dissertation, the main objective is to focus on proposing a new
reliable control scheme to handle the undesirable associated inputs (faults/time -
delay) of HS. In this regard, we raised two aspects to be studied in this
dissertation: the hybrid control (HC) and the control of hybrid systems in the
presence of faults and time-delay with constraints (HFTPC). The hybrid control
design (HFTPC) is based on the interaction of two components: a robust model
predictive control (RMPC) to cope with time delay as continuous dynamic and
robust fault tolerant predictive control as discrete dynamic.

The aim of this work is designing a robust optimal fault-tolerant predictive
control (HFTPC) for a trajectory tracking, applied to a class of non-linear hybrid
actuator systems subject to faults and time-delay. In fact, the introduction of time-
delay and actuator faults into a hybrid system model results in a dynamic system
converted to a strict feedback model. To improve the dynamic performances and
decrease the conservatism, a dynamic mechanism of estimation is employed to
estimate the actuators faults, in order to compute the optimal solution, while the
performance of the hybrid system is preserved. The optimal solution of the
HFTPC approach is computed online, by minimizing an upper bound of a specific
cost function on infinite horizon, using min-max optimization method to derive
necessary conditions in terms of LMlIs; subject to the imposed constraints, faults
and time-delays.

However, an inspiring analysis is provided to improve the dynamics of a
hybrid manipulator arm, which can be extended for some classes of hybrid
systems, to decrease the computation burden. The state-space model has been
reformulated by introducing the output tracking errors, in order to increase the
hybrid controller degrees of freedom. Then, an optimal control strategy is
designed to operate in the industrial robot arm with the desired position, with a
compensation of the loss of efficiency or failure of the actuator in the presence of
time-delays. To achieve this optimality, we have used the Lyapunov-Krasovskii
function combined with an optimized cost function and observer error, to
establish necessary paradigm to obtain a stable and less conservative conditions
that is dependent delay-range in terms of LMIs, in order to enhance the feasibility
and the stability of the closed loop system. The obtained results are improved and
outperformed those obtained using the QP method. In addition, they have been
compared with several existing works mentioned in this dissertation.

Key words: Hybrid Systems (HS), Model predictive control (MPC), Fault Tolerant Control
(FTC), Optimal Control, Observers, Linear matrix inequality (LMI), Stability.



Reésumeée

Dans cette these, la contribution principale est basée sur la conception d'une
stratégie de commande fiable dont le but est de traiter et compenser le
comportement résultant des entrées associées indésirables "défauts et retards" des
systemes hybride. Par ailleurs, nous avons soulevé deux aspects a étudier : la
commande hybride et la commande des systémes hybrides défectueux avec retard
sous contraintes. La conception de la commande hybride (HFTPC) est basée et
réalisée a partir d'une interaction de deux approches : un MPC robuste pour
compenser le retard en tant que stratégie de commande de la dynamique continu ;
et la commande prédictive robuste et tolérante aux défauts en tant qu'une stratégie

de commande de la dynamique discrete.

Le but de ce travail est de concevoir une commande robuste prédictive
optimale tolérante aux défauts pour le suivi d"une trajectoire (HFTPC), appliquée
sur une classe de systémes d'actionneurs hybrides non linéaires soumis a des
défauts et a un retard de temps. En fait, l'introduction du retard et des défauts
d'actionneurs dans un modéle de systéme hybride donne un systéme dynamique
converti en un modéle a rétroaction stricte. Pour améliorer les performances
dynamiques et diminuer les conditions de conservatisme, un mécanisme
d'estimation dynamique est mise en ceuvre pour estimer les défauts des
actionneurs, afin de calculer une solution optimale, tandis que les performances
du systeme hybride sont maintenues. La solution optimale de I'approche HFTPC
est calculée en ligne, en minimisant une borne supérieure d'une fonction de cott
bien définie sur un horizon infini, a 'aide de la méthode d'optimisation min-max
nous obtenons des conditions nécessaires en terme des LMIs ; qui sont soumises
aux contraintes imposées, aux défauts et aux retards.

Cependant, une analyse inspirante est fournie pour améliorer la dynamique
d'un bras manipulateur hybride qui peut étre étendu pour certaines classes de
systemes hybrides, afin de diminuer la charge de calcul. Le modéle d'espace d'état
a été étendu en introduisant l'erreur de suivi des sorties afin d'augmenter encore
les degrés de liberté du controleur hybride. Ensuite, une commande optimale est
congue afin de faire fonctionner le bras du robot industriel dans la position
parfaite et de compenser la perte d'efficacité ou la défaillance de 'actionneur en
présence de retards. En établissant une fonction de Lyapunov-Krasovskii, nous
obtenons des conditions stables, moins conservatrices et dépendantes de
l'intervalle de retard, combinées a une fonction de cotit optimisée et a l'erreur de
l'observateur, en termes LMIs, dans le but d'améliorer la faisabilité et la stabilité
du systéme en boucle fermée. Les résultats obtenus sont améliorés et ont mieux
par rapport a ceux obtenus quand utilise la méthode QP, en plus ils sont comparés
avec plusieurs travaux existants qui sont mentionnés dans la these.

