Fault Diagnostics and Fault Tolerant

Control of Microgrid

| Ebrahim Shahzad
Registration No.84-FET/PhDEE/S15
Supervisor
Dr. Adnan Umar Khan
Department of Electrical and Computer Engineering,
Faculty of Engineering and Technology,
International Islamic University,

Islamabad, Pakistan.



v :
phD
roS (
FBF
» o n€EILT N
vaa*@( i\ N
;&(LT‘J @‘Laam ol ¢ / |
| — 1,Lf:°“\ﬁ' PﬂoCﬂavﬂ%m
Q COM k d



CERTIFICATE OF APPROVAL

Title of Thesis:* Fault Diagnostics and Fault Tolerant Control of Microgrid”
Name of Student: Ebrahim Shehzad
Registration No: 84-FET/PHDEE/S15

Accepted by the Department of Electrical Engineering, Faculty of Engineering
and Technology, International Islamic University, Islamabad, in partial fulfillment of the

requirements for the Doctor of Philosophy degree in Electronic Engineering.

Viva voce committee:

Dr. Adnan Umar Khan (Supervisor)
Assistant Professor,
DECE,FET, ITIUI

Prof. Dr. Muhammad Amir (Internal)
Assistant Professor,
DECE, FET, IIUL

Dr. Noaman Ahmed Khan (External -T)
Associate Professor/Chairman,

DECE,Sir Syed CASE, Institute of Technology.
Islamabad.

Dr. Hammad Omer (External -1I) G g
Associate Professor =
DECE, COMSATS University, Islamabad.

Dr. Shahid Ikram (Chairman) (Uj\,&\' A/

Chairman, DECE, FET, IIUL \_/ ‘(
Prof. Dr. Nadeem Ahmed Shaikh (Dean) i

Professor /Dean /

FET, ITUL

August 25, 2023

iiiv



Declaration

1, Ebrahim Shahzad declare that this thesis titled “Fault Diagnostics and Fault Tolerant
Control of Microgrid” and the work presented in it are my own and has been generated

by me as a result of my own original research.

I confirm that:

1. This work was done wholly or mainly while in candidature for a Ph.D. degree at

11Ul

2. Where any part of this thesis has previously been submitted for a degree or any

other qualification at IIUI or any other institution, this has been clearly stated

3 Where I have consulted the published work of others, this is always clearly at-

tributed

4. Where I have quoted from the work of others, the source is always given. With

the exception of such quotations, this thesis is entirely my own work



5. T have acknowledged all main sources of help

6. Where the thesis is based on work done by myself jointly with others, I have made

clear exactly what was done by others and what I have contributed myself

Ebrahim Shahzad,

84-FET/PhDEE/S15

ii



Copyright Notice

o Copyright in the text of this thesis rests with the student author. Copies (by
any process) cither in full or of cxtracts, may be made only in accordance with
instructions given by the author and lodged in the Library of FET, IIUL Details
may be obtained by the Librarian. This page must form part of any such copies
made. Further copies (by any process) may not be made without the permission

(in writing) of the author.

« The ownership of any intellectual property rights that may be described in this
thesis is vested in FET, IIUI, subject to any prior agreement to the contrary, and
may not be made available for use by third parties without the written permission

of FET, which will prescribe the terms and conditions of any such agreement.

« Further information on the conditions under which disclosures and exploitation

may take place is available from the Library of FET, IIUI, Islamabad.

iii



List of publications

Journal papers

1. Shahzad, E., Khan, A. U, Igbal, M., Saeed, A., Hafeez, G., Waseem, A., ...
Ullah, Z. (2022). Sensor Fault-Tolerant Control of Microgrid Using Robust Sliding-

Mode Observer. Sensors, 22(7), 2524.

2. Shahzad, E., Khan, A. U., Igbal, M., Albalawi, F., IKKhan, M. A., Saeed, A.,
Ghoneim, S. S. (2022). Fault Diagnostics and Tolerance Analysis of a Microgrid
System Using Hamilton—Jacobi-Isaacs Equation and Game Theoretic Estimations

in Sliding Mode Observers. Sensors, 22(4), 1597.

iv



This thesis is dedicated to my beloved Prophet Muhammad (saw),

my parents and my teachers



Abstract

This study investigates sensor fault diagnostics and fault-tolerant control (based on
observer-based fault estimation) for a voltage source converter-based microgrid (model)
using a sliding-mode observer. It provides the diagnosis of multiple faults (i.e., magni-
tude, phase, and harmonics) occurring simultaneously or individually in current/potential
transformers. A modified algorithm based on convex optimization is used to determine
the gains of the sliding-mode observer. The algorithm utilizes the feasibility optimiza-
tion or trace minimization of Ricatti equation-based modification of H-Inﬁnitif (Heo)
constrained linear matrix inequalities, which are obtained from negative/semi-negative
definitely constrained vector Lyapunov equation. The stability and finite-time reacha-
bility of the observers are presented for the considered faulty and perturbed microgrid

system using the Lyapunov theory.

Further, the work is extended for robustness and sensitivity analysis for sensor fault diag-
nosis and fault-tolerant control. It uses robust control parameters such as minimum sen-
sitivity parameter (H—), maximum robustness attenuation parameter (Hy), and both

vi



criteria considered together (H — /H,), being incorporated in the sliding mode observer
theory, using the game theoretic saddle point estimation, achieved through convex op-
timization of constrained LMIs. The approach used works in a way that the mentioned
robust control parameters are embedded in Hamilton—Jacobi-Isaacs-Equation (HJIE)
by determination of the inequality version of HJIE through the respective cost func-
tional. It gives linear matrix inequalities (LMIs), which are optimized using iterative
convex optimization algorithms to give optimal sliding mode observer gains enhanced
with robustness to maximal preset values of disturbances and sensitivity to detection of

minimal preset values of faults.

Moreover, the fault and disturbance estimation method is modified and improved with
some corrections in previous works. The stability analysis for the extended diagnostic
analysis approach is presented by negative definiteness of the same inequality version of

HIIE.

A proportional-integral (PI) based control is utilized for the conventional regulations
required for frequency and voltage sags occurring in a microgrid. However, the same
control block features fault-tolerant control (FTC) functionality, which is attained by
reconstructed sensors’ (transformers’) faults using the sliding-mode observer, being fed
to the control block after correction. Simulation-based analysis is performed by present-
ing the results of statc/output estimation, state/output estimation errors, fault recon-
struction, estimated disturbances, and fault-tolerant control performance. Simulations

vii



are performed for sinusoidal, constant, linearly increasing, intermittent, saw-tooth, and
randow sorts of often occurring sensor faults. The comparison analysis is performed in
terms of observer gains being estimated by previously used techniques as compared to the
proposed modified approach. It also includes the comparison of the voltage-frequency
control implemented with and without the incorporation of the used observer-based
fault estimation and corrections, in the control block. The faults here are considered for

voltage/current sensor transformers, but the approach works for a wide range of sensors.

Keywords: microgrids, fault-tolerant control, fault diagnosis and estimation, sliding
mode observers (SMQ), current/potential transformer (C.T/P.T, Hyx and H~ param-
eters, Hamilton-Jacobi-Isaacs/Bellman-Equation (HJIE or HJBE); PI control, Lya-

punov stability. robust control: game theory, linear matriz inequalities
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CHAPTER 1

Introduction

1.1 Smart Grids/Green and Bidirectional Energy

The distributed renewable energy sources featured with bi-directional power transmis-
sion can/will now potentially replace the energy produced by fossils being green and
environment-friendly energy. These non-conventional sources belong to the natural cy-
cles and there is no alarm or fear of these resources being depleted out. They will not
only convene the consumers in monctary terms but will also ensure better-coﬁtrolled
power availability to domestic/industrial sectors in general. Moreover, the conventional
consumer side will more dynamically serve as both the consumers and producers at the
same time. The consumers’ side primarily will be on required power demand when there
is a shortfall on its end, and contrarily, if there is an availability of surplus energy, it

can cither be provided to the utility grid or other consumers or may be consumed in
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heating requirements. In this way, different consumers in different distributed infras-
tructures can compensate for the shortfall directly connected to each other or through
the utility grid. All the modules are parts of a bigger smart grid infrastructure/system.

The concept diagram is shown in Figure 1.1 [1]. !

&nmlearpswerplam D
Factories ¥ * « » Thermal power plant

§34  hydraukic power
generation

E L5 Ranewable Photovoitaic
Cities and offices NS ‘L‘ o

Figure 1.1: Smart Grid Concept Diagram [1]

1.2 Background and Problem Statement

The AC and DC microgrids are emerging and next-generation distributed power sources,
however, the systems are still vulnerable to uncertainties due to various natural factors.
It is always required for the physical systems to provide reliable working in extreme con-

ditions, staying robust to faults, disturbances, and uncertainties and being conducive

'The introductory chapter is a general overview of the dissertation
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in fault-tolerance. This work has mainly benefited from the mathematical infrastruc-
ture of {2] and extended the works of Edwards (3], Dhahri [4], and Tan [5], however,
problem and approach is inspired by a conference paper in 2016 [6], which considers
voltage/current transformer fault in VSC based AC microgrid, using the sliding mode
observers.The microgrids are connected in multi-terminal networks which are required
to be thoroughly analyzed for system integration, dynamic behavior, fault behavior,
and power-flow control [7]. The Smart Grid consists of flexible “Micro Grids”, which
turn into a “Super Grid” with Power/Energy Highways and are suitable for secure and
sustainable access to renewable cnergy resources such as solar, hydro, and winc‘l. This
study considers the dynamic behavior of microgrids in the fault conditions. The consid-
ered faults (in this study) are sensor faults occurring in a microgrid, which will cause
sensing of faulty readings, and hence would disturb the control mechanism as a whole
due to tracking of faulty readings by the converter, which will cause voltage and fre-
quency sags and possibly various other faults such as overloads, short circuits and total
system failure/shutdown. The considered sensors are current/potential transformers,
which undergo saturation very often, causing hysteresis/impedance loading, etc. The
faults appear as a composite effect of magnitude faults, frequency shifts, and harmonics,
which is through a multiplicative effect but may be considered as additive faults and

disturbances in the system output values.
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1.3 Research Objectives

1) Grid-tied inverter constituting an AC microgrid, is considered to give optimized
performance, in the presence of a sensor (current/potential transformer faults),
which works for both the islanded and grid-tied modes. It is required to provide
its working as a fault-tolerant module connected in the assembly of smart (mi-
cro/super) HVAC grids. 2) The task is to design novel robust observers for faults’
diagnostics for stable working of voltage source converter-based microgrid. The
task will require a reliable mathematical model of microgrids. A supervisory fault-
tolerant controller along with the conventional voltage-frequency regulation will
also be designed on the grid level, taking the real-time data from various modules
and local controllers to perform reliable online fault-tolerant actions. 3) The sys-

tems observers and controllers will be tested on MATLAB SIMULINK Power-Sim

Tool Box.

