Fault Diagnosis and Fault Tolerant
Control of Switched Dynamical Systems

Muhammad Taskeen Raza

2016

Department of Electrical Engineering
Pakistan Institute of Engineering and Applied Sciences,

Nilore, Islamabad, Pakistan



This page intentionally left blank



Thesis Submission Approval

This is to certify that the work contained in this thesis entitled Fault Diagnosis
and Fault Tolerant Control of Switched Dynamical Systems, was carried
out by Muhammad Taskeen Raza, and in my opinion, it is fully adequate, in

scope and quality, for the degree of Ph.D.

Supervisor:

Name: Dr. Abdul Qayyum Khan

Date: 14 March, 2016
Place: PIEAS, Islamabad.

Head, Department of Electrical Engineering:

Name: Dr. Naeem Iqgbal
Date: 14 March, 2016
Place: PIEAS, Islamabad.



Fault Diagnosis and Fault Tolerant
Control of Switched Dynamical Systems

Muhammad Taskeen Raza

Submitted in partial fulfillment of the requirements
for the degree of Ph.D.
March, 2016

Department of Electrical Engineering
Pakistan Institute of Engineering and Applied Sciences,

Nilore, Islamabad, Pakistan



Dedications

To my mother, father, brother, sisters, wife, sons; Sarmad and Muslim;
and

Amma Ninna (May her soul rest in peace)

i



Acknowledgements

All praises and thanks to the almighty ALLAH SWT, Al-Rehman wa-Al-
Raheim, for blessing us with knowledge and endowing the status of super creature.
ALLAH SWT has blessed me throughout my life despite my limitations, and gave
me the ability to undertake such a challenging task and proceed towards comple-
tion.

I extend my sincerest thanks and deepest appreciation to my supervisor,
Dr. Abdul Qayyum Khan for his generous guidance and moral support through-
out my Ph.D. at each and every phase. His knowledge and vision on fault
diagnosis and tolerance is truly remarkable and working under his supervision
was one of the most blessed opportunities of my life. His continuous guidance and
support kept me steered in the right direction and lead me to achieve this highly
important milestone of my professional career.

I am also indebted to Dr. Ghulam Mustafa, and Dr. Muhammad Abid. The
long hour discussions during my research on different aspects of control theory
and fault diagnosis with them along with my supervisor always stimulated me to
view the research problems in a unique way. [ am also grateful to DEE faculty
and staff, especially Dr. Naeem Igbal (Head of DEE), for their cooperation.

I am also indebted to foreign reviewers and local examiners, who spared their
valuable time to review this thesis and provided their valuable comments for the
improvement of work.

I would like to acknowledge IT & Telecom Endowment fund, HEC Pakistan
for the financial support provided through PIEAS. The director of IT & Telecom
Endowment fund, PIEAS; Mr. Naeem Ahmed deserves special appreciation in
this regard. His gratifying attitude set me free from financial worries.

Finally, I am grateful to my parents and my whole family, without their prayers,

love, and support, this success could not have been possible.

(Muhammad Taskeen Raza)
PIEAS, Islamabad

1l



Declaration of Originality

I hereby declare that the work contained in this thesis and the intellectual content
of this thesis are the product of my own work. This thesis has not been previously
published in any form nor does it contain any verbatim of the published resources
which could be treated as infringement of the international copyright law. I also
declare that I do understand the terms ‘copyright” and ‘plagiarism’, and that in
case of any copyright violation or plagiarism found in this work, I will be held

fully responsible of the consequences of any such violation.

(Muhammad Taskeen Raza)
14 March, 2016
PIEAS, Islamabad

v



Copyrights Statement

The entire contents of this thesis titled Fault Diagnosis and Fault Tolerant
Control of Switched Dynamical Systems by Mr. Muhammad Taskeen
Raza, are an intellectual property of Pakistan Institute of Engineering & Ap-
plied Sciences (PIEAS). No portion of the thesis should be reproduced without

obtaining explicit permission from PIEAS.



Contents

[Dedications] ii
[Acknowledgements| iii
[Declaration of Originality] iv
[Copyrights Statement| \%
[Abstract] xiii
[List_of Tables| xiii
[List of Publications and Patents| XV
[List of Abbreviations and Symbols| xvii
1__Introduction| 1
(L1 Motivation|. . . . . . . . . . . . 1
(1.2 Background: Research Topic|. . . . ... ... ... ... ... ... 2
(1.3  Problem Statement and Research Hypothesis|. . . . . . .. ... .. 5
(L4 Contribution of the Researchl. . . . . ... ... ... ... ... .. 6
[LLb_Overview of the Dissertationl . . . . . . . ... ... ... ... ... 6

2 Review: Fault Diagnosis, Fault Tolerant Control, and Switched

:
[2.1 Basic Concepts of Fault Diagnosis (FD)[. . . . . .. ... ... ... 8
[2.1.1  Fault, Failure and Maltunction|. . . . . . . .. .. ... ... 9

vi



2.1.2  Types of Faults| . . . . . . ... .. ... ... ... ..... 10
2.1.3  Unknown Inputs| . . . . . ... ... ... ... ... .... 11
[2.1.4  Fault Monitoring and Management Systems| . . . . . .. .. 11
[2.1.5  Fault Diagnosis Approaches| . . . . . .. ... ... ... .. 12
[2.1.6  Model-based Fault Diagnosis{. . . . . . . .. ... ... ... 16

[2.2  Basic Concepts of Fault Tolerant Control (FTC)|. . . .. .. .. .. 18
[2.3 Introduction: Switched Systems| . . . . . . . ... ... ... .. .. 19
[2.3.1 Switched Systems: Definition| . . . . . . ... ... ... .. 20

2.4 Switching Types|. . . . . . . .. ..o 21
[2.4.1 Time-based Switchingl . . . . . . .. .. ... ... ... .. 21
[2.4.2  State-based Switchingl . . . .. ... 22
[2.4.3  Autonomous Switchingl . . . . . . .. ... 22
[2.4.4  Controlled Switchingl . . . . ... ... ... ... ... ... 22

[2.5  Review: Stability ot Switched Systems| . . . . . . . ... ... ... 22
[2.5.1 Stability Under Arbitrary Switching|. . . . . . . . . ... .. 23
[2.5.2  Stability Under Constrained Switching| . . . . . . . . . . .. 24

2.6  Review: FDD and FTC in Switched Systems|. . . . . . . .. .. .. 26
(2.7 Preliminaries and Problem Formulationl . . . . . . . ... ... ... 28
[2.7.1 System Description: Switched System and Switched Fault |
Detection Filtersl . . . ... .. ... 000 28

[2.7.2  Asynchronous Switching| . . . . ... ... ... ... ... 29
[2.7.3  Assumptions|. . . . . . ... ..o 29

2.8 Summaryl . . .. ... 30
Fault Detection and Isolation in Switched Systems| 32
8.1 Introductionl . . . . . . .. ... 32
[3.2  Fault Detection in Switched Systems|. . . . . . ... ... ... .. 35
[3.2.1  Problem Formulation: Fault Detection in Switched Systems| 35
[3.2.2  Solution to the H., Fault Detection Problem|. . . . . . . .. 37
[3.2.3  Algorithm| . . . . . . .. ... ... 42
[3.2.4  T'hreshold Computation and Residual Evaluation| . . . . . . 42

[3.2.5  Case Study: Battery Converter Unit of Hybrid Electric Vehicle] 43

vil



[3.3  Fault Detection and Isolation in Switched Systems| . . . . . . . .. 49
B3T Problen Formmion Fani D . [ Tsoiion l

Switched Systems| . . . . . .. ..o 49
3.3.2 H_/H, based FDI Solution| . . . . . . ... ... ...... 52
B.5.3  Main Resultsl . . . ... ... 0000000 52
[3.3.4  Algorithm| . . . . ... ... oo 61
[3.3.5  Threshold Computation and Residual Evaluation|. . . . . . 61

[3.3.6  Application to the Case Studies: HIMAT Vehicle and Buck- |

[ boost Converterl . . . . . . . . . .. 62

[3.4  Fault Detection and Isolation in Uncertain Switched Systems| . . . 69
BT Problen Formilaton Fami D - B EGTETRINE l

certain dwitched Systems|. . . . . . ... ... 70
[3.4.2  Solution to the H_/H Problem|. . . . . ... ... ... .. 73

[3.4.3  Adaptive Threshold Computation and Residual Evaluation| . 80

[3.4.4  Application to the Case Study: Buck-boost Converter{. . . . 81

[3.5 Summaryl . . ... 84

[4 Fault Estimation and Tolerance in Switched Systems| 86
M1 TIntroductionl . . . . . . . . . . ... 86
02 Problem F ahon Fanli Es . ol T Swiichad l

| Dystems| ... 88

[4.3  Solution to the Fault Estimation Problem: Unknown input observer| 88

4.4 Solution to the F'T'C Problem: Reconfiguration|. . . . . . . . .. .. 90
[4.4.1  Design Strategy| . . . . . . . . ... ... 93

M4.2 Main Resultsl . . ... ... 00000 93

4.5 Case Study| . . . . . . . . 98
[4.6 Summaryl . . . ... 101

[> Fault Detection in Switched Time-Delay Systems| 102
b.1  Introductionl . . . . . . ..o 102

[5.2  Problem Formulation: Fault Detection in Switched Time-Delay |

| oystems| . ... . L 104




b.3.1  H,, Fault Detection|. . . . . . ... .. ... ... ... ... 104

.32 Main Resultsl . . .. ... ... oo 106

(5.4 Threshold Computation and Residual Evaluation| . . . . . . . . .. 114
[b.4.1 Algorithm| . . . . . . .. ... ... 115

[>.5 Application to the Case Study| . . . . . . ... .. ... ... .... 115
[5.5.1 A Numerical Example] . . . ... .. ... ... ... .. .. 116

[5.6  Summaryl . . . ... 118
6 Conclusion and Future Recommendations| 119
6.1 Conclusionl. . . . . . . . . .. 119
6.2 Future Directions . . . . . . . . ... oo 120
[References| 125

1X



List of Figures

[2.1 Behaviour of the system| . . . . ... .. ... ... ... . ..... 9
[2.2  Hardware redundancy based tault detection| . . . . . ... ... .. 13
[2.3  Plausibility test based fault detection [1]|. . . . .. ... ... ... 13
[2.4  Signal-based fault detection| . . . . . ... ... ... 14
[2.5 Model-based residual generation and evaluation| . . . . . . ... .. 14
[2.6  Switched system and switching fault detection filters| . . . . . . .. 29
[2.7  Asynchronous switching between filters and subsystems| . . . . . . . 29
3.1  Main components of a hybrid electric vehicle 2] . . . . . ... ... 43
[3.3 Battery-converter unit [3]] . . . . . . . . .. ... ... 44
[3.2° Main components of a hybrid electric vehicle 2] . . . . . ... ... 44
3.4 Switching signals: for subsystems o(t); for filters o’(¢), Fault sig- |
nals: of battery fault fi(¢); of capacitor fault fo(¢) . . . . . . . . .. 47

3.5 Residual 1, r1(¢), and Residual 2, r5(¢) without any fault| . . . . . . 47
3.6 (a) Evaluated residual 1 without any fault, er;(¢), and thresholds |

in both modes: (b) Evaluated residual 2 without any fault, ery(t), |

[ and thresholdsin bothmodes . . . . .. ... ... ... .. ... 48
3.7 (a) Evaluated residual when battery fault occurring, er;(¢), and |

| thresholds in bothmodesl . . . . . . . . ... ... ... .. ... .. 48
13.8 (a) Evaluated residual when capacitor fault occurring, erq(t), and |

| thresholds in bothmodes . . . . . . . . ... ... ... ... .... 48
[3.9  Switching signals for subsystems and Fault signal | . . . . . . . . .. 63
[3.10 Residual signal without tault | . . . . . . . ... ... ... ... .. 64
[3.11 Evaluated Residual signal without fault| . . . . . . ... ... ... 64



[3.12 Evaluated residual signal with fault and threshold| . . . . . . . . .. 64
[3.13 Buck-boost converter circuit diagram [3]] . . . . . . ... ... ... 65
[3.14 Switching signal o(¢) for subsystems and Fault signals | . . . . . .. 67
[3.15 (a): Residual signal 1 without any fault (b): Residual signal 2 |

without any fault |. . . . . ... .. ... ..o 67
13.16 (a): Residual signal 1 with fault f,(¢)(b): Residual signal 2 with |

fault fo(t) . . . . . . 68

£3.17 (a) and (b): Evaluated residual signals without fault and thresholds| 68
[3.18 Evaluated residual signals with fault and thresholds] . . . . . . . .. 68
13.19 Switching signals o(¢) for subsystems and Switching signal ¢’(¢) for |
| filters: Actuator and sensor faults| . . . . ... ... ... ... .. 83
[3.20 Residual signal 1, r{(¢) without any fault : Residual signal 2, ry(%) |
without any fault| . . . . .. .. ... ... ... L. 83

[3.21 (a): Evaluated residual signal 1 and thresholds (b): Evaluated resid- |
ual signal 2 and thresholds . . . . . ... ... ... ... ... ... 83

[3.22 Residual signal 1 with fault : Residual signal 2 with fault| . . . . . . 84
13.23 (a): Evaluated residual signal 1 and thresholds (b): Evaluated resid- |
ual signal 2 and thresholds . . . . .. .. ... ... ... ... ... 84

4.1 Proposed strategy: FE and FTC| . . . . ... ... ... ... ... 94

a2

Switching signals: for subsystems o(t); and for observers o'(t) : |

Fault signals: of actuator fault fi(¢); and of sensor fault fo(¢)|. . . . 99

‘4.3

Actuator tault signal, estimated actuator fault and estimation error| 100

[a

Normal output, faulty output, and compensated output in case of |

actuator faultl . . . . . . . . 100

4.5

Sensor fault signal, estimated actuator fault and estimation error|. . 100

(4.6

Normal output, taulty output, and compensated output in case of |

sensor faultl . . . . . . .o 101

[>.1 (a): Switching signals: for subsystems o(t); for filters o'(¢) (b): |
Fault signals: of actuator fault fi(t); of sensor fault fo(¢) . . . . . . 117
[5.2  Residual , (), without any fault| . . . . . .. ... ... ... ... 117

x1



[5.3  Evaluated residual without any fault, er(¢), and thresholds in both |
modes| . ... 117
[>.4 Evaluated residual when actuator fault occurring, eri(¢), and |
thresholdsl . . . . . . . . . . 118
[5.5 Evaluated residual when sensor fault occurring, er(t), and thresholds|118

xii



Abstract

Modern technological systems consist of many components with strong interac-
tions between them. Faults may cause an unacceptable loss of the system func-
tionality, instability, or fatality. Systems capable of automatically detecting, di-
agnosing faults, and maintaining the overall functionality are desirable. Fault
diagnosis (FDD) is a process that detects, locates, and finds nature of fault. Fault
tolerant control (FTC) system has the ability to tolerate faults.

Among dynamical systems, switched systems (SS) have numerous applications
in control of robotics, automotive industry, aircraft and air traffic control, indus-
trial electronics (power converters) etc. A typical SS is composed of a family
of subsystems and a rule that governs the switching among them. Ideally, the
FDD/FTC systems are designed on the basis of assumption that it is switching
synchronously with corresponding subsystems of SS; that is; FDD/FTC system
switches exactly at the time of switching in the switched system to be monitored.
However, in practice, the switching in FDD/FTC system lags the switching of
the switched system to be monitored. This creates a particular interest in the
design of FDD/FTC systems especially when there is event-based switching. In
this dissertation, the term “asynchronous” is used to illustrate this situation.

This thesis studies the design of FDD and FTC systems of SS under asyn-
chronous switching scenario, in the presence of disturbances and noise (unknown
inputs). In the first part, a framework for fault detection and isolation (FDI) is
proposed. The residual (symptom signal) is so generated that it is sensitive to
faults and robust against disturbances. A multi-objective problem is formulated
based on H_/H,, filtering. Using the average dwell time approach and the piece-
wise Lyapunov function technique, sufficient conditions are suggested in terms of
linear matrix inequalities (LMIs) to guarantee the stability and desired perfor-
mance. In addition, the proposed framework has also been extended to design
FDI strategy for uncertain SSs. A norm-bounded uncertainty is considered. To

improve the FDD capability adaptive threshold scheme is developed.

xiil



In the second part, fault estimation (FE) and FTC schemes are proposed.
The proposed framework is based on unknown input observer (UIO) and H
optimization. On the basis of FE, reconfiguring control law approach is utilized
to tolerate faults. To this end, an integrated approach for FE/FTC is proposed
for SSs.

The last part of this dissertation addresses another very important problem
of highly practical interest; that is, the design of fault detection (FD) scheme for
switched system with state delays, under asynchronous switching. The tools from
robust control theory, Lyapunov stability theory, and linear matrix inequality are
used to propose the schemes.

To demonstrate the effectiveness of the proposed schemes, the algorithms have
been tested on the dynamics of highly maneuverable aircraft technology (HIMAT)

and battery converter unit (BCU) of hybrid electric vehicle.
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Chapter

Introduction

This chapter describes the motivation, background, problem statement, objectives,

and contribution of this thesis.

1.1 Motivation

Higher performance requirement and product quality are the driving forces for
the development of modern systems and processes. In addition, reliability is a
demand from manufacturers in order to meet the requirements of the their clients.
To fulfill the specifications, engineering designs are being incorporated with so-
phisticated and modern components. However, in spite of all the efforts made in
design and development, occurrence of fault is inevitable in every system. Conse-
quently, it is of great importance to include fault diagnosis (FDD) system in the
design of reliable systems. Fault diagnosis is a procedure to detect, locate, and
find nature of fault in a system. Furthermore, fault tolerant control (FTC) design
is almost obligatory in critical applications (for instance, airplanes and nuclear
power plants) to ensure safety. Fault tolerant control is a technique to handle a
fault in such a way that system operates similar to that in normal condition, or
at least continue to perform with reduced performance, instead of quitting right
away.

Switched systems are a class of dynamical systems, having more than one oper-
ating modes, for example, thermostat, and switching power converters. Switched
dynamical systems have attracted much interest from the control community, not

only because of their inherent complexity, but also due to the practical importance



Chapter 1: Introduction

with a wide range of their applications in nature, engineering, and social sciences.
On one hand, a stable switched system may become unstable while switching takes
place. Remarkably, an unstable switched system may get asymptotic stability by
designing a suitable switching signal [4]. On the other hand, one of the approaches
to study complex and/or uncertain systems, is to transform them into equivalent
switched system model. Along with these theoretical challenges and practical ap-
plications, the problem of fault diagnosis and tolerant control for switched systems
is more demanding and interesting.

While studying FDD/FTC for switched systems, one of the issues is that
there is difference in behaviour of each mode of the switched systems. Design-
ing FDD/FTC for one mode may not be equally effective for the other modes.
Therefore, an intuitive approach is to design FDD/FTC for each mode exclu-
sively. In addition, the problem of asynchronous switching between FDD/FTC
and modes of switched systems is undergone when the switching sequence and/or
switched time of modes is unknown. Where “asynchronous” means there is differ-
ence in switching instances of FDD/FTC and modes of switched system. During
unmatched period (when corresponding FDD/FTC is not intact with the mode)
stability and performance issues may arise. Furthermore, occurrence of fault in
this scenario puts forward challenging task of designing not only fault diagnosis
but also fault tolerant control for switched systems.

The problem can be resolved by devising such a FDD/FTC system that the
overall system is stable during each matched and unmatched periods, timely de-
tects, and tolerates the occurrence of fault.

To further elaborate the research topic, background of fault diagnosis, fault

tolerant control, and switched systems is discussed in the following section.

1.2 Background: Research Topic

The study of FDD/FTC is encompassed by the knowledge domains of linear al-
gebra, physics based rules for modeling systems, analysis/design of systems, state
estimation, and signal processing. One of the major areas of this study is switched

systems, for which fault diagnosis and fault tolerant control design is considered.
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Switched systems are a class of hybrid systems, consisting of modes/subsystems
and switching signal. Modes/subsystems have either continuous-time or discrete-
time dynamics. Switching signal governs the activation of any particular
mode/subsystem along the trajectory of the switched system. Switching signals
are mainly of the types: time-dependent, state-dependent (event-based), au-
tonomous, and controlled. In hybrid systems, modes/subsystems of both types
(continuous-time and discrete-time dynamics) coexist and interact.

Traditionally, fault detection (FD) is carried out by using redundant hard-
ware components in a system. The idea behind the strategy is very simple and
intuitive. A redundant component runs in parallel with normal operating com-
ponent. Outputs from both the components are observed and any un-permitted
deviation from the normal behaviour results into fault. This strategy is quite re-
liable, efficient, and provides fault isolation (location) in the system very easily.
However, the drawbacks of additional cost, weight, and space are inherent to this
strategy. To overcome the drawbacks of hardware redundancy, while achieve the
attractive features of it, concept of software redundancy was introduced in late
70’s. In this approach, instead of extra hardware component, a model is run in
parallel with original component. This model is implemented at the same com-
puter where controller of the systems is developed. In this way, there is no extra
cost, weight or space incurred. This approach is also knows as (1) model-based
fault detection (FD), and (2) analytical redundancy [5]. Model-based FD approach
has been an attractive choice in academia and industry for the last few decades.
Due to active research developments in the field, now model-based FD approach
can be further classified as: observer-based FD; parity-based FD; and parameter
estimation-based FD techniques. In observer-based FD the states and/or outputs
of the original system are reconstructed using state observer or output observer.
Fault detection filter (a type of state observer) and diagnostic observer (a type
of output observer) are widely used for the FD purpose. Observer-based FD en-
joys more advantages of model-based FD when compared to other model-based
FD techniques. Firstly, observer-based FD has been developed in the framework

of well-established control and observer theory. Secondly, design of observer can
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be efficiently integrated with design of controller of the system. Thirdly, there
are inherited features of quick detection, easy online implementation, and no re-
quirement of excitation signal. In addition, it has also been shown that other
model-based FD techniques are only special cases of the observer-based FD tech-
nique [5].

To meet the demands of reliability and safety of systems and personnel, fault
tolerant control (FTC) has gained considerable research attention during last few
decades. Fault tolerant control is the next major phase in the design of reliable
and safe systems. It is designed on the basis of fault estimation (FE). Fault
estimation (reconstruction) is the process of finding the nature of fault, that is,
magnitude, type and, temporal features of fault. After, the fault is estimated, FTC
system is designed such that it compensates (tolerates) the effects of faults. Thus,
complete design chain of a fault management system comprises of fault detection,
fault isolation, fault estimation and fault tolerant control. FTC systems can be
categorized into two major types: passive FTC and active FTC. In passive FTC
(PFTC), control law is set such that it can accommodate some known faults.
For a priori known faults, a fixed parameter controller is set up which controls
the nominal as well as faulty systems without any difficulty. This strategy is
implemented using simultaneous stabilization methods, or robust control (H,, ,
disturbance rejection, etc.) based methods. These techniques are also knows as
reliable control strategies. However, PFTC strategies have limited scope because
all the probable faults cannot be known a priori. To overcome this limitation,
active FTC (AFTC) is employed.

AFTC strategies can further be divided into two major types: reconfiguration,
and restructuring. Reconfiguration: If it is possible to maintain performance of
faulty systems close to that of nominal system, then controller parameters are
adjusted online according to fault magnitude and type. Reconstruction: If more
critical fault occurs, for instance, complete loss of an actuator, due to which main-
taining nominal performance is not possible, then system structure or control

objectives are modified to obtain reduced performance [6].
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1.3 Problem Statement and Research Hypothesis

The problem of fault diagnosis and fault tolerant control for switched systems in
asynchronous paradigm is studied in this thesis. In order to keep this research ef-
fort manageable, linear continuous-time switched system dynamics are considered.
Average dwell time (ADT) switching constraint is assumed. At the phase of FTC
design, reconfiguration strategy is utilized when there is malfunction in actuators
or sensors of the switched systems. Furthermore, the effect of unknown inputs and
model uncertainties on fault detection performance is also scope of exploration.

In this scenario, research hypothesis is derived as, design of fault diagnosis
and fault tolerant control systems for switched systems in asynchronous switch-
ing paradigm, while considering ADT switching, under the influence of unknown
mputs and model uncertainties.