Mots Clés : Systémes Hybride (HS), Commande Prédictive a Modéle (MPC), Commande
Tolérante aux Défauts (FTC), La Commande Optimale, Observateurs, Inégalités
matricielle linéaire (LMI), Stabilité.
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INTRODUCTION

1. Motivation

Motivated by the performances study of complex systems in real
applications and innovated technologies, this dissertation explores new control
approaches to complex dynamic systems that fundamentally have hybrid nature.
Typically, the notion “Hybrid” in control engineering and control applications can
be associated to two aspects: the hybrid control, which refers to the hierarchical
structure of combined controller designs for complex systems, and hybrid systems
as a second aspect. Usually, the concept of hybrid systems refers to the description
of complex systems with different characteristics or a combination of two different
natures, for example, hybrid actuators in industry (with Pneumatic and Electrical
Actuators), hybrid Vehicles, hybrid network systems (that include heterogeneous
technologies, services and products), as well as chemical and biological systems

.. etc.

More specifically, the hybrid systems concept is defined as an interaction
“can be extended to hybrid control” between continuous and discrete dynamics
where each dynamic behavior influences other’s dynamic; moreover, the
continuous dynamics concern the included systems process defined as modeled
framework described by state variables, inputs, outputs and unknown inputs.
Besides, the discrete dynamics describe the rules and logics concerning the
continuous dynamics; for example, using several operating modes of the dynamic
model is considered one among the privileged classes of hybrid systems, entitled
switched systems, where each mode is controlled by a specific control law.
Therefore, designing a stable dynamic controller is in the heart of diverse issues
that encounter researchers with this class of systems, starting from the modeling
aspect to the design of a reliable control strategies to meet the required

performances of hybrid systems.



To the best of our knowledge, Robust Fault-Tolerant Predictive Control
with constraints for the delayed hybrid systems is not well investigated in the
literature. Therefore, this dissertation aims to improve the hybrid systems control
reliability; where an effective dynamic performance control law is required, to
guarantee the robustness in presence of undesirable associated inputs “time-delay
and faults occurring during the process”. In view of this, the control problems
have been at the forefront of this study, where control approaches and strategies
have been proposed for HS in this thesis. Besides that, an overview of hybrid

systems modeling is presented by given a description for hybrid systems.
2. Relevant works in literature

Based on the fundamental definitions above, researchers faced difficulties
in the modelling and control of hybrid systems, due to different terminology in
various areas that use mixed nature of dynamic systems. For that reason, there has
been much works studying modeling and control of hybrid systems
(Benveniste,1990; Anstaklis, 1995; Branicky,1995; Branicky,1998; Bemporad,1999;
Antsaklis,2000; Heemels,2001; Lygeros,2003; Gueguen,2004; Lincoln,2004;
Aihara,2010; Praveen Kumar Reddy,2019). To achieve dynamic performances in
control theory and control engineering; a switching between different controllers
“called Hybrid Control approach” is done to guarantee the dynamic performances
under specific hierarchical structure, this aspect is raised in literature in several
studies (Amarasinghe,2007; Tsai,2007; De Souza Janior,2014; Zheng,2018; Jasso-
Fuentes,2018; Oberdieck,2015). Consequently, the most common issue of HS
researches is the study of optimization problem to compute the optimal control;
which led to presenting and proposing several studies and control approaches in
this aspect (Usman,2016; Zhu,2015; Zhang,2007; ShahidShaikh,2004; De Jager,2013;
Mignone,2002; Goncalves,2000; Taringoo,2012; Potocnik,2004; Borrelli,2005;
Potocnik,2008; Zahaf,2020).

Among these control designs, we have witnessed the growing of the Model
based on Predictive Control "MPC", which is considered one of the most popular

strategies in the field of control theory and automation. Basically, the prediction of



future dynamics from an explicit paradigm of the systems is the basic concept of
Model Predictive Control; meanwhile, the designated optimal control is based on
optimization problem of the specified cost function; various studies in this notion
are presented in (Richalet, 1978, Clark,1987; Morari, 1994; Scokaert,1999;
Mayne,2000; Camacho,2004). Aimed to guarantee the reliability of MPC design
under terminal constraints, authors in (Maciejowski,2002; Xia,2008) have proposed
and discussed control strategies for ensuring robustness performances; therefore, a
new control approach in terms of Linear Matrix Inequalities “LMIs” was
introduced, called Robust Model Predictive Control “RMPC” by (Kothare,1996),
followed by (Vesely,2009) to increase systems robustness efficiency. These fruitful
results in control theory were enhanced over the years, and led to the
implementation of the MPC strategy in control of hybrid systems for its reliability
and adaptability to the complex behavior (Potocnik,2008; Bemporad,2000;
Lazar,2006; Altin,2018; Camacho,2010). This complexity is increasing in real
applications due to the undesirable associated inputs as time-delay, that results
more conservatism to handle with terminal constraints. This latter led researchers
to study delayed systems behavior performances based on MPC (Hu,2004;
Ding,2007; Bououden,2016; Siroupour,2006; Bobal,2013; Rebel,2011). In addition to
time-delay in hybrid systems, the hierarchical framework of HS is considered as
an extra factor to increase the control difficulty; therefore, extended studies in the
presence of time-delay were proposed to establish a reliable control design

(Phat,2010; Li,2009; Lien,2020; Zahaf,2020).