1.4 Contribution of the Thesis

In the article I [8] which is the base work, the study focuses on designing a sensor
FTC mechanism applicable at both the primary and secondary levels with reference to
hierarchical MG control (9] strategy. The FTC strategy uses the robust sliding-mode

observer (RSMO) theory to be utilized for the detection and estimation of sensor faults
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of a distributed MG unit operating in an autonomous mode of operation, using a reliably
simulated and experimentally verified mathematical model of the MG. The considered
system has one current transformer (C.T) and a potential transformer (P.T), but it is
easily scalable for multiple and redundant sensor sources (transformers), which can be
utilized for enhanced security and reliability. The online fault estimation-based fault
tolerance approach is quite general and can be extended to many types of systems by
choosing the suitable observer/controller parameters discussed in this paper. The main

contributions of this study are:

» We have presented an improved method, as it is capable of dealing with either
one or both faulty sensors (transformers) with sinusoidal additive faults (compos-
ite of magnitude, phase, and harmonics). Earlier work was performed only for

magnitude faults in the current transformer in [6].

o Algorithm for determination of SMO gains is modified and improved by using
Ricatti-equation-based modification of H,, enhanced LMIs, i.e., the combination
of approaches represented by Edwards [5], [4], which enhances the rob_ustness
of SMO in fault diagnosis and reconstruction. The method for the mentioned
approach is discussed in Theorem §.2. The comparisons for results produced with
SMO gains determined by proposed technique to those determined by earlier /base

works (being used in this study), are also presented.
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« Fault estimation procedure is modified and contains some factors which were mis-
takenly missing in reduced order state error equations of earlier works such as (3]
The method also incorporates a numerical solution of the DE for reduced order

state error estimation. The mentioned approach is worked in Corollary 7.1.

« Disturbances being unknown inputs are also accurately estimated for all fault
types considered in the system. The modified fault estimation method gives very

accurate disturbance/unknown inputs estimation as shown in Corollary 7.1.

« Lyapunov stability analysis of SMO with considered additive faults and distur-

bances for the considered microgrid system is presented, as shown in Proposition

« Reachability of sliding mode in finite time is proved along with determination of
reachability time, for the considered faulty and perturbed microgrid system, as

shown in Theorem 3.

« Along with voltage-frequency regulation using PI control and SVPWM in earlier
studies, FTC is an additional feature in the same control mechanism by using
the corrections in faulty sensor outputs achieved through the estimated faults and

disturbances by using SMO.

« The system is simulated for various fault types of practical importance, particularly

with reference to C.T/P.T and generally for any type of sensors, i.e., a sinusoidal,
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linearly increasing, constant, square pulse, and random type faults with additive

sinusoidal harmonics in the form of disturbances.
In article IT [10]:

1. The major contribution of the paper is to incorporate estimation of game theoretic
saddle points similar in nature to robust control parameters (H, H—), using their
respective cost functionals and inequality version of HJIE in SMO theory, through
Lyapunov theory and convex optimization of consequent LMIs, which also ensures

stability. The concept is applied on the VSC-based microgrid model.

In comparison to earlier works, they have used an approach of using robust con-
trol parameters and game theory for ordinary Luenberger Observers, whereas this
study has incorporated the mentioned approach in sliding mode observers hav-
ing a Luenberger gain for output estimation error term along with another switch
term gain, which ensures more robustness along with suitability for switching elec-
tronic systems. Moreover, this work has incorporated game theoretic saddle points

through convex optimization of LMIs, unlike carlier works.

2. The approach works mainly for sensor faults of microgrids and particularly for mul-
tiple faults occurring simultaneously in their sensor current and potential trans-
formers. The approach works very well for many other types of faults such as

square pulse (intermittent), ramp faults (i.e., incipient nature), constant faults,
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etc., but the results are not included in the paper.

3. The incquality version of HJIE (i.e., Hamiltonian as the inequality constraint),
which ensures stability in terms of the Lyapunov function (with its negative def-
initeness) along with giving constrained LMIs. The stability analysis through a
cost functional constrained inequality version of HJIE and hence determination of
corresponding LMIs are convex optimized to determine the respective SMO gain.
The gains arc determined for (H—), (Hs) and then taking both the constraints
together i.e. (H — /Hy), which are included as theorems as a major contribution

of this work.

4. The fault/disturbance estimation by SMO theory, is used for correction of faulty
sensor outputs to be supplied to the P.—@). control block, hence acting additionally
as a fault-tolerant control. This part uses the work of the base paper of the authors

of this study, to in [§]

1.5 Significance of Research

The fault-tolerant working of individual units will ensure uninterrupted and reliable
power supplies for industrial, domestic, and critically necessary consumer sectors. This
work mainly focuses on one unit of VSC-based AC microgrid which utilizes LCL filters,

PI /droop/SVPWM control blocks for voltage-frequency regulations, being operable in
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autonomous and islanded modes. The observers are utilized specifically for the recon-
struction of CT/PT faults, but the scheme is not only convertible and extendable to
various other actuator and system faults but also to a wide variety of linear and non-
linear engineering systems with suitable tuning of parameters and minor changes.in used
SMOs. The SMOs are quite suitably used for the said applications due to their inherent
non-linearity and robustness characteristics. The input power source is a DC source
because the output voltages of many renewable energy sources are DC. Since the output
voltages of many renewable energy sources are DC, such as photovoltaic cells and fuel

cells, which are also heading towards DC-microgrid systems.

1.6 List of Chapters

Chapter 1: Introduction

Chapter 2: Literature Review

Chapter 3: System Modelling

Chapter 4: Sliding Mode Observers (Preliminaries)
Chapter 5: Robust Fault Detection and Stability Analysis

Chapter 6: Sensitivity of Fault Detection, Robustness to Disturbance, and Stability

Analysis using HJIE and Game Theoretic Parameters

Chapter 7: Finite Time Reachability and Fault Estimation
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Chapter 8 Part I: Voltage-Frequency Control Enhanced with Fault-Tolerant Control.

Part II: Procedural Algorithins

Chapter 9: Results and Discussions

Chapter 10: Conclusions and Future Directions

Explanation of the Adopted Sequence of the Chapters of the Dissertation:

Chapter 1 comprises of general introduction, followed by a literature review and various
other necessarily connected research areas in chapter 2. Chapter 3 explains the microgrid
system model and stable filter required for the observer design. Chapter 4 elucidates
the basics and preliminaries of sliding-mode observer design based on the system model
explained in chapter 3. Chapter 5 has given one methodology to design Hy, constrained
sliding-mode observer gains through optimization of LMIs attained from Lyapunov sta-
bility analysis of the sliding-mode observers to be designed. The designed gains are to be
used in the SMO explained in Chapter 4. Chapter 6 gives a further and more equipped
methodology to design the gains of sliding-mode observer constrained with conditions
of sensitivity of fault detection while also being robust to disturbances. This approach
also uses Lyapunov stability theory in HJI equations to derive the game theoretic in-
spired H— and Hy constrained LMIs, which are optimized to derive the res'pective
sliding-mode observer gains, which are again used in the SMO presented in chapter

4. This chapter is the main contribution of the paper [10]. Chapter 7 has demon-

10
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strated a Lyapunov stability-based methodology for the estimation/reconstruction of
faults and disturbances along with the finite time reachability of the used sliding-mode
observer. Chapters 5 and 7 are the main contributions of the paper [8]. Chapter 8 has
given the voltage-frequency control for the microgrid after the due corrections of the
faulty currents/voltages sensed by C.T/P.T, by using the reconstructed faults a.nd dis-
turbances. This chapter is also the part of both the articles. The detailed and complete
block diagram along with both the design procedure algorithms specifically based on the
methodologies used in chapters 5 and 6 respectively are also given in this chapter. The
results based on both algorithms are given in two separate sections of chapter 9. Chapter
10 gives conclusions and future directions in 2 separate sections. The whole procedure

is applied on the microgrid system as an application and example in the above-defined

sequence of the procedure.

11
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Literature Review

! The dissertation surveys the literature considered in the research/ study to find the
recent trends and research trends. The literature studies are done for general research
trends and problems in smart grids, the HVAC/HVDC systems, applications and prob-
lems of converters/inverters utilized in modern and emerging distribution/transmission
structures, and different AC/DC microgrid structures, the microgrid modeling, generally
occurring sensor/actuator/system faults, particularly the faults of current and potential
transformers, hicrarchical centralized /distributed controls, approaches of fault-tolerant
control in practice, sliding-mode observers utilized for fault-diagnosis, H— and H,, based
paraneters for enhancing the robustness to disturbances and faults along with providing
sensitivity of fault detection, and utilization of Hamilton-Jacobi-Isaacs equation (HJIE)

and estimations based on game theory for the above-mentioned tasks.

"This chapter contains the literature review contents of both papers (%], [10], along with the overview
of the research area, specifically for the research work carried out in this dissertation.

12
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2.1 HVAC/HVDC and Power Converters

The HVAC transmission/grid infrastructures are also soon to be replaced/upgraded with
HVDC ones, providing much lesser line losses in the single phase instead of at least 3
times increased losses in the HVAC transmission/grid systems. The emerging HVDC
transmission systems are/can be networked underground and under the seas providing
various other environmental and space-related trade-offs. The advancement in power
electronic devices and subsequently the DC-DC converters, inverters, and rectifiers serve
the roles of transformers, isolation providers, and various AC-DC-AC nearly lossless
conversions. The converters have made possible the conversion of AC power produced
by fluctuating winds, run-of-river, and conventional hydropower plants to DC being
transmitted through HVDC networks. A super grid is a wide area transmission network,
which makes it possible to transmit electricity at great distances and is also referred to
as a "mega grid". The amount of liecessary energy storage, in conventional backup power
plants can be reduced. These grids have become an attractive and realistic option in
the near future with growing and advancing reliable power electronics. Due to the
importance of reliability and availability, such a grid will necessarily be a meshed multi-

terminal structure [11-16].

13
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2.2 Microgrids

A microgrid (MG) consists of a cluster of loads and distributed generators (DG) that
operate as a single controllable system [17]. MGs may operate in both autonomous and
grid-connected modes, whereas stability and effective control are issues of concern for
both modes of operation of dynamic microgrids [18]. The energy distribution is being
adjusted from both the demand and supply sides through microgrids while the trans-
mission losses are reduced due to the proximity of renewable sources to the load. The
scale and span of the microgrid is similar to low-voltage distribution, where the under-
ground cables are used to connect low-voltage loads to the microgrid. Microgrids also
include energy storage through battery systems and heat treatment i.e. the utilization
of excess energy in water heating applications or simply being wasted. The requirement
of distribution and transmission circuits is reduced. Microgrid employs the theoretical
foundation of distributed generation. In the case of microgrid faults, the distributed
generator is isolated to avoid the propagation of faults to important loads. The Micro-
grid is an intelligent option to improve the effectiveness of the power system, especially
the distribution system, as the evolution of the old distribution system is not fast. It
is required for microgrids to function robustly against faults and disturbances for the
reliable working of micro power plants and uninterrupted power delivery to end users

19.
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2.2.1 Trends in AC Microgrids

Distributed electrical power generation by various renewable and non-conventional micro-
sources provides diverse options for configuring modern electrical grids. The designs
of new generation distribution grids depend upon the areas, possibly available power
sources, and power requirements of that area and community: hence they are less depen-
dent on the centralized grids, in terms of handling loads. However, the communication
layers and big data handling and processing will be encumbered more magnanimously
than before. The interconnection of DGs to the utility grid through power electronic
converters has raised concerns about the safe operation and protection of equipment,
as power management is required at micro levels as well as for large unified networks.
The reliable, properly controlled/regulated, and uninterrupted power supply, therefore,
requires all the layers of the system, subsequent controls, and communication layers to

be more consistent, resilient, and fault-tolerant [18], [19].