This hypothesis will be investigated and tested through research activities:
Fault detection and isolation (FDI); threshold computation; fault estimation; and
fault tolerance. These activities, which are components of complete design chain
of fault monitoring and management system, constitute the research process and

define research objectives, which are described below:

e Objective 1: Design of observer-based residual generator, which in the
presence of disturbances, measurement noises, and model uncertainties, suc-

cessfully detects and isolates (locates) the faults in the switched systems.

e Objective 2: Design of suitable threshold such that contrary effects of

unknown inputs and model uncertainty on fault diagnosis are reduced.

e Objective 3: Development of a fault estimation strategy for the problem
of asynchronous switched systems. Further, on the basis of fault estimation,

to propose a reconfiguration strategy for fault tolerance.

e Objective 4: Design a fault detection scheme for switched time-delay sys-

tems.
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1.4 Contribution of the Research

The research presented in this thesis, which is the major contribution in the field

of FDD and FTC for switched systems, is listed below:

1. Developed a fault detection and isolation (FDI) strategy that successfully
detects and isolates actuator and sensor faults in the presence of unknown
inputs and norm bounded model uncertainties. H_/H,, filtering approach
has been developed for optimizing the effect of faults and unknown inputs on
residual. Effectiveness of the derived results was demonstrated on the case
studies of switching power converters and highly maneuverable technology

vehicle (HIMAT).

2. Designed an adaptive threshold scheme to improve fault detection in case of
uncertain switched system. Norm bounded model uncertainty was assumed

in boost-converter switched system.

3. Proposed a fault estimation approach using H,., filtering approach. Then,
on the basis of estimated fault, an active fault tolerant control strategy was

developed by “reconfiguration” of control law.

4. Proposed a strategy for fault detection in switched time-delay systems.

1.5 Overview of the Dissertation

The remainder of the dissertation is organized into the following chapters.

Chapter 2: Review: Fault Diagnosis, Fault Tolerant Control, and Switched

Systems

To set a clear picture of research background, introduction to fault diagnosis, fault
tolerance, and switched systems is presented in detail. Basic concepts, fundamen-
tal definitions and major issues of the research area are elaborated. Specifically,
the core topics of the field; fault, failure, unknown inputs, fault detection, fault
isolation, fault estimation, fault tolerance, classification of faults, classification

of fault detection and tolerance approaches are discussed. In the second part of
6
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the chapter, Definition, background and fundamental concepts related to switched
systems and this research are presented. Switching schemes, average dwell time,
and stability problems of switched systems are discussed. Preliminaries, including

the asynchronous switching problem is introduced.

Chapter 3: Fault Detection and Isolation in Switched Systems

After the foundation is laid in Chapter 2, problems of FD and FDI for switched sys-
tems are addressed in this chapter. Problems are considered under asynchronous
switching paradigm. To achieve the fault detection results, H, filtering approach
is proposed while for FDI problem, H_/H,, filtering approach is proposed. Ap-
proaches are developed in the form of linear matrix inequalities while considering
average dwell time switching constraint. Obtained results are simulated on the
case studies; battery converter unit (BCU) of hybrid electric vehicles (HEVs), Hi-
MAT, and Buck-boost converters. Actuator and sensor faults are studied for the

cases.

Chapter 4: Fault Estimation and Tolerance in Switched Systems

In the second phase of the thesis, fault estimation is discussed in this chapter.
An approach for fault estimation is presented. To estimate faults, a design of
unknown input observer (UIO) is developed. Further, fault tolerant control scheme

is derived by using the “reconfiguration” strategy.

Chapter 5: Fault Detection in Switched Time-Delay Systems

After discussing results for switched systems, this chapter is devoted for a class
of switched systems, switched time-delay systems (STDS). A strategy is proposed
for fault detection in STDS.

Chapter 6: Conclusion and Future Recommendations

Concluding remarks and future recommendations are given in this chapter.



Chapter 2

Review: Fault Diagnosis, Fault Tolerant
Control, and Switched Systems

In this chapter, framework of the thesis is established. Fault diagnosis (FDD) and
fault tolerant control (FTC) areas of the research are introduced. Basic concepts,
widely used model-based fault detection and fault tolerant control techniques are
presented. Definitions of fault, failure, malfunction, unknown inputs Types of
faults from structural and typical point of views are presented. Fault detection
approaches; hardware redundancy, plausibility test, signal-based fault detection
and mode-based fault detection are introduced. Pros and cones of the approaches
are discussed. Observer-based fault detection, which is the focus of the thesis,
is discussed in detail. Fault tolerant control is introduced with the passive FTC
and active FTC types. Switched systems, which is the central component of the
research process, is introduced. Reviews on stability of switched system; and

FDD/FTC for switched systems, are presented.

2.1 Basic Concepts of Fault Diagnosis (FD)

A fault is a phenomenon which changes the behaviour of the system from the
nominal one. A fault may cause structural or parametric changes which make the
system show abnormal behaviour. The behaviour of the system is defined as the
subspace containing all the input/output pair (I/O pair). If for the input w,(¢),
system responds with output y; (), then (uq, ;) is one of all the possible I/O pairs

in behaviour, B, of the system. Simply, if we take the example of a single input
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single output system (SISO),

where k is some constant. Then the normal behaviour of the system will be a
straight line, consisting of all points satisfying the system definition. In case of
fault, there may exist one or more I/O pairs such that they do not satisfy the

system and hence are not on the straight line, depicted in figure [2.1}

Y normal behavior

\
faulty behavior

v
a

Figure 2.1: Behaviour of the system

To understand further the basic concepts related to fault, failure, disturbances,
fault diagnostic, fault tolerant control etc., the well-known laboratory prototype
of Three-tank system is discussed. Three-tank system [5] is the manifestation of a
general process in industrial systems. The basic purpose is to maintain the level of
fluid in Tank 3. Faults of different types may occur, due to many reasons, in the
system. The faults of leakage may occur in any tank or connecting pipe. There
may be blockage fault at any position in any pipe. Faults may also affect the
pumps, the sources of fluid, or the level sensors, which measure the current level

in the Tank 3.

2.1.1 Fault, Failure and Malfunction

A fault is an un-permitted deviation of at least one characteristic property (fea-
ture) of the system from the acceptable, usual standard condition [7]. Fault is a
state of system that may develop abruptly (stepwise) or incipiently (drift wise).
The nature of fault depends on the cause of fault. Fault may occur due to short-

comings at design level, at manufacturing time, or assembling time. At field, fault
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occurrence may be caused due to wrong operation (overload) or normal opera-
tion (wear). One of the reasons of fault is human error while working at system.
Un-permitted deviation is the difference between faulty value and the tolerance
value of normal operating zone. Features of the system which are affected by
fault are usually proportional to magnitude of fault. Faults of smaller size may
not be detected properly. Faulty state in the system may result in two cases;
either failure or malfunction. A failure is a permanent interruption of a system’s
ability to perform a required function under specified operating conditions. A
malfunction is an intermittent irregularity in the fulfillment of a system’s desired
function. Failure or malfunction are the events, which are result of faulty state
in the system. These two events usually occur after the start of operation, when

there is continuous increase in the stressing of system.

2.1.2 Types of Faults

Again referring back to Three-tank system, physically faults can be categorized
into actuator, component, and sensor faults.

Actuator Faults: The faults, which appear in the actuator of the systems are
actuator faults. In Three-tank system, fault in the pumps and related mechanism
are actuator fault. In general, examples of actuator faults are; in battery of boost-
converter, in control rod of nuclear reactor, and in motor of elevator.
Components Faults: The faults, which occur in the actual systems structure
are called component faults. In Three-tank system, faults in tanks and pipes are
component faults. In general; faults in resistor, capacitor or inductor of boost-
converter, in reactor core of nuclear reactor, in springs of mass-damper system are
examples of component faults.

Sensor Faults: The faults, which affect the sensors/measuring instruments of
the system are called sensor faults. Fault in the level sensor of the Three-tank
systems is sensor fault. Other example of sensor faults are; voltage sensor of
boost-converter, core temperature sensor of nuclear reactor.

Characteristically, faults can be classified into abrupt, incipient or intermittent

faults.

10
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Abrupt Faults: This type of fault appears suddenly in the system. Abrupt faults
are usually severe, however these can be detected easily.

Incipient Faults: This type of fault grows gradually in the systems and is rela-
tively hard to detect.

Intermittent faults: Intermittent faults manifest themselves in intervals. These

faults are also easier to detect. For further details, please refer to [g].

2.1.3 Unknown Inputs

It is important to differentiate between fault and unknown inputs. Unknown
inputs are unwanted or not desired sort of things which are not faults but should be
avoided for proper operation of the system. Further, if these unwanted things are
of severe nature then it may result in fault or failure of the system. Environmental
disturbances, unexpected changes within process variables during operation and
process/measurement noise are commonly termed as unknown inputs. Example
of disturbance: static and coulomb frictions in inverted pendulum are the factors

which may change the system dynamics unpleasantly.

2.1.4 Fault Monitoring and Management Systems

Depending on application and severity of faults, different levels of solution can be
employed in fault monitoring and management systems. Depth of implementation
of the different levels may possess functions; fault detection, fault isolation, fault

estimation, and fault tolerance. In the sequel, we discuss these functions.

Fault Detection (FD)

Fault detection is the process to detect the occurrence of fault. Output of fault

detection system is ON/OFF alarm signal.

Fault Isolation (FT)

Fault isolation is the process of finding the location of the fault. Output of fault

isolation system is ON alarm signal for faulty part/component.

11
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Fault Detection and Isolation (FDI)

Fault detection and Isolation (FDI) is the process, consisting of fault detection

(FD), and fault isolation (FI) capabilities.

Fault Estimation (FE)

Fault estimation is the process of determining the nature (magnitude with tempo-
ral behaviour) of the fault. Output of fault estimation system is estimated fault

signal. Fault estimation is also called fault identification.

Fault Diagnosis (FDD)

Fault diagnosis (FDD) is the process, consisting of fault detection (FD), fault
isolation (FI), and fault estimation (FE) capabilities.

Fault Tolerance (FT)

Fault tolerance is the process of tolerating (compensating) the faults in the sys-
tem. Output of the fault tolerance system is normal operating behaviour of the

compensated faulty system.

2.1.5 Fault Diagnosis Approaches

There are many fault diagnosis techniques being developed and employed in
academia and industry for reliable and safe processes. In this section, these

approaches are presented as follows.

Hardware Redundancy

The main theme of this technique is to use redundant hardware component for
the part of the system for which reliability is desired. Fault detection logic is
basic and intuitive. Whenever there is discrepancy between original component
and its redundant component, fault is detected by observing difference between
them. Fig. shows the theme pictorially. Major advantages owned by the
techniques are; it is highly reliable and fault is located (fault isolation) in straight-

forward way. However, these advantages are gained with the heavy price in form
12
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of extra hardware cost, extra maintenance and operation cost, and extra space
requirement. Due to these pros and cones the technique is suitable for limited
applications. The applications for which safety is much important than cost, for

example, nuclear power plants, aircrafts, and air traffic control systems [5, [9].

Plausibility Test

The basic idea behind the approach of plausibility test is on the notion that system
components operate according to some physical laws, convincing values and/or
their consistent mutual interaction. According to this notion, whenever there is
inconsistency between the measured process variables and plausibility rules, it is

indication of faulty situation. Fig. 2.3 shows the idea of the technique.

—_

= > 0 : fault
. =0 : [aull [ree
Figure 2.2: Hardware redundancy based fault detection

-

Figure 2.3: Plausibility test based fault detection [I]
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System
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Figure 2.4: Signal-based fault detection
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Figure 2.5: Model-based residual generation and evaluation

Plausibility test technique can be viewed as basic step towards development of
model-based fault detection approach. However, the scope of this test is limited

to simple systems [0, [7]. Benefit of the technique are; simple and low in cost.

Signal-based Fault Detection

The central concept of the signal-based FD is linked with the theory that there may
be some measurable signals which carry the fault information. Whenever, there is
fault in any part of the process, the related signals are influenced and thus carry
symptoms of that fault. The symptoms can be analyzed further by using well-
established signal processing techniques to know information about fault. These
symptoms may be studied in time domain and/or frequency domain. Time domain
symptoms are magnitude, limits and trends, means and moments, while frequency
domain symptoms are spectrum, spectral power densities etc. Fig. depicts the
concept. This technique is efficient in fault detection for small operating ranges.

Signal processing based FD can be employed in steady state efficiently.

14
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Model-based Fault Detection

The in-built idea for model-based FD is inferred from the above mentioned FD
approaches. By using the theme of hardware redundancy approach, model of
a process or considered component is developed in software at computer. By
utilizing system modeling techniques the model is established, which quantitatively
or qualitatively describes the process steady state and dynamic behaviour. Thus
we are able to reconstruct process or component on-line in software, and hence
term the model as software redundant model or analytical redundant model. The
whole idea is called software redundancy or analytical redundancy.

Similar to original hardware redundancy implementation, the process model is
driven with same inputs of the process and runs side by side with original process.
In this scenario, it can be reasonably projected that in fault free process, the recon-
structed process variables by the process model follow the really measured process
variables. In the faulty situation of process, the reconstructed variables by the
process model deviate from the actually measured process variables. Rationally,
to observe the deviation, it is required to compare measured process variables and
reconstructed (estimated) process variables. This implementation of comparison
stage is similar to plausibility test approach. The comparison between the two
signal values generates a symptom signal which is called residual. Residual signal
carries the useful information about successful fault detection. After comparison,
the next intuitive phase for fault detection is to check the value of residual. Sim-
ply: if residual = 0, then no fault; if residual # 0 , then, a fault. The above stated
process of estimating the process variables and then comparing the estimates with
measured variables is called residual generation. Correspondingly, in the frame-
work of model-based FD, the process model and comparison unit constitute the
residual generator.

In practice, the residual signal is not only influenced by fault but also by un-
known inputs (disturbances, noises) acting from inside or from external environ-
ment of the process. In addition, there is a problem associated with model-based
FD. Exact model, whether quantitative or qualitative, is hard to reconstruct.

There are uncertainties involved in modeling techniques. Furthermore, in the

15



Chapter 2: Review: FDD, FTC, and Switched Systems

design of fault isolation and fault estimation systems, the residual signal needs
the more processing to be carried out. To resolve above mentioned issues; one
approach is to post-process the residual signal. This next stage of residual pro-
cessing, to get desired information about fault and its characteristics, is called
residual evaluation. It is fair to give residual evaluation stage a resemblance with
signal-based FD.

An important step at this stage is to compare residual with a tolerance level
of fault free case. The maximum value of tolerating disturbances and noises in
fault free case is called threshold. Statistical methods and norm based evaluation
are the most popular approaches to achieve post processing of residual, at residual
evaluation stage. Another approach to resolve issues related to model-based FD
framework is to design a residual generator such that fault of interest is decoupled
from other faults, unknown inputs, and model uncertainties. This approach is
being actively followed by many researchers of the area. One of the schemes of
this research area is observer-based FD technique.

In this research, both of the discussed approaches are explored for problem of

fault diagnosis and fault tolerant control in asynchronous paradigm. The complete

idea of model-based FD is shown in Fig. 2.5

2.1.6 Model-based Fault Diagnosis

As discussed in preceding section, in model-based FD frame work, process model
can be of quantitative (analytical) type or of qualitative (knowledge-based) type.
In this way, model-based FD can be categorized into two major types; analytical
model-based FD and knowledge-based FD. Qualitative process models are ex-
pressed in terms of qualitative functions, for examples, expert systems, petri nets,
neural networks, fuzzy rules etc. Advantages of qualitative models based FD are
revealed, when the process model is too complex to model, mathematical model is
difficult to obtain, or the system is poor in information. A detailed survey based
on this type of model-based FD can be found in papers [10] [1T], 12} 13, 14} [15].
In last few years there are hybrid model-based FD approaches, based on both

qualitative and quantitative models, have been proposed [16]. Analytical mod-
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els, are expressed in the form of mathematical equations (differential equations).
Further developments in analytical model-based FD give rise to i) observer-based
approach, ii)parity space approach, and iii) parameter estimationbased approach.
Observer-based approach is discussed below, while it is referred to [5] for other

types of analytical model-based FD approaches.

Observer-based Approach

Observer-based approach is one of most commonly used model-based FD ap-
proach. Original idea of model-based FD; comparison between measured process
variables and estimated process variables is utilized here. It is worth noticing that
observers are being used in control community as well as in fault detection com-
munity. In control community, observers which are used are state observers. State
observers are used to estimate the un-measurable states of the system. In fault
detection community, output observers are used, to estimate output variables of
the process. There is special type of observer, fault detection filter (FDF) which
is common in use. FDF estimates all the states whether they are measurable or
un-measurable.

Historically, idea of using observer for fault detection purpose goes back to early
70s. At that time, Beard proposed the fault detection filter, later on, the more
developments were made by Jones in 1973. This filter was named Beard-Jones
fault detection filter. Since then, observer-based FD has been the focus of FD
research community. To propose solution for robustness of residual signal, against
disturbances and noises, first robust FDI design for instrument fault was proposed
by Frank [17]. Later, in 80s, robust unknown input observer (UIO), a pioneer work,
was presented by Wunnenberg and Frank [I§], followed by other contributions
from researchers in [19, 20, 21], 22] 23]. The idea of UIO was presented, such that,
residual signal may be generated independent of unknown inputs. The idea was
successful but conservative in the sense that, existence condition was hard for such
a type of proposed UIO. After that, matrix pencil approach was presented [24. 25]
20]; the idea of this approach was to make unknown inputs insensitive to residual

signal instead of decoupling desired states estimated states from unknown inputs.
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Another, well-designed solution to this problem was presented by Massomnia [27],
using geometric approach. This technique was initially complex and not very much
suitable for implementing in FD. Later the modified version of this technique has
been introduced in [5]. Furthermore, different techniques for full order, reduced
order and minimum order detection filters have been proposed [5].
Observer-based fault diagnosis and fault tolerance for switched system is the
focus of this thesis. A brief survey on residual generation techniques for switched
systems will be presented in Section while detailed review is presented in

introduction sections of the following chapters.

2.2 Basic Concepts of Fault Tolerant Control (FTC)

All technological systems, whether, simple/complex or traditional/modern are
prone to faults. Fault and malfunctions can jeopardize the entire plant and
personnel at work. During the last three decades, fault detection and diag-
nosis (FDD), that is, combination of fault detection and Isolation (FDI) and
fault estimation (FE), has been addressed intensely [28, 29 B0, 5], BT, B2] B3],
while fault tolerance is relatively young, nevertheless active area of the research
[34], 135, 36], 6, 37, 38, [39] 40, [41]. Although, every type of deviation from normal
behaviour in the system is not ignorable from the aspects of safety and reliabil-
ity. Particularly, actuator faults may degrade overall system performance very
quickly, as their effect is propagated throughout the system. Likewise, erroneous
sensor reading may change the feedback control law unnecessarily and result in
poor performance or instability [35].

Rational approach to the issue; firstly, to detect and locate as quickly as pos-
sible the faults, firstly. Secondly, if possible then, to compensate faults by any
suitable means, and if not possible, to stop/shutdown the process until the main-
tenance of the faulty part. In the research field two methodologies are being
followed. In first strategy, FTC is designed on the basis of FDD [42] 43]. In sec-
ond approach, FE is performed directly and then suitable control law is designed

in FTC scope [44], 45, [46]. Tt is discussed that second way is less conservative,
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direct and have greater potential in application. It is worth noticing that if it is
required, FE procedure can be directed towards FD and FDI also.
In any of the two cases, FTC can be designed mainly in two ways; passive FTC

and active FTC.

Passive Fault Tolerant Control

Here, “Passive” means, the controller is fixed and designed at manufacturing time
while keeping in mind the some possible fault occurrence scenarios. Definitely,
this approach is conservative as all the faults cannot be known a priori or it is
not possible to accommodate all the faults with fixed controllers [6]. However,
the approach is smooth as it does not have to bother for the issues like switching

transients.

Active Fault Tolerant Control

On the other side, the term “active” in active FTC implies that controller can
react and adapt itself to faulty situation in real time. In this way scope of active
FTC is larger than passive FTC. However, FDI and/or FE are prerequisites for
this and performance of FTC is directly related with quality of FE. Further, the
FTC approach has to face the problem of switching transients in controller recon-
figuration. It is important to note that FDI and/or FE are not required at all in
passive FTC.

In the next sections, basic and fundamental concepts about switched systems
are presented. In addition. preliminaries, including asynchronous switching prob-

lem, are discussed.

2.3 Introduction: Switched Systems

Switched systems is a class of hybrid systems. Hybrid systems are dynamical
systems having continuous dynamics, and discrete events and interaction between
these dynamics. Many systems and natural phenomenon can be modelled as hy-
brid system. An example of hybrid system is car transmission system having

manual as well as automatic transmission of gears [47]. Operation principle of

19



Chapter 2: Review: FDD, FTC, and Switched Systems

the vehicle is that: gears can be switched manually (discrete events) to achieve
the desired velocity (continuous dynamics). It is also provision that, on the basis
of velocity (continuous dynamics) gears can be changed (discrete events) auto-
matically by the automatic transmission system. In this way, there is interaction
between the continuous dynamics and discrete events.

Studies on hybrids systems lie in multidisciplinary area of control theory |,
computer science, mathematics. Computer scientists pay attention to the discrete
events and their analysis in depth. Attraction of control community is in the con-
tinuous dynamics of the hybrid systems while assuming switching from patterns
in defined set of discrete events. In other words, control community is much inter-
ested in effect of discrete events on continuous dynamics. It is also worth noticing
that the scope of attention of computer scientists also constitutes a switched sys-
tem; continuous dynamics changing the discrete states. That is why the switched
system definition in both communities is generic. Now it can be stated clearly
that motivation of this study is in the context of switched systems from the con-
trol system community point of view. For better comprehension, basic example of
SS can be of modified form of car transmission system discussed as hybrid system
in above. If we assume only the manual transmission system in the car, that is only
gears (discrete events) can change the modes of velocity (continuous dynamics),

then it is an example of switched systems.

2.3.1 Switched Systems: Definition

Dynamical systems that are described by interaction between continuous and dis-
crete dynamics are called hybrid systems. Switched systems are a class of hybrid
systems, which involves either continuous time dynamics or discrete time dynam-
ics. Mathematically, a switched system can be described by a differential equation

of the form
T = fyx (2.1)

where, {f, : 0 € p} is a family of sufficiently regular function from RY to RV,

that is parameterized by some index p; and o : [0,00) — p is a piecewise con-

20



Chapter 2: Review: FDD, FTC, and Switched Systems

stant function of time, called a switching signal. Such a function ¢ has a finite
number of switching times and takes a constant value on every interval between
two consecutive switching times. The role of o(t) is to specify, at each instant ¢,

the index o(t) € p of the active subsystem.

2.4 Switching Types

There are different types of switched systems depending upon the switching signal,
which is used for switching from one mode to another mode [48]. Main types of
switching are; time dependent switching, state dependent (event-based) switching,

autonomous switching, and controlled switching.

2.4.1 Time-based Switching
Consider a family of systems defined by the following model

where i € {1,2,..N}.
Depending upon the index i we get different systems. N, represents the total
number of modes in the system and switching from one mode to another takes

place depending upon a switching signal ¢(¢), which is a function of time.
i=o(t):[(0,00) «— {1,2,..N} (2.3)

Depending upon the switching signal o(t), switching will take place from one mode
to another, and 7 will take values from the set i € {1,2,...N}. Therefore, switched

systems with time dependent switching signal can be represented by

&= fo(@(t)) (2.4)

When all the sub-systems are linear, then we get a switched linear system of the

form,

T = Ag(t)(l’). (25)
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For further details, the reader is referred to [4],[10],[11].

2.4.2 State-based Switching

If the switching from one mode to the other mode takes place depending upon the
states, then we call it state dependent switching [48], 47, 49]. As in the example of
thermostat given earlier, the thermostat is turned ON/OFF depending upon the
temperature, which is a state of the system. In general it can be stated that the
entire state space of the switched system is divided into some operating regions
by the switching surfaces. The number of operating regions of the system may

either be finite or infinite [47].