Pursuing the goal of designating the optimal control, unexpected faults
occurred in real applications process additionally to time-delay, which might
result in more difficulties for the dynamic performances control. These faults are
considered as undesirable associated inputs in real engineering systems. This
situation results to appear the Fault Tolerant Control (FTC) scheme in control
theory in the last decades. Mostly, fault tolerant control involves the conception
and design of specific control strategy, that is able to tolerate with the actuators,

sensors and process faults; while the requirement performances are ensured.

(€8]



Therefore, FTC strategies have been widely used for the compensation of the
faulty hybrid systems (Zahaf,2019a; Zahaf,2019b; AitLadel,2021; Zhao,2005;
Rodrigues,2006; Yang,2009; Wang,2017). Generally, there are two types of FTC: a
passive and active approaches. The passive FTC focuses on control robustness
against occurred faults based on a fixed control scheme, which leads to more
conservative conditions to handle with faulty systems and influences the control
reliability to deal with all kinds of faults. Besides, the active FTC is mainly used for
the online optimization strategies, by implementing fault diagnosis and tolerable
control mechanism for the reconfiguration process, to compensate the undesirable
behavior and preserve the specified objectives; some different FTC approaches are
presented in (English,1998; Bader,2017; Zhai,2016; Youssef,2017; Lin,2018; Li,2018;
Bounemeur,2018; Zhai,2019). The reconfiguration mechanism is based on specific
techniques as observation and estimation, to maintain the specific desired
performances. Since the accessibility to state variables vectors cannot always be
guaranteed with accurate values in real applications, the knowledge of this stage
about the information accumulation is an important key for the system
reconfiguration design. Basically, a robust AFTC strategy is derived from a
reliable systems modelling and based on a reconfiguration mechanism,
reconfigurable controller and diagnosis stage. This last is related to the aspect of
observability, that is based on the concept of the observers” design. The notion of
observability is related to the states reconstruction of complex systems behavior,
which started with (Kalman,1960) who proposed an estimation approach for a
particular class of nonlinear systems based on Kalman Filter, passing through the
state reconstruction design using Luenberger observer (Luenberger,1971), which
led increasingly its use to improve the systems behavior diagnosis in last decades
(Patton,1989; Frank,1990; Gertler,1998; Patton,2000; Isermann,2006). Recently,
the employment of observability and estimation techniques are of a
significant importance in control of hybrid systems, due to its adaptive behavior
to keep high control performances (Li,2011; Zahaf,2017; De la Sen,2000;
Bemporad,2000; Pettersson,2006; Di Benedetto,2009; Yu,2011;
Orani,2011; Shim,2011; Tanwani,2014).



So, several researchers have proposed to design an estimation scheme based on
MPC for SS in presence of time-delay (Aminsafaee,2019; Taghieh,2020). To extend
the reliable control design, a significant approach to study faults occurring with

additional time-varying delay for hybrid systems is proposed in (Zahat,2020).

Generally speaking, the reliability of each proposed control approach is
related to the fact of whole system stability. Therefore, the stability performance is
analyzed and enhanced by researchers, to according to the paradigm, terminal
constraints and undesirable associated inputs. Thus, choosing an appropriate
stability technique remains the key point to establish necessary and sufficient
conditions, such as the Lyapunov functional, for ensuring the hybrid system
stability. There have been several existing researches about HS stability, based on
different kinds of stability concepts as “Lyapunov-Like”. In this context, we
mention studies of the stability theory for hybrid dynamical
systems  (Branicky,1998;  Hui,1998; Hespanha,1999; DeCarlo,2000;
Hetel,2007; Naghshtabrizi, 2008,  Goebel,2012;  Minh,2013;  Philippe,2017;
Wang,2021). Besides that, a set of stability conditions in terms of LMIs to ensure
robustness properties is proposed by (Pettersson,2002; Xu,2008; Oishi,2010),
included stability study for the discrete-time switched systems in
(Kunduw,2017);  where  further stability analysis was given for HS
models of robotics by (Singh,2013; Kolathaya,2017). Moreover, to study
the stability in presence of undesirable associated inputs, authors in
(Hetel,2006; Xu,2008) analyzed and proposed a control scheme to handle
with the fact of hybrid systems stability with time-delay, these analyses
extended to establish sufficient conditions for HS using Lyapunov-Krasovskii
Functional (Zong,2018; Ding,2018; Ghaemi,2019). In spite of the fruitful
results in hybrid systems stability, it remains not investigated thoroughly in

presence of faults and time-delay.