2.2.2 Some AC/DC/Hybrid Microgrid Topologies

The three-terminal distribution grid connecting DC microgrid is shown in Figure 2.1 [20)],
a three 3 wire DC distribution system configuration is shown in Figure 2.2 [21] a hybrid
(AC/DC) microgrid is shown in Figures 2.3 [19] and a ring-shaped DC distribution

system is shown in Figure 2.4 [21].
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2.2.3 Need of a Microgrid Model

The microgrids are modeled in several ways depending on designs, magnanimity, and
requirements of analysis. The individual units are modeled by small signal models,
however, the huge grid networks are modeled by linear programming inspired by the
HJB equation of optimal control, knowledge-based models such as using fuzzy logic,
data training-bascd models using Neural Networks and Complex Neural Networks, etc.
The complex networks are also an emerging approach to model, and analyse t}?e grids
(22], [23]. However, often for the specific requirements of primary control design at a
single converter or microgrid level a state space model is required to design the linear
observers to replicate the system. In other words, the systems at the very basic (con-
verter/inverter /filters) level are preferable to be modeled by state-space models. The
non-linear models can be linearized in certain operating ranges or specifically at each

operating point.

A properly simulated and experimentally tested small-signal linearized model of the
MG is required for reliable testing of the observer-based FTC techniques used in this
work. The FTC approach enhances the safety and reliability of the entire system by
generating alarms for fault magnitudes within certain thresholds. Moreover, it will
maintain the operation close to normal instead of immediate shutdowns and prevent

possible losses, along with providing maintenance opportunities by shifting the power

18
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switches to redundant generator sources using the hierarchical MG control strategy
[9],[24]. This work is specifically focused on the FTC of microgrids, particularly with
reference to sensor faults, as the control of power systems relies on sensor measurements.
The sensors fail, have bad or broken connectivity, cause communication malfunction,
etc., which will not only the control mechanism but also the power system. In general
terms, reliability enhancement, local voltage support, correction of voltage/frequency
sags, and uninterruptible power supply (UPS) are major issues of focus in this work

[25]. The small-signal modeling of MGs can be studied in detail in [24, 26-32].

2.3 Faults and Failures

If we classify faults in the chronology of manufacturing, some faults occur in the initial
phase of design, then the manufacturing phase can introduce some faults, and finally
assembly phase adds some faults. Another aspect covers the operating faults like during
normal or abnormal operations. Since the operator is a human, he can also introduce
faults. Fault and failure can be differentiated as, the fault is a temporary abnormality,
whereas the failure is a more permanent inability of the system. However, both can be
detected in a similar way. All the faults, uncertainties, failures, noises, and disturbances
can be included in the set of unknown external inputs. FDIA is an acronym for fault
detection, isolation, and analysis, and this includes the kind, location, size, and time of

detected and isolated fault [33].

19



CHAPTER 2: LITERATURE REVIEW

2.4 General Fault Types

Incipient Faults: These occur after intervals and are relatively easier to detect due to
the regular patterns though the regularity occurs in fault.

Abrupt Faults: These faults occur suddenly like spikes, though detected easily but
can affect severely badly.

Intermittent Faults: These faults are developed gradually and are difficult to detect
particularly when they are at lower magnitudes.

Sensor Faults: The faults occurring in the plant sensing equipment such as the current/
potential transformers which are used as grid current and voltage sensing are considered
in this study.

Actuator Faults: The faults in actuators such as those occurring in pumps or valves
in hydraulic systems, motors, batteries of converters, and rods of nuclear reactors are
some examples.

Component Faults: The faults occurring in components such as capacitors, résistors,

inductors, transistors, springs, masses, etc. are component faults.

2.4.1 Current and Potential Transformer Faults

The work, technique, and scope are general for many types of sensors and their re-

spective connectivity configurations. But here system has specifically considered the
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current/voltage transformers of microgrids being faulty and perturbed. It considers
faults/disturbances occurring in C.T/P.T, which arise fromn saturation causing increased
core magnetization current and resulting in reduced secondary current than required to
switches and relays. The C.T saturation is caused by the DC offset of fault current on
the primary side, prior to fault remnant flux and cumulative impedance burden of the
secondary side resulting from relay coils and even wires. The C.T. sensor is like a ring
on the wire, which measures current through magnetic flux and flux density, hence acts
as a current sensor, whereas the P.T. is a 1:1 transformer that is used to measure the
voltage. Both the current/voltage sensors are installed on the LCL filter to measure
the input/output currents and voltages. The common technical terms are Hysteresis,
Saturation, and Eddy currents, etc [34], [35],[36]. The inaccurate C.T/P.T output will
result in inaccurate SVPWM signals and VSC currents/voltages, which will then not be
able to track the desired active and reactive powers. The faults occurring in C.T/P.T
arc composite natured inclusive of magnitude, phase, and harmonics where normally

previous works have considered only magnitude faults for the sake of simplicity [6].

2.4.2 Importance of FD and FTC in Physical Systems

Reliability and safety are indispensable and important in all modern technologies and
engineering applications. But they become even more critical for sensitive and high-risk

systems, such as failures and power shutdowns in aerospace and nuclear engineering
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installations can be very drastic. When a system is fault-tolerant it tries to behave
in a normal way even if with lower performance rather than complete system failure.
The uncertain systems can be transformed into switched systems for the purpose of
modeling and subsequent fault detection. We can model input output pair in the form
of a straight line with a constant slope and if the operating deviates from that straight
line, it is considered a fault. We can also understand the concept of fault through three

tank systems with leakage or leakages in the tanks and inter-tank connections [37].

2.5 Several FD Approaches

Hardware redundancy is used in more critical/risk-intolerant systems such as flight con-
trol systems. This type of fault detection is very reliable and easy. But it involves
space and maintenance costs. In the plausibility test, we can use binary logic to verify
if the values are compatible with each other. In signal-based detection, we can divide it
into time and frequency domains. In this technique, we get the best results in a steady
state. Model-based detection is a substitute for hardware redundancy. Parity-based
and observer-based approaches are similar. Making the choice of a single approach is
challenging considering all scenarios. Some approaches are more effective in electrical or
mechanical systems compared to chemical and industrial systems. We can also combine

different approaches to achieve more reliable [33].
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1. Ideally, If there is no modeling error and disturbance, it's a fault-free case, the

residual will be zero and the estimations converge to the measurements.

2. A non-zero residual signal after the transients indicates the occurrence of faults.

3. As the Modeling errors and disturbances exist inevitably; a threshold is required to
be designed to distinguish the non-zero residual signal, driven by either fault or by
modeling error/disturbance Then criteria are in terms of a higher fault detection

rate (FDR), lower false alarm rate (FAR,) or an optimal trade-off.

Faults may occur in Sensors, Actuators, and Components. So generally diagnosis is: 1)
Fault detection: Detection of the occurrence of faults, 2) Fault isolation: Localization
(classification) of different faults, 3) Fault analysis or identification: Determination of

the type, magnitude, and cause of fault.

Desired Characteristics for FDI: 1) Detection of incipient and abrupt faults, 2) Detec-
tion of sensor, component, and actuator faults, 3) Fault Detection in a closed loop, 4)

Supervised transient states of process [33], [2], [38].

2.5.1 Signal Based Fault Detection

It uses magnitudes of functions of time, trends of derivatives, statistical parameters
such as mean and variance, correlation coefficients, power spectral densities, etc. of the

signals under consideration being measured.
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Y < y(t) < Yipaw = Faultless(System)

Ymin Z y(t) Z Ymaz - Faulty(System)

2.5.2 Model Based Fault Detection

1. Compare the behavior of the actual process to that of the nominal fault-free model
of the process driven by the same input. Its stages are:
i) Residual Generation
ii) Residual evaluation.
The objective of residual generation is to produce a signal by comparing the mea-
surements with their estimates; and to inspect the residual signal for possible

presence of faults.

2. The model can be an Analytical Model represented by the set of differential equa-
tions or it can be a Knowledge-Based Model represented by, for example, Neural

Networks, Petri Nets, expert systems, Fuzzy Rules, etc.

3. Knowledge-based model approaches do not need full analytical modeling and,
therefore, are more suitable in information-poor systems or in situations where
the mathematical model of the process is difficult to obtain or is too complex.

E.g. Chemical processes which are difficult to model analytically [33], [2], [38].

24



CHAPTER 2: LITERATURE REVIEW

Hammouri [39] provides sufficient conditions for fault detection, provided for non-linear
affine models along with circumstances in which observers with high gains can be used

for residual generation for uniformly observable systems.

Zhang [40] uses a detection filter with a bunch of estimators with different thresholds
for fault isolation in a dynamic non-linear system with uncertainty. The paper also
works on the determination of different adaptive thresholds, fault isolation conditions,

and analytical results for the time required for fault isolation.

Maciejowski [41] gives a detailed non-linear reference model for a crashed aircraft being
controlled by model predictive control (MPC) controller and pilot controls being modeled
by another MPC controller at a low sampling rate to give such a fault detection and

isolation (FDI) mechanism, which could have avoided the plane crash in 1862.

Shi [42] presents Ho, based FTC for actuator and sensor faults occurring in a wind
energy system. It considers variable wind speed being modeled with stochastic affine

models and uses linear quadratic regulator (LQR)-based state feedback control.

2.5.3 Observer Based Approach

1. Measurements from the process are compared to estimates made by an observer
in observer-based techniques, and this comparison generates the residual signal (a
filter). It should be recognized that observers employed for FD and control reasons

are two different things. The observers required for control are state observers,
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meaning that they estimate unmeasured states. On the other hand, the observers

required for FD are output observers, meaning that they produce estimates of the

measurements.

2. It is desirable for the residual signal to be resilient to unknown inputs. The
idea is to use the knowledge of the unknown input distribution matrix to entirely
decouple the state estimation from unknown inputs (disturbances). Relative to the
unknown inputs, states are independent as well as residual. The Eigen-Structure
approach, which also decouples residual from unknown inputs, is a robust method
for residual generation. Comnpared to unknown input observers, the existence
conditions for the Eigen-Structure assignment approach are more lenient. For this,
the residual signal is made independent of unknown inputs rather than dec;)upling

state estimations from unknown inputs.