2.4.3 Autonomous Switching

By autonomous switching means, when there is no direct control over the switch-
ing mechanism that triggers the discrete events. This category includes systems
with state-dependent switching in which locations of the switching surfaces are
predetermined, as well as, systems with time-dependent switching in which the
rule that defines the switching signal is unknown (or it was ignored at the mod-
eling stage). For example, abrupt changes in system dynamics may be caused by

unpredictable environmental factors or component failures.

2.4.4 Controlled Switching

In contrast with the above, in many situations the switching is actually imposed by
the designer in order to achieve a desired behaviour of the system. In this case, we
have direct control over the switching mechanism (which can be state-dependent
or time-dependent), and may adjust it as the system evolves. For various reasons,
it may be natural to apply discrete control actions, which leads to systems with

controlled switching.

2.5 Review: Stability of Switched Systems

One of the fundamental problems in studying the switched systems is the stability.
This issue has been addressed in details, for instance [50] 51, 52, 53, 53, 54, 55,
22
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50, 57, [58]. Stability of switched systems not only depends on the stability of
the sub-models, but also on the switching signal, [59]. Liberzon and Morse have
investigated the stability problem for switched systems in [4]. In this pioneering

work, they have classified the stability problems in switched systems as follows:

e Find conditions that guarantee the asymptotic stability in switched systems
for any switching signal. In other words, this problem defines the stability
conditions for arbitrary switching signal, since the stability of all sub-models

is not sufficient to ensure the stability of the overall switched systems.

e Identify a class of switching signals for which, a stable switched systems
retains it stability. In this problem, it is assumed that all the individual

sub-models are asymptotically stable.

e Design a switching sequence that ensures the asymptotic stability of switched

systems. This problem is known as stabilization of switched systems.

The stability problem of the switched systems is generally studied within the
Lyapunov stability framework, such as, common quadratic Lyapunov function
(CQLF), switched Lyapunov functions (SLF) and multiple Lyapunov functions
(MLF). More details can be found in [47, [60]. In the following two subsections,
the stability will be highlighted under the arbitrary and constrained switching

signals.

2.5.1 Stability Under Arbitrary Switching

When studying the stability analysis problem for switched systems, the first ques-
tion which is considered is whether the switched system is stable when there is no
restriction on switching signal . This problem is usually called stability analysis
under arbitrary switching. Prerequisite for this problem is that all the subsys-
tems of switched systems should be asymptotically stable. It is still possible that
there is divergent trajectory for such switched systems. Therefore, in general, the
above mentioned prerequisite is not sufficient to ensure stability under arbitrary
switching for switched systems. There are few special cases when this prerequisite

may be sufficient for overall stability of switched systems such as being pairwise
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commutative [61], [62], symmetric [63], or normal [64]. The existence of common
Lyapunov function for all subsystems of switched systems makes sure the stability
of the system under arbitrary switching. In this way, the problem of stability
under arbitrary switching can be solved. Lot of efforts have been focused on the

study of common quadratic Lyapunov functions for switched systems.

Common Quadratic Lyapunov Functions

Quadratic stability is a class of exponential stability, which implies asymptotic
stability. Lot of research has been made on the class of stability for its importance
in practical problems of stability. Existence conditions for common quadratic
Lyapunov function (CQLF) can be expressed in terms of linear matrix inequalities
(LMIs). In the light of above mentioned comments, it is said that, if there exist a
common quadratic Lyapunov function (CQLF) for all the subsystems of switched
systems, then quadratic stability of the switched system is ensured and hence

exponential stability is guaranteed.

Switched Quadratic Lyapunov Functions

It is possible, in few cases, that switched system is exponential stable, without
having common quadratic Lyapunov function (CQLF) [47]. This implies the con-
servatism of common quadratic Lyapunov function (CQLF). Due to this reason,
research focus has been paid to less conservative class of Lyapunov functions,

called switched quadratic Lyapunov functions [511, [52].

2.5.2 Stability Under Constrained Switching

Few of the switched systems may not be stable under arbitrary switching signals,
but may be stable under constrained (restricted) switching, for instance, a closed-
loop multiple controller system [60]. It is also possible that restricted switching
arises naturally from the system behaviour itself, for instance, automobile gear
switching. In automobile gear switching particular, switching sequence has to be
followed. Moreover, in some cases it is possible to have a priori knowledge about

switching sequence in switched systems. For instance, there may requirement
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of certain time bound between two successive switching modes. This a priori
knowledge about switching may help in devising stronger stability conditions for
given switched systems than in arbitrary switching signals. These above mentioned
cases constitute the area of stability under constrained switching for switched
systems. By solving this problem of constrained switching, it is possible to answer
the question of what kind of restrictions are required to make sure the stability of
switched systems. The restrictions on switching signals are mainly of two types;
state space domain restrictions and time domain restrictions. Case of state space
restriction; there are abstractions from partitions of the state space. Average dwell
time (ADT) switching signal is an example of time domain restriction on switching

signal.

Dwell Time Switching Constraint

Generation of divergent trajectories when switching between two stable subsys-
tems takes place is caused by failure to absorb energy. This phenomenon is evident
by studying example in [59] 4]. Further, in case of unstable modes, when there is
an unstable subsystem (for instance, controller is failed or sensor got fault), if sys-
tem remains active in unstable mode too long or it switches at times to unstable
mode, then switched system may get unstable. In this scenario, a rational question
arises; what would happen if switching signal is restricted to a subclasses. Intu-
itively, if system stays for long time in stable mode or it switches less frequently,
that is, slow switching takes place, then system may get stability. These rational
ideas have been proven to be quite effective in the form of dwell time and average

dwell time switching concepts [54 [65], 66].

Definition 1. (Average Dwell Time (ADT)[60]; For any switching signal o(t)
and any ty > t; > 0, let N,(7,t) denotes the number of switchings of o(t) in an
interval (t1,t3). If

to — 1

N0'<t27t1) S No +
Ta

(2.6)

holds for a given N, > 0 and 7, > 0, then the constant 1, is called the average

dwell time and N, the chattering bound.
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The reason for a switching signal that satisfies is considered having an

average dwell time no less than 7, is because

to — t1 o to — 1 >
Ta Ny(ta,t1) — Ny

Na(tg,tl) < No+ Ta

which means that on average the “dwell time” between any two consecutive switch-
ings is no smaller than 7. It has been shown in [65] that if all the subsystems are
exponentially stable then the switched system remains exponentially stable pro-
vided that the average dwell time is sufficiently large.

Linear parameter-varying (LPV) Systems are also one of the classes of dynami-
cal systems, which are usually misunderstood as a class of switched system. Linear
parameter-varying systems are linear time-varying systems whose state-space ma-
trices are fixed functions of some vector of varying parameters, 6(t) [67]. Hence

LPV systems are described by state-space equations of the form

#(t) = A(O(t))z + B(O(t))u
y(t) = CO(t))z + D(O(t))u (2.7)

One example of a physical system whose (linearized) dynamics take the form of
a parameter-varying system is an aircraft, where the time-varying parameter is
typically dynamic pressure [68]. Major difference between switched systems and
linear parameter varying systems is that; in switched systems modes are changed
through a switching signal, while in linear parameter-varying systems there is not

any realizable switching signal present.

2.6 Review: FDD and FTC in Switched Systems

This sections gives a brief survey on FD and FTC research which has been carried
out for switched systems. The survey on switched systems, in general, reveals
that there is extensive research for stability and performance of switched systems.
However, there are relatively few results for FD and FTC in switched systems.

The detailed review is presented, at the start of the following chapters, relevant
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to the problems discussed in those chapters. Few results on FD and FTC for

switched systems are presented next.

e The problem of FD for discrete-time switched time-delay systems has been
addressed in [69]. The case is studied under arbitrary switching constraint
while state delay in switched systems. In the work, FD problem has been
transformed into H,, problem by augmenting states of system and fault
detection filter. Then, conditions are formulated in the form of linear matrix
inequalities by employing switched Lyapunov function. The proposed results

were extended to continuous time-switched systems in [70].

e In [71] solution has been proposed for fault estimation in time delay switched
systems. Problem of fault estimation was casted in linear matrix inequali-
ties, while using switched Lyapunov function. The fault is estimated using

adaptive observer.

e Work on FD for switched systems under the effect of unknown inputs while
presence of uncertainties in the model, was presented in [72]. Problem was
formulated by using model matching approach. Filter was designed by solv-
ing linear matrix inequalities. This work was extended for the case of un-

known switching sequence (asynchronous switching) in [73].

e For the case study of turntable system, fault detection filter was proposed in
[74]. The system was studied in linear continuous time domain and problem
was transformed to H,, framework. Linear matrix inequities were derived for

the design of filter. Problem was discussed in average dwell time constraint.

e In [75], a complex nonlinear system, lateral vehicle dynamics, was modeled
into switched system. Then, a scheme was proposed to detect faults in the

modeled switched system.
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2.7 Preliminaries and Problem Formulation

2.7.1 System Description: Switched System and Switched Fault Detec-

tion Filters

In general, following class of continuous-time switched systems is considered,

&(t) = Agyx (t) + Boyu (t) + Baotyd (t) + Byog) f(1)

y(t) = Cg(t)l‘(t) + Dg(t)u(t) + Dda(t)d (t) + ng(t)f(t) (2.8)

where, x(t) € R™ is the state vector, u(t) € R" is the control input vector,
y(t) € R™ is the output vector, d(t) € RP is the unknown inputs ( distur-
bances, noise) vector, f(t) € R? is the fault vector. While, o(t) is a switching
signal which is piecewise constant function o : [0,00) — p. Such a function
o has a finite number of switching times and takes a constant value on ev-
ery interval between two consecutive switching times. The role of o(t) is to
specify, at each instant ¢, the index o(t) € p of the active subsystem. Also,
Aty Bo(t), Cott)s Doty Bao(t), Ddo(t), Bro(t)s Doy are the systems, disturbances
and fault coupling matrices with appropriate dimensions. We denote the asso-
ciation of these matrices with particular switching signal instant o(¢) = i by
Asy = A;, where ¢ = 1,2, ... N, number of subsystems involved.

In order to generate residual signal, the following switched fault detection filter

is used,

j:(t) = AU’(t)i.(t) + Bo’(t)u(t) - LG’(t) (y(t) - Q(t))

g(t) = Cgf(t)i(t) + Da/(t)U(t)

r(t) = How(y(t) — 4(t)) (2.9)
Where, Ly € R™™ and Hyipy € RT™ are the parameters of the filter to be

designed with respect to each subsystem ¢ € {1,2,...N}. Similar to the system,

the switching between different modes of the filter depends on the switching signal

o’(t), shown in Fig. [2.6]
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Figure 2.6: Switched system and switching fault detection filters
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Figure 2.7: Asynchronous switching between filters and subsystems

2.7.2 Asynchronous Switching

Practically, there exists the phenomenon of asynchronous switching between the
filters and the subsystem in most of the cases. Here, in this thesis, we assume the
switching sequence is unknown a priori; in addition, it is also assumed that a mod-
ule (device) is present which triggers the information about activation (switching)
of subsystem. After the identification of subsystem, the corresponding filter is
switched with some delay, A;. Fig. [2.7| shows the phenomenon of asynchronous
switching. It is easy to see that each filter lags by some time A; to its correspond-
ing subsystem. In this way, there is matched period, when ith (jth) subsystem
and ith (jth) filters are in operation. On the other hand, during unmatched pe-
riod jth system but ith filters are in operation, and vice versa. These periods may
cause stability problem for overall system, when switching from matched period

to unmatched period.

2.7.3 Assumptions

In this study, following assumptions are made, while proposing schemes for the

problems of FD and FTC:
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A.1 ADT switching constraint
A.2 The pair (4;,C;) is detectable

A.3 For (2.8), fault detectability condition,
Ci(sI — A;))™'Byij + Dyi; # 0 holds, where By;; and Dy;; denote the jth
columns of By; and Dy;, respectively.
In addition to above mentioned assumptions, following assumptions are spe-
cific to the problems.
For fault detection and isolation (FDI) problem, considered in Chapter ,

A4 matrix, Dy; is invertible.

For fault estimation and fault tolerant problem, considered in Chapter
A.5 The pair (A;, B;) is controllable

In general;

A.1 implies that switching speed of the system should not be faster than 7, (ADT)
when changing modes,

A.2 ensures that states of the systems can be estimated through observer,

A.3 means transfer function from fault to system output is not zero. In other
words, a fault & is detectable if for some input wu, g—g| &:Odfi # 0 [5].

A.4 implies that number of outputs are greater than number of faults,

and A.5 ensures that states of the systems can be controlled through a controller.

2.8 Summary

This chapter seeks to discuss background knowledge and literature survey of fault
diagnosis, fault tolerant control, and switched systems. Basic concepts, major
techniques and approaches related to FDD and FTC of switched systems are dis-
cussed. Then, background knowledge and fundamentals of switched systems have
been presented. Definition and examples of switched systems, types of switching
signals, reviews on switched system stability, and FDD /FTC for switched systems

are presented. At the end of the chapter, preliminaries and problem of asyn-
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chronous switching is introduced to complete the state of the art for the research

of the thesis.
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Chapter

Fault Detection and Isolation in Switched
Systems

In this chapter, fault detection and isolation for switched systems under asyn-
chronous switching is discussed. Different schemes, based on fault detection filters,

are proposed to detect and isolate the faults.

3.1 Introduction

The problems of fault detection and isolation, in the presence of disturbances
and noise, for continuous-time linear switched control systems are addressed in
this chapter. The residual generators are proposed, which are based on asyn-
chronously switching filters. Problem of fault detection in switched systems is
formulated into H, filtering problem. In proposed H,, technique, residual is gen-
erated, such that, it is robust against process disturbances and measurement noise.
To address the fault detection and isolation issue, the problem is formulated as
mixed H_/H,, filtering problem. In proposed H_/H,, technique, residual is gen-
erated such that, it is sensitive to faults and robust against process disturbances
and measurement noise. In addition, proposed filter has prominence of granting
fault isolation capability along with fault detection. Next, the FDI problem is
discussed for uncertain switched systems, while considering norm bounded uncer-
tainty. In the above mentioned discussions, to deal with the issue of asynchronous
switching, during matched and unmatched time of switched systems, a piecewise
Lyapunov function along with average dwell time scheme is employed, and suf-

ficient conditions are derived in terms of linear matrix inequalities. To simplify
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the application procedure, algorithms are also presented in the light of proposed
frameworks. Then, proposed schemes are designed for case studies of, battery
converter unit of hybrid electric vehicle, Highly Maneuverable Aircraft Technol-
ogy (HiMAT), and Buck-boost power converter. Finally designed filter parameters
are simulated to illustrate the efficacy of the proposed frameworks.

Fault detection and isolation (FDI) for dynamical systems and processes has
been of considerable interest during the last three decades. For this purpose a
great deal of attention has been paid to fault detection and isolation schemes
[r6l, B, 77, @, [78), [79], 80), 1], 82, ]R3, R4 85, 86]. Among various fault detection
(FD) approaches, model-based FD and data-driven FD are receiving considerable
attention in the recent research. In data-driven framework [78, 82 7] the FD
system design relies on input-output data only to generate symptom signal, which
carries the fault information. In case of the availability of system model, the
model-based FD [5, @, 83] is an attractive choice for efficient detection of faults.
One of the problems in this research domain is the coupling of desired faults with
unknown inputs (disturbances, noise, and uncertainties), which are the major
source of false alarms in industrial systems. To cope with this problem, the FDI
system has to be maximally sensitive to faults occurring in the system and at
the same time maximally robust against unknown inputs. To this end, a range of
optimization indices have been proposed. Few of those are Hy/Hs [5], Hoo/Hoo [9],
H_/H [80, 88|, H_/H, index is of particular interest in this research, because
of its twofold nature for the solution of the said problem. The H_ index takes
into account the minimum influence of faults, whereas the H,, norm considers the
worst-case effect of unknown inputs on the residual signal.

On the other side, due to their significance in theory and practical applications
switched systems have fascinated many researchers. These systems have numer-
ous applications in control of robotics, mechanical systems, automotive industry,
aircraft and air traffic control, switched power converters, and in many other fields
[477, 189, [70), 90, [73], [7T], 011, [74], 92, [93]. Tt is also worth noting that stability problems
of switched systems are unique and also complex. Individually stable subsystems

may become unstable at system level when switching takes place among them.
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On the other hand, unstable subsystems may be stabilized by choosing a suitable
switching scheme. This critical situation turns into rather severe nature, when a
fault occurs in any component of a switched system.

Currently, it is an active research area to explore the problem of fault diagno-
sis for switched systems. Fault detection (FD) problem for discrete time switched
systems is considered in [73], while for continuous case in [70]. Problem of fault
detection and isolation for continuous-time switched systems using H_/H, is re-
ported in [94]. Fault detection (FD) problem of uncertain discrete-time switched
systems under the constrained switching law and external disturbances is ad-
dressed in [90]. Adaptive threshold was set, based on the bounds of disturbances
and the individual performance index for each subsystem. Most of the studies for
the problems have assumed that the fault detection filter is switching with the sub-
systems in synchronous manner. In this way, the problem is reduced to multiple
linear dynamical systems simply. Although the asynchronous problem has gained
attention of FD research community in recent years [89, [73], 93], still it deserves
more attention to be paid. In [89], a maximum dwell time technique is employed
to deal with the asynchronous switching control problem. In [73] fault detection
problem for discrete switched systems was studied with the assumption that the
governing switching signal is unknown. In [93], problem of fault detection, for
continuous-time switched systems, under asynchronous switching, was addressed.

The rest of the chapter is organized as follows: Next, research contribution
of this thesis in the area of fault detection and isolation for switched systems,
is presented. After that, in Section a scheme for fault detection is proposed,
while in Section [3.3] fault detection and isolation is addressed. Next in Section[3.4]
fault detection and isolation in uncertain switched system is presented, followed

by chapter summary in Section [3.5

Research Contribution

Particularly, [93] is one of the motivating works, to explore further the asyn-
chronous switching problem in fault diagnosis. In the aforementioned work H.,

filtering technique is used to formulate and design the filter structure. In our opin-
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ion, in that design technique it is hard to solve numerically the linear constraint
equation and linear matrix inequalities (LMIs), simultaneously (remark 2 in [93]).
Further, only the H,, norm is utilized in there.

In this chapter, we present schemes for FD, and FDI of continuous-time
switched systems while taking into account the case of asynchronous switching
between filters and subsystems. The switching phenomenon assumes average dwell
time (ADT) constraints. The proposed schemes have the following outstanding
features. First, the attention is given to the optimal solution in the sense that
the effect of unknown inputs on residual signal is minimized, whereas that of the
fault is maximized simultaneously. To this end, H_/H,, optimization index is
utilized for the problem of FDI under asynchronously switched systems. Second,
the solution of the proposed FDFs are formulated in the form of LMIs which are
computationally more tractable. Third, fault isolation capability is achieved in
straightforward way along with fault detection, while investigating the complex

asynchronous problem of switched systems.

3.2 Fault Detection in Switched Systems

In this section, we present a solution to the fault detection problem of continuous-
time switched systems, while taking into account the case of asynchronous switch-
ing between filters and subsystems. The switching phenomenon assumes average
dwell time (ADT) constraints. Effect of unknown inputs on residual signal is min-
imized. To this end, problem is formulated into H, filtering problem. Proposed

scheme is formulated in the form of LMIs.

3.2.1 Problem Formulation: Fault Detection in Switched Systems
System Description

Continuous-time switched systems ((2.8)), defined in Chapter , is considered here,

&(t) = Agyx (t) + Boyu (t) + Basyd (t) + Byog) f (1)

Y(t) = Coy(t) + Donyu(t) + Dao(nyd (t) + Do) f(2) (3.1)
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In order to generate residual signal the switched fault detection filter (2.9)),

defined in Chapter [2} is used as residual generator.

r(t) = Hor(y(t) = §(1)) (3.2)

As per discussion in Chapter [2, for asynchronous case problem is formulated as

follows.

Matched Period: During the matched period, ith subsystem and :th filter are
in operation, see Fig.. We augment the switched system (3.1) and detection

filter (3.2)) into the following compact representation during matched period

where,

- A; 0 .

Az = 7Dz' = |:O Hdez]
—LC; A + LiC;

- B; By ~

Bz - 701 = [Hzcz HZC’Z]
B; —LiDa

Unmatched Period: During the unmatched period, jth subsystem and ith filter
are switched together, see Fig2.7. We augment the switched system (3.1) and

detection filter (3.2)) into the following compact representation during unmatched

period
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Ay = ! B;; = ! Bay
i s P15 — 9
—LiCj 14z + LZOZ Bz — LZD] + LlDZ —Lide

Cy = |HC; ~HC|.Dy = |HD, — HD, HD,]

Problem 1. Given the switched system , subject to actuator and sensor
faults, under the effect of disturbances and noise, design a fault detection filter
(FDF) to detect the faults, such that, the system for average dwell time (ADT)
switching, under asynchronous switching is exponentially stable with H., perfor-
mance, || Gro [|oo< Vi, and || Gry ||oo< 7ij-

3.2.2 Solution to the H., Fault Detection Problem

H, solution is proposed in the form of following Theorem 1 and algorithm.

Main Results

Theorem 1. Suppose the residual generator and satisfy the assump-
tions A1-AS3, if, there exist symmetric positive definite matriz P; > 0, P;; > 0, for
i # j;i,7 € N, while any switching signal with ADT, / 1, > 73" = l"(‘é#z),o <

(* < «, then; for a given scalar a; > 0,p; > 0,1 > 1, s > 1,6, > 1,

e <a [T (3.5)

and

/ (rD)(r)dt < 'yf]/ (wh)(w)dt (3.6)
0 0
such that, the following set of LMIs has a solution;

Py Py P Pui
1145 1245 -0 ’ 11 12 >0 (37)

* P22ij * Py,
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where,

Pllj
Pllij
*
\IJ12
\1122
*
*
*

Qll 912
* QQQ
* *
* *
* *

Pryij Progj
*  Paij
Pryi Py
* PQQZ_
Uiy Uy
Bi Way  Wos
0 0
—7i2 L W5
* —[_
Qu s
oy Qs
0 Qg5 <0
’Yz‘j2] Qs
* —1 ]

\Ijll = AiTplli + PlliAi + aiplli - Cfoplgl - Pl?szCz

W19 = AT Prg; + ProiA; + a;Pro; + Pio; LiCi — CZ-TLZ'TPQ%

\Il14 = Pllinz' - P12iLz'Ddi7 \1]15 = CiTHiT7

Woy = AT Pogs + i Pag; + Cz'TLiTPm + Py Ai + Paoi L;C;

<0

Woy = Pro;” Byi — PaoiLiDgi, Vo5 = —CTH,T, Wys = Dyim Hi"

My = Aijllij + PriijAj — CJTL,-TPE;Z-]- — piPr1ij — Prai; LiCy
e = AjTP12ij + Pr2ijAi — piPraij + Proij LiCy — C]TL;TFPMJ‘

3 = PuijBj + ProijBi — Prajj LiDj + Prai; LiD;

My = Pr1ijBagj — Pr2ijByiLi Dg;, Q5 = CjTHiT

gy = AiTP22ij — piPagij + CiTLZTPmij + Pooij Ai + Pogii LiC;

(3.8)

(3.9)

(3.10)

(3.11)

oz = PZ-?BJ' + Pa2ijBi — PagijLiDj + Pagij LiDi, Qa4 = Proij’ Baj — Pai; LiDyg,

Qus = ~C"H,", Q5 = DVHT — DIHT  Qus = Dy" H,”
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Proof. For the desired L; and H; our strategy is to find out H,, norm of F;Gy;, Vi €
{1,2,...N} while considering matched and unmatched periods as follows.
Matched Period: We consider augmented system , in this duration. Using
Lemma [3| (Appendix),

Vi(E(t)) < —agVi(&()) — rTr(t) + 2w () Tw(t) (3.12)

Considering the following Lyapunov function,
Vi3 () = & (1) Pi(t) (3.13)
Differentiating along the trajectory of
Vi(#(t)) = &7 () Bi(t) + &7 (t) Pi(t). (3.14)

Substituting (3.13)), (3.14)), and r(¢) from (3.3)) in (3.12)),

HOPHO +#OPF0 + [Caw) + Do) [Gat)+Dutd]

< —a@! () PE(t) +viw(t) w(t).