Starting Point for this Dissertation

Several control approaches with different designs were presented to
scientific community, which led to improve the control reliability of HS in face of
undesirable associated inputs. Through understanding the probable scenario in
the real engineering applications, it is often that both issues of time-delay and
faults occurring in actuators, sensors and process faults hinder high performances
of the dynamics system. The question to be answered is: what can be proposed as
solution to deal with time-delay and faults occurring in hybrid system under

terminal constraints?
3. Contribution of this Dissertation

The aim of this work is to design a robust hybrid fault tolerant optimal
predictive control scheme (HFTPC) for some classes of nonlinear hybrid systems,
subjected to faults occurring and time delay, to reconfigure the controller and
compensate the continuous dynamic based on our published works (Zahaf,2020).
To improve dynamic performances and decrease the conservatism to deal with
undesirable associated inputs (time-delay and faults), few different approaches are
proposed based on predictive control theories coupled with an online estimation
mechanism at each sampling time using an observer (Zahaf,2017). In fact,
introducing time delay and faults into a hybrid system model results in a dynamic
system converted into a strict-feedback model; where, the modelling aspect is
raised in this thesis by presenting a new description of hybrid systems models

after a careful examination. Therefore, the possible design goals are as follow:

Achieve the control optimality for hybrid systems,

Provide more relaxed conditions to ensure the observability concept,
Fasten faults compensation and disturbance rejection.,
Compensation of Time-Delay,

Stability of the closed loop hybrid systems,

SANE L e

Low sensitivity to process variations (transition) of sub-systems.
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Thus, in order to compute the optimal solution while the performances of HS are

ensured, we can summarize the contributions of this dissertation in the following

keys:

Two strategies (aspects) are analyzed: hybrid control and control of hybrid

systems with faults and time-delay.

Hybrid fault tolerant predictive control (HFTPC) design to compute an
optimal hybrid control for some classes of HS, based on online optimization
of the objective cost function using min-max formulation in terms of LMIs,
under faults and time-delay. The optimization problem is made by
combining two components, to provide necessary and sufficient conditions
to compute the optimal solution; the first one is a robust MPC to cope with
time-varying delay as continuous dynamics, while the second part is the
robust stable hybrid fault tolerant predictive control to handle actuator,

sensors, process faults and external disturbances as discrete dynamics.

The new proposed control scheme (HFTPC) allows simultaneous
reconstruction of time-varying and faults of hybrid system, based on an
augmented system that includes state variables, faults and different
estimated errors. This new presentation allowed us to design a reliable
controller without considering FDI scheme due to the proposed faults

estimator and the new control law.

The new proposed control law has two features: an estimated state and
error dynamics of faulty HS, with using the estimated faults to
reconfigurable the robust optimal control, and then compensate the

undesirable behavior.

To show the efficiency and testing the validity of this dissertation
contribution, we propose two approaches of fault-tolerant control based on
predictive control theories to compute the optimal control. In the first
approach, we use Quadratic Programing “QP” method (as classical

optimization) of model predictive control. The second approach HFTPC is



introduced to decrease the computation burden for designating the optimal
control based on min-max optimization criterion, by deriving a dependent

less conservative conditions in term of LMIs.

- In this thesis, the developed approaches for the faulty constrained HS with
time-delay are established by ensuring: the closed loop feedback robustness
and the stability conditions based on Lyapunov theories “Lyapunov

function and Lyapunov-Krasovskii function”.
Dissertation Outline

The present dissertation is structured in fourfold: Introduction, Part I and

Part II with two chapters for each part, then a conclusion and perspectives.

After introducing the requisite background and thesis contributions;
Chapter One presents an overview by focusing on different paradigms on HS
modelling in literature. It also presents a framework description for hybrid
systems raised in this work. Then an analysis of control scheme for this classes in

literature is mentioned, followed by a presentation of control optimality problem.

The Second chapter is devoted to the principal techniques and strategies in
control theory, that be used for the problem reformulation and optimization stage
in the next chapter to compute the optimal control. The raised concepts, in this
chapter, focus on predictive control theories, fault tolerant control of HS, hybrid

systems stability and useful optimization tools as LMlIs.

Chapter Three presents the fruitful results of this dissertation, some
effective computational analytical techniques as solutions to compute the optimal
control are developed for HS over this chapter, to handle with different
undesirables” associated inputs (Time-Delay and Faults coming from actuator
and/or sensor and process system). Firstly, model predictive control combined
with an observer is presented to define necessary conditions for the computation
of optimal solution control. Then, two strategies to compute the optimal controls
are presented by dividing the optimization problem on two stages. Firstly, the

new robust fault tolerant optimal predictive control (HFTPC) is presented, based



on less conservative optimization conditions in terms of LMIs, with different kinds
of faults (actuators, sensors) for delayed hybrid systems under constraints.