3. The fault’s impact on the residual is dissociated if it is located in the same area
as the disturbances and cannot be seen. Hence, Design observers that lessen the
impact of unknown inputs and enhance the impact of faults on the residual signal

should be used instead of entirely decoupling unknown inputs. [33], (2], [38].

Pertew [43] creates a dynamic observer for Lipchitz non-linear systems that simulta-
neously detects and estimates the fault by using an objective function through LMIs to

converge the residual vector to the fault vector. Instead of utilizing a traditional con-
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stant gain structure, the problem leverages convex optimization of the objective function
by employing the appropriate weights to minimize the influence of fault on estimating
error. Ding [44] works on a fault detection observer approach with a significant focus
on minimal order fault detection filters and associated necessary algorithms for the pro-
cess, where the system is totally decoupled from unknown inputs. Zhang [45] utilizes a
tried-and-true factorization technique to work on an observer-based fault detection with
residual norm-based minimization on "false alarm rate" (FAR) for given "false detection

rate" (FDR).

2.5.4 Suitability of Sliding-Mode Observers (SMO) for Considered

Application

Sliding-mode observer (SMO) being resilient and robust to noises and disturbances, is
different from ordinary Luenberger observers because of the nonlinear switch discontin-
uous term, which is properly processed for fault diagnostics (detection, isolation, and
estimation). They are used for both linear/nonlinear systems with additive faults and
are capable of handling a large class of perturbations, parametric variations, uncer-
tainties, and unmodeled dynamics. Moreover, it provides compensation for observer
mismatches while replicating the system, along with ensuring stability and reachability
in finite time [46, 47].

The study uses the sliding-mode observers for fault diagnosis, so a literature survey
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for using the SMO for the said purpose is as under. Walcot and Zak [48] used feed-
back output error linearly in observers, along with a Lyapunov-based stability analysis.
The faults can be determined from the deviation of the system trajectory from the
sliding surface, but it cannot determine which sensor or actuator is faulty. The basic
requirement of fault detection is to detect faults, along with location identiﬁcaéion, as
mentioned in [49, 50]. The difference between the system and observer outputs gener-
ates residual signals, which are processed further with static and dynamic thresholds
for better diagnostics, reconfiguration of the system/observer, and fault reconstruction.
Residual-based methods were reviewed by [51, 52). SMO-based methods have also been
proposed by [53, 54]. Utkin [55] in his proposed observer used a discontinuous term with

a suitably scaled gain, which requires software to solve the synthesis problem.

Edwards [56] extended the work by using both discontinuous and linear terms as feed-
back in SMO, which is transformed into canonical forms by suitable transformations
constrained by conditions on invariant zeros of the system. The methods for computing
the required gains of the observer are given, which provides an explicit solution, but
all degrees of freedom are not exploited. The work was carried out by [57] using an
output term injected with an appropriate gain for fault magnitude determination in the
localized sensor/actuator while maintaining the sliding motion. Tan [5] used sliding-
mode observer (SMO) with linear matrix inequality (LMI) based convex optimization

algorithms to exploit more degrees of freedom for observer gains and establish a rela-
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tionship between the sub-optimal observer and the linear part of the SMO using the
linear quadratic Gaussian (LQG) theory. The paper also presented a modified algo-
rithm for pole placement and clustering to place eigenvalues of the linear SMO part in
a certain region to attain improved observer performance. The algorithms also involve
some design matrices inherent in procedures that can modify the dynamics of the sliding
motion. Tan [58] applied the SMO theory to find additive sensor faults by transforming
them suitably to act as actuator faults. This work was further extended by [59] for
localized additive sensor/actuator fault reconstruction with additive uncertainty in the
system. It uses the minimization of the Lz gain of uncertainty and reconstructed fault,
scaling of the output injection signal, and application of LMIs for more design freedom.
Although the sliding mode is often not retained in miost cases in a very ideal sense in

the presence of faults, the estimation is shown to be made possible in these works.

Shin [60] also used the idea of correcting the sensor/actuator faults by using the esti-
mated fault, but the technique could not be termed as strictly active or passive. Ed-
wards and Tan [3, 58] use sliding mode observers for fault detection and isolation (FDI)
of uncertain linear systems, by output error injection and fault correction through fault

detection and estimation while maintaining closed-loop performance.

Yan [61] uses a sliding mode observer-based technique for a non-linear aircraft system

where the uncertainty being the function of the state variables has a non-linear bound.
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Yan [62] addresses fault estimation for bounded specific classed perturbed non-linear
systems using the output error injection approach in sliding mode observers (SMOs),
where fault can be estimated online to any accuracy and observer parameters are de-
termined by LMIs, and tested for robotic arm. Aldeen [63] estimated the states, faults,

and disturbances/unknown inputs for nonlinear systems by designing an SMO.

Dhabhri [4] initially presented a fault reconstruction methodology for matched faults and
uncertainties, which is not very practical because of the very nature of uncertainties;
hence, the method is not valid for a good range of practical systems. They further
extended the work by determining the SMO gains by feasibility optimization of LMIs
attained through Lyapunov stability criteria. It minimizes the H criteria (ratio of
residual to disturbance), and the reduced effect of disturbance on fault reconstruction
improves the fault estimation, along with validation of the work for unmatched- uncer-
tainties/ faults. This study proved the stability and reachability of the sliding-mode
observer and evaluated the reachability time by using a suitable mathematical estima-

tion.

Alwi [64] uses unknown input linear SMOs for sensor faults’ estimation, which works

even without the requirement or constraint of the stability of an open loop system.

In [6], SMO was applied to sensor faults, that is, for current transformer (C.T) magnitude

faults, and used an estimated fault for correction of sensor (C.T) fault. It also uses
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feedback pole placement control to track the real and complex powers, and in this way,
a compensating sensor (C.T) fault without even replacement or alarm, which can be

better termed as a method to design a software-based sensor.

Ning [65] addresses a stochastic system with limited network resources and uses a filter
mechanism for fault detection. The system operates on an event-triggered mechanism
instead of extensive data coming from sensors to filter. The residual generator is more
attenuating to disturbances along with sensitivity to faults compared to conventional

FD methods while saving network resources.

2.5.5 Parameter Estimation Based Approach

1. The physical parameters of systems exhibit faults. According to this premise, the
system’s parameters are continuously calculated online, and if there is a difference

between the estimated and actual parameters, it indicates a problem.

2. One benefit of the parameter estimating approach is that several parameters can be
estimated with only one input signal and one output signal, providing a complete
picture of the internal process quantities. The approach also has the benefit of
producing the size of deviations, which is crucial for fault analysis. PE is helpful
for identifying component defects, but it can also identify sensor and actuator

faults.
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3. The fact that excitation is always required in order to estimate the parameters

has the drawback that it may cause issues if the process is running at a stationary

speed.

4. E.g Methods of least squares (LS), recursive least squares (RLS), extended least

squares (ELS), etc.

Threshold Selection An essential component of a fault detection system is the thresh-
old selection. False alarms will occur if the threshold is set too low because some dis-
turbances will cause the residual to exceed the threshold and trigger the alert. Little

defects won't be recognized if the threshold is set to a high value.

2.6 Motivation for FTC in Microgrids

A properly simulated and experimentally tested small-signal linearized model of the
MG is required for reliable testing of the observer-based FTC techniques used in this
work. The FTC approach enhances the safety and reliability of the entire system by
gencrating alarms for fault magnitudes within certain thresholds. Moreover, it will
maintain the operation close to normal instead of immediate shutdowns and prevent
possible losses, along with providing maintenance opportunities by shifting the power

switches to redundant generator sources using the hierarchical MG control strategy.

A study [66] discusses various intelligent methods for designing and controlling small-
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and large-scale MGs operating in parallel or in isolation. The increasing complexity of
MG systems with various combinations of active and passive elements requires individual
converter units to act in a fault-tolerant manner for better efficiency and reliability in

generation, distribution, and transmission.

MPC is proposed for the voltage-frequency regulation of standalone wind-diesel hybrid
MG, which consists of a diesel generator, PV sources, and battery storage. It employs
an additional FTC module that uses MRAC and a PID controller tuned by the GA for

reconfiguration under fault conditions [67].

The wind-diesel hybrid standalone MG is controlled in a fault-tolerant manner using
MRAC-LPV along with a PID controller tuned by GA for frequency regulation to main-
tain a constant speed. Voltage regulation is achieved by classic MRAC, and the entire
system is tested for several fault cases, such as sudden load connection, three-phase
faults, and diesel engine actuator faults with various magnitudes. The FTC unit ac-
tivatcs the fault condition, whereas the PI control serves as a baseline controller that
enhances the reliability of the automated system as a whole [68],[69]. A paper pro-
vides an FTC operation for wind power generative systems using terminal sliding mode
control (SMC) for the rotor side and provides supporting control to series grid-side con-
verters, which are controlled primarily by fuzzy and posicast-based approaches. As a
whole, it targets handling various types of voltage sags, including deep ones [70]. A
paper proposes a lower-order observer for a linear system with bounded vary‘ing pa-
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rameters available online, which first determines the unknown states and then the fault
estimates. These estimates are used to decide the mitigation strategy using the adaptive
thresholds, along with the prevention of false alarms, and these estimates are also used
to compensate for the effects of faults. The system acts as a first-order filter with less
complexity and cost while preventing the effects of disturbances and measurement noise
[71]. A neural network (auto-encoders) and particle swarm optimization (PSO) based

evaluation and restoration of faulty or failed sensors was proposed in [72].

An adaptive-fuzzy-PID robust sliding control is proposed for an uncertain class of non-

linear systems, particularly focusing on aircraft flight control, is referred to in [73].

The work in [74] designed a sliding control with adaptive gains and an integral surface for
robustness against actuator faults of a wind turbine system to maintain the rotor speed,
with simulation results. Recent approaches are moving towards consensus/distributed
controls of MGs along with trending applications of fuzzy control. A distributeq adap-
tive fuzzy-based control is presented for large-scale systems with sensor and actuator

faults [75].

2.6.1 Hierarchical Control

The optimized control strategies are required to be applied in control of AC/DC mi-
crogrids in islanded and grid-connected modes. A hierarchical control strategy manages

the drawbacks of central control in terms of reliability and provides economic benefits
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as well. When central control fails, the functionality of the system can be continued
through the primary level of control. The flexibility of the system depends upon energy
flow into and out of the microgrid, which is possible in a hierarchical control strategy by
establishing communication between control levels. This technique is also multi-modal

in terms of operation [76].