Substituting the expression for .%(t) from (3.3)) in (3.15)),

|Aii(t) + Buw(t)] " Pa) + ()P, |Aii(t) + Buw(t)|
+ @ () CT + W () DT)(Ciz(t) + Diw(t)) (3.16)
< —a @ () PE(t) +yiw(t) w(t)).

(3.16)) can be written easily in following form,

[:%T(t)fl?Pi +w!'(t)B] B-] B(t) + &7 (1) PAE() + 2 (1) P Biw(t) + & (1) O] Cii(¢)
+ 77 (#)CT Dyw(t) + W' () DY Cia(t) + wT (1) DI Diw(t)) 4 i (t) P (t)

— y2wl (Hw(t) <0,
(3.17)
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Further, the above inequality can be written as

@) wr)| M <0, (3.18)
w(t)
where,
-7 AT ~ T~
Az P1+P'LAz+Cz i+azP'L P’LBz+CZ Dz
M - ~ T ~
For (3.18]) to hold, it is required that
M <0 (3.19)
After Schur’s compliment is applied to (3.19)), we get
J‘L'TPi + P A+ ;P PD; éiT
" —42I D;'| <0. (3.20)
* * -1

Next, by substituting augmented system,(3.3)), in (3.20), LMI (3.10)) is obtained.
Notice that, LMIs (3.7)-(3.9) are general requirements for model-based FD in

asynchronous switching paradigm [93].
Unmatched Period: We consider augmented system (3.4), in this duration.
Using Lemma [3]

Vi (&(t)) < piVig (2(1) = r() 7 (1) + 1fw(t) w(?) (3.21)
where i # j and 7, j € N. Considering the following Lyapunov function,
Vig(#(0) = 37 (1) Pyi() (3.2
Differentiating along the trajectory of ,

Vi (#(1)) = &7 (1) Pya(t) + 77 (1) Py (1) (3.23)
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Substituting (3.22)), (3.23), and r(¢) from (3.4)) in (3.21]),

F(0)PyR(1) + 2 (O PyE(0) + [Cyi(e) + Dyw®)] [ C(e) + Dywlt)
< +pi” (8 Pya(t) + i (t) w(t).
Substituting the expression for & (t) from in (3.24),
[Aijj(t) + Bjjw(t) ' P;a(t) + 3" (t) Py [ Ayi(t) + gijw@)]
+ (@) CE + W (t)DE) (Cija(t) + Dijw(t)) (3.25)
< ! () Pya(t) + 15w () w(?)).

(3.25) can be written easily in following form

[:ET(t)A,;Tij + wT(t)Bi:gPij] F(t) + & (1) Py Ay(t) + & (t) Py By (1)

+ 2" (t)CLC;E(t) + 27 (1) CEDyjw(t) + w” () DLCyi(t) + w™ (t) DY Dijw(t))

— pig@" () Py(t) — " w! (tw(t) <0

(3.26)
Further, the above inequality can be written as,
z(t)
#7() W) M <0, (3.27)
w(t)
where,
- T ~ ST~ ~ ST~
Ay B+ PyA +Cy G —piPy PyBiy + Cy Dy
For (3.27)) to hold, it is required that,
M <0 (3.28)
After Schur’s compliment is applied to (3.19)), we get
- T ~ ~ ST
Aij Bij+ PijAi; — piPyj PyBi; Oy
% 21 Dy | <0. (3.29)

* * -1
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Next, by substituting augmented system,(3.4), in (3.29), LMI ({3.11)) is obtained.

Now, the proof is completed which ensures disturbance attenuation level v;, Vi €

{1,2,...N} and fault detection capability achieved by the derived filter. O

In the next subsection, we present an algorithm, which is based on the results

derived in Theorem (1], in stepwise simplified form to design our objective filter.

3.2.3 Algorithm

Let the model of the switched system is given as in [3.1] By taking into account
the assumptions, in Chapter 2]

1. Check the detectability of all subsystems (modes), i.e., whether (A4;,C;) is
detectable Vi € {1,2,...N}, if yes then proceed to next step, if no, then it is

not possible to proceed

2. Set the ADT parameters, 1, p2, ;, and p;, Vi € {1,2,...N}, then solve
the LMIs (3.7)-(3.11) simultaneously to get the optimal values of ;, and ;;
vV o ie{l,2,..N}.

3. Find filter parameters L; and H; V  for i # j, and i,7 € N from Step 2, as

well.

3.2.4 Threshold Computation and Residual Evaluation

After successful residual generation, the next step is to evaluate the residual signal.
The importance of this step is due to the fact that residual may be nonzero even if
there is no fault in the system. In this work following residual evaluation function,
which is based on RMS energy of the residual signal, is utilized.

t+T
Trass =1 v0) = [ Wo(o) |F a? (3.30)

where, T is the evaluation window.
Along with residual evaluation function, the threshold computation is also required
for efficient detection of faults. Threshold value is the maximum influence of

unknown inputs (disturbances, noises) and model uncertainties on the residual
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signal in the absence of faults. Threshold can also be of different types like fixed,
adaptive, or dynamic [5, 05], depending on application under consideration. In

this research the following threshold is employed, which is defined as,

Jin, RS2 = sup Jrums, (3.31)
lw(@)ll2<84,246u,2,f(¢)=0

and computed as,
T rnrss — i (0a2 + Ou2)
RMS2 = — ="
th, T

where v = min(y;), dao denotes the set of Ly-norm bounded disturbance signals

(3.32)

and d, 2 denotes the set of Lo-norm bounded input signals. Finally, decision about

the presence of fault in the system is made by the following logic

° JRMS < Jth7RMS’2 = No FAULT

o JRMS > Jth,RMS,Q — Detected FAULT

3.2.5 Case Study: Battery Converter Unit of Hybrid Electric Vehicle

In this section, case study, battery converter unit of hybrid electric vehicle, is

introduced, which is considered for applying proposed results in the section.

Battery Converter Unit of Hybrid Electric Vehicle

In hybrid electric vehicles there are more electrical components than conventional
vehicles, such as ultra capacitors, sensors, power electronics converters, electrical
machines, micro controllers, and processors. For this reason it is a “hybrid” design,
in electrical and mechanical domains. Typical components used in HEVs are

depicted in Fig. 3.1}

Energy storage Hardware
- battery MPU/MCU Software

& - ultracapacitor | DSP/DSC VVVE
ICE fuel 1}1) FPGA FOC
S - fuel ce e
'ﬁ ]H Neurofuzzy
o - TG
olotaly
4 e K 4l
[_': D ot | oo
e 1 |
= Devices
Motor/Generator Topelogies _MOSFET
DCM -de-de _IGET
e - inverter IeBT
PMSM - multilevel

SRM

Figure 3.1: Main components of a hybrid electric vehicle [2]
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Reservoir

Figure 3.2: Main components of a hybrid electric vehicle [2]

Drive Train and Battery-Converter Unit

Drive train is an energy sourcing strategy implemented in HEVs. There are dif-
ferent drive train configurations being employed in production of HEVs: series
HEV, parallel HEV, series-parallel HEV, and complex HEV that have their own
pros and cones, see [96] for details. In a typical parallel design, consisting of an
ICE and an electric motor in a torque-combining configuration, either the ICE
or the electric motor can be considered the primary energy source depending on
the vehicle design and energy management strategy. The drive train can also be
designed so that the ICE and electric motor are both responsible for propulsion
or each is the prime mover at a certain time in the drive cycle, see Fig. 3.2l In
electric line of drive train dc-dc converter is a major part. The battery converter
unit is depicted in Fig. We assume that both state variables i, (inductor
current) and ve (capacitor voltage) are available for measurement, and voltage
vs is known. The battery converter unit is a switched system, operating in two
modes. In mode 1, the transistor switch SW is CLOSED and the diode switch
D is OPENED. In mode 2, the transistor switch SW is OPENED and the diode
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switch D is CLOSED. System matrices in mode 1 and mode 2 take the form

_Ry 1

A= L L |Bi=|L
0 I

RC 0

R 1

A= £ F ,Bg—g
C RC

One of possible faults in the battery converter unit is a “biased voltage” in capacitor
of converter circuit, which occurs due to degradation of capacitor with time [3]. The
capacitance C(t) can be given as C'(t) = C'+A¢(t), where, C' is the nominal capacitance,
and A¢(t) describes the fault magnitude. Other possible fault is related to battery which
is of “intermittent type”, that is, there are sudden dips in available output voltage to
the converter. This malfunction can be due to frequent stop-and-go or acceleration-
and-deceleration vehicle operation. In this situation, the battery will rapidly charge and

discharge and heat up [97].

Results and Discussion

For the case study, simulation time is setup for 30 sec, such that, subsystem 1 is activated
when o(t) = 0 and subsystem 2 when o(t) = 1. Based on our proposed FD approach we
are able to detect two faults. Fault fi(¢) is considered as battery fault, while fy(t) as
converter fault in capacitor. Implications of f;(¢) on the operation of engine of HEV is
the fluctuations in speed and torque. Consequence of fo(t) is the constant drop in speed
and torque of the engine from reference points. Details of temporal switching behaviour
of subsystems, filters and faults can be seen in Fig. . Switching signal o (t) is applied
according to ADT value of 1.6894 for parameters p; = 1.5, uo = 1.5, ; = 0.5, * = 0.48
according to definition of ADT, in Chapter Further, for simulation study we take
the disturbance signal as Ls norm bounded with d;o < 1 for each mode. In practice
noise signal is of stochastic nature, for simplification, here we assume the noise signal of
deterministic nature for each mode. Next, we discuss the results that are based on the

following design parameters of boost converter [3]: Ry = 0.2 ohms, L = 0.05 mH, C =
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200 p F, and R = 24 ohms. Dynamics of boost converter are given below.

—4000 0 20000 1 0
Al = ,Bl = 701 = )
0 —208.33 0 0 1
—0.1 0.03 0.02 -0.1 20000 O
By = yDa1 = , By = ;
—-0.2 0.1 —0.01 0.02 0 0
—4000 —20000 20000 1 0
Ay = , By = ,Cy = ;
5000 —208.33 0 01
—0.01 —-0.03 0.11 0.3 20000 O
Bas = y Dgo = y Bpo = ,
0.1 —0.16 0.2 -0.01 0 0
0 0 0 0
Dys = Do = ;
01 0 1

Next, during fault simulation, filter parameters are found to be:

L — —40000 O o, — 20 Ly — —22222 0 Ty — 1.11 0

1 -1 0 0 0 -1 0 0
Then, the BCU is simulated according to Fig. , therein temporal status of switching
signals for subsystems and filters, battery fault, and capacitor fault is depicted. Notice
that there are unmatched periods from 0-1, 6-7, 15-16, and 21-22 respectively. Matched
periods are from 1-6, 7-15, 16-21, and 22-30 respectively. Battery fault occurs for short
time as a pulse type during Mode 1 at 3 sec, while capacitor fault occurs during Mode
2 at 8 sec as step type. Fig. shows the residual signals when none of the fault
occurs. The problem of false fault detection can be observed there. It is due to the
nature of asynchronous switching, that during unmatched period, residual is non-zero
without any fault. To overcome this difficulty, residuals are evaluated according to
and threshold is computed as per . Threshold during unmatched period,
Mode 1 and filter 2, is tho; = 6.2154. During unmatched period, Mode 2 and filter 1,
is this = 4.6554. Similarly during matched period, Mode 1 and filter 1, is th; = 1.0128
and during matched period, Mode 2 and filter 2, is the = 1.2650. Again the results

are studied, in case of none of the faults occurs, but employing residual evaluation and
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threshold setting, shown in . It is easy to see that problem of false fault detection
is resolved. The evaluated residuals during matched as well as unmatched period are
less than the thresholds during the respective durations. After that, on the occurrence
of faults, evaluated residual signals and computed thresholds are depicted in Fig.
and Fig. (3.8). Both faults are detected successfully, when evaluated residuals cross the

thresholds and further no any false alarm is generated during unmatched period.

Switching and Fault Signals

%o w 1 - ; ' —for subsystents
=g : ! : ' - - -for filters
S 805 ., : 1 '
g .o ' ' ! :
U)m OF-=- I : T = | L T

0 5 10 15 20 25 30

2 0 —battery fault

= ‘é - capacitor faul
2 8 ~5¢
S

0 5 10 15 20 25 30

Time [sec]

Figure 3.4: Switching signals: for subsystems o(t); for filters ¢’(t), Fault signals:
of battery fault fi(t); of capacitor fault fo(¢)

Residual Signals without Faults

Residual 1
oy o
§ I
i |

0 5 10 15 20 25 30
S ok T T T T T
i f
=
=gl i
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Figure 3.5: Residual 1, ri(t), and Residual 2, r5(¢) without any fault
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10E’A/'alua‘l:ed Residuals (without Faults) and Thresholds

—eval. residual 1
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Figure 3.6: (a) Evaluated residual 1 without any fault, er;(¢), and thresholds in
both modes: (b) Evaluated residual 2 without any fault, ery(t), and thresholds in

both modes
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Figure 3.7: (a) Evaluated residual when battery fault occurring, er;(t), and thresh-

olds in both modes
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Figure 3.8: (a) Evaluated residual when capacitor fault occurring, er;(t), and

thresholds in both modes

In the following section, problem of fault detection is extended to fault detection

and isolation for switched systems under asynchronous paradigm.
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3.3 Fault Detection and Isolation in Switched Systems

In this section, we present a solution to the fault detection and isolation problem of
continuous-time switched systems while taking into account the case of asynchronous
switching between filters and subsystems. The switching phenomenon assumes average
dwell time (ADT) constraints. The proposed solution has the following outstanding
features. First, the attention is given to the optimal solution in the sense that the
effect of unknown inputs on residual signal is minimized whereas that of the fault is
maximized simultaneously. To this end, H_/H, optimization index is utilized for the
problem of asynchronously switched systems. Second, the solution of the proposed FDF
is formulated in the form of LMIs which are computationally more tractable than that
in [93]. Third, and a significant contribution of proposed work is to achieve the fault
isolation capability in straightforward way along with fault detection while investigating

the complex asynchronous problem of switched systems.

3.3.1 Problem Formulation: Fault Detection and Isolation in Switched
Systems

System Description

Consider the continuous-time switched systems, (2.8) defined in Chapter

2(t) = Agpyr (t) + Boyu (1) + Bagyd (t) + By f (1)

Y(t) = Coy2(t) + Dyyu(t) + Dyoyd (t) + Do) f (1) (3.33)

In order to generate residual signal the switched fault detection filter (2.9)), defined

in Chapter [2] is used as residual generator.

2(t) = Agr(n@(t) + Boryu(t) — Loy (y(t) — §(1))
9(t) = Cor(y2(t) + Dgr(1yu(t)

r(t) = Horwy (y(t) — 9(t)) (3.34)

As per discussion in Chapter [2| for asynchronous case, problem is formulated as follows.

Matched Period
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During the matched period, ith subsystem and ith filter are in operation, see Fig.
We augment the switched system ([3.33)) and fault detection filter (3.34)) into the following

compact representation

r(t) = Cii(t) + Diw(t) (3.35)

where,

and

—LiC;  A; + LiC; B; —LiDy;

Ci = [HZCZ _HzCz:| 7Di = |:0 HiDdi:|

Unmatched Period

During the unmatched period, jth subsystem and ith filter are in operation, see Fig.

We augment the switched system (3.33) and fault detection filter (3.34]) as follows

r(t) = Ci;#(t) + Dijw(t) (3.36)
where,
T T

Z(t) = [:E(t)T @(t)T] yw(t) = [u(t)T d(t)T]

and
- A 0 - B; B
A= J B = J dj
—LiCj A; + L;C; B; — LZDJ + L;D; —Lide

Cij = | H;C; —HZ'Ci:|;D~ij: [HiDj—H,;DZ- H;Dg

20



Chapter 3: Fault Detection and Isolation in Switched Systems

H_/H Index and Fault Isolation

Each subsystem of the considered switched system is linear time invariant (LTI) and
therefore each subsystem individually can be represented by a transfer function G;(s) =

(A;, Bi, Cy, D;) Vi € {1,2,..., N}. Tt is intended to design FDF such that there is,

1. maximum effect of fault on the residual signal, that is

| re(t) ll2=> Bi || f(t) |2 Vi€ {1,2,..N} and

2. minimum effect of unknown inputs on the residual signal that is
I ra(t) llo< v || d(t) ll2 Vi€ {1,2,..N}.
Where 7 is the effect of fault on residual, and r4 is the effect of disturbance on

residual signal.

Residual signal R(s) during each mode is given as

R(s) = Fi(s)(Gai(s)d(s) + Gri(s) f(s))

where, F;(s) = (4; + L;C;, L;, H;C;, H;) is the post filter for each subsystem of the

switched system, and and

Gi(s) = (Ai, Bai, Ci, Dg;)
Gyi(s) = (Ai, Byi, Ci, Dyi),

are the transfer functions from disturbance to residual and fault to residual, respectively.
Further, note that

Fi(S)Gfi(S) = (AZ‘ + L;C;, Bfi + LZ‘Dfi,HZ'CZ‘, Hini) € RHggm

The above stated H_/Hs objective is achievable, if a filter Fj(s) can be designed for
each mode by finding L; and H;, such that, ~; is minimized and simultaneously ensuring
B; > 1 under the ADT constraint. In addition, design of filter should be such that, to
achieve the fault isolation, every fault should exclusively influence a residual signal [5].

The above problem can be presented in short as following

7i = inflFi(s)Gai(s) oos.t. | Fi()Grils) |1 B
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Problem 2. Given a switched system subjected to disturbances and noises while
assuming that the switching signal satisfies ADT. Design an FDF such that generated
residual is robust against disturbances and noises in the sense of Hoo, that is, || Gro |leo<
Yis|| Gro |loo< 735 and sensitive to minimum possible fault in the sense of H_, that is,
| Gro ||=> Bi- In addition, the designed FDF should be such that the actuator and

sensor faults can be detected and isolated with the same designed parameters.

After the problem has been formulated, in next section we discuss the solution to
H_/Hy and fault isolation problem. H_/H, solution is a sort of compromise between
maximizing sensitivity level and minimizing disturbance attenuation level. To this end,
different variants may exist. In this research, compromise between sensitivity and at-
tenuation level is proposed in such a way that isolation is also possible. Details of the

derived results are given in following Theorem 2.

3.3.2 H_/H, based FDI Solution

Proposed solution is a sort of compromise between maximizing fault sensitivity level
and minimizing disturbance attenuation level. To this end, different variants exist. In
this research, compromise between sensitivity and attenuation level is proposed, such
that, fault isolation is also possible. It is proposed by setting H_ index, f3;, and then
optimize (minimize) the Hy norm, ;. Conditions for matched and unmatched period

are proposed in Theorem 2.

3.3.3 Main Results

Theorem 2. Suppose the residual generator (3.35) and (3.36]) satisfy the assumptions

A1-A4, if there exist symmetric positive definite matriz P; > 0, Pj; > 0, for i # j;i,j €
N, then, for a given scalar a; > 0,p; > 0,01 > 1, u0 > 1,8; > 1, while any switching

signal with ADT 74 > 70" = ln(’é%’”),() < (* < a,
/ (rT)(r)dt < A2 / (wh)(w)dt (3.37)
0 0
and

/ OO(TT)(r)dt <5 / OO(wT)(w)dt (3.38)
0 0
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such that the following set of LMIs has a solution;

Py Projj - Pry; Pra;

: >0, (3.39)
*  Pagyj *  Pag;

Pi1; P Pi1i;  Progj
J i < i ij ij ’ (3.40)

* ngj * P22ij

Pi1ij Proij P Pro;
ij ij < 1 i i ’ (341)

*  Phojj * Py

Vi1 Wi PB4+ PioiBi Wiqu Vs

¥  Woy Ploy By + PyoiB;  Woy  Wos

* * —2I 0 0 | <0, (3.42)
* * * —3i2T Wys
* * * * -1

Q1 Q2 O3 Qg Qs
Qo Qo Qog Qs

* * _'YijQ 0 Qzs| < 0, (343)
* * * _%]2] Q5
* * * * -1

where,

Uy = AT Py + CiTDfiTTBﬁTPmT + P11 A; — CiTDfiLTWz'T + Pio;ByiDyi1C;
—~ WDy Ci + i Py

Wiy = AT Proj + PigiA; + i Pra; — P12isz'DjviCi + CiTDfiTTBfiTPZQi
— Dyt X+ WDt Cy

T T
Da; — WiD7;Dgi, V15 = Ci" Dyt 7 + CT Dyt 878"

)

V4 = P11;Bgi + P121;sz'DJr
T T
Woy = Ai" Pyi + @i Pagi — Cz‘TD}i B}iPyi + PasiAi + C" Dy, X;" — Py B Dy 1C;
+ X; Dyt Cy, Way = Pro;T By + PagiBpiDyi' Dy — X;D i Dy

Vo5 = _CiTDfiTT/BiT - CiTDfiJ_TSiTBiT; Uy5 = Ddz‘TDfiTTﬁiT + DdiTDfiJ_TSiTBiT
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Qi1 = AT Prygj + C]TDTiTBfiTPmijT - C]TD}Z-TYiT — 0 Pi1ij + PriijA;

+ P19;j By D' Cj — YiD it C;
Qo = A;T Piojj + ProjjA; — 0 Progj — P12ijBfiD;rciCi + YDyt Ci + CjTDfiTTBfiTPQQij

_ CJ,TDfiLTZiT
3 = P11i;Bj + P12 B; — P12ijBfiD}LciDi + Pi13;jBiDy'Dj — Y;Dyi'D; + Y; Dyt D;
Q14 = P11 Bgj + P12ijsz‘DTide - Yz‘Dﬁde, Q5 = CjTDfiTT/BiT + CjTDfiLTSiT/BiT
Q22 = AT Pygjj — 0 Paoyj — CiTD}Z'TB;IC;Pmij + Pooi; A; + CiTDﬁ-TZz‘T

— P22 BpiDyi'Ci + Z:DyiC;
Qo3 = Panij’ Bj + PaoijBi + PanijBiDyi'Dj — Z;D i Dy — PaoijByiDyi' Dy + Z; Dy D;
Qos = Proj;” Baj + Po2ijByiDyi' Daj — ZiDpiDyj, Qa5 = —CiTDfiTTﬁiT — CiTDfiLTSiTBiT
Q35 = DjTDfiTT/BiT + DjTsz‘LTSiTIBiT - DiTDfiTTﬂiT - DiTDfiLTSiTﬂiT

T T
Qus = Dg;" D4V BT + Dy Dyt ST BT

, VVZ = P12iRZ‘,Xi = PQQZ'R'L’,YZ' = Plgini,Zi = PQQinZ‘. MOT@OU@’I’, pammeters Of fault

detection filter are given by
Li = —ByiDpi' + RiDyi ™, Hi = Bi(Dyi" + SiDyi™)

where R; € R (m=a) gnd S; € qu(qu)7 are additional variables that are introduced to

provide more degree of freedom for L; and H;.

Proof. As per A.4, in Chapter [2, we can say that there exist matrices DfiT e Rlaxm)

and D fﬂ‘ e Rm=a)*m guch that the following condition is satisfied.
Dy¢; = ,rank( ‘ )=m (3.44)

Fault Isolation: We know that
E(S)Gﬁ(s) = (AZ + L;C;, Bfi + Lini, H,C;, HZ‘Dﬁ) € RHgg<m

and to achieve the fault isolation capability we require that

o |FGy|->8>1 Vie{l,2 ..N} For this,
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o F;Gy = (3il,Vie {1,2,..N}, which can be obtained easily by setting
e Byi+ LiDy; = 0 and H;Dy; = Bl in Fi(s)Gyi(s). Next, from these two set

equations, we can find

Li = —ByDgi' + RiDyi

H; = Bi(Dgi' + SiDyi™) (3.45)

whereR; € R™*(m=9) and S; € qu(m_‘”, are additional variables that are to be found
in Hy, framework.