Followed by the classical optimization method QP of model predictive control.

In Chapter Four, we consider some classes of constrained hybrid systems,
inspired by problems in the area of control applications according to the presented
description: Industrial (Hybrid Actuators Manipulator arm), Hybrid Network, and
Academic Research Hybrid Model (Inverted Pendulum: Fuzzy modelling), to
show the effectiveness, robustness and outperforming of the developed and

proposed strategies in this dissertation.

Finally, we conclude the dissertation and we present perspectives for future

research.
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Part 1

Introduction on Hybrid Systems



Chapter 1

An Overview of Hybrid Systems: Modeling and Control

This chapter is devoted to study and examine the complex and mixed systems entitled
hybrid systems. Motivated by presenting a description of the existing hybrid system models;
after a careful examination of related works and previous contributions in this field, a
paradigm description for HS as unified framework is presented. In addition, we present an
overview of the principal concepts in control theory to achieve the optimality control of

hybrid systems.



1.1 Introduction

The hybrid concept refers generally to an interaction of at least two different
dynamic natures. Over the last decades, several studies introduced two different
aspects for the hybrid concept: hybrid systems and hybrid control approaches.
Hybrid control scheme is described as a hierarchical design to manage the separate
control modes as discrete dynamic in the controller to meet the system behavior
performances, where the sub-control modes describe the continuous dynamic.
Basically, this general definition covers a big range of existing control system. It is
often that a discrete dynamic is in the form of a scheduler or a supervising algorithm
within the controller. Recently, control systems in complex engineering applications
and hybrid systems normally contain discrete dynamic in the controller. In some
cases, the system dynamic behavior has control scheme as discrete dynamic
resulting from the modelling stage. This situation is a definition of the transition or
switching function for some classes of the hybrid systems. In fact, hybrid systems
refer to the existing of an interaction of continuous-time dynamics “continuous-
valued” and discrete event dynamics “discrete variables”; So, the continuous
dynamics describes the physical and mathematical dynamic relations between
states, inputs, outputs and undesirables associated inputs of the studied systems,
defined as modeled framework for hybrid system in general. Besides that, the
discrete dynamics manage the continuous dynamics through decisions rules, logic

variables and supervising algorithms.

In broad terms, modelling and control of hybrid systems faced difficulties
since the significant employing of the hybrid systems in our modern style life,
especially in the industrial field for its impact on the economic cost. The latter
motivated researchers to propose different unified frameworks for the modelling
problems of hybrid systems, and consequently followed by proposing several

control approaches.

In this chapter, we present and discuss various aspects of related studies

concerning paradigms classification and control scheme of hybrid systems as an
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overview on HS. This latter, motivated us to suggest a description of hybrid systems

based on existing real applications after a thorough study.
I.2  Hybrid Systems: Terminologies and Definitions

Based on preceded definitions of hybrid systems, the most common
definition is an interaction between continuous dynamics and discrete dynamics. It
describes different aspects as: modelling, classification categories and control
approaches. First, let us present the basic definitions of dynamical systems and its

dynamic behavior to agree about unified definition for hybrid systems.

Basically, two classes of dynamical systems exist, according to the
mathematical models and the equations that describe the evolution of the system

behavior;

a. Linear Systems “Linear Models”: the system behavior is described by
linear mathematical model or linear differential equation.

b. Nonlinear Systems “Nonlinear Models”: the nonlinear mathematical
model or nonlinear differential equation is describing the system

behavior.

On the other hand, the controlled dynamical system is classified on three
aspects, according to time-domain models or the set of times where the system

behavior evolves:

a. System with Continuous Time: contains an infinite set of values in a set of
times ¢, that can also be defined as a connected subsets of the real line.
Where t € Ris used to denote continuous time in the mathematical model
as an ordinary differential equation to describe the evolution of the
system behavior. As an example, the state space representation of linear

dynamic system as a mathematical model in case of CT is defined as:

{x(t) =A(t)x(t) + B(®)u(t)

y(t) = C(O)x(t) + D(t)x(t) (1.1)

b. System with Discrete Time: uses k € Z to denote discrete time, where a

finite set of values is considered in a set of times defined as a subset of the



integers. A difference equation is among mathematical model that
describe the system behavior. Thus, State space representation is

presented as the mathematical model:
x(k +1) = A(k)x(k) + B(k)u(k)
bt = 0909 + D) (1:2)
Systems with Hybrid Time: the basic definition leads to a combination of
evolution of the system behavior in continuous and discrete time? To be
more specific, the evolution of systems is over continuous time with

discrete instants.

Generally, the dynamic system behavior was thoroughly studied based on

the influence of engineering applications development. In real applications, the

system dynamic is classified according to the type of their state, wherein, three

classes of dynamic system are described:

a.