Sources and converters form the primary level of control and they often control the
system voltages/currents through PI and droop methods. The primary level of control
isthe most challenging and is also called zero-level control. The instability of voltage
and frequency is caused by the discrepancy between the amount of power at generation
and consumption. It is also required to avoid overcurrent in power electronic devices
(converters, rectifiers, inverters, etc.) caused by circulating currents. Primary control
adds stability to voltage and frequency after the islanding process. The loads applied
to the islanded microgrid can be linear or non-linear which involves control of power
sharing in terms of both active and reactive power. Then the central controller forms
the second level of control which constantly observes the system in terms of its limits.
The third level controls the flow of power inside the microgrid and between the microgrid

and the main grid. [77], [78].
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2.7 Lyapunov Theory for Stability Analysis

This work uses Lyapunov Theory to prove the stability of the proposed Sliding-Mode
Observers for the detection and estimation of faults and disturbances. It requires a vec-
tor Lyapunov function in terms of the error function of the detector/estimator SMOs.
The positive definiteness of the Lyapunov function and the negative/semi-negative def-
initeness of its time derivative is required to prove the required stability of observers.
The negative definiteness is also further extended to prove the reachability of sliding

surfaces in finite time to show the real-time working performance of the fault detection

and tolerance system.

2.8 LMlIs and Convex Optimization

The negative definiteness of vector Lyapunov function gives constrained LMIs which
are convex optimized to find the Lyapunov matrix, which is used to find the Sliding-
mode Observer gains. The optimization is performed using MATLAB toolbok using
‘feasp’ function for feasibility optimization and ‘mincr’ for minimization of the linear
objective (Trace being used here) under the LMI constraint. The functions are defined
in Appendix C.

Damiano Rotando [79] developed an LMI-based observer/controller to be employed for

dynamic cost estimation and control for a saturated-actuator class of non-linear systems
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to maintain the cost below an upper bound. The scheme is tested by simulation results

on the rotational single-arm-inverted pendulum.

2.9 Criteria of Robustness and Sensitivity (H, and H-)

We want the filter to be inclusive of both the characteristics i.e. sensitivity to detection
of faults and attenuation of disturbances. H— index and H, norm are used to quantify
the worst way in which fault detection is performed. When the residual signal is least
sensitive, the gain from that fault should be higher than a constant value. While Hoo
based fault gain is less than a constant value because it deals with attenuation. Both
fault detection functions deal with both faults and disturbances but not in the desired
way. We use multi-objective fault detection to achieve attenuation and amplification at
the same time [33], [2], [38].

H—

A fault detection filter that ensured a fault sensitivity greater than a specified constant
was presented. However, this filter does not provide any information regarding its ability
to attenuate disturbances. The filter may also make residual sensitive to disturbances
in addition to making residual sensitive to errors. This is definitely not a characteristic

that the H— filter wants to have.

Ho(Go. f) = /(rKTrK — BT f)dt; (€ = 0) (2.9.1)
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Hy

Although it does not provide any information regarding fault sensitivity, the Hoo fault
detection filter ensures that disturbance attenuation will be larger than a specified con-
stant. In addition to attenuating disturbances, the filter may also lessen the impact of
flaws. Better fault detection filters ought to be both disturbance-resistant and fault-
sensitive. We can alternatively define the H,, disturbance attenuation problem as a
two-player, zero-sum differential game with disturbance d and filter gain L as the play-
ers, in a manner similar to that of the H— fault sensitivity problem. Hence, specifying

the cost functional
HolGo,§) = [ (ri"rk ~ a%€7€)dt; (for)f = 0 (2.9.9)

H - /Hy

1. The goal of the multi-objective index H — /H,, based design is to maximize the
ratio of 3/a rather than maximising or minimizing either variable individu{fllly. As
a result, an H — /H, based filter may not be the best in terms of the H— index,
meaning that another filter gain may exist that provides a larger fault to residual

gain than the H — /H,, based designed filter gain.

2. The disturbance to residual gain for the former FDF may be smaller than that
for the latter FDF and multi-objective index-based FDF, i.e., the two two-player
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nonzero-sum differential games with the following two cost functionals discussed
above. A similar comparison of Hinfty-based FDF and multi-objective index-

based FDF can be presented. [33], 2], [38].

Hou [80] uses H — /Hoo TObUSE fault detection technique, where the H — index enhances
the sensitivity of residual w.r.t fault and Hoo deals with the robustness of disturbances
effect on the residual. The observer design is an optimization problem where the nec-
essary conditions for fault detection are embodied in terms of linear matrix inequalities

(LMIs), which are solved by an iterative algorithm.

Edelmayer [81] uses Hoo constraint through a filter transformed into an LMI-based con-
vex feasibility optimization problem, to suppress the effect of disturbances and unknown
inputs for robust detection of faults and modes of failure in linear time variant (LTV)
systems.

Liu [82] works on using H— and Ho norms for worst-case fault sensitivity and robustness
to disturbances, respectively, represented in the forms of LMIs as bounded real lemma,
along with additionally performing the analysis problem for finite frequency range using
weighing filters, which is useful in strictly proper systems.

Liu [83] works on making the outputs least sensitive to inputs through an H— index in
terms of LMIs added input observability with new conditions necessary and sufficient

for fault detection with worst-case sensitivity of faults.
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Wang [84] works on Ho, Ho and H — H— index-based optimization using LMIs to
enhance the detection of faults while attenuating disturbances and uncertainties along
with working on the threshold required for fault detection.

Wang ([85]) uses H— index for sensitivity to worst-case fault detection while minimizing
the effect of worst-case disturbance using Hoo norm using H — /H, observer-based fault
detection. The conditions necessary and sufficient for fault detection filters are solved
with iterative LMI algorithms and results are determined for both the finite and infinite
frequency ranges.

Wang [86] works on H— and Hy, criteria for fault detection in linear systems, where the
fault detection problem is unconstrained using a pole assignment approach and observer
gains are determined by a gradient optimization approach. The paper considers the
sensitivity of fault for a finite frequency range. The problem is tested for faults occurring
in take-off and vertical landing of air crafts.

Khan [87] has mainly worked on the computation of threshold for faults’ detection
while formulating an LMI optimization problem for continuous time non-linear systems.
Aliyu [88] uses H/Hy mixed and finite dimensional filtering such that the conditions

are in terms of coupled discrete Hamilton-Jacobi-Isaacs equations. The problem ad-

dresses the discrete-time nonlinear affine systems for both the finite and infinite horizon

probleins.
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Li [89] studies the tradeoff for between sensitivity to faults and robustness to distur-
bances using H — /Hy and Hy,/Hy optimization problems using iterative linear matrix
inequalities (ILMIs) based on a factorization technique, for linear time invariant (LTT)

systems in state space form.

Raza [90] considers a switched asynchronous system with disturbances and noises for
designing fault detection (FD) filters with mixed H — /H, sensitivity and robustness
criteria, along with piecewise Lyapunov function stability. Conditions in terms of LMIs
and average dwell time were also investigated. The schemes were tested on buck-boost

converters for matched and unmatched durations of switched systems.

Ahmad [91] uses a robust fault detection filters (FDF) design with Hy criteria for
sensitivity to faults while completely isolating the system from unknown inputs using

LMlIs for LTI systems.

Kangdi Lu [92] proposed robust PI control for load-frequency control (LFC) of multi-area
interconnected scenario, where its parameters are estimated by constrained population
extremal optimization. It uses Ho, determined from LMIs as one constraint whereas
the integral-based time absolute error is another constraint. The papers showed the
effectiveness of the scheme by its comparison with other PI control methods and an
optimized model predictive control (MPC). Kang-Di Lu [93] developed adaptive, resilient

event-triggered Pl-based LFC which works with energy constraints. Lyapunov’s theory
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to derive criterion of stability which is tested for various case studies, is proved to be

defeating denial of service attacks and reducing the comnmunication burdens.

These Ph.D. dissertations are considered in detail [2, 33, 37, 38] in order to learn the
approaches. The book of Yuri and Edwards on sliding mode control and observers is

also considered in detail [94].

Chapter Summary: The chapter surveys sequentially all the sufficient parts of the
research area as mentioned in the chapter’s starting paragraph to find the research gaps

while giving the necessary understanding of the research area.
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System Modelling

3.1 System Modeling

. The system modeling requires modeling of considered microgrid systems to design a
suitable observer for the system, which would replicate the actual system for detection,

isolation, and estimation of faults.

3.1.1 Mathematical Model of Current/Potential Transformer Faults

The mathematical model of faults and perturbations serves the existence of the actual
C.T/P.T faults comprising magnitude, harmonics, and phase existing simultaneously.
So, the fault is considered mathematically to be considering magnitude and phase and

an additive disturbance being sinusoidal with different frequencies serves as additive

' This chapter with slight differences is part of both papers (8], [10]
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harmonics. In this way, the complete model of faults is being considered in the system,
which are added using a Simulink block to be added in the faultless VSI current/voltage

signals. The fault and disturbance mathematical model is defined as:

F(t) +&(t) = fosin(wit + ¢1) + Eosin(wat + ¢a). (3.1.1)

3.1.2 Mathematical Model of the Microgrid System

A small signal model of MG is used in this work to determine the workability and
efficiency of a fault-tolerant control scheme. The small signal model of MG is claimed to
be properly simulated, experimentally verified, and able to be used as a block in large
grid networks.

The mathematical model of a voltage source inverter-based microgrid basically com-
prises non-lincar equations, whose linearized version at the operating point is used in
this work. The complete microgrid model, as proposed by [26] comprises of inverter equa-
tions, LCL filter, droop control equations, PLL, current controller, voltage controller,
SVPWM, and real and reactive power calculation, which all together form a non-linear
model, and needs to be linearized at the operating point. The LCL filters are placed just
after the VSI, as passive filters to manage the current/voltage spikes. The modeling of
stray/line inductances, capacitances, and resistances are also considered with LCL fil-
ters, i.e., the resistors . and ry are the parasitic resistances of the inductors, a damping
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resistor Ry is connected in series with the filter capacitor, however, the capacitor’s ESR
is not considered, as it can be lumped into Ry. The current and potential transformers
are mounted on LCL filter to read the instantaneous current/voltage readings, which
are used to calculate the instantaneous values of real and reactive (P, Q;) powers. The
inverter model is considered an average model in his work, i.e., without any majér inac-
curacies, we can assume that the commanded voltage appears at the input of the filter
inductor i.e., V4, = Vigq. This approach neglects only the losses in the IGBT and
diodes. The LCL part of the whole system mathematically modeled with KCL/KVL
along with average VSI model, is considered as a required part of the complete math-
ematical model to design the SM observer because it is placed right after VSI, and
C.T/P.T are also mounted on them to read the instantaneous values of input/output
currents/voltages. Therefore, if there is no fault in the sensors (C.T/P.T) of the system,
the model and the actual system states/outputs are compromised and are showing no
difference. The Simulink-based wired grid model is shown in Figure 3.1, the single-line
diagram of microgrid system is presented in Figure 3.2, and the simulink-based grid

systemn model is shown in Figure 3.3.
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Figure 3.3: Simulink based Diagram of Microgrid

The considered required part of the MG system is a continuous time LTI system, which

follows the separable principle, i.e., the controller and observer can work in combination

with each other, i.e., the unknown system input/output states required for the control

action can be determined using the observer. The pair (A4,, C,) are observable, C, is full

rank output matrix, the matrices (As, Cs, E5) have no invariant zeros, which is satisfied

if outputs are more than inputs, i.e., (p > m). For the considered microgrid case p =

4 and m = 2. The fault and disturbance distribution matrices Es = D, are simply the

identity matrices in the considered microgrid application.
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Separation Principle: For stochastic systems, under some conditions, the optimal

state feedback controller can be designed by an optimnal state observer which feeds

the optimal deterministic controller, such that both the controller and observer can

work separately. For the deterministic linear systems, if an observer and a stable state

feedback are designed for a linear time-invariant system, then the combined observer

and feedback are stable.