By aforementioned approach, with the setting of terms fault isolation framework is
achieved. Now, for the desired L; and H; the only remaining part of the problem is
to find out Ho norm of F;Gg;, Vi € {1,2,...N}. Using Lemma 3 (Appendix), during

matched period,

Vi(2(1) < —a;Vi(2 (1)) — r(0)Tr(t) + v2w(t) w(t)- (3.46)

Considering the following Lyapunov function during matched time,
Vi) = 37 (1) P (t) (3.47)
Differentiating , along the trajectory of
Vi(@(1)) = &7 () Pa(t) + &7 (t) Pie(t) (3.48)
By substituting (3.47)), (3.48), and r(t) from in (3.46),

T
2T () PE(t) + 27 (t) P (t) + [C’ii(t) + Diw(t)] [C‘ifc(t) + Diw(t)]

< —ai@! () Pa(t) + fw(t) w(t) (3.49)
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Further, after substituting the expression for Z(t) from (3.35) in (3.49),

[/L:i‘(t) + Biw(t)] ' PiE(t) + & (t) P [A,-:z«(t) + Biw(t)}

+ (@ (OCT +w! () D) (Cia(t) + Diw(t))

< —a @t () P (t) + v2w(t) T w(t)
(3.50) can be written easily in following form,

FT (AT P+ WT ()BT Py | &(t) + 27 (t) P A (t)
+ 2T (t) P Biw(t) + 1 (t)CT Cii(t)
+ 3" (t)C] Diw(t) + w" (t) D] Ci(t)

+ T () DI Diw(t) + izt (t) Pia(t) — 2w (H)w(t) <0

Further, the above inequality can be written as

Az Pz + P’LAZ + Cz i + aiPz PZBZ + Cz Dz i'(t)
(1) wh(t) <0
T w T )
* i Di =71 | |w(t)
For (3.52) to hold, it is required that
- T ~ ~ T ~ ~ ~ T ~
A P+ PA+C; Ci+ ;P PB;+C; D; 0
<
~ T ~
* i Dj — ’yiQI
After Schur’s compliment is applied to (3.53)), we get
- T ~ ~ ~ T
A; P+ P A+ P BB G
* —’y?[ DiT <0

* * -1
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Next, we substitute the expressions of L; and H; in (3.54]), and get the following,

Vi1 Wi PiiBi+PioiBi Yiu Ygs

¥ Wy Pioy By + PyiB; Vo  Wos

* * —~i2I 0 01]<0 (3.55)
* * * —2T Wy
* * * * -1

where,

Uy = A Py + CiTDfiLTBfiTPmT + P11 A; — CZ'TDfiLTRiTPHiT + Pio; B Dy C;
— P19 RiDyiCy + o Py

1o = AT Pro; + PiajAi + a;Pro; — Plzisz'D},Ci + CiTDfiTTBfiTPZQi - CiniTTXiT
+ P19 R;DiC;

Vi4 = P11iBai + PlQiBfiD}LciDdi — P12iR;D§; Dy;

Ui = Cz'TDfiTTﬁz‘T + CiTDfiLTSiTﬂiT

Woy = A" Pagi + i Pogi — Cz‘TD}iTBJZc;Pm + PagiAi + CiTDﬁTRz'TPm
— P22 ByiDyiTCi + Pogi RiDyiC;

Wy = Pro;” Byi + Po2iByiDyi' Dy — Pagi RiDyi™ Dy

Vo5 = _CiTsz‘J[T,BiT - CiTDfiJ_TSiTﬁiT

T T
U5 = Dy Dy 8" + Dai" Dyt ST 3"

The inequality (3.55) is a bilinear matrix inequality (BMI). In order to transform the
BMI into a linear matrix inequality (LMI), we use the following substitutions;
Py9;R; = Wi and Py R; = X;. Thus, LMI (3.42)) for matched period is derived. Next

we drive the conditions for unmatched period.

During unmatched period,

Vij(z(t) < piVig(z(8)) — y" (£)y(t) + 7i;2u” (t)u(t) (3.56)
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Considering the following Lyapunov function during unmatched time,
Vij(#(t)) = & (t) Py (t)- (3.57)
Differentiating , along the trajectory of
Vi (#(8) = #7 () Pyie(t) + 7 (1) Py (1) (3.58)

By substituting (3.57)), (3.58)), and r(¢) from (3.36) in (3.56),

T
2T (4) Py (t) + " (1) Pya(t) + [@jf;(t) + Dijw(t)} [éijgz(t) + Dijw(t)

< s T () Pyi(t) + 23w w(t) (3.59)
Further, after substituting the expression for Z(t) from (3.36) in (3.59),

T
Aui(t) + Bijw@)} Pyi(t) + 37 (6) Py Ay (2)
T (@ (OCT + W (H)DF) (Coi(t) + Digeo(t))

+ 3T () Py Big(t) < pi 7 (1) Py (t) +v3w(t) w(t) (3.60)

(3.60) can be written easily in following form,

F (AT P, + T (1) BL P, | #(8) + &7 (1) Py Ay (t)
+ T (1) Py Byjw(t) + 7 (t)CLCya(t)
+ &7 ()CEDyw(t) + wT (1) DLEC;3(t) (3.61)
+w! (t) D Dijw(t) — pi & () Py(t)
— 32w (Hw(t) <0

Further, the inequality (3.61]) can be written as

[:iT(t) wT(t)] M <0 (3.62)
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where, M is

- T - ;T - ;T o~

Aij Pij + PijAi + Cyy Cij — piPy; PijBij + Ciy - Dy
~ T ~

* Dij Dij - "}/szf

To hold (3.62), it is required that

- T . c T~ - c T =
Aij Pij + PijAi + Cyy Cij — piPy; PijBij + Ciy Dy

e <0 (3.63)
* Dij Dij - ’VZQJI
After Schuar’s compliment is applied to (3.63]), we get
- T ~ ~ - T
Aij Pij + PijAy; — piPij  PyiBij  Cyj

T
* —’Y?jf Di | <0 (3.64)

* * I

Next, we substitute the expressions of L; and H; from (3.45)) in (3.64]), and get the

following inequality

* * —’Yij2I 0 Q35| < 0 (3.65)
* * * —’)’ijQI Q45
* * * * -1

where,

Qi = AT Pryyj + C]TDfiTTBfiTPHijT + Pi1iAj — C]TDfiJ_TRiTPI%jT
+ Pi;jBiDyi'Cj — P12 RiDyi=Ci — pi Py

Q12 = A;T Proj; + PraijA; — PlZiBfiD}iCi + CjTDfiTTBfiTPﬂij
- CijiTTRiTPQQij + Pi9;R;D i -C; — pi P2

M3 = P11;Bj + P12 B; — P12ijBfiD;rciDi + Pi9;jBiDi ' Dj — Pyoij RiDyi' D;
+ P12ininilDi

Oy = P12ijBfiDjride - PlziniDﬁde + P11ijBgj

29



Chapter 3: Fault Detection and Isolation in Switched Systems

Q5 = CjTDfiTTﬁiT + CjTDfiLTSiTﬁiT

Qo2 = Ai' Pagij — piPa2ij — Cz‘TD}iTB};ij + Pog;jA; + CiTDﬁTRiTij
— P3ijByiDyiTCi + Pagij RiD i Ci

Q93 = Plai;’ Bj + PagijBi — P22ijBfiniTDi + P22ininiJ_Di + P22ijBfinz‘TDj
— Py R;DimD;

Qo4 = Pioij’ Byj + PaoijBiDyi' Dyj — PaoijRiDyi Dy

Qo5 = _CiTDfiTT/BiT - Cz‘TDfiLTSiTBiT

Q35 = DjTDfiTT/BiT + DjTDfiLTSiTBiT — DiTDfiTT/BiT - DiTDfiJ_TSiTﬁiT

T T
Qus = D" Dyt BT + Dy " Dyt ST BT

The inequality (3.65) is a bilinear matrix inequality (BMI). In order to transform the
BMI into a Linear Matrix Inequality (LMI), we use the following substitutions;
PioijR; = Y, PogijR; = Z;. Thus, LMI (3.43) is derived. In order to satisfy LMIs

(3.42) and (3.43)), L; and H; must be computed according to (3.45). Now, the proof
is completed which ensures the fault sensitivity level to be 3;,Vi € {1,2,...N} , distur-
bance attenuation level v;,Vi € {1,2,...N} and fault isolation capability achieved by the

derived filter. O

Remark 1. In the fault detection (FD) framework, the residual signal should be gener-
ated such that it contains the information of faults only. Due to this reason, effect of all
other signals, that is, (u(t),d(t)) on residual signal needs to be minimized / eliminated.
To achieve this purpose, u(t) is included with d(t) in w(t) vector. However, for con-
trol purpose, u(t) can be dealt separately. Moreover, control inputs u(t), in general, are
bounded in control loops. The bounds of u(t) depends on particular application. Here,
the only reason to assume norm bounded u(t) is to study the effect of control input (u(t))

and disturbance (d(t)) on residual signal (r(t)) in unified way.

In the next subsection, we present the algorithm in stepwise simplified form to design

our objective filter, which is based on the results derived in Theorem 2.
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3.3.4 Algorithm

Let the model of the switched system is given as in By taking into account the

assumptions, which were made earlier.

1. Check the detectability of all subsystems (modes), i.e., whether (A;, C;) is de-
tectable Vi € {1,2,...N}, if yes then proceed to next step, if no, then it is not

possible to proceed

2. Find D}, and Df; such that
Dy’ Iy Dy’

Dy; = , rank =m.
Dy * 0 Dy *

3. Set the ADT parameters, pi, po, g, pi, and g; =1V i € {1,2,..N} then solve

the LMIs (3.39)-(3.43) simultaneously to get the optimal values of ~;, V i €
{1,2,..N}.

4. Find variables R; and S; V i € {1,2,...N} from step 3) and set the filter param-
eters as formulated below,

Li = —ByDy' + RiDpit Hy = Bi(Dyi' + S:DF,).

3.3.5 Threshold Computation and Residual Evaluation

Residual evaluation and threshold computation are employed as discussed in the pre-

ceding Section 3.3, as follows.

T 1
Trars = r(t) |raes= (3 /7 [ () |12 dr)>

where, T is the evaluation window.

Threshold computation is defined as

Jth,RMS2 = sup JrMS, (3.66)
llw(®)||2<64,2+8u,2,f(t)=0

and computed as
Jth,RMS2 = 21 Oz & u2)
t ) i \/T

where v = min(v;), 042 denotes the set of Ly-norm bounded disturbance signals and

(3.67)

0,2 denotes the set of Ly-norm bounded input signals.
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3.3.6 Application to the Case Studies: HIMAT Vehicle and Buck-boost

Converter

In this section, proposed framework is utilized for fault detection and isolation in case
studies of Highly Maneuverable Aircraft Technology (HiMAT) and Buck-boost con-
verter. The Simulation platform for both cases is the same for time 30s. Subsystem 1 is
activated when o(¢) = 1 and subsystem 2 when o(t) = 0. In case of HIMAT, one fault
f(t) = 0.5 is applied while in case of Buck-boost converter, two faults, fi(f) = 1 and
f2(t) = 0.5 are simulated. Details of switching behaviour of corresponding subsystems,
filters and faults can be found in Fig[3.9)and Fig[3.14] respectively. In addition, for both
studies we choose, 5; = 1V i € {1,2}, (fault sensitivity levels) and p; = 1.5, u2 = 1.5
and a; = 0.5, p; = 0.5, parameters of ADT. To this end, switching signal o(¢) is applied
with ADT value of 1.6218, that is, switching interval between any two subsystems is
greater than 1.6218. Further, for simulation study we take the disturbance signal as
Ly norm bounded with d42 < 1 for each mode. In practice noise signal is of stochastic
nature, for simplification, here we assume the noise signal of deterministic nature for

each mode.

Case Study: HIMAT Vehicle

First, we consider the model of a HIMAT (Highly Maneuverable Aircraft Technology)
([98,199] ). Which can be considered as a two dimensional switched system, where x1(t)
and xa(t) are the angle of attack and pitch rate; respectively. The dynamics of two

modes of the switched systems are given below.

Ay | By | Ba1 | By

C1| D1 | Dag | Dpy

-135 —-098| 1.7 | —0.1 | 1.7

171 —-1851] 0.9 | —0.09 | 0.9

1 0 1.10| 0.3 |21

0 1 0.10 0 0.1
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Ay | By | Bgz | Byo
Cy | D2 | Dgg | Dyo
[ —1.87 —-098| 1.9 [0.2|1.9
126 —-2.63 | 3.8 | 0.1|3.8
1 0 1.9 {0419
0 1 230109123

Results and Discussion

By using Theorem 2, following parameters of filter are obtained

—0.8417 0.6766
Ly = JHy = [0.4568 0.4065]
—0.4341 0.1159

—0.4050 —0.5047
Ly = Hy = [1.1359 —0.5035]
—0.8102 —1.0042
Switching and Fault Signals
2, 1= - | — ‘ -1 |—for subsystems
== ' ! ! ' - - -for filters
S 205 ¢ ' ' ! =
— o0 1 1 '
GO . : o :
60 ‘5 1‘0 1‘5 %0 25 30
2T
= g
C 1 1 1 1 1
0 5 10 15 20 25 30

Time [sec]

Figure 3.9: Switching signals for subsystems and Fault signal

We find disturbance attenuation levels v; = 0.1473, and v, = 0.1367 from LMIs

solution. Moreover, the equations By; + L;D; = 0 and H;D; = 3;1, are also satisfied.

Then, fault is simulated as in Figl3.9]
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Residual signal without fault

1
0.5
=
==
e B o
2 E 8709
_l,
— | |
% 5 10 15
Time [sec]
Figure 3.10: Residual signal without fault
_Evaluated Residual without fault and Thresholds
S A ‘ ‘ . ‘ — eval. residudl]
g el - - - -thresholds ||
el ' - ' g
T P R T ]
w20 e ]
E E 0.8 —
5 2 06— \ —
C@ 04— —
5 % 0.2 -
0 I I I I I ]

Time [sec]
Figure 3.11: Evaluated Residual signal without fault

Evaluated Residual with fault and T hresholds

—eval. residual
- - -thresholds

N

=
16,1

Evaluated Residual
o
(93]

and Thresholds
[

o

Figure 3.12: Evaluated residual signal with fault and threshold

Under the above mentioned setting, The residual signals for the system in absence
of faults is depicted in Fig. It can be seen that the residual signal is non-zero even
in case of no fault. To this end, proper fault detection is not possible, and false alarms
may be generated. Due to this reason, residual signals need to be evaluated and then a

threshold level has to be set for detecting the faults. Using (3.67]), threshold value is set
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to be 0.2072. Evaluated residuals and thresholds have been plotted in figures Fig. (3.11)
in case of no fault and in Fig.(3.12)) for faulty case, whereas window size of T=10 is used
for evaluating the residual signal. It is easy to see that the fault is detected effectively

in very short span of time, when evaluated residual signal crosses the threshold level.

Remark 2. In the discussed case of HiMAT system, we introduced only one fault,
according to our assumption number of faults should be less than outputs. Therefore,
fault isolation is not applicable in this case. To demonstrate the fault isolation along
with fault detection successfully, we consider next the example of Buck-boost converter

with the case of two faults occurrence.

Case Study: Buck-boost Converter

In this subsection, we consider the Buck-boost converter switched system ([3 [100] ) for

simulating the proposed design technique, the circuit is depicted in Fig and the

L

“le JrJfl’f

llIlll’n il

SW

Figure 3.13: Buck-boost converter circuit diagram [3]

dynamic model of this system in two switching modes is given below:

_Rm + 7y rs _ 1] 1
A = L ST Bi=1 0
L(iut Lout
— 0 0 0
L C J
- R
_ tin 0 0 0
I]/-out Lout Lout
0 — 0 0
L C

where & = [iip, Gout Ve is the state vector of the converter, and we assume that measure-

ments of all state variables are available. The parameter values of Buck-boost converter
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are R;, = 30 ohms, L;, = 20 mH, C =20 u F, ry = 10 ohms, Ly, = 20 mH, R = 30

ohms, and vs; = 15 volts. According to these values, system matrices are,

—2000 500 —50 50 1 00 1.5
Ai=1| 500 —-2000 O |.Bi=|0]|.Ci=10 1 0|, Di=1]0],
50000 0 0 0 0 0 1 0
—0.1 0.03 0.02 —0.1 50 0
Byp=1|-02 01]|:Daai=1|001 -02|.Ba=1]0 0|,
—0.01 0.1 —0.01 0.02 0 0
—1500 0 0 0 100 1.5
Ay = 0 —1500 —=50|,B2=[-50(.C2=10 1 0|.D2=10 |,
0 50000 0 0 0 0 1 0
—0.01 —0.03 0.11 0.3 0 0
Bp =1 01 -0.16|:Dsa2= |02 —0.01|,Br2=|-50 0],
—-0.2 0.1 —0.1 —0.05 0 0
1.5 1.10 1.5 0

D= 1170 1.90|,Dp2=1]0 1.9
0 0 0 0

Results and Discussion

By solving LMIs (3.39H3.43)of the proposed scheme, following design parameters are

obtained.

_—0.2041 —0.4082 0 ] _1.9388 —1.7347_T

Ly=| 17347 —1.5306 0 |.Hi=|-1.1224 1.5306 | -
0 0 0.0938 —1.0575  0.9973

- - - AT
—0.9178  1.1096 0 0.9589  —0.5479
Ly= 105479 -26027 0 |.H2=[-2.0548 2.6027
0 0 0.1143 3.6766  —4.4402
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Then, we simulate the systems as in Fig[3.14] The residual signals for the system in
absence and presence of faults are depicted in figures, Fig. and Fig. . Here it
is easy to see that fi(t) effects only the residual 1 whereas fa(t) effect exclusively residual
2. In this way, not only both faults are successfully detected but also isolated (located).
It is worth noticing that two design requirements for fault isolation, By; + L;D; = 0 and
H;D; = B;1, are also satisfied. Finally, to avoid false alarms, residuals are evaluated by
RMS and thresholds are set according to and respectively, which are depicted
in Figl3.17 and Fig[3.18] For residual evaluation window size T is set to 10 while
Thresholds for residual signal 1 and residual signal 2 are 0.0390 and 0.0410 respectively
in this case. Fault is detected properly when residual evaluated signals 1 and residual

evaluated signal 2 cross their respective thresholds values.

Switching and Fault Signals

—for subsystem
- - =for filters

2]

Switching
Signals
o
o U‘1 =

5 10 15 20 25 30
o L —actuator faulf
-+ sensor fault ||

o

Signals
p

Fault
|
S
T

L
15 20 25 30
Time [sec]

o
al
[uy
o

Figure 3.14: Switching signal o(t) for subsystems and Fault signals

Residual signals without fault

_ | | | | |
10 5 10 15 20 25 30
Time [sec]

Figure 3.15: (a): Residual signal 1 without any fault (b): Residual signal 2 without
any fault
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Residual Signals with Faults

1
15
Time [sec]

Figure 3.16: (a): Residual signal 1 with fault fi(¢)(b): Residual signal 2 with fault

f2(1)

Evaluated Residuals without faults and Thresholds

T T
- - =

6 :
ak i : 1 —eval. residua 1J
= : . ro P - - -thresholds
. S B GREECEEES I U B L :
0 \ \ \ \ \
60 ? 1‘0 1‘5 29 25 30
4:'". v +eval. residual 2
= i - po -—, |---thresholds
< 2F ... L e V. R -
0“" R g T S e Y
0 5 10 15 20 25 30
Time [sec]

Figure 3.17: (a) and (b): Evaluated residual signals without fault and thresholds

Evaluated Residuals with faults and Thresholds

6 ‘
A 7 — eval. residual 1]
= : - Co . - - -thresholds
—= 2 . D L B EEEEEEEEEEEE -
0 | | \ T - =
60 § 1‘0 115 _ 29 25 30
4:'"- i +eval. residuals 2|}
= : - i -—, |---thresholds
& 2r ... | bom o pemmmmmmsa N e R e -
Ot ey | | e i v C
0 5 10 15 20 25 30
Time [sec]

Figure 3.18: Evaluated residual signals with fault and thresholds

Concluding Remarks

In this section, the problem of fault detection and isolation for continuous-time switched

control systems under asynchronous switching has been investigated and solution is pro-

vided in the form of a mixed H_/H filtering approach using model-based FD Frame-

work. Average dwell time constraint has been considered while employing piecewise
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Lyapunov function. The results are derived in the form of LMIs. Advantage of the
proposed solution is that not only fault detection but also fault isolation is possible,
which has been demonstrated by design of case studies, HIMAT and Buck-boost power
converter.

In the sequel, the same problem of fault detection and isolation is studied for un-
certain switched systems. In the considered uncertain switched system, uncertainty is
assumed to be of norm-bounded type. The problem is also considered by computing

adaptive threshold for efficient FDI results.

3.4 Fault Detection and Isolation in Uncertain Switched

Systems

The problem of fault detection and isolation for uncertain continuous-time linear
switched systems in the presence of disturbances and noise is addressed in this section.
A robust residual generator is proposed which is based on asynchronously switching
filters. Considered system is assumed to be uncertain in norm bounded sense. Model
uncertainties make further difficult the fault detection and isolation (FDI) problem
along with unknown inputs when using model-based FDI Approach. To address the
issue, FDI problem is formulated as mixed H_/H., filtering problem. In proposed
H_/H technique, the effect of fault on residual signal while influence of unknown
inputs (disturbances and noise) on residual is optimized. In addition proposed filter has
prominence of having fault isolation capability along with fault detection. To improve
the fault detection capability adaptive threshold is designed which takes into account
local disturbance levels, the current operational mode and applied input signal. To
deal with the major issue of asynchronous switching, during matched and unmatched
time of switched systems, a piecewise Lyapunov function along with average dwell time
scheme is employed, and the results are derived in terms of linear matrix inequalities.
Then, FDI scheme is designed for boost converter switched system application. Finally
designed filter parameters are simulated to illustrate the efficacy of the proposed
framework.

In this Section, we present a solution to the fault detection and isolation problem for

uncertain continuous-time switched systems under asynchronous switching case. This
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work is extension of our results [101], by taking norm-bounded model uncertainties into
account and instead of fixed threshold, which is conservative, proposing the adaptive
threshold setting for this problem. Our proposed solution has the following prominent
features. First, the attention is given to the optimal solution in the sense that the
effect of unknown input on residual signal is minimized whereas that of the fault is
maximized simultaneously using H_/H, optimization index. Second, a contribution
of the work is to achieve the fault isolation capability in straightforward way along
with fault detection while investigating the complex asynchronous problem of switched
systems. In this research, the average dwell time (ADT) constraint related to switching
phenomenon is considered.

The rest of the section is organized as follows: In Subsection 3.4.1 problem is formu-
lated and in Subsection 3.4.2 solution is proposed. In Subsection 3.4.3, adaptive thresh-
old is computed for the case study and residual signals are evaluated. In Subsection

3.4.4, application results are demonstrated to show the effectiveness of the approach.