Continuous Dynamic: we define x € R™ to denote the state of a continuous
dynamical system, if the state takes values in Euclidean space R" for some
n = 1. More general, continuous dynamic is in which the system behavior
changes continuously over time according to state variables.

Discrete Dynamic: is one in which the system behavior changes according
to state variables, only at a discrete set of times. Thus, we define p to
denote the state of a dynamical system, if the state takes values in
countable or finite set {p;,p,,...}, then, the dynamic system is a discrete
dynamic.

Hybrid Dynamic: defines that there is an interaction of states, where the
part of state takes values in R"™ while another part takes values in a finite
set. Basically, hybrid dynamic is a continuous dynamic system behavior
according to states variables that change continuously over time, until
something happens as a new input rules or supervising algorithm
instruction to move to another continuous dynamic system. This

transition is a discrete dynamic.

14



Based on above definitions, the hybrid systems can be defined as hybrid time
systems “discrete and continuous time systems” and hybrid state systems. Given
that, it is necessary to describe some frameworks directive for HS taking into

consideration the related works.

I.3  Modelling of Hybrid Systems

Design, modelling and analysis of hybrid systems are in general more
difficult than the study of the continuous or discrete systems separately, since each
dynamic affects the other dynamic behavior and vice versa. However, there have
been several studies to discuss and study these concepts. To better have an
understanding of hybrid dynamics, we consider the definitions from (Lygeros,2008)

of different modelling systems for most range of engineering applications:

- Electrical Circuits: the continuous phenomena such as the charging of
capacitors ... etc. are interrupted by switches opening and closing, or
transistors (diodes) going on or off.

- Mechanical Systems: the continuous motion may be interrupted by
collisions.

- Chemical Process Control: the continuous evolution of chemical reactions is
controlled by valves and pumps.

- Embedded Computation: a digital computer interacts with a mostly
analogue environment, also in signal communication the discrete

dynamic is processed by continuous computation.

According to (Lygeros,2008), all these systems are convenient to a hybrid
model. The discrete components (switches, valves, computers, etc.) introduce
instantaneous changes "a discrete dynamic" in the continuous components

(charging of capacitors, chemical reactions, etc.) "the continuous dynamic”.

Starting from previous examples, to describe a classification and modelling
framework of hybrid systems that are raised in several studies, we introduce the

general HS model as follows:



Definition 1.1: A Hybrid Dynamic System (HDS) is described as follows:

H = (D, C, Up, Ue, Y, F,U,T,S, R, Init, Inv) (1.3)

Where

D = {1...p} is the finite set of discrete dynamics;
C is the set of continuous dynamics;

Y is the set of continuous outputs;

Uyp describes the set of discrete inputs;

Ue defines the set of continuous inputs;

F:DxXCXUpXUex DXxU— Crepresents the set of vector fields for

each sub-systems (modes);

U denotes the set of continuous model uncertainties;

Init € D X C is the set of initial states;

Inv:D — 2€ assigns to each mode an invariant set;

T:Up X Fp — D XD is the set of discrete transitions between sub-
systems (modes);

§:T X Fp — 2€ denotes ability set related to each transition (j, j") €
T (smooth switching from mode j to j');

R is the set of reset maps;

The HDS (1.3) is a general model of usual definitions in literature, that

inputs.

describes the evolution in time of the values of a set of continuous and discrete
variables (Branicky,1998; Antsaklis,2000; Lygeros,2003; Zhao,2005). In chapter 2, an

extension of HDS is presented in presence of different undesirable associated

In this regard, we ask what are the range of HS that (1.3) is able to cover?

I.3.1 Different Classes of Hybrid Systems

Based on accurate works of HS, different views for HS modelling are raised

in literature (Benveniste,1990; Anstaklis, 1995; Branicky,1995; Branicky,1998;
Bemporad,1999; Antsaklis,2000; Heemels,2001; Lygeros,2003; Gueguen,2004;
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Lincoln,2004; Yang,2009; Aihara,2010; Wang, 2017; Praveen Kumar Reddy,2019),
where a general classification of a wide range of HS is given as a framework,
according to the extended dynamics of the purely continuous dynamics of complex
systems in real-world applications. Therefore, our focus in this thesis is to ensure
the stability and achieve the optimality in case that the continuous dynamics are

given in discrete-time systems "continuous-time systems", as follows:

{X(t) = f(x(®),0)

x(k+1) = f(x(k), k) (1.4)

Roughly speaking, hybrid systems are classified into four phenomena

according to (1.4) based on (1.3) in most of studies in the literature as follows:

- Dynamics with Autonomous Switching,
- Dynamics with Autonomous State Jumps “Autonomous Impulses”,
- Dynamics with Controlled Switching,

- Dynamics with Controlled State Jumps “Controlled State Jumps”.

Nevertheless, the author in (Branicky,1995) proposed another classification

as unified paradigm for hybrid systems:

- General Hybrid Dynamical Systems,
- Hybrid Dynamical Systems,
- Switched Systems,

- Continuous Switched Systems.