Therefore, the lincarized mathematical model of considered MG from [26] is given as un-

der.
’ii —T‘f/Lf 0
bo| = 0 T¢/Le

Vo l/Cf—TfRd/Lf —(1/Cf—TcRd/Lc)

~1/L;

1/L.

—(Ra/Lys + Ra/Lc)

b

lo

(%)

1/Ly 0

0 |¥%t|{-1/L,

I/ij Rd/LcJ

(3.1.2)

where v; is the input (inverter) voltage, vy is the grid voltage, L., Ly, Cy are the LCL

filter inductances and capacitances, respectively.

The abc-dq0 transformation is defined as a combination of Clark and Park transforma-

tion to convert a three phase voltage/current into effectively a two phase form. Some

explanation of the said transformations are given in Appendix A.8.
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For any signal s(t)

Sd
Sq

50

- 17 7
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(3.1.3)

A PLL is required to measure the actual frequency of the system. A dq based PLL was

chosen, where the PLL input is the d-axis component of the voltage measured across the

filter capacitor. Therefore, the phase is locked, such that V,; = 0. The grid side voltage

angle is measured by PLL in our problem, and then according to convention that angle

is used for all abe-dq and vice versa transformations, which is needed in the system.

The system model in Equation (3.1.2) in dgq transformed form is
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(1/Lf 0 0 0
0 1/L; 0 0 0
0 0 ~1/L. 0 0
B, = B, .C, E, =D,
0 0 0 —1/L. 0
Rd/Lf 0 Ry/L, 0 lj
0 Rd/L'f_J 0 Rd/Lc

and the vectors

T, = [Izdv I1q7 Iod7 ng, ‘/od- Voq]Tv u= [‘/tda Vu[]T' w= [ng~ ng]Tv f = [fzda fzqv fu,;v qu]va = [gi,n&tq’gu,ugzd]]‘-

The dq axis output voltage and current measurements are used to calculate the instantaneous

active power (P,) and reactive power (Q.) generated by the inverter.

P = 3/2(V0d10d + ‘/oq-[oq) (314)

Qe = 3/2Vayloa™ — Vialuy). (3.1.5)

where Via, Voy, Lod, Log are the d and q components of sensor (C.T/P.T) output voltages/currents.
Instantancous powers are then passed through low pass filters with the corner frequency w, to

obtain the filtered output power.

The general state-space form of the system is:

a';s = Asws + Bsu + ng . (316)
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Y, = Cszs + Esf + Ds£~ (317)

The dimensions of vectors in a general form are x, € R Lz, € Rl u € Rmx1
w e Ry e R f € R ¢ € R, dimensions of system matrix, actuator matrix,
grid side dynamics matrix, output matrix and stable filter atrix, respectively, are 4, € ™",
B, € ®**™ B, € ™ and C, € RP*" ie, [0px(n—p)- Ipxpl; Whereas dimensions of fault and
disturbance distribution matrices with full row and column rank are E, € R7*? = I;»q and

D, € R9*9 = I 4 respectively, where n > p > g.

Since the norm of generally any vector x is defined by

lz| & VzTe.

The boundedness of fault and disturbance magnitudes is shown in terms of the norm as: | f| < @
and [|€]| < & which along with the above-mentioned matrix dimensions are the design require-

ments.

3.1.3 Stable Filtering and Augmented System

A stable Filter lessens the effect of faults and disturbances on the grid system output variables.
The filter first magnifies the undetectably small magnitude faults, using a gain matrix, which
is then subtracted from the output state variable. In other words, the stable filter, as used in
Equation (3.1.8), is used to make the output least dependent on faults and provide magnification
of insignificant small faults. The scaled output state variable with the information of only faulty

sensors is angmented with the system states’ variable, which itself also involves the output
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states, which are unscaled. In this way, stable filtering also gives the isolation of faulty sensors,
which is required for the proper diagnosis process. In some cases, a stable filter can be simply
a positive definite (PD) stable identity matrix with eigenvalues in the left half plane, or a first-
order low-pass filter to suppress the high-frequency noise effects in the output signal, required for
some applications. However, according to the used approach in this work, the sensor faults and
disturbances appear in the output equation and the actuator faults appear in the state equation.
The faulty output variables of interest are also part of state variables, which are replicated on a
stable filtered output equation but in the scaled form. So it can also be stated that the method
to detect isolated faulty actuator faults is extended for the detection of sensor faults using the
SMO Theory. It helps to replicate the techniques used earlier in [3] for actuator faults to be

used for sensor faults, appearing in the output equation only.

Tp = —ApTh + Ahy:;a (318)

where Aj; € RP*P is the stable filter matrix or

T, = —Axy, + A,LC,w, + A],E&f + A/,DSE. . (319)

The system model, i.e., the states, are augmented with a stable filtered output for convenience

and easy handling in a compact form. The augmented system is

= + + f+ 3 (3.1.10)
Zh Ah Cs —Ah Th 0 0 w Ah Es AhDs
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.= Az + Boue+ E.f + D g (3.1.11)
Ye = Ceze (3.1.12)
where y, € ®P*!
Ty
Y. = [0 Ij' (3.1.13)
Th
(mb u A 0 B, By 0
where z, = U = , Ae = , B, = ,E. = and
Th w Ath —Ah 0 0 A/-,Es
0
D. =
<Ahl){

The dimensions of the vectors are z;, € RPX!, z, € R**1 ., € R2**1 whereas the dimensions of
augmented systemn matrices are A € R"<*"e, B, € R"<*Pe, C, € NP de., [0p x(no—pe)s Ipecls
ARE, = E, € RY, ApDs = D, € R4, where E, € R">4%, D, € R"**% are the fault and

disturbance distribution matrices, respectively, in the augmented system, such that F. = D =

Onxp
and for the considered augmented MG system n, =n+p=10,p. =p=4,¢. =q¢=4.

Tpxp

The augmented simulink-based system model is given in Figure 3.4.
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Figure 3.4: Simulink-based augmented system model of Microgrid

As shown by [3] since rank(C.E;) < g, the invariant zeros of (4. E.,C.) C A(As). so if the
open loop system is stable, the system (A, E.,C.) will be minimum phase. In other words, if
the system has more outputs then inputs, i.e., p > ¢, then it is expected that the system will
not have any invariant zeros.

Summary: The chapter discussed in sufficient detail, the mathematical model for the VSI-based
microgrid to be utilized for designing the suitable observer on the system, for system replication,
and hence using that for the determination of faults and unknown inputs. The model used is

well simulated and tested, to be able to be applied for the mentioned application.
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Sliding-Mode Observers

(Preliminaries)

4.1 Fault Diagnosis Using SMOs (Preliminaries)

1 The phrase 'fault diagnosis’ in literature refers to three main objectives: namely, detection,
isolation, and estimation of faults in the system [2]. In most of cases, fault detection is not
sufficient, instead, it also requires isolation of the fault location and estimation to manage the
corrective mechanism to ensure the system’s protection. The mentioned objectives are fulfilled
using methods that are categorized into four main classes: signal-based, model-based, parameter

estimation-based, and observer-based approaches of fault diagnosis [33, 37, 38, 94].

By concept and application, the observer system gets the same inputs as the system i.e., (% and

w) with the input distribution matrices (B, By), system distribution applies on the estimnated

YThis chapter with slight differences is part of both papers [8], [10]
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statc and Luenberger gain (G,) applies on stable filtered output estimation error (e,) termn
along with switch term gains (G,, and <) also influencing the e, in a switch mode, and all in

combination try to form the observer to replicate the system properly.

Remark 4.1: (Role of Luenberger Gain/How SMO is Different from Ordinary Lu-
enberger Gain Observer) This gain G, is the main controlling matrix parameter used to
manipulate the output estimation error (e,) to manipulate the observer system to replicate the
systein properly, in order to give a proper estimation of the states/outputs. The first-order SMO
filter is different from ordinary Luenberger observer in a way, as it involves a switch discontinuous
termn () that is multiplied with another gain G, which is also related to Luenberger gain in
terms of some common matrices. The switch discontinuous term possesses another constrained
internal gain (7) and both are multiplied with stable filtered output error term (e,). It helps
the estimated states to track the actual states in a more effective way in a finite time, which is
specifically termed as achieving the sliding mode. In sliding mode, a chattering path is followed
(due to the discontinuous term) on the phase planc plot (i.e., the graph between e, and de, /dt)
to approach to zero stable filtered output estimation error. This is done by considering the SMO
in terms of the error system and the error surface to be a sliding surface in this SMO with an
error surface (variable). The same SMO is used to estimate/ reconstruct the faults after having
achieved the sliding surface, i.e., output estimation error to be approaching zero in the finite
time, which not only ensures the reachability of error estimator SMO but also the stability of

the fault estimation process in the finite time.
Fault Detection and State Error Estimation with SMO

SMO is used for fault diagnostics, i.e., the detection and isolation of faults by estimation of
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states/outputs for the considered case, i.e., MG application. The isolation property in a literal
sense localizes the faulty sensors in the system; however, for the considered case, isolation and
cstimation are both performed by the fault estimation SMO. The standard first order ‘SMO is
given as proposed by [3, 55, 56], according to which the estimated states of the MG system are

by [3, 55, 56], according to which the estimated states of the MG system are

Lo = Ao + Beue + Goeo + G, (4.1.1)

*

Ts
where z, = € R"*! is the estimated state vector, which is an augmented vector of

*

Th

estimated system states x,* € R"*! and estimated stable filtered output z} € RP*1. The
matrix G, € R"<*P< is the SMO Luenberger gain of output error injection term e, € RPX!,
which ensures that the stability of the term (4, = 4, — G,C,) and G,, € R"**P< is the SMO
gain of discontinuous switching term (1), where both G,.G,, need to be determined. The
proposed form of () term is (¢ = —'y“—ﬁfﬁ]), where the factor () is appropriately chosen as

a counstaut gain factor depending on the application under consideration and the needs to be

-LTT
determined. The gain G,, is proposed to be of the form G,, = , where T € R7*Y js

TT
an orthogonal matrix that can be determnined by QR factorization, however, the matrices, L

and P, are sub-parts of a PD Lyapunov matrix P > 0, which is proposed to be in the form

P P L
of P = > 0, wherc the matrices P € R"<X" P € R"** P, €

LTp, TTP,T+LTRL
RP*P. T € RP*P, L € R™*P are to be determined [5). The Luenberger gain G, is actually also

determined from the Lyapunov matrix P. as its working will be explained in detail in the next

section.
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The simulink-based diagram of fault detection sliding-inode observer in Figure 4.1.