3.4.1 Problem Formulation: Fault Detection and Isolation in Uncertain
Switched Systems

Systems Description

Following class of continuous-time switched systems, is considered

Agyx (t) + Bygyu (t) + Byowyd (t) + Bo f(t)

s
—~
~
~
I

<

—~
~

N—
I

Coy(t) + Dyyu(t) + Dagpyd (t) + Doy f (1) (3.68)

where z(t) € R" is the state vector, u(t) € R" is the control input vector, y(t) € R™
is the output vector, d(t) € RP is the unknown inputs ( disturbances, noise) vector,
f(t) € R is the vector, o(t) is a switching signal which is piecewise constant function
o :[0,00) — p. Such a function ¢ has a finite number of switching times and takes a
constant value on every interval between two consecutive switching times. The role of

o(t) is to specify, at each instant ¢, the index o(t) € p of the active subsystem.
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fla(t),Ba(t),C’U(t),Da(t),BdU(t),Dda(t),Bfa(t),DfU(t) are the systems, disturbances

and fault coupling matrices with appropriate dimensions and

Aoty = Agty + DAy 1), Boty = By + AB,,

Cotty = Cor) + ACs 1), Doty = Doy + ADy(py,

Bao(t) = Bao(t) + ABuio(ty: Dioty = Dao(ty + DDy
where,
AAs ), ABg(1), ACs(1), AD g1y, ABag(ty, AD o (1)

are norm bounded uncertainties with following definition

AAy ) = Eot)A()Go(t): ABy (1) = Egn A(t) Ho ()
ABgyty = EqtyA(t) Jo(), ACsx) = Fry A1) Gor)
ADgp) = FomyA(t)Hy(r), ADio(r) = Fomy A1) Joq)
where Eq 4y, Fo 1), Go(t)s Ho(t), Jo(¢) are known matrices of appropriate dimensions and
A(t) is unknown but norm bounded A(t)TA(t) < I
We denote the association of these matrices with particular switching signal instant
o(t) =i by Ay = Aj, where i = 1,2,...N, number of subsystems involved.
In order to generate residual signal fault detection filter, is used as residual

generator, which is as follows.

r(t) = Ho (1 (y(t) — 4(1)) (3.69)

During Matched Period:
During the matched period, ith subsystem and ith filter are in operation, refer to Fig[2.7]
We augment the switched system (3.68)) and detection filter (3.69) into the following
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compact representation during matched period

F(t) = (A + AA)E(t) + Brif(t) + (Bi + AB;))w(t)

r(t) = (Ci + AC)E(t) + Dyif (t) + (Di + ADy)w(t) (3.70)
where,
T T
Z(t) = [:E(t)T @(t)T] yw(t) = [u(t)T d(t)T]
and
- A; 0 - AA; 0
A= JAA; =
-L;C; A;+ L;C; —L;AC; 0
- B; By; - AB; ABg;
B; —L;Dgy; —L;AD; —L;ADy;

oY
I

HzCz _HzCz:| 7Aéi = [HZACZ O:|

o
=
I
| e B a—

0 H,Ddi] ,AD; = [HZADi HZADdl}

y Byi|
Bfi: 0 7sz’: Hini

During Unmatched Period: During the unmatched period, jth subsystem and ith
filter are switched together, refer to Fig We augment the switched system (3.68))

and detection filter (3.69)) into the following compact representation during unmatched

period

2(t) = (Aij + AA)E(t) + Byij f() + (Biy + ABy))w(t)

r(t) = (Cij + ACH)E(t) + Dyij (1) + (D + ADij)w(t) (3.71)

where,
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and

) A; 0 ) AA; 0
Aij = ,AAij =
—LiCj A; + L;C; —LiACj 0
X B; By, i AB; ABy;
By = J AN J lj
B; — LZDJ + L;D; _Lide —LiADj —LiAde

Cij = HzC] —H102:| AD~U = [HZADJ HlADd]:|

Dij = HiDj — HiDz‘ Hide] 7Ac7ij = l:HZAC] 0]

B |7 Dy =
fig = »Prig = |H; Dy

Problem 3. Given the switched system subject to actuator and sensor faults,
under the effect of disturbances, noise, and norm bounded uncertainty, design a fault
detection filter (FDF') to detect and isolate the faults, such that, the system for average
dwell time (ADT) under asynchronous switching is exponentially stable and ensuring
Hy performance, || Gro |loo< Yis|| Gro loo< vij and H_ performance, || Gy, ||-> Bi
3.4.2 Solution to the H_/H .. Problem

Main Results

Theorem 3. Suppose the residual generator and satisfy the assump-

tions A1-A/, while the model uncertainty is structured of nmorm bounded form with
AT()A(t) < 1, then for a given scalar a; > 0,p; > 0,1 > 1,pug > 1,8 > 1, and

for any switching signal with ADT, 7o > 73" = ln(‘éii“z), 0< (" <a,

/0 T 0T ()t < A2 /0 (W) (w)dt (3.72)

and

/ T )t < / W) (w)dt (3.73)
0 0
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if, there exist symmetric positive definite matriz P; > 0, P;; > 0, fori # j;i,5 € N, such

that the following set of LMIs has a solution;

Pry1ij  Proij - Pry; Pry

, >0 (3.74)
*  Pogyj * Py
P11 P Pr1i;  Projj
j i < ij ij (3.75)
* P *  Pagyj
Pr1i;  Proij Pry; Pray;
ij ij < 1 i i (376)
*  Phoyj * Py
_ . , -
Uy Wi Uiz Uy CiT' Dyt T + CiTDﬁ- ST T Wi
T T
x Woy Woy  Woy —C'Dpt nT - CiTDﬁ ST Wag
x % W3y HIJ; 0 0
- . <0 (3.77)
* * * Wyy DdiTDﬁT mT + Dzl;ch‘Z SZ'TmT 0
* * * * —TI Use
* * * * * —e; 1
_ . . -
Q1 Q2 i3 Quy C;T Dyt T + CjTDﬁ ST Qe
T T
Qoo Qg Qo —C'Dyt pT - C'iTDﬁ ST Qg
* x Qs eHTJ; Q35 0
T <0 (3.78)
* * * 44 deTDfi_TniT 0
* * * * -1 Q56
* * * * * —e;1
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where,

Uiy = A] Pry; + CZ-Tsz'TTBﬁTPmT - CiTDﬁ-TRiTpszi + Pi1jA; + Pi2i By Dy 1 C;
— P12i R D3;C; + €G] Gi + o Py

Up = AT Ppo; + CZ‘Tsz‘TTBfiTPZZiT - CiTDﬁTRiTngi + Pi9;A; — P12;By; D1 C;
+ P13;R; D3,C; + ; Pra;

W13 = P11;B; + Pio; B; + ,GT H;

W14 = P11;Bg; + Pi2;BiDyi' Dgi — ProiRiDyi-Dy; + €,GY J;

W16 = Pi1;E; + Pio; By Dy Fy — PlZiRiDJJ[iFi

Wy = AT Poy — CF Dt BT Pooi™ + CTDF' RT P, + PosiA;
— P22 By Dy TC; + +P12iRiDﬁC'¢ + a; Pog;

W3 = Pio;” B; + Py B;

W14 = Ph;Bai + PosiByiDyi' Dgi — Pooi RiD Dy

Wog = PioiE; + P By Dy Fy — P22iRiD]Jf_iFi

U3 = e H] Hy — v, Vaq = ] J; — 7}

W56 = *niD}iFi — 08 D3; F;

Oy = AT P + C]TDfiTTBfiTPHijT - C]TDJ#TRZ'TPIEU + PruijAj
+ Pro;; ByiDyiTC; — P12iniD}Jf_iCj + GjG,ij + piPr14j

Q1o = A] Pryyj + C]TDfiTTBfiTPZQijT - C}TD#TRiTPQTgZ-j + Piaij A; — ProijByiDyi'C;
+ P12inz‘Djf_iCi + piP12i;

Q3 = Pi1ijBj + P12i;Bi + Pi2ijBiDyi' Dj — Pi2ijR;Dpi=Dj — P12 By Dyi' D;

+ Pioij R Dy D; + ¢,G] H;
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Qua = Pi1ijBgj + Pi2ijBiDyi' Dgj — Progj RiD g Dygj + ejGjTJj

M = PrijEj + P12ijBfiniTFj - P12z‘ij‘DﬁFj

Qoo = Al Paoij — CiTDfiTTBfiTPmijT + CiTDJ%iTRiTPQTZU + PooijAi
— P29ijByiDyi O + +P12iniDjf_iCi — piPaoij

Qo3 = P12;;Bj + P22;i B; + P22ijBfiniTDj — P22ininiLDj — P22ijsz‘DfiTDi
+ Pyj RiD it D;

Qo4 = Pro;;" By + P22ijBfiD;ilde

Qo = Proij B + P22ijBfiniTFj - P22iniDﬁ-Fj

Q33 = ¢;H Hj —

Q5 = DT Dy 0™ + DTDE' 80T — DI Dyt 0™ — DI DY 5,70,

Qg = eJ] Jj — i1,

Q5 = Di;DfﬁTmT + Dzl;-DﬁTsiTmT

Q56 = —mD;Z-le - niSiD}Jf_iFj
Moreover, parameters of detection filter are derived as
Li = ~BiDyi' + RiDyi, Hy = Bi(Dyi' + 8;Dyi7)

where R; € R (M=) gnd S, € qu(m_‘”, are additional variables that are introduced to
provide more degree of freedom for L; and H;.
Proof. We require that ||[F;Gy;[|- > 5; and also we know that
Fi(S)Gﬁ(S) = (Az‘ + LiCi7 Bfi + Lini, HZ'Ci, Hini) € %Hggm
To achieve the above mentioned objective, we should have F;Gy = m;I, so that
|FiGfil|- > m; Vi € {1,2,..N} This can be achieved easily by setting
Bfi + Lini =0 and Hini = 77in
From these two equations, we can find L; = —BfiniT + RinZ—L, andH; = Bi(DfiT +
S;D f,-L) In addition, by aforementioned setting of terms isolation framework is achieved

[5] Now, for the desired L; and H; the only remaining part of the problem is to find out

H norm of F;Gg;, Vi € {1,2,...N}. To this end, we use Lemma 1 under asynchronous
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paradigm during matched and unmatched period. LMIs (3.74])- (3.76) are necessary

conditions for stability of switched systems and are derived in [93] with details. Next

we derive the results of (3.77) and (3.78]).
Stability Analysis during Matched Period:

Using Lemma 3 (Appendix), here, u(t) = w(t) and y(t) = r(¢)
Vi(2(t)) < pV;(z(1))

Vi(Z(t)) < —aVi(Z(t)) — rTr(t) + viw(t) w(t)

Considering the following Lyapunov function, during this time
Via(t)) = 2" (1) P (1)
Differentiating (3.81])

Vi(z(t)) = 2 (t) P (t) + 7 () (1)

after substituting r(¢) from (3.70) and (3.81)), (3.82), in (3.80)), and also

following inequality is obtained

Further, after substituting the expression for Z(t) from (3.70)) in (3.83),

[/Laz(t) + éiw(t)] ' Pi(t) + & (t)P; [Zlia“:(t) + B’iw(t)}

+ @ (OC] + " ()D])(Cid(t) + Dieo(t))

< —ad! () Pia(t) + yiw(t) w(t))

77

(3.79)

(3.80)

(3.81)

(3.82)

(3.84)
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(3.84) can be written easily in following form

+ 27 ()CT Diw(t) + wT () DI Cii(t) + Wb (1) DY Diw(t)) + o’ (t) P (t)

— Wl (Hw(t) <0 (3.85)

Further, the above inequality can be written as

(t)
[iT(t) wT(t)} M <0 (3.86)
w(t)
Where,
o T v v T v % T v
M Az R+P1Az+cz i+apz Psz+Cz Dz
= O T
for (3.86) to hold, it is required that
M<O (3.87)

After Schur’s compliment ([102]) is applied to (3.87)), we get

v T v 9 v T

A; P+ PA;+aP;, PB; C;
« 21 D] <0 (3.88)
* * —I

To separate the uncertainties terms, splitting the LMI (|3.88))

x‘iiTPi+Pi/L+aPi P,B; éz‘T A/L;TPz'-I-PiAx‘L' P,AB; A@‘T
* —’yiQI ﬁiT + * 0 AﬁiT <0

* * —I * * 0

(3.89)
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second matrix in above inequality can be written into following following form

E1
E2
AA P+ PAA; PAB; ACGT B3
* 0 AD;|=| 0 |[A®|o ¢ 0 H J 0 0
% * 0 0
0
__HiF_
e
E2
E3
+[l o |A®]o ¢ 0o H J 0 of]"
0
0
_HF

(3.90)
According to Lemma 2] we know that (3.89) holds if there exists € > 0 so that

e T
F1 FE1
E2 E2
~ T ~ - ~T - —
- 1
x —2 D; |+ 0 0
(3.91)
* * —1I 0 0
0 0
_—HiF_ _—HiF_

T
+€0GOHJOO] [OGOHJ00<O
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Finally, by applying Schur’s complement again, following LMI is obtained
v PB+¢GTH CI' PE

* —fyZZI +eHTH DT 0
<0 (3.92)
* * -1 —-H,F

* * * —el

where 1 = 4;' Py + PiA; + aP; + ¢GTG,G = [G0], H = [HJ], ET = [ET (- L;F)7]
Then, substituting, L; and H; in (3.92]), LMI (3.77) of the Theorem 1 is obtained.
Stability Analysis during Unmatched Period:

During unmatched period,

Vij(&(t)) < poj(2(t)) (3.93)
and
Vi (@(1) < pVig (1)) — rTr(t) + 72w () w(?) (3.94)
where ¢ # j and i,j € N
Vi (@) +rTr(t) < puii((t)) + viw(t) T w(t) (3.95)

During unmatched period, the following Lyapunov function is used
Vij(&(t)) = &7 (t) Py (t) (3.96)

To derive further the results of Theorem, we apply the same procedure as it is done ear-
lier for matched period. To this end, we skip the next steps which result in inequality
of theorem.

Now, the proof is completed which ensures the sensitivity level j; , disturbance attenu-

ation level v; Vi € {1,2,...N} and isolation capability of the derived filter. O

3.4.3 Adaptive Threshold Computation and Residual Evaluation

After successful residual generation, the next step is to evaluate further the residual
signal. The importance of this step is due to the fact that residual may be nonzero
even if there is no fault in the system. In literature, there exist many types of residual

evaluation function. In this work following residual evaluation function is used which is
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based on RMS energy of the residual signal, that is given as

t+T )
Trass = r(t) lws= ;[ 1170 IF ar)? (397)

where, T is the evaluation window.

Along with residual evaluation function, the threshold computation is also required for
efficient detection of faults. Threshold value is the maximum influence of unknown
inputs (disturbances, noises) and model uncertainties on the residual signal in the ab-
sence of faults. Threshold can also be of different types like fixed, adaptive, or dynamic
[103], 90, 95] depending on application under consideration. In this research the following

adaptive threshold is employed,

Tuwphomstsa = 2 Gazae + o) (3.95)
where, 7,(t) is mode dependent robustness factor, 42 (;) is norm bounded disturbance
acting on the corresponding mode which can be found set off-line and [|ul|5 () is input
which is time dependent parameter, computed on-line. In this way to improve fault
detection rate and reduce false alarm rate, individual mode based robustness factors are
considered, instead of global worst-case parameters and effect of input on residual is also

taken into account at residual evaluation stage.

3.4.4 Application to the Case Study: Buck-boost Converter

In this section simulation results for the case study of Buck-boost converter discussed
in Section The Simulation time is setup for 30s, such that, subsystem 1 is activated
when o(t) = 1 and subsystem 2 when o(¢) = 0. In this work, based on the proposed
FDI approach we are able to detect and isolate two faults occurring at a time. Details of

temporal switching behaviour of subsystems, filters and faults can be seen in Fig.
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Results and Discussion

Next, we discuss the results, based on the dynamics of Buck-boost converter, presented

in Section [3.3] Uncertainties matrices are given below

0.2 0.1

Ei=1035|,F1=1025|,G1= [0.2 0.3 0.22} Hy = [0.2} ,J1 = {0.3 0.2} ;
0.31 0.19
0.3 0.2

Ey = 10.25|,F2= |0.25],G2 = {0.3 0.2 0.18} Hy = [0.3] yJo = [0.2 0.35]

0.16 0.18

By solving LMIs - of Theorem 3, the system is simulated as in Fig. [3.19
The residual signals for the system in absence of faults are depicted in Fig. [3.:20] It is
clear that residual is non-zero in the absence of faults, which may generate false alarm.
To this end, residual signal is evaluated and adaptive threshold is used in Fig. [3.21

The residual signals for the system in the presence of faults are depicted in Fig.
These results are also evaluated and compared with threshold in Fig. In Fig.
and Fig. , it is easy to see that fi(t) affects only the r1(t) whereas fa(t) has
influence exclusively to ro(t). In this way, not only both faults are successfully detected
but also isolated (located) for uncertain switched system.

Finally, to avoid false alarms, residuals are evaluated by RMS and adaptive thresh-
olds are designed according to and which are depicted in Fig[3.21and Fig[3.23|
. For residual evaluation window size T is set to 10. Fault is detected properly when
evaluated residuals cross their respective adaptive thresholds values just after the oc-

currence of faults at time 3s and 8s.
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SW1tch1ng and Fault S1gnals

—for subsystem

EO 1— =1 T =1 5
= ! : : v |---forfiters
R . : . -
E o= N ' [] !
n 1 : [ '
@ gt ‘ : - . :
0 5 10 15 20 25 30

r Lo —— gotuator faul
- -+ sensor fault K

15 20 25 30
Time [sec]

Fault
Signals
NYFEFRes

o
o
=
o

Figure 3.19: Switching signals o(t) for subsystems and Switching signal o’(t) for

filters: Actuator and sensor faults
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without any fault

Evaluated Residuals (without faults) and Thresholds

0.4- ’ . . .

0.4-, . - 7
:a 0 2|‘l': P I:l‘l :' h I"\ A r sy [ "' " |I i », » " S
28 1y Y ” "' ,,, 1 " . sy “ |}‘ I Lo lnll ol ,,‘ Yy
- - I“l:' I';'IJ l':“ql g “\‘r"""l'“:u: ‘:l lu'l' "'"M I\u lI i""l »' ' ‘\"l 'l \' '4, \.l .r In 5 . |l' ® t'-’h' X ,/I
py 1y " ,' 'y
-0 | | i | N |
10 5 10 15 20 25 30

Time [sec]

Figure 3.21: (a): Evaluated residual signal 1 and thresholds (b): Evaluated resid-

ual signal 2 and thresholds
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Figure 3.23: (a): Evaluated residual signal 1 and thresholds (b): Evaluated resid-
ual signal 2 and thresholds

3.5 Summary

In the first part of the chapter, the problem of fault detection, in the presence of distur-
bances and noise, for continuous-time linear switched control systems is addressed. The
residual generator is proposed which is based on asynchronously switching filters. To
address the issue, fault detection filter problem is formulated as H, filtering problem.
In proposed H technique, residual is generated such that it is robust against process
disturbances and measurement noise. To deal with the major issue of asynchronous
switching, during matched and unmatched time of switched systems, a piecewise Lya-
punov function along with average dwell time scheme is employed, and sufficient condi-
tions are derived in terms of linear matrix inequalities. On the basis of proposed results,

fault detection scheme is designed for battery converter unit of hybrid electric vehicle.
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The obtained results are encouraging to apply further the technique to whole drive train
of HEVs to improve the performance, reliability, and safety of the vehicles.

In the second part of the chapter, the problem of fault detection and isolation (FDI)
for continuous-time switched system has been addressed. To address the issue, fault
detection and isolation problem is formulated as H_ H,, filtering problem. In pro-
posed H_ H., technique, residual is generated such that it is robust against process
disturbances and measurement noise. On the basis of proposed results, fault detection
and isolation scheme is designed for Buck-boost converter. The obtained results are
encouraging to apply further the technique to whole drive train of HEVs to improve the
performance, reliability, and safety of the vehicles.

The last part of the chapter deals with, FDI problem for uncertain switched systems.
For FDI, model based technique has been proposed for the available state space model
with the assumption of norm-bounded uncertainties. Solution is provided in the form
of a mixed H_/H fault detection filter. ADT constraint has been considered while
employing piecewise Lyapunov function and the results are derived in the form of LMIs.
To improve the fault detection adaptive threshold is employed. Application of results

for Buck-boost converter shows the effectiveness of proposed strategy.
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Chapter

Fault Estimation and Tolerance in
Switched Systems

In this chapter, problem of fault estimation and fault tolerance for switched systems
under asynchronous switching is discussed. Unknown input observer is designed to esti-
mate actuator and sensor faults while reconfiguration strategy is employed to compensate

the faults.

4.1 Introduction

This chapter presents an active fault tolerance approach to compensate actuator and
sensor faults in switched systems under the effect of disturbances. Further, to deal
with practical case of event-based switching, observers are assumed to be switching
asynchronously with corresponding modes of the system. To tolerate faults, firstly robust
model-based (software redundant) switching unknown input observer are designed for
each mode of the system for estimation of the faults. To develop the strategy, observer-
based problem is solved via H, optimization with the help of linear matrix inequalities
(LMI) formulation. By using a piece-wise Lyapunov function, under average dwell-time
constraint, sufficient conditions are derived in the form of linear matrix inequalities. At
the end, a switched system example is given to illustrate the design procedure and the
validity of the proposed integrated design approach.

Basic concepts related to FDD, FTC. and switched systems have been discussed in
detail in Chapter 2l Now, we present a survey on fault estimation and fault tolerant con-
trol for switched systems. Work in [104] presents the technique for closed loop stability

in the faulty situation of non-linear switched system. To ensure stability of non-linear

86



Chapter 4: Fault Estimation and Tolerance in Switched Systems

switched system under two types of faults is presented in [105]. Faults during dwell time
and faults in switching sequence are considered therein. In [106] two techniques based
on data-driven fault diagnosis are presented for Tennessee Eastman (TE) benchmark
process. In [107], a technique is presented for fault estimation and tolerance for actua-
tor faults in discrete switched systems. In [I08] an adaptive FE algorithm is proposed
for estimating constant and time-varying faults in class of switched systems with time-
varying delays. On the basis of FE an FTC is developed for closed loop stability after
occurrence of fault. Further, in model-based FTC research domain, [43] proposed the
sliding mode observer-based FTC based originally on FDI. A motivating contribution,
[46] presents an integrated approach for FE and active FTC in time-varying descriptor
systems. The proposed method can simultaneously estimate states, actuator and sensor
faults firstly and then an FTC is proposed.

The rest of the chapter is organized as follows: Next, research contribution of this
chapter is presented. In Section [4.2] problem is formulated for fault estimation and
fault tolerance of switched systems. In Section solution is proposed to estimate the
actuator and sensor faults in asynchronous switching scenario. In Section[4.4] a scheme
is developed for fault tolerance. In Section application results are demonstrated to

show the effectiveness of the approach, followed by chapter summary in Section |4.6

Research Contribution

This work, is continuity of our results [101], with the overall objective: to explore
the complete design chain of fault management system. In [I01], a solution for fault
detection and isolation was presented. Here the objective is to design FTC on the
basis of FE, directly. Event based UIO is designed in asynchronous switching paradigm.
The observer estimates the actuator and sensor faults successfully. Based on the fault
estimations, closed loop stability is ensured for fault tolerance,in terms of LMIs, using

H, filtering. Schemes are designed under the effect of disturbances and noises.
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4.2 Problem Formulation: Fault Estimation and Tolerance

in Switched Systems

System description

Consider the following class of continuous-time switched systems

i(t) = Agyx (t) + Byyu (t) + Bao()d (t) + Bao(t) fa(t)

y(t) = Ca(t)x(t> + Dfsa(t)fs (t) (41)

where z(t) € R" is a state vector, u(t) € R" is a control input vector, y(t) € R™ is
an output vector, d(t) € RP is an unknown input (disturbances, noise) vector, fq(t) €
R%and fs(t) € R? are fault vectors, o(t) is a switching signal which is a piecewise
constant function o : [0,00) — p. Such a function o has a finite number of switching
times and takes a constant value on every interval between two consecutive switching
times. The role of o(t) is to specify, at each instant ¢, the index o(t) € p of the active
subsystem. Also, A, ), Bo(t)s Co(t)s Bao(t)s Bao(t)s Dfso(t) are the systems, disturbances
and fault coupling matrices with appropriate dimensions. We denote the association of
these matrices with particular switching signal instant o(t) = i by A, = A;, where

i=1,2,...N, number of subsystems involved.