Moreover, a class of hybrid systems is introduced by (Bemporad,1999) for
modelling a broad class of system applications, which can be approximated by some
appropriate approximation techniques to obtain piecewise linear functions. This

new class is entitled mixed logical dynamical (MLD) systems.

Regardless of the aforementioned classifications of hybrid systems; as an
example, which category we can classify the hybrid system raised in (Zahaf,2020)?
After a careful examination of existing studies in the field of HS, especially which

focuses on the modelling aspect, we identify a new description of HS.
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I.3.2 Description of Hybrid Systems: A Viewpoint

In this part, we describe hybrid systems according to their behavior,

structure and phenomena that they exhibit. We explore the description as follows.
1.3.2.1 Switched Systems

This class of HS has a topology of multi-model “sub-systems” or variable
structure. These modes are a simple continuous portions of the HS, where we can
talk here, generally, about linear models. SS describes the fact that the vector field f
that occurs in (1.4) is changing discontinuously. The switching between modes (sub-
systems) can be related to some specification functions or higher process such as
algorithms, controller and operator “human and computer”; where the SS is
considered as controlled SS in this case. Also, it can depend on some factors and
functions as time and state, which can be considered as autonomous SS. In the aim
to spot the difference between the existing SS in real applications, a class of HS (1.3)

based on (1.4) are considered as switched systems that take the next form:

{x(k +1) = fo(x(k), ug, hy) (1.5)

y(k) = go(x(k), us)
According to switching function h,, we distinguish four types of switched

systems:
A.  Hybrid Systems with Time-Dependent Switching

This class of HS is considered as autonomous SS, while the switching
between different continuous modes is according to time functions h, (k), that the
switching occurs at predefined interval or instant time. In this way, we cite some

works that raised this topic (Karabacak,2020; Zhao,2012; Yang,2010; He,2016).

B. Hybrid Systems with State-Dependent Switching

The switching occurs whenever the continuous state hits some given
boundaries, surfaces or satisfy constraints. Also, this class is classified as
autonomous SS; where researches concerning the study of this class are given in
various aspects as in (Yang,2019; [.i,2020; Leth,2015).
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C. Hybrid Systems with Impulsive and Stochastic Switching

This is the third class of autonomous SS; where in the impulsive switching,
the dynamic behavior is abruptly changed at each switching instant due to the
impulse effect. While a random process governs the switching action in stochastic

switching; examples of relevant works are given in (Gao,2019; Gao,2019; Wu,2016).
D.  Hybrid Systems with Discrete Specifications Switching

This class of HS is considered as controlled SS, since the switching function
hs(k) takes into consideration the control input of discrete specification of the
studied problem. For that, the continuous dynamic is globally convergent and stable
whatever sub-system is activated. Where h, (k) can take the form of algorithms,
specific rules, controller scheme and operators such as human or computer; few
examples of recent works for this class are mentioned as follow (Zhang,2020;

Ren,2019; Zhang,2020; Yang,2020).
1.3.2.2 Continuous Switched Systems

This class of HS is subject to additional constraints, which allow to the
switched sub-systems agree at the switching time. we distinguish two types of this

class of HS:
A. Sequential Hybrid Systems

The switching of sub-systems in SHS is described that the output of i*"* mode
is the input of (i+1) mode. A clear example of CSS is the injection molding process
that is studied in (Wang, 2017). Thus, this class of HS is widely used in industrial
field.

B. Auxiliary Hybrid Systems

The switching process is based on the complementary execution of the
engineering application; where the first dynamic is considered as principal
continuous dynamic, while the other dynamics are considered as sub-system
(subroutine) to be activated in case of incapability of the principal continuous

dynamic, to meet the required performances. Examples for this category is shown
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in regulation speed of blades in Wind Turbine (assistance by Motor in case of weak
Wind Speed), and in hybrid vehicles (i.e., activation of petrol consumption in case
that the tank of GPL tends to empty); as an example, the power management for

heavy duty hybrid vehicle (Barelli,2020) and the aircraft dynamics ...
1.3.2.3 Embedded Hybrid Systems

In this class of hybrid systems, the different continuous dynamics are
completely fusional and integrated, which appear that no continuous dynamic can
be used without the others to meet the required performances. For example, this

class of HS, a model of EHS is investigated in (Zahaf,2020).
1.3.2.4 General Hybrid Dynamical Systems

In this class, some behavioral properties of hybrid systems are subject to
modelling systems itself. Therefore, we assume I' is an ordered set with the least
upper bound property of an HS (Branicky,1995) to a modelled wide range of HS,
where the reachability, accessibility and stability are guaranteed for the global
hybrid systems. We can cite under this class of HS the following unclassified

systems:
A.  Piecewise Affine Systems (PWA),
B. Mixed Logical Dynamical (MLD).
C. Can we Add Fuzzy Control Systems (FCS) as hybrid systems?