—0

Xo
Xo
o L Ju\ R
3 "L >
E Ac
Ue={uw]
Uec
Bc

©
7

h

@ Psi

w
e
9 7 9

sH

Figure 4.1: Fault Detection Sliding-Mode Observer

The state estimation error is determined by taking the difference of the system states as de-

termined from the mathematical model in (3.1.11) and the estimated states based on SMO in
Equation (4.1.1) is

€g=€=T, — Tc. (4.1.2)

The estimated output states of the system are given by

yO = chOﬂ (413)
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whereas the terwn e, is the output estination error

€0 = Yo — Yc- (414)

The output estimation error is the residual signal, which can be defined in terms of augmented

error term e

€o = ’f'(t) = Cc(mc - wo) =Cce (415)
and
A A x,°
Ac = Lo =
Aa A zn°

Since €, is not the actual output error, but rather the (scaled) stable filtered output error, the
empirical suggestion is to use the form of 4 in Equation (4.1.6) instead of its normalized (scaled)

version for the MG application, i.e.

P = —v x F,e,. (416)

Remark 4.2: As shown in [3], the observer, as mentioned in Equation (4.1.1), is completely
insensitive to faults (f) exits if:
1- Rank(C.E,) = q;

2- The invariant zeros of the system triple (A, E., C.) lie in Left Half Plane (LHP)

Using Equation (4.1.2), the state estimation error SMO is

e=Ae—LE f—DE—-G,e,+ Gpip. (4.1.7)
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Using Equation (4.1.5) it takes the formn

€= (AL - GUCC)e - ch - Dc& + Gm¢» (418)

where, Ao —_ AC _ GoCc c §Rnc ><‘nc, ec §Rncxl'

The above Equations (4.1.7) or (4.1.8) are also a standard SMO ([55]), being applied on an error
system for state error estimation, where the error surface is the sliding surface. The error state
is further used for fault estimation. Since the error system is an augmented form of state and

the stable filtered output error, i.e.,

és A11 Alg €gq G1 0 0 LTT
= | le-| |F-| |g- " (4.1.9)
€o Aol Azo €o Gg Eo Dg TT
where
€g Gl 0 LTT
e = 3 GO = N EC = N Gm =
€o Ga E, T

The dimensions of vectors and matrices in general form are e, € R**!, e, € RP*1, ¢ € R7*},
f e Rl ¢ ¢ RY¥1, Ay € R, Ay € R™P, Ay € RPXM, Ay € RPXP, D, € RT*Y E, €
RI%9, G, € R**P G, € SR™*P, G, € RP*P| L € R™*?, T € R9*¢ whereas for the MG system
considered n =6,p=4.¢q=4,m=2,n.=n+p=10m.=m=2,pc=p=4¢.=¢=4

The simulink-based diagram of fault estimation sliding-mode observer in Figure 4.2.
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Figure 4.2: Fault Estimation/Reconstruction Sliding-Mode Observer

Summarizing Remark: The chapter presents preliminaries of SMO being used for fault diag-
nostics i.e. detection and estimation of faults. It also discusses the conditions of applicability and
utilization of SMO for the said tasks, while explaining its difference from ordinary Luenberger
Observers. The next chapters are focused on the stability analysis of the proposed observers
for the MG system, as well as the determination of gains of fault detection and fault estimation

observers.
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CHAPTER 5

Robust Fault Detection and

Stability Analysis

5.1 Determination of Sliding Mode Observer Gains th-rough
Stability Analysis

1 A lemma for the existence of the sliding mode is given, before the Lyapunov-based stability

analysis of the proposed fault detection/ estimation SMOs for the considered MG system.

Lemma 5.1: If o(e) defines the sliding surface, then for the Lyapunov function

V = T Pe = eT PY/2PV/2% = ||\/Pe|’. (5.1.1)

which implies that vV = ||v/Pe||, o(e) = VPe, and ||o||2 = ||v/Pe||2 defines the distance from

!This chapter is the main contribution of the paper II referred in (8]
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the sliding surface o(e) = 0. The sliding surface is reached if

vV _dVdo

T.
- =7 0 5.1.2
it “doar ° 7% (5.12)
in the neighborhood of surface o(e) = 0 and
d
6= ﬁe (5.1.3)

Remark 5.1: The Lemma 5.1 can be studied in detail in [94], as it is the pivotal concept of

SMO-bascd FTC techniques used in this work.

Proposition 5.1: If (G,) is SMO gain for the output error estimation term (e,), G, the SMO

-LTT
gain of the discontinuous control term (1) is proposed to be of the form G,, = , the

TT

constant gain (1) in the (v) terin is constrained as (7 > n, — ||E,|la) where (5> 0) and Pis a

PD matrix, ie., (P > 0) of the form

P hL
P = >0

LTP, TTR,T+LTPL

which satisfies (PA, + ATP < 0), then the estimation error e(t) stays bounded and hence

asymptotically stable.

Proof. Let V define the Lyapunov function for an augmented error system. The stability of the

equilibrium requires the Lyapunov function to be positive definite, and its time derivative to be
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negative or semi-negative-definite.

V(e) = el Pe (5.1.4)

Vie) = ¢TPe+eTPé (5.1.5)

Using é from Equation (4.1.8)

V(e) = eT(Ac — GoC.)T Pe + eTP(A. — GoCr)e — 2eT PE.f — 2T PD ¢ + 2eT PG ). (5.1.6)

Using the definition of G, as given in the statement of the proposition, and dropping the negative
definite Lyapunov term because Z = AT P + PA, < 0, where A, = A; — G,C., the remaining
terms are still negative, and the time derivative of the Lyapunov function becomes an inequality,

which is always easier to handle in terms of parametric independence.

V(e) < —2eTPE.f — 2T PD & + 2¢" PGy . (5.1.7)

Using the definitions of (¢, G, PG, = CI P,, PE, = CTP,E,, and e7Cl =¢,),

V(e) < —ZeoTCZPDEDf - 2eoTCgPoDo§ — 27| Poeol|- (5.1.8)

Taking norm and upper bounds | f|| < a, [|§]| < &

V(e) < —2lleol[¥lI1 PColl + | PsCoEsllax + | PoCoDs||Eo]- " (5.1.9)
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Let it 1| PoColl + || PoCoEolla + || PoCoDoll€6 > 10|| PoColl,

NN — ”E'O“O‘ - ”Do”§o~ (5‘1'10)

Using the constraint on «y from equation(5.1.10) in Equation (5.1.9).

V(e) < —2n5]leo |l '(5.1.11)

Because the Thau inequality ({95]) for the Lyapunov equation for any PD matrix P, is defined

for any vector z as [4, 94],

.'ITTPD_I-'L' 2 /\mm(Po—l)”w”%

The Lyapunov function in terms of the error function can be represented in the inequality form
as: (e7Ze > Anwm(Z)|le]|?). Using the Thau inequality and Equation (5.1.11), the inequality

version of Equation (5.1.6) becomes:

Vie) < A (Z) €l = 2n]leo|, (5.1.12)

which proves the stability (i.e., negative definiteness) of the time derivative of the Lyapunov

function.

Since [|z]] > /A (P71)||z|l2 and can be seen in [94],[4].

V(e) < /\'ln'm(Z)Hen2 - 2770\//\,,”7,(P.;1)”\/F060” .(5.1.13)
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V(e) < Amun(Z) Mpar (P le])? - 2na\/ Arnen (P DIV Poeol| (5.1.14)

The equations (5.1.11) and its representation in terms of (5.1.14) show the asymptotic stability

of the considered observer system.

Remark 5.2: Proposition 1 is analytical proof, particularly for the considered microgrid system
with faulty and perturbed sensors using the same steps as performed by Yuri and Edwards in
Proposition 3.1 [94], whereas the Thau inequality and observer can be studied in more detail in
[95].

Theorem 5.1: Let Z = A,P + PA, < 0 such that P > 0 and the constant gain of the
discontinuous switch term ~ is constrained by v > 1, — ||Folle, then the augmented error
system (state error and stable filtered output error) dynamics defined by Equation (3.1.9) re-
mains bounded, such that the error magnitude remains bounded within the set X = {e|lle]] <

(‘)f"—”P(QZ‘T”}, and the Lyapunov function in vector form gives the constraint in the form of LMI

A TP+ P(A,) PD.
Ly = < 0, where A, = A, — G,C,, the LMI is further modified
-Dfp 0

by general algebraic Ricatti equation with additional control parameters to give LMI L,; =

ATP+PA-CTR'C. Y
< 0, and the iterative feasibility optimization or minimiza-

YT ot

tion of linear objective (i.e., trace) under LMI constraint L,» gives the SMO gain for output es-
T
timation error term to be G, = P~*CTF; !, such that Y is constrained to Y = C.TF, 71" > 0,

where (Fy > 0).
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Proof. Considering the Lyapunov function from Equation (5.1.6)

V(e) = €T (Ac — GoCe)Pe + €T P(A, — G,C.)e — 2T PE f — 2¢T PD & + 2¢T PG,

Considering switch and fault terms from the above equation, i.e., Equation 5.1.6), let

T.f = —2¢"PE.f + 2¢T PG, ¢ (5.1.15)

Tyt = —2¢"PE.f + 2e7 PG, (—vResey).
(Since PG, = CTP, and PE, = CTF,E, )

Tsy = —2eTCTP,E,f — 27||C, Poeol

»

Taking the norm, we use the Cauchy—Schwartz inequality and bounded fault with || f|| < a,
T,y = =2|leol{ICoPoEollex + |CoPoll)-

Because it is desired that the above term stays more negative T,y < 0, for the negative definite-
ness of the time derivative of Lyapunov function in Equation (5.1.6), which is satisfied if

|1PoCoEolle: + |PoCollv > noll Pocoll = ¥ 2 mo — || Eo |l =

Furthermore, since (4, = 4. —G,C.) , and if (Z = A,P+ PA, < 0) where (P > 0), so dropping

the negative T5 terms, the Lyapunov function is still negative

V(e) < eT (A, — G,C.)Pe + eT P(A. — G,C.)e — 2T PD.£. (5.1.16)
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To show stability in terms of viable set form,
Vi(e) < Amn(D)llell* = 261 P Dl fle]]. (5.1.17)

V(e) < llell(Aman (Z)lle]] = 26| PD|)). (5.1.18)

If (Jle]|®> > Zf’”p—(DZ‘)”) we obtain V' < 0, which ensures that the error magnitude remains bounded

for the set

260||PD||

X = {elllell = e (Z) }

Using Equation (5.1.16) and expressing in terms of the vector quadratic function, LMIs can be

determined.