Problem 4. Given the switched system (1) subject to actuator and sensor sensor faults
of constant type, under the effect of disturbances, design an active FTC approach based

on FE to ensure that the closed loop is stable with Hu, performance || Gy, i lloo< Yo

4.3 Solution to the Fault Estimation Problem: Unknown

input observer

In order to estimate the actuator and sensor faults, the fault vectors f,(t) and f4(¢) are

augmented with state of the [4.1] as follows
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where,

£5(0) 0 0 0
B, Do

By=10|:Ds=1 0 aCa:[CU 0 Dfsa}
0 0

To estimate the fault vectors, following UIO is designed,

Zy = Myz + Gy Bou + Loy

Te =2+ Hyy (4.3)

To estimate and tolerate faults in switched systems, observers are designed corresponding
to each mode of operation. In switching of observers to their corresponding modes
practically, there exists the phenomenon of asynchronous switching between them. The

phenomenon has been studied in detail in Chapter

Fault Estimation during Matched Period

Let, the estimation error, e, = Z, — &, then, during matched period

i — L1iCy)e; + (BiAi — L1;C; — M)z

I
N

where, =, = ntql+q2 — H;C and L; = Ly; + Lo;

Necessary conditions for the stability and unbiasedness of the error dynamics [4.4] are

M; is Hurwitz (4.5)
(2i4; — L1;Ci — M;) =0 (4.6)
= -G =0 (4.7)
(Z34; — L1;C))H; — Loy = 0 (4.8)
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By satisfying, the conditions (4.5)-(4.8), the error dynamics takes the form

€ = (EZ/L — LliC’i)ei + (E,DZ)d (4.9)
Fault Estimation during Unmatched Period

As per already defined, estimation error, e, = T, — &5, during unmatched period

éij:fj—i'i
= (

(Bj — Gi)Bju + [(E;A; — L1;Cj)H; — Loly+

jAj — LliCj)eij + (Ejf_lj — LliC_’j — MZ)Z

[1]

+

[1]

(E;D;)d (4.10)

where, Ej = In+q1+q2 - HZ‘C_']' and L; = Lq; + Lo;

Necessary conditions for the stability and unbiasedness of the error dynamics [£.10] are

M; is Hurwitz (4.11)
(Ej4; — LuCj — M;) =0 (4.12)
2 -G =0 (4.13)
(EjA; — L1;Cj)H; — Ly =0 (4.14)

By satisfying, the conditions (4.11)-(4.14), the error dynamics takes the form

éij = (84 — LiCj)ei; + (E;D;)d (4.15)
4.4 Solution to the FTC Problem: Reconfiguration

After the fault occurs, based on estimation of fault, next step is to reconfigure the control
law which may be activated to compensate for the fault. In faulty case, control law is

given as

Ug(t) = Unom,o(t) (t) + Uadd,o(t) (416)

where, Upom o (¢)(t) is nominal control law utilized in normal case, let o (1) (t) = K2,

whereas qqq,(;) 18 the additional control law in case of fault occurrence. Now, is
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written in the form

#(t) = Apy@(t) + Byy Ko + ByyUadd,i(t) + Baoyd(t) + Bao(r) fa(t) (417)

Y(t) = Coy(t) + Dyso(r) fs(t)

Additional control law is computed online, by using the estimates of faults, such that

the response of faulty system is as close as possible to the fault-free system behaviour,

that is
B (t)Uadd.o(t) + Bfao(t) fa(t) = 0.
In this way,
Ugdd,o(t) = —( Z(t)Bo(t))ilBZ(t)Bfaa(t)fa(t) (4.18)
Let, Kfqo = —(Bg(t)Ba(t))_1B:;F(t)Bfa0(t)fa(t) then, u(t) = K,z,, where, K, =
(Keo Kfqo 0] and 2, = [z fa fS}T whereas to compensate for sensor fault, following

configuration law is used

Yemp =Y — Do) f5(t) (4.19)
, where, ymyp is sensor fault compensated output. Now system can be written as

ZL‘(t) = (Aa(t) + Ba(t)K:po)x - Bo(t)Kxae + Bda(t)d

A~

Yemp =Y — Dfso(t) fs (t) (420)

Fault Tolerance during Matched Period

During the matched period, ith subsystem and ith observer are in operation, see Fig[2.7]
To formulate the problem into H filtering for yemp(t), during matched period, from

and we augment the switched system and UIO, into the following compact
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representation

ycmp(t) = éz-%(t) (4.21)

where,

Ai + BiKy —BiKy; —B;i K 0
i 0 O Bfqi— H1iCiBfq; —L11,iBys;
i pr—
0 2 —Hs;CiByq —L12;Dys;
i 0 O3 —H3,;C;iByq; —L12,iDys.i |
Bu, 0 0
N By — H1;C;D; 0 —H1;Dyg -
Bi = ’Ci = Ca:,i Cea:,i Cefa,i Cefs,i
—Hy,;C;D; Iy  —Hz;Dyg;
—H3,C;D; 0 Ig2— H3;iDys; |
and
Hy; L1

Lizi| »©1=A; — H1;C;A; — L11,,C;

O = —Hy;C;A; — L12,C;,03 = —H3;C; A; — L13,;C;

Fault Tolerance during Unmatched period

During the unmatched period, jth subsystem and ith observer are switched together,

see Fig To formulate the problem into H, filtering for yem,(t), during unmatched

period, from and we augment the switched system and UIQ, into the following
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compact representation

ycmp(t) = CZ]j(t) (422)
where,
T
#0) = o) eto]
Aj+ BjK;; —BjKy; —BjKyq,; 0
i 0 ®, Bfaj — H1;CjBya; —L11,;Bys;
ij =
0 %) —H; jC;Bya,j —L12,jDys j
0 P —H3,;C;Braj;  —Li2Dys ]
B, 0 0
. By — H1,;,C;Dj 0 —H1;Dys ; -
Bjj = 1Cij = |Crj Ceaj Cefay Cefsy
—Hy;C;D;  Ipn —H2iDys
—H3,;C;D; 0 I — Hs;iDys ;|
and

Hi= |Hy;| ,L1i= |La;| - ®1=A4; — H1;C;jA; — L11,;,C}

&y = —Hy;CjA; — L12,;,C;,P3 = —H3,C;A; — L13,C}

4.4.1 Design Strategy

Complete proposed strategy in block diagram form is shown in Following theorem

presents main results of proposed work.

4.4.2 Main Results

Theorem 4. Suppose the residual generator (4.21) and (4.22) satisfy the assumptions

A1-A8, Ab, if, there exist symmetric positive definite matriz P; > 0, P;j > 0; 4 # j;i,j €

N then for a given scalar c; > 0,p; > 0,u1 > 1, us > 1,8, > 1, while any switching
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f f
ref ¢ Fault " ' y
" Tolerant Actuator — System —— Sensor ——
Controller
Fault

uadd Estimation

Reconfiguration ~ f

Figure 4.1: Proposed strategy: FE and FTC

signal with ADT, T4 > 7,° = l”(‘g%”,o < (< a,

/ W) Yemp)dt < A / (@) @yt (4.23)
0 0
and
/ ) Wemp)dt < 73 / () (d)yde (4.24)
0 0

such that the following set of LMIs has a solution;

Pr1i;  Proij -0 P11y Py

, >0 (4.25)
* Pl *  Poo;

P11 Prio P11ij  Proij
j i < i ij ij (4.26)

* P22J * P22’Lj

P11y Proij Py Pry
ij ij < 1y i i (427)

* P22ij * Pyo;

Vi Wi P1iBi+ PioiB; Wiy Vs Wi

¥  WUoy Pio'Bi+ PyiB; Wy Wos  Wog

2
* * —y;1 0 0 0

' <0 (4.28)
% * —v2T 0 Wy
* * * * _722-[ \1]56
* * * * * -1
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where,

Q1 Qe Qs 4 Qs CTHT
* gg Qo Qoy Qs  —CIH]
* x  —ytl 0 0 Q36
* * * —fy,;jQI 0 Dg;HlT
s * * 0 —i;21 Q56
* * * * * —1I

Wiy = AT Piy + PiiAi + o Py — CT LT P, — Pioy LG
W1y = A" Prai + PiaiAi + i Pra; + Pioi LiC; — C] LT Py,
V15 = P11iBf; — P1oiL;Dy;

W14 = P11;Ba; — PiaiLiDg;, V16 = C] H]'

Woo = A;T Pog; + o Paoi + CiT LT Poo; + Paoi Aj, +Pagi LiCs;,

Wos = —C{ H] W56 = D H — 1

<0 (4.29)

Woy = Pioi’ By — Pa2iLiDyi, Wag = — D5 HI, Vo5 = Pio;By; — Pag; LiDyy,

Uu5 = D" Dy 18"

Qi1 = AT Py 4 PrijAj — CJTLiTPf;ij — piPr1ij — P12i; LiCj,

M5 = P113jByj — PraijLiDy;

1o = A;" Praij + PiaijAi — piPraij + PraijLiCi — C L Payij

Mg = PiijBj + Pi2ijBi — Piaij LiDj + Pia;j Li D;

Ny = P11i;Bgj — Pi2ij Li Dyg;

Qog = A;T Pagij — piPasij + CiF L Pagij + Paij A; + Paoii LiCi

Qo3 = P Bj + PagijBi — PagijLiDj + Paij LiD;,
Qo4 = Pioij Baj — Pa2ijLiDyg;

Qo5 = Prai;" Byj — PaoijLiDy;

Q36 = D;‘FHZT — Dy H]

Qs6 = D H — 1
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Proof. For the desired L; and H; our strategy is to find out Hy norm of G4, Vi €
{1,2,...N} while considering matched and unmatched periods as follows.
Matched Period

We consider augmented system ([4.21]), in this duration. Using Lemma 3 (Appendix),

Vi(2(t)) < —aV;(@(t)) — rTr(t) + v2w(t) T w(t) (4.30)

Considering the following Lyapunov function,
Vi(i(t) = & () Pa(t) (4.31)
Differentiating along the trajectory of
Vi(#(t)) = 2T (t) Pa(t) + 27 (t) P (t) (4.32)
after substituting , , and Yemp(t) from in ,

T
FT () P(t) + 57 () P () + [@gz-@) N Dm]
(4.33)

Guit) + Do) < ~ad (R0 + ~2lt) el
Substituting the expression for Z(t) from (4.21)) in (4.33),

T
[Az‘fﬁ(t) + Biw(t)} P(t) + 3" (1) P [flii’(t) + Biw(t)}
+ @) CT + W (4)DI)(Cid(t) + Diw(t)) (4.34)

< —ad! () Pia(t) + viw(t) w(t))

(4.34]) can be written easily in following form

T () AT P, + W (t) BT P;| Z(t)
+ 21 (t) P Az (t) + 21 (t) P Biw(t) + &1 (1) CF Cyi(t)
+ 7 () CT Diw(t) + T () DT (1) (4.35)
+wT(#)DI Diw(t)) + i’ (t) Pi(t)
— 7w (Hw(t) <0
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Further, the above inequality can be written as

z(t
[jT(t) wT(t)] M Q <0 where, (4.36)
w(t)
~ T ~ ~ T ~ ~ ~ T =~
M A P+ PA+C; Ci+aP;, PB+C; D
= e
for (4.36]) to hold, it is required that
M <0 (4.37)
After Schur’s compliment is applied to (4.37)), we get
- T ~ ~ AT
Ai P+ PA, +aP;, PB; C;
. —2I D;"| <0 (4.38)
ES * -1

which is the basic form of LMI (4.28). Notice that, LMIs (4.25))-(4.27) are general

requirements for model-based FD in asynchronous switching paradigm [93].

Unmatched period

We consider augmented system (4.22)), in this duration,

Vij(E(t)) < pVij (2(8)) — r(8)Tr(t) + vEw(t)Tw(t) (4.39)

where ¢ # j and 4,7 € N . During unmatched period,
Vij(#(t) = 27 (t) PyE(t) (4.40)

To derive further the results of Theorem 1, we apply the same procedure as it is done

earlier for matched period. Thus, LMI (4.29) of Theorem 4 is derived. ]

Remark 3. The formulation of the fault estimation problem formally sounds reasonable
for an LMI (linear matriz inequality) solution, but the estimation performance can be

poor if no further constraint on the faults is assumed. In general, the augmented form of
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the system model can only work well, if the faults are almost constant in a time interval.
From the observer view point, it is the design of a Pl-Observer. It is well-known that
such an observer can work well only if the change of the estimated variables(in a time

interval) is (strongly) bounded.

4.5 Case Study

In this section simulation results for a case study of numerical example are presented.
Subsystem 1 is activated when o(t) = 1 and subsystem 2 when o(t) = 0. Based on
our proposed FTC approach we are able to tolerate actuator and sensor. Details of
temporal switching behaviour of subsystems, observers and faults can be seen in Fig.
Switching signal o(t) is applied according to ADT value of 1.6894 for parameters
w1 = 1.5, = 1.5, = 0.5,¢* = 0.48 according to ADT definition, in Chapter
Further, we take the disturbance signal of Ly norm bounded by d42 < 1 for each mode.

The considered switched dynamical system consisting of two modes is as follows

-1 1 05 1 2 0 0.1 0.5
A = ,B1 = Cy = yBa1 = ,Bfag = ;
2 -1 1 2 1 1 0.2 1
-1 1 1 2 2 0 0.1 0.5
A2: 3B2: aC2: 7Bd2: 7Bfa,2: )
3 1 2 4 11 0.1 1
0.1 0.1
Dfs,l = 7Dfs,2 = s
0.5 0.5

Solving LMIs (4.25)-(4.29) , Observer parameters are found to be:

—23.849  7.377 —2.003 —0.878 —-3.507  4.007

~11.067 —30.772  2.521  —10.610 4554  —4.054
My = Hy =

37.019  27.341 —18.725 —13.933 —37.450  37.450

|-25.205 —51.807 3.877 —18.757) | 7754 —7.754]
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Switching and Fault Signals

EO 1 : --- ;for subsystems-
£ % : ; ,7---forfilters
S 505~ ! , : |
+ . 1
n ' ! )
n Op==+ ‘ ; ; — == ‘ ~
R
a0 E —sensor fault ||
. g : o actuator fault
= ol : |
£ N :
0 T T T T I L L : ‘
0 2 4 6 8 10 12 14 16 18 20
Time [secl

Figure 4.2: Switching signals: for subsystems o(t); and for observers ¢’(t) : Fault

signals: of actuator fault fi(¢); and of sensor fault fo(t)

4.007 —4.007 0 —1.652 191.071 —193.074
—5.054 5.054 0 1.571 —275.463 277.990
Gl == 7L1 - )
37.450 —37.450 1.000 —14.980 489.433 —508.158
_—7.754 7.754 0 4.1018 | _—432.113 435.990 ]
—27.080 6.641 —1.877 —0.993 —3.254 3.755
—7.908 —30.392 2.383 —10.734 4.267 —-3.767
M2 - aH2 -
—9.612 28.263 —19.162 —14.589 —38.324 38.324
—13.145 —51.357  4.005 —18.159 8.011 —-8.011
3.754 —3.755 0 —1.552 186.078 —189.836
—4.766 4.767 0 1.456 —278.249  283.012
Go = y Lo =
38.324 —38.324 1.000 —15.330 673.380 —711.704
_—8.011 8.011 0 4.204 | _—470.462 478.466 |

and vy; = 0.02,v2 = 0.03, y12 = 0.05, 21 = 0.06. Then, the switched system is simulated
according to switching instants and faults occurrences shown in Fig. From figures
[4:3] to 4] case of actuator fault is studied. Actuator fault occurs is assumed to be
occurred at 2 sec. [£.3]shows the actuator fault, its estimate by our proposed FE UIO and
estimation error. Normal output, faulty output, and compensated output by employing
our proposed FTC strategy is depicted in Fig. [£.4 The Figure shows the compensated

output, in dotted line, nearly close to normal output.
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Actuator Fault Estimation

% 5- ‘ ‘ " fault sfgnal
g 4l -~ estimated fault]
20 —estimation errg
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=
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O
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Figure 4.3: Actuator fault signal, estimated actuator fault and estimation error
Actuator Fault Compensation
0.6- ‘ ‘ ‘ ‘ ‘ I n6rma| outp;ut

w7 RORMA - - -faulty output
8 ! : - - -compensated output
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Figure 4.4: Normal output, faulty output, and compensated output in case of

actuator fault

Sensor Fault Estimation

C)l—‘l\)(?)-b()'l

-+ fault signal
- - -estimation errq|
—fault estimation

Sensor Fault Signals

I
-

o

10
Time [sec]

Figure 4.5: Sensor fault signal, estimated actuator fault and estimation error
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Sensor fault Compensation

25 T T T T T : :
- normal output
o 2b R T - - -faulty output
2 . : ---- compensted output
o015- i i i
n ! X
- : i
= 1F ! ' A
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45 I\ i
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Figure 4.6: Normal output, faulty output, and compensated output in case of

sensor fault

Similarly, for the second case of sensor fault, Fig. shows the sensor fault, its
estimate by our proposed FE UIO, and estimation error. Normal output, faulty output,
and compensated output by employing our proposed FTC strategy is depicted in Fig.

These results show the successfully compensated actuator and sensor fault.

4.6 Summary

In this chapter, the problem of faults estimation and fault tolerance for switched systems
has been addressed. To estimate actuator and sensor faults H., UIO is strategy is
proposes. To solve the FE problem, switching between observers and subsystems is
considered to be of asynchronous nature. After this step, fault tolerance for both types
of faults is achieved by employing a reconfiguration approach of active FTC. Further,
in this work ADT switching constraint is assumed and results are derived in the form of
LMIs. To show the effectiveness of proposed approach, case study of a switched system
is worked out. Successful results of fault compensations are obtained for both cases of

fault.
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Chapter

Fault Detection in Switched Time-Delay
Systems

In this chapter, fault detection for switched time-delay systems under asynchronous
switching is discussed. Fault detection problem is formulated into Hy, filtering prob-
lem and sufficient conditions are proposed, in terms of linear matriz inequalities using

Lyapunov-Krasovskii functional.

5.1 Introduction

This chapter addresses the fault detection problem for a class of continuous time switched
time-delay systems. Time-delay is considered in states, while average dwell time switch-
ing is considered. Fault detection filter (FDF) is designed to generate residual signal.
Switching signal of FDF is delayed with respect to that of subsystems. In this way, asyn-
chronous switching arises between switched system and fault detection filter. The fault
detection problem is formulated into H, filtering problem using Lyapunov-Krasovskii
functional, during matched and mismatched periods of asynchronous switching. Suffi-
cient conditions for solving the problem are established in terms of linear matrix inequal-
ities. At the end, proposed results are simulated on an example to show the effectiveness
of the proposed method.

The rest of the chapter is organized as follows: Next, research contribution of this
chapter is presented. In Section 5.2 problem is formulated and in Section 5.3 solution
is proposed. In Section 5.4, threshold is computed for the case study and residual
signals are evaluated. In Section 5.5, application results are demonstrated to show the

effectiveness of the approach, followed by chapter summary in Section 5.6.
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Research Contribution

Time-delays are one of the inherent features of many engineering systems, for example,
electronics, communication, hydraulic, and chemical systems. Presence of time-delays
may cause, poor performance, oscillation. or instability. Hence, it is important to study
switched systems with presence of time-delays. It becomes a challenging problem when
dealing the switchings with time-delays. There are few results in literature on the topic,
see for instance, [109] 110} 111, 112 113}, 69, [70] [’9] [114].

Survey on fault detection for switched time-delay systems reveals that there are very
few results available in the literature. In [69], conditions for existence of fault detection
filter for discrete-time switched time-delay systems, under an arbitrary switching signal,
are obtained using switched Lyapunov functional approach. Then, in [70], problem
of robust fault detection filter for continuous-time switched systems with state delays
was discussed. Lyapunov-Krasovskii functional method was used. Delay-dependent
sufficient condition for the solvability of fault detection problem is investigated, for a
class of discrete-time switched linear systems with time-varying delays, in [I15]. A
robust fault detection filter that guarantees both sensitivity to faults and robustness to
disturbances for discretetime switched systems with state delays has been investigated
in [116].

In this chapter, the fault detection problem is studied when there are state delays in
switched system. In addition, filters are switching asynchronously with switched time-
delay systems. Since the state delay is of continuous nature, while switching delay of
filters is of discrete nature, the emergence of these two types of delays make the problem
of fault detection more difficult. Few results on fault detection for switched time-delay
system under synchronous switching are available in literature [69, [74, [71]. Here, to
study the asynchronous switching case, fault detection problem is transformed to H,
filtering using piece-wise Lyapunov-Krasovskii functional method. Sufficient conditions
are derived in the form of linear matrix inequalities (LMIs). Filter parameters are

designed by solving derived LMIs.
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5.2 Problem Formulation: Fault Detection in Switched

Time-Delay Systems

System description

Consider the following class of continuous-time switched time-delay systems

i(t) = Ay (t) + Apoey (t = h) + Bopyu (t) + Bao()d (t) + Byo) f(t)
Y(t) = Coy(t) + Chow® (t — h) + Dyyu(t) + Dagyd (t) + Do) f(t)

2(0) = 6(0),0 € [~h, 0] (5.1)

where z(t) € R" is a state vector, u(t) € R" is a control input vector, y(t) € R™
is an output vector, d(t) € RP is an unknown input (disturbances, noise) vector,
f(t) € RY is a fault vector, ¢(f) is a continuous initial function on [—h,0], o(t) is
a switching signal which is a piecewise constant function ¢ : [0,00) — p. Such
a function o has a finite number of switching times and takes a constant value
on every interval between two consecutive switching times. The role of o(t) is
to specify, at each instant ¢, the index o(t) € p of the active subsystem. Also,
As(t)s Ano(t): Bo(t)s Co(t): Cho(t): Do(t)s Buo(t)s Dao(t): Bio(t)s Dyo(ry are  the  systems,

disturbances and fault coupling matrices with appropriate dimensions.

Problem 5. Given the switched time-delay system subject to actuator and sensor
faults, under the effect of disturbances and noise, design a fault detection filter (FDF)
such that the system satisfying the average dwell time (ADT) under asynchronous switch-

ing is exponentially stable with Hs, performance, || Gry ||oo< 7.

5.3 Solution to the Fault detection Problem

5.3.1 H_, Fault Detection

In order to detect the actuator and sensor faults residual r(¢) is generated. To achieve the
objective H, fault detection filter (FDF) is designed such that effects of control input

u(t), and disturbances d(t) on r(t) is minimized. To this end, the following switched
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FDF model is used.

2(t) = Agr(nE(t) + Apor(1y2(t — h) + Byryu(t) — Loy (y(t) — §(t))
y(t) = CoryZ(t) + Chory@(t — h) + Dyr(pyu(t)

r(t) = Ho () (y(t) — 4(t)) (5.2)

Where L,y € R**™ and H,.(;) € RT”*™ are the parameters of the filter to be designed
with respect to each subsystem i € {1,2,..N}, r(t) is the residual signal, which is
difference between actual output y(¢) and estimated output ¢(¢). Similar to the system,
the switching between different modes of the filter depends on the switching signal o’(¢),
shown in Fig. Practically, there exists the phenomenon of asynchronous switching
between the filter and the system in most of the cases. The asynchronous switching
problem is studied in detail in Chapter [2l Due to asynchronous switching, problem is

studied during matched and unmatched periods as follows.

Matched period

During the matched period, ith subsystem and ith filter are in operation, see Fig[2.7]
To formulate the problem into Ho, filtering for r(t), we augment the switched system
(5.1)) and detection filter (5.2)) into the following compact representation during matched

period

i(t) = Aii(t) + Api@(t — h) + Eif(t) + Bio(t)

r(t) = Ci#(t) + Cpad(t — h) + Ei f(t) + Dica(1), (5.3)

r T T
Z(t) = _x(t)T i(t)T} &t —h) = {x(t—h)T :%(t—h)T] :

r T

- A i 0 - B 3 ~ Bi B 7
Api = " By = ! ,Bi = ‘ :
—LiChi  Api + LiCh; —L;Dy; B; —L;iDgy;

Cz’ = Hz'Ci —HZ‘CZ‘:| 7éhi = [Hichi —HZ'CM:| aFi = [HZsz:|
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Unmatched period

During the unmatched period, jth subsystem and ith filter are switched together, see
Fig We augment the switched system (5.1)) and detection filter ([5.2)) into the fol-

lowing compact representation during unmatched period

2(t) = AyE(t) + Apig(t — h) + Eij f (£) + Byo(t)

r(t) = Cij@(t) + Chij&(t — h) + Fy f(t) + Dijo(t), (5.4)
where,
T T

i(t) = [w(t)T :f:(t)T] L E(t—h) = [m(t -nT 2t-nT|
_ [ T AJ 0 - Ahj 0
w(t) — U(t)Td(t)T:| 7AZ] - s LAhiy =

- —L;iC; LiC; —LiChj LiChi

- By, . B; By -
Ei; = T By= ! TGy = [HZ-CJ» —H,CZ}
—LZ'ij —LZ'D]' + L;D; —LZ'de

éhij = H,-C’hj —HZ'CM:| 7Ej = |:H1Df3:| 7Dij = |:H7,D] — HZDl HZ'de:|

Following theorem presents main results of proposed work.