A scientific debate about the classification of Fuzzy control systems is raised,
the key point is whether FCS can be considered as HS or not?
In his discussion, (Branicky,1995) considered the fuzzy control systems as
class of HS, he justified his view based on two points:
- The control scheme is given by finite rule base If-Then, that is related to the
tinite symbols of the hybrid model. the control scheme of FCS is considered

as discrete dynamic for HS.

- Second point, FCS is producing continuous areas; this continuity is based on

each transition between multi-models for definite area, this transition
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process can be considered as hybrid systems with state-depend switching. It
is easy to notice that the multi-models of fuzzy systems can be combined to
construct arbitrary piecewise linear functions with state-depend switching

function.

Fuzzy control systems principles are extensively studied in the literature,
which goes beyond the scope of this dissertation. However, we present as
techniques in Appendix A useful structures and representation for uncertain
nonlinear systems (state-space representation); to spot how can we derive some

frameworks of HS.

I.4  The Main Features to be Guaranteed in the Modelling of Hybrid Systems

Broadly speaking, a careful and precise formulation in the modelling process
is the first key to design a robust and reliable control system. This step remains as
manifold to provide a precise model, that meets the required hybrid system
performances. Since the requirements of the HS is more conservative than ordinary
system, it’s worthy to take into consideration the next aspects in the stage of

mathematical modelling:
I.4.1 Observability of Hybrid Systems

The concept of observability refers to the conditions studied that allow to
infer the state of dynamical systems from measurements of output behavior. In
hybrid systems, observability has two manifolds: for discrete dynamic and
continuous dynamic. Thus, the observability issue is the main subject search for
many studies (Chaib,2005; Di Benedetto,2009; Yu,2011; Arbib,2020), these studies
continued to enhance the sufficient conditions, as some proposed solutions to
improve the observability for HS (Bempoead,2000; Shim,2011; Tanwani,2014).
Meanwhile, the reachability of HS to a desired space or a set point is related to

strength of the observability conditions (Petreczky,2010).
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I.4.2 Reachability of Hybrid Systems

Reachability refers to the set of points computed by the control design, that
belongs to the set defined as trajectory for general hybrid dynamical system .
Thus, the reachability is related to the designed controller; studies in this subject are

raised in the literature as (Lygeros,1999; Zhendong Sun,2002).
I.4.3 Controllability of Hybrid Systems

Controllability is the ability of the control design to compute the input
control for general hybrid dynamical system # at any time ¢ for any activated sub-
system (mode) j. The correlation between controllability and observability for
hybrid systems is so important due to the specifications of HS, this concept is in the
heart of several investigations for a wide range of hybrid systems (Bempored,2000;
Xie,2004; J1,2008; Liu,2008; Lin,2020) to derive sufficient and necessary conditions,
for strict complete controllability of both discrete and continuous dynamics for
various class of hybrid systems; besides the ability to compute an admissible input

control law for the continuous dynamic.
L5  Controller Design Basics for Hybrid System

Usually the aim behind designing a controller is satisfying the constraints
and meeting the required system performances, even in the presence of the
undesirable associated inputs (as time-delay, disturbances and faults). Generally
speaking, in control theory and engineering applications, guarantee the stability of
the studied systems is the main objective of all research, through designing a robust
and reliable control scheme. In addition to the reliability, robustness and stability
features of the controller for ordinary dynamic systems, the Zeno phenomenon is a
harmful event for hybrid systems, that should be avoided for any proposed control

design in all classes of HS.
I.5.1 Zeno Phenomena

A Zeno phenomenon (refers to the philosopher Zeno “500-400 B.C.”) is
described as an infinite number of switching or discrete transitions in a finite time

interval. It can lead to a common problem for most frameworks of HS raised in the

22



previous section, by losing stability of equilibriums and the emergence of

unexpected and meaningless solutions for most cases of hybrid systems.

Definition 1.2: (Zeno Phenomena) A Hybrid Dynamic System (1.3) is called

Zeno if lim t, = t, <o, and if there exists (Do, Cy) € Init such that all

p—o©

executions in X, (‘}‘30,@0) are Zeno executions.
Generally, Zeno phenomena is arising as a consequence of:

- Modelling process: since our aim is making strong and robust modelling
frameworks that cover a wide class of hybrid systems, some additional
mathematical manipulation to improve the mathematical model can produce

the Zeno phenomena over the running time which affect the HS behavior.

- Weak Controller Scheme: a weak synthesis of the control design can
reflect the stability and reliability of HS. Here, we mean as controller scheme

the discrete dynamic and the control law for continuous dynamic.

Therefore, the practical solution to avoid the Zeno phenomena is providing
a careful and strong modelling framework, in addition to designing a reliable
controller scheme (for both Discrete and Continuous Dynamics), in order to avoid
the prosthetic solutions that can provide useful results as well as it can be useless
(Johansson,1990; Or,2011; Dashkovskiy,2017) in the ai