(5.1.19)

_ AP+ PA, PD,| |e
V(E’) < ,:ET gle

-DTP 0| |¢

The constraint is true if the matrix in the vector quadratic function is negative definite i.e.,

AP+ PA, PD,
L= <. (5.1.20)

-DTp 0

The LMI in Equation (5.1.20) can be solved for the trace minimization-based algorithm given
by [5] to determine the optimized gains of the SMO. However, for the LMIs to be optimized with

tracc minimization without the H, constraint for the determination of traditional SMO gains,
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it nceds some modification. Applying the Schur complement to the LMI in Equation (5.1.20),

(Ac = G,C.)TP + P(A, - G,C.) < 0. (5.1.21)

Because the LMI is not feasible in the actual form mentioned by L, in Equation (5.1.20)
with a trace-minimization-based optimization algorithm. some modifications are required. By
adding/subtracting the term (CTF;~'C.) and two more Lyapunov stable terms in above Lya-
punov equation to form a balanced algebraic Ricatti equation, i.e., (YF;YT) and (PW P) in the

inequality, where (Y = PG,).

AIP+PA.-YC. - CTYT + CTR™'C. ~ C.F, ' C.+ YRYT + PW™IP <0 (5.1.22)

ATP+PA-CI(YT-F'C)-Y(Co- FYT)-C.TR™'C-YRYT+PW-1P < 0 (5.1.23)

Using/constraining C.— F; YT = 0, which is equivalent to YT — F;, ~1C. = 0 gives the Luenberger
SMO gain

G,=P'cTR~ L (5.1.24)

Parameters such as the Lyapunov matrix P and matrix F' are missing and need to be determined.

Using the constraint C, — F1YT = 0, Equation (5.1.23) becomes:

ATP+PA.-CTHR'C.+ PW-lP <. (5.1.25)

Applying Schur complement on LMI in Equation (5.1.25), and the constraint F}” . =vT,
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AP+PA.-CTYT P
L= < 0. (5.1.26)
P -Ww
Remark 5.3: The LMI L, is optimized by using iterative convex feasibility optimization or al-

ternatively trace minimization, as explained by an algorithin in ([5]), to determine the unknown

parameters such as Lyapunov matrix P and matrix F, which are used to determine Luenberger

-LTT
gain G, of SMO. Morcover, the discontinuous term gain, G, = as discussed in Propo-

TT
sition 1 can also be determined, as the parameter matrix L is also determined from the part Pyo

of Lyapunov matrix P by the relation (L = PJ;' P13), where the orthogonal matrix T is can be

determined by QR factorization.

The next subsection discusses the H,, enhanced trace minimization of LMIs to attain the ro-

bustness of the SMO for fault estimation with disturbance rejection.

5.1.1 H, Optimized Robust Sliding Mode Observer Gains (Using LMIs)

H,, is a robust control criterion that may have several meanings with reference to context:
however, in this work, it is desired that the fault detection and estimation be ensured with
robustness against disturbances, whereas the H, gain will ensure an upper bound of the distur-
bance voltage/current that will be suppressed to ensure the fault detection/estimation task. The
method of incorporating H, criteria may also have different approaches; however, this study
uses a game-theoretic basis [2]. The criteria are incorporated in the Lyapunov function to derive
the LMIs that are convex optimized (using the LMI-optimization toolbox in Matlab) for the

determination of the SMO gains.
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Definition 5.1: H,, based disturbance attenuation problem can be put into the formulation as
a two-player-zero-sum differential game with disturbance & and Luenberger observer gain G, are
two players, respectively, where the SMO gains G,, G, are required to be designed to minimize

the game /cost functional.

Lemma 5.2: The maximum robustness attenuation problem

lrall2,0.01)
Hoo = Sup[g#o'fzolm S 87 (5127)

for the system given in Equation (3.1.6), is satisfied, if the cost functional
fu(Go. G €) = / (ruTry — agT€)dt, (for)f = 0. (5.1.28)

is smaller than or equal to zero for any possible disturbance, where (a) is the (Hy,) parameter
and (rg = Hr(t) = He, = HC.e¢) is the output estimation crror. The problem is now viewed as a
two-player-zero-sum differential game with the above-defined cost function in Equation (5.1.28),
where the ninimizing player minimizes the functional through (G,, Gr,) and the maximizing

player tries to maximize the function through ¢. The details can be seen in Problem 3.1 in [2].

Theorem 5.2: Let Z = A,P 4+ PA, < 0, where P > 0, and if (H > 0), then the augmented
error system dynamics defined by Equation (4.1.7) remains asymptotically stable, and if the

Lyapunov function in vector form is enhanced with Ho, constraint, the disturbance attenuation
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gives the constraint in the form of LMI

AP+ PA,+CFHTHC. -PD,
L= < 0.

-DTp —al
which is further modified by the Riccati equation with additional control parameters to give
constraint LMI
ATP+PA.-CTYT PD,
L14 = <0,
Drp —a!
and the iterative minimization of linear objective (i.e., trace) under LMI constraint L, gives the

Luenberger gain of output error estimation term as G, = P-ICTF'™! where Y = PG, > 0'is

constrained to Y = C’CTF >0 and W = PDP.

Proof: Because V is a PD Lyapunov function, the negative definiteness of its derivative deter-
mines the stability of the system. If the Ho, criterion is used to enhance the robustness of the

traditional SMO, the criterion in terms of the norm is defined by

lra @)l < allE@. (5.1.29)

Because the LMI solver constraints for feasible optimization require the residual to be of the

form

ra(t) 2 Hr(t), (5.1.30)
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where the output estimnation error, 1.e., residual is defined by,

r(t) =€ = Yo — Yo = Cce

and H is a scaling matrix. The Lyapunov function in inequality form in Equation (5.1.16) is

added with the Hoo criterion according to Lemma 5.2 as follows:

V4+rgTry — a{T«f <40

(5.1.31)

V(e) < eT[(Ae — GoCe)P + P(Ac — GoCo)le + eTCTHTHC e — 2T PD £ — afT¢  (5.1.32)

where

H'H=F'=
F

(5.1.33)

The matrix F' € RP*P is a subpart of matrix H, which provides a control on the residual signal

for stability purposes. However, as discussed above, in the definition of ry(t), it is suggested by

the LMI solver to mnect the conditions of feasible optimization.

and if

Hy
H= 7aTry =eTC.THTHC e = eTC.F'Cee,

H,

where H ¢ R*<*P< Hy ¢ R"*P Hy = F € RP*P,

_ AP+ PA,+CTF'C, —PD.| |e
Vie) < [eT ¢T
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The LMI. which can be solved for feasibility or trace miniinization-based optimization, to deter-

mine the optimized parameters of the matrix is

AP+ PA,+CTF'C. —-PD.
Ly = <0. (5.1.36)

-DTp —al

The Schur complement can be applied to convert any bi-linearity to linearity. Applying Schur

complement on LMI in Equation (5.1.36),

(Ae — GoC)TP + P(Ac — GoC.) + CTF'~1C. + PD(a™'I)DTP < 0. (5.1.37)

Using (Y = PG,) and adding subtracting the term (YF~1YT),

ATP+PA-C.(Y -CTF)-YT(CT —-YFY+YF~'YT + PDP <0, (5.1.38)

where D = D.(aI)DT.

Setting (Y — CTF’ = 0) which is equivalent to (CT — Y F'~! = 0) gives,

G, =P cTF ™, (5.1.39)

and the inequality in 5.1.38 reduces to,

ATP+PA -YFWYT4+W <0 (5.1.40)

where W = PDP.
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Using Schur complement on inequality and CT = Y F/~1,

ATP+PA.—-CTYT PD,
L= < 0. (5.1.41)

Drp —al
Remark 5.4: Trace minimization based optimization of Ricatti equation-motivated modifi-
cation of LMIs, for determination of SMO gains is presented by [5], and Hco based feasibility
optimization of LMIs for determination of SMO gains is used by [4]. However, this work com-
bines the application of both, i.e., to carry out the feasibility or the linear objective (i.e., trace)
minimization-based iterative convex optimization of Ricatti equation-based modification of Hoo
enhanced LMIs, which can work or maybe tested on generally any system, and particularly here

being applied on MG under consideration.

Summary: The modified gains are used for fault detection and estimation SMOs presented in
chapter 4, followed by a detailed and modified fault-estimation process in chapter 7, along with

the reduced order sliding motion with finite time reachability.
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CHAPTER 6: SENSITIVITY OF FAULT DETECTION, ROBUSTNESS TO DISTURBANCE
AND STABILITY ANALYSIS USING HJIE AND GAME THEORETIC PARAMETERS

6.1 Stability Analysis and Determination of Robust to Dis-

turbance/Fault Sensitive SMO Gains

' Lemma 6.1:  For general stability analysis of SMOs, using Proposition (1) from [8], if

(Go) is the gain of SMO for output estimation error injection term (e,), Gy, the SMO gain of

~LTT
discontinuous control term () is proposed to be of the form G,, = , the constant gain

TT
(1) of (¥) term is constrained as (7 > 7, — || E,|la’) where (7 > 0) and P is a positive definite

matrix. Le., (P > 0) of the form

P PL

LTP, TTR,T+LTPL

which satisfies (PA, + AT P < 0), then the estimation error e(t) is asymptotically stable.

Remark 6.1: The Lyapunov matrix (P) is basically manipulating the energy of the error
estimation system, i.e., eTe, as P is used as the scaling matrix in the Lyapunov function. i.e.,
V = e’ Pe, which requires to be proved positive definite, i.e., the one with Eigen-values in the
left half plane ensuring stability. Similarly, the first derivative needs to be proved to be negative
or semi-negative definite according to Lyapunov theory to prove its stability. The equation for
the derivative of the Lyapunov function i.e. dV/dt is mathematically manipulated to make the
equation instead an inequality to prove its negative definiteness to achieve freedom of control-
lable parameters. This can be done by dropping some of the terms for simplification by attaining

the respective conditions from the dropped terms and by ensuring that the rest of the terms are

'This chapter is the main contribution of the paper II referred in [LO]
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still negative. The vector algebraic inequality is then transformed to LMIs, which arc convex op-
timized using the MATLAB toolbox to determine the unknown design Lyapunov matrix P (with
a higher degree of freedom being in the inequality form of Lyapunov equation fromwhich it is de-
termined). It is important due to the reason that the gains of SMO (G, and G,,) are determined
from the Lyapunov matrix (P), which ensures the proper state/output/error/fault/ disturbance
estimation by achieving the sliding mode required for the suitable estimation process. The

convex optimization tools and solvers are mentioned in Appendix A.5.

Now we have to analyze the system using the criteria of robustness to disturbance Ho, the
criteria of scnsitivity to faults H-, and the compromised criteria H — /H, for fault diagnosis
and tolerance analysis. The theory depends more on Game Theoretic estimation being utilized in
Hamilton-Jacobi-Isaacs-Equation (HJIE) and to convert the equalities to inequalities for better

handling and more design freedom.

6.1.1 H, Robustness Analysis

Lemma 6.2: According to Problem 3.1 in [2], for the system defined in Equation (3.1.11), the

maximum robustness attenuation problem

Irkllz 