5.3.2 Main Results

Theorem 5. Suppose the residual generator and satisfy the assumptions
A1-A3, if, there exist P; > 0,FP;; > 0,Q; > 0,Q;; > 0; % # j, and i,j € N, then for

a given scalar Ny, > 0, Ay > 0,01 > 1,0 > 1,8; > 1, while any switching signal with

ADT, 74 > 7o = "2 0 < ¢* <
/ () (r)dt < 2 / (@) (w)dt (5.5)
0 0

and

/0 T )t < /O W) (w)dt (5.6)
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such that the following set of LMIs has a solution;

Py Proj
* P22j
P11y Proij
*  Pagj
Qi Qu2;
* Qoo
Q11ij Q12ij
* Q22ij
Uy Wi Wiz Uiy
¥ Woy Wz Woy
* * \1133 \1134
* * x Wy
* k * %
* k * *
* * * *
k k * *
Q1 Qo g Quy
* Qoo Qoz Qo
* * *  Qu
* % k *
k * k k
* * * *
* * k *

Where, Wi = AT Pry; 4 PiiAi + APy — CELT PL, — Pro; LiC; 4 Qq1

<

< p2

<

< o
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Pr1ij

*

Pry;

*

Q1145

*

Q11

Y16
W
W3g
W6
Us6
e

e
Qo6
Q36
Q46
Qs6
Q66

Proi;
Psoi;
Pry;
Paa;
Q12
Q22ij
Q12
Q22
Uiz Wis
Uo7 Wos
W37 Wag
Wy7 Was
<0
V57 Wss
Vo7 Wes
W77 Wrg
*  Wgg
M7 (s
Qo7 Qog
Q37 Qas
Q7 Qg
<0
Q57 Qs
Qo7 Qs
Qrr Qg
* Qgg

(5.7)

(5.8)

(5.9)

(5.10)

(5.11)

(5.12)
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W1 = AT Pro; + PiojAi + A Proi — CT LT Pl + Pio LiCi + Qua;

Vi3 = Pr1iApi — P12iLiChi, V14 = ProiAp; + P12 LiChy

V5 = P11;By; — P1oiLi Dy, W16 = P11;B; + P12;B;

W17 = P11;Bg; — Pi2iLiDai, V1s = C] H]' Wo5 = Pi3;Bf; — Pag; LDy
Wy = AT Pagi + PaoiAi + Am Pazi + C] LT Pay; + Pooi LiCi + Q3

Wo3 = P12jApi — Pa2iByiLiChi, Waq = PagiApi + Pagi LiChy;

os = —~CTH], Vg1 = APy — CLLT P, W3y = A Pio; — CLLT P,
U3 = —Q11iV34 = —Q12: V35 = 0036 = 0037 = 0W3g = C}LH/

Uy = AL Proi + CLLTPL,, Wag = AL Paoi + CLLT PL,, Wus = —Q1a
gy = —Qai, Va5 =0, Vs =0, Uyr =0, Vg3 = —ClLH;

W51 = B};Pi1; — D}, L Ply;, W5y = B} Pro; — D, L] Pyy;, W53 =0, W54 =0
Ws5 =0, Uss =0, Us7 =0, Uss = Dj;H], Wog = Pio;Bi + PaiB;

Wor = P19iByi — PasiLiDgi, V1 = B} Pi1; + B} Pia;,

W2 = B Piai + B Pagi, W3 =0, Ugy =, Vg5 =0

W6 = —id, Ugr = 0, Ueg = 0, U7y = By Py, — Dy, LT Pl

Wrg = BLPio; — DL L] Py, Wrg = 0,W7y = 0,Ur5 = 0, Uz = 0

Urr = =771, Urs = DgH]', U1 = H;C;, Vs = —H,Cy, Us3 = HiCy

Ugy = —H;CyiVWss = H;Dyi, Vgg = 0, Vg7 = H; Dy, Vgg = —1

Q11 = A;TPryj + PraijAj — Ay Priij — C]TL;TFP1T2¢]- — P12i; LiCj + Q11ij
Qo = A7 Piaij — MuProij — Cf L Paoi; + Piaij LiCi + Quai

M3 = P11 Anj — P12ijLiChj, Q14 = P12 L;Cp;

M5 = P114jByj — P12ijLiDyj, Q6 = P11 Bj — P12ij LiDj + Pr2i; L D;
W7 = P11jBgj — P12 Li Dygj, S8 = C]THZT

Q22 = — Ay Pagij + CF LY Pagij + Pagij LiC; + Qaaij

Qog = Pl Anj — Pa2ijLiChj, Q24 = Pa2ij LiChi, Qo5 = Py ;Bpj — PagijLiDy;
Qo = P1T2¢ij — Pogi LiDj + Pogii L; Dy, Qo7 = Pngidej — PagijLiDy;
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051 = B%Pﬂij — D%L?Pf;ijﬂsz = B}}Pf;ij - D}FjLz‘TPQEij

Q53 = Dsg = D55 = Qs = Qo3 = Qoa = Qg5 = Q75 = Q73 = Qg = Qo7 = Qg =0
Qs3 = DI, H] Qg1 = B} Pl,; — DT LT Pl + DI'LT P,

Q62 = B} Ply;; — D] L] Py, + DI L Psy;5, Qn1 = By Pl — Dy Ll Pl

Qry = By Plo;j — Dy L] Py, Qs = =751, Qer = =51

Qs = D] H] — D H ,Q7s = DiH], Qg1 = H;Cj, Qsy = —H;C;;,

Qg3 = H;Cyj, Qg4 = —H;Ch;, Qg5 = H;Dy;,Qg6 = H;Dj — H;D;, Qg7 = H;Dg;, g = —1

Proof. For the desired L; and H; our strategy is to find out H., norm of G4, Vi €
{1,2,...N} while considering matched and unmatched periods as follows.
Matched Period: We consider augmented system ([5.3)), in this duration. Using Lemma

L,

Vi(2(1) < =M Vi@ (1) — r(0)Tr(t) + 2w (t) T w(t) (5.13)

Considering the following Lyapunov function,

V@) = 37 (1) Pit) + / ()M Qi (5)d(s) (5.14)

t—h
Differentiating ([5.14]) along the trajectory of (5.3))

Vi(#(t)) = &7 () Pa(t) + & (0 Pit) + 87 ()M Qi (t) — & (t — W) Qui(t — )
(5.15)

after substituting (5.14)and (5.15)), in ,

T () Pia(t) + 27 () Pia(t) + 27 (8)eN Qi (t) — 27 (t — h)eNQui(t — h)+

T
(2 (t) + Cri@(t — h) + Fif (t) + Diw(t)] [C’ifc(t) + Cpi@(t — h) + Fif (t) + Dio(t)

< M2l ()P (t) — A / iT(s)eM Qi (s)d(s) + viw(t)Tw(t).
t—h
(5.16)
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Substituting the expression for Z(t) from (5.3)) in (5.16)),

T
[/L-az(t) + Apii(t — h) + Eif(t) + Bi&(t)} PiE(t)
+z3 ()P, [/L-fc(t) + ApiE(t — h) + Eif(t) + Bid)(t)} + 2T (1)’ Qi (t)

— 2T (t = h)eMQii(t — h)+

T
[ 2iE(t) + Cri®(t — h) + Fif (t) + Diw(t)] [ (3 (t) + Crii(t — h) + Eif(t) + Dio(t)
<

AmEL () PiE(t) — Am / ()M Qi (s)d(s) + 2w (t) T w(t).
t—h
(5.17)

(5.17) can be written easily in following form

T (AT P+ 37 (¢ — WAL P+ +fT() BT P+ @7 (1) BT B | 2(0) + 27 () R A1)
+ 2T () PiApiz(t — h) + 3L () PE; f (t) + 31 (1) P,B;o(t) + &7 (£)eM Qi (t)
— &7t — RN Qiz(t — h) + & () CT Ciz(t) + T (1) CT Crii(t — h) + 2T (1) CTE;f (1)
+ 3T )OI Dio(t) + &7 (t — h)CLCiz(t) + 77 (t — h)CF.Criz(t — h)

+ 37t — R)CLE f(t) + 27 (t — R)CEDia(t) + fT () F Cia(t) + f1 () FF Crai(t — h)
+ TR FF f(t) + fT(¢)F Diao(t) + o (¢) D] Ciai(t) + & (£) DY Cri(t — h)

+ 0T W)DIFif (t) + @7 () DT Dico(t) 4+ AT () Py (t) + A / t iT(5)eMQiz(s)d(s)
t—h

— 20T (H)@(t) <0

(5.18)
Further, the above inequality can be written as
(1)
Tt —h)
Tty @(t—n) fr@) oT(t)|M <0 where, (5.19)
()
@' (t)
i ~ =T ~ =T =~ ~ =T =
Ay PAR+Ci Cy PE+Ci F; PB+C; D;
M= x  —Qi+ CLCh CLE; CLD;
* * FZTFZ FZTDl
* * * ﬁiT[?Z — ’yf]
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where, A1 = /L‘TPZ‘ + PZ/L + Qi + C'ZTC'Z + A P;

for (5.19) to hold, it is required that

M <0 (5.20)
Applying Schur’s compliment
i ~ ~ ~ [~ T~ ~T~ ~T~  ~T =]
Ay PAp PE; PB; Ci Ci C Cy Cip Fy Cp Dy
x  —Q; 0 0 x«  CLCy CLF, CEL
Ql + hi~ hi hi Nl th ~1 S 0 (521)
* x 0 0 * TE, FI'D;
2 3T F
| * * * - iI_ | * * i Dl-_
where, Ay = /L‘TPZ‘ + Pz/L + Qi+ \n P
further,
i, B B e S
Ay PAn PE; PB; i
«  —Qi 0 0 T, s e s
Z - | "=t et e BT oD <0 (5.22)
* * 0 0 ,L»T
* * * —71-2[ [)1
using Schur’s compliment property
. i ) i e
A Pi+ PAi+ Qi+ AP PiAn PE; PB; Cf
* * * —’y?[ l~)ZT
éi éhi Fz Dz -1

which is the basic form of LMI (5.11)). Notice that, LMIs (5.7)-(5.10|) are general re-

quirements for model-based FD in asynchronous switching paradigm [93].

Unmatched Period

We consider augmented system (/5.4)), in this duration. Using Lemma 1,

Vi (@(t) < =MV (E(t) — r(t)Tr(t) + viw () w(t)
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Considering the following Lyapunov function,
t
V(e ®) =5 OP0 + [ (9N Qui(s)d(s) (5.25)
t—h
Differentiating (5.25|) along the trajectory of (5.4))

Vij(#(t)) = & (1) Py (t) + & (8) Py (t) + 27 (1) Qi () — &7 (¢ — h)eM™QuE(t — h)
(5.26)

after substituting ([5.25) and , in -,
() Pya(t) + & (8) Py (t) + &7 (1) " QuE(t) — 1 (t — h)eN Qi (t — h)

T
(5.27)
+Chz]x( ) +Ejf +D1JW :|

t

ZT (1) Pyj(t) — A - ' (s)e™ Qi (s)d(s) + 7w (t) w(b).

I/\ [ B e—|

Substituting the expression for Z(t) from (5.4)) in (5.27)),

T
{Awfﬂ( t) + Anig®(t — h) + Eij f () + Bijw(t)} Pyi(t)

+ &3 (1) QiE(t) — 3 (t — h)eM QiE(t — h)
(5.28)

T
[é E(t) + Crija(t — h) + Fy f(t) + Dijw(t)]

t

A ZL () Py (t) — Ay - i1 (5)eMQyi(s)d(s) + %-ij(t)Tw(t).

+
[ D3 E(t) + Chig@(t — h) + Fyj f(t) + f)ij@(t)]
<
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(5.28) can be written easily in following form

il (t)ALP; + 27 (t — h) AL Py + +fT () ELP; + &7 (1) BL P | (1)

hij
+ 3T ()P Aijz(t) + 37 (t) Pij Apija(t — h) + 37 () Py By f(t) + 27 (t) Py Bijo(t)
+ 2T (e QyE(t) — (1 — h)eM Qya(t — h) + &7 (1) CHCyyi(t)

#1(O)CHChig(t — h) + & () CHE; f(1) + & () CDyyoo(t) + &7 (t — h)ClyCij(t)
+ &7 (t — h)CL;Cniji(t — h) + &7 (t — h)ClLy; By f(t) + &7 (t — h)ClLy; Do (t)
+ [T FS iy () + ST () F Crig(t — h) + 1 (8) F Fyy f(8) + T (6) 5 Dyyoo(t)

+ @T(t)Dngji*(t) + @T(t)bggéhij.f(t - h) + (ZJT(t)DZ;wa@) + (.:JT( )DZD,]w(t)

+ 0@ () Pya(t) + A /t ()™ Qui(s)dls) — 15 (02(1) <0

(5.29)
Further, the above inequality can be written as
(t)
(t—h)
@)y '@t —-n) @) aT@)|M <0 where, (5.30)
()
5T (t)
_ . o 3 . A
Ay PijApij +Cij Crij PijEij +Cij -Fz PijBij + Cij Dy
M= * _Qij + C}Z;jC’hij C]Z;]F C}Z;]DZJ
* * FJF; Dy
* * * ﬁijTBij - ’)/22I ]
where,
~ T ~ ~ T ~
Ay = Aij P + Piinj + Qz‘j + Cij Cz‘j + A By
for (5.30) to hold, it is required that
M <0 (5.31)
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Applying Schur’s compliment

i ~ ~ ~ s T ~ T c T~ c T =
Ay PijAp; PijE;; PijBij Cij Cij Cij Chij Ciyj Fyj Cyj Dy
AT A AT 7 T
* —Qij 0 0 n * ChiChij Cihijipij C:h ?w <0
* * 0 0 * * FEFU FgDU
* * * —%2[ * * * D~iijij
(5.32)
further,
_ } ) - S
Ay PijApi; PijEij PijBij Cij
* —Qij 0 0 C’,:LF -
- | =06t en, B byl <0
* * 0 0 Y
| x * * %2[_ i bw |
(5.33)
using Schur’s compliment property
Ay PyAn; PyEy PyBy CE
* 7Qij 0 0 élz;j
* * 0 0 FF|<0 (5.34)
* * * _%ij Dg
which is the basic form of LMI ((5.12)). O

5.4 Threshold Computation and Residual Evaluation

In this work following residual evaluation function, which is based on RMS energy of

the residual signal, is utilized, which has been discussed in the preceding Chapter

t+T .
Trags = o(8) lws= (5 [ 1170 | ar)? (53)

where, T is the evaluation window.

Similarly, following threshold is employed, which is defined as,

Jin,RMS,2 = sup JrMS, (5.36)
llw(t)|2<8a,246u.2,f (£)=0
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and computed as
Jih,RMS2 = %7 (G2 1 du2)
f — fi\Pd,2 T Pu2)
) ) \/T

where v = min(v;), 642 denotes the set of Ly-norm bounded disturbance signals and

(5.37)

0u,2 denotes the set of Lo-norm bounded input signals. Finally, decision about the

presence of fault in the system is made by the following logic
o Jrus < Jin,rms2 = No FAULT
® Jrms > JinrMs2 = Detected FAULT

In the next subsection, we present the algorithm in stepwise simplified form to design

our objective filter, which is based on the results derived in Theorem 5.

5.4.1 Algorithm

Let the model of the switched system is given as in [0.I} By taking into account the

assumptions, in Chapter

1. Check the detectability of all subsystems (modes), i.e., whether (A;, C;) is de-
tectable Vi € {1,2,...N}, if yes then proceed to next step, if no, then it is not

possible to proceed

2. Set the ADT parameters, 1,2, a;, and p;, ¥V i € {1,2,...N} then solve the
LMIs (5.7)-(5.12)) simultaneously to get the optimal values of ~;, and ~;; V i €
{1,2,...N}.

3. Find filter parameters L; and H;V fori # j, and 4,7 € N from step 2, as well.

5.5 Application to the Case Study

In this section, proposed framework is utilized for fault detection in a switched time-delay
system example. The Simulation platform is for time 30s. Subsystem 1 is activated when
o(t) = 1 and subsystem 2 when o(t) = 0. Two faults, actuator fault (fi(¢) = -2) and
sensor fault (f2(t) = 2) are simulated. Details of switching behaviour of corresponding
subsystems, filters and faults can be found in Figl5.1] Switching signal o(¢) is applied

with ADT value of 1.6218, that is, switching interval between any two subsystems is
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greater than 1.6218. Further, for simulation study we take the disturbance signal as
Ly norm bounded with d42 < 1 for each mode. In practice noise signal is of stochastic
nature, for simplification, here we assume the noise signal of deterministic nature for

each mode.

5.5.1 A Numerical Example

A numerical example is studies to simulate results of proposed method. The considered

switched time-delay system consisting of two modes, having state delays, is as follows:

-1.1 0.1 2 1 0 0.1 0.1 0.2 0.1
A = ,B1 = Cy = yBa1 = yDa1 = ;
11 1.3 0 01 11 1.1 0.3 0.2
—-1.4 0.3 1.2 1 0 0.1 0.1 0.2 0.1
Ay = , By = ,Cy = ,Baa = s Dg2 = ;
0.2 -1.3 0 01 0.1 0.1 0.2 0.1
—-0.2 0.1 0.02 0 —-0.2 0.1 —-0.1 0
Apr = JApe = ,Ch1 = ,Cha =
0 —-0.1 0.1 -0.1 0.1 0.1 0.2 0.1
2 0 1.2 0 0 1 0 1
By = ,Bpa = y Dy = y Do =
0 1 0 O 0 1 0 0

Results and Discussion

By using Theorem 5, solving LMIs —, faults are simulated as in Fig Under
the above mentioned setting, The residual signals for the system in absence of faults is
depicted in Fig. It can be seen that the residual signal is not zero even when there
is no fault present in the system. To this end, proper fault detection is not possible, and

false alarms may be generated. That is the reason, residual signals need to be evaluated

and then a threshold level has to be set for detecting the faults using (5.35) and (5.37)).

Evaluated residuals and thresholds have been plotted in figures Fig. in case of
no fault. In Fig. evaluated residuals and thresholds are depicted for actuator fault
while in Fig. evaluated residuals and thresholds are shown in case of sensor fault.
It is easy to see that the faults is detected effectively in very short span of time, when

evaluated residual signal crosses the threshold level.
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Switching and Fault Signals

éo 1= - - —for subsystems
— __‘m ) ] : ' ---f fI
Z oz . . ; ! or filters
S Zo5 ¢ ' ! ; |
=0T : : :
n n 0--I I - - ‘ I
- Il
0 5 10 15 20 2 30
T J I ‘ i
P of | —actuator faulf
-2 -~ sensor fault
ER- I e
= A
-2r | I . ‘ ! 3
0 5 10 15 20 25 30
Time [sec]

Figure 5.1: (a): Switching signals: for subsystems o (t); for filters o’(t) (b): Fault

signals: of actuator fault fi(¢); of sensor fault fo(t)

Residual signal without any Fault
T T T ' T T

Residual Signal
o

_ | | | | | |
2 0 5 10 15 20 25 30

Time [sec]

Figure 5.2: Residual , r(¢), without any fault

Evaluated Residual without faults and Thresholds

5 S0 :
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B 30- - |
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Figure 5.3: Evaluated residual without any fault, er;(¢), and thresholds in both

modes
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Eyaluated ‘Residual‘ with Aqtuator Fault

+~
250 ‘

o —eval. residual with actuator fault

= 201 - threshold

2|

S 30+ g
g

& 20 4
~

o

S1i10r i
E

Tg 0 I I I | | -
m 0 5 10 15 20 25 30

Times [sec]|

Figure 5.4: Evaluated residual when actuator fault occurring, ery(t), and thresh-

olds
Evaluated Residual with Sensor Fault
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w
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Figure 5.5: Evaluated residual when sensor fault occurring, ery(t), and thresholds

5.6 Summary

In this chapter, fault detection problem for switched time-delay systems is considered
under asynchronous switching. FDF is designed as residual generator using H, filtering
approach. Sufficient conditions are proposed in terms of linear matrix inequalities. A
numerical example is studied for the application of results. Actuator and sensor faults

are successfully detected through proposed method.
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Chapter

Conclusion and Future Recommendations

To improve the reliability and performance of switched systems, different strategies of
fault diagnosis and fault tolerant conmtrol design have been proposed in the preceding
chapters. This chapter presents the concluding remarks and indicates future directions

for possible extension of this work.

6.1 Conclusion

This thesis is concerned with studying fault diagnosis and fault tolerant control design
for switched systems under asynchronous switching. Novel approaches were proposed
for fault diagnosis (FDD) and fault tolerant control (FTC) of switched systems. These
approaches consist of; residual generation, residual evaluation, threshold computation,
fault estimation, and fault tolerance. The prime objectives of this thesis were stated
precisely in the first Chapter. To achieve these objectives, techniques were developed and
proposed. The performance of these approaches was proven mathematically, and their
effectiveness was illustrated by case studies. The features of switched systems and the
importance of FDD/FTC in these systems was highlighted in Chapter Fault detection
(FD); and fault detection and isolation (FDI) schemes were investigated in Chapter
Fault estimation (FE) along with fault tolerant control (FTC) for switched systems was
discussed in Chapter Furthermore, the fault detection scheme for switched time-
delay systems was presented in Chapter [5l The main problem in the focus has been the
asynchronous switching paradigm in model-based FDD/FTC for switched systems. In
this paradigm, the complete design chain of fault management system, i.e., from fault

detection to fault tolerance, has been studied in the thesis.
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6.2 Future Directions

Last section concluded the results obtained in this thesis. Besides the attainment of the
proposed schemes, there is still room for further investigation. Some of these possible

extensions and future directions are outlined below:

e In Chapter 3] schemes for fault detection and isolation were presented. The prob-
lem of FDI was considered with the assumption, that, number of outputs are
greater than the number of faults to be isolated. In future, the methods can be

explored for a less conservative technique.

e Proposed schemes in Chapters [3| successfully detect and isolate the faults in un-
certain switched systems in asynchronous case, subject to norm bounded uncer-
tainties. Proposed method can be applied easily to polytopic and stochastic type
of uncertainties in switched systems. Another possible extension to Chapters [3]is

to explore dynamic threshold setting at residual evaluation stage.

e Future recommendation related to Chapter [ fault estimation and tolerance, is
to develop adaptive fault estimation strategy. In addition, in case of complete
failure of actuator or sensor, virtual actuator or virtual sensor approaches may be
employed in the asynchronous switching paradigm. Furthermore, strategy may

be developed for detecting time-varying faults.

e Fault detection for switched time-delay systems has been the focus of Chapter
Possible future directions of this research topic are to extend the features of fault
isolation, estimation and tolerance for the faulty behaviour of switched time-delay

Systems.

e All the sample systems, which have been considered, are in continuous time. Rec-
ommendation for discrete time switched systems, to be investigated, is also one
of the research area. The techniques for discrete-time switched systems may be
a more attractive choice for implementation on embedded systems for industrial

and practical systems.
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e Practically nonlinear phenomenon occurs in systems. Similar to the preceding
research path, area of nonlinear switched systems is also an interesting way to be

traversed.
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Appendix

Lemmas and Theorems

Lemma 1. (Schur’s Compliment)[102]; According to Schur’s compliment, the following

two statements are equivalent

D11 P2
1. &= <0

®fy P2
2. Bgy <0, Byy — B19P5, T, < 0
Lemma 2. [j]; Let G,L,E and F(t) are real matrices of appropriate dimensions with
F(t) being a matriz function and F(t)TF(t) < I then

for any e >0

LFE)E+ ETFTt)LT < %LLT +eETE
Lemma 3. [93] A switched system,

&(t) = Ajz(t) + Bju(t)

y(t) = Ciz(t) + Diu(t) ,ie€ {1,2,..N}
1s said to be globally asymptotically stable with average dwell time

In(plp2) T~ (to,t +C*
Ta > Ta* - (PCL*N )7 T+Et2,t§ Z S*E‘*’O < C* < «

123



and satisfies the Hy, performance with index no greater than v = max(7y;), if there exist

Lyapunov functions Vi(z(t)) and Vi;(z(t)) Vi € {1,2,...N} such that

Vi(x(t)) < pVij ()
Vij(2(t)) < p2Vi(a(t))
Vi(a(t)) < —aVi(z(t)) — y" (£)y(t) + v u” (t)u(t)
Vij((t) < pVis((1)) =y (0)y(t) + i u” (u(t)

Vi,j € {1,2,..N},i#j.

Notice that during [to,t], T~ (to,t) and TT(to,t) denote the total matched and mis-

matched periods, respectively. T (to,t) is equal to A;.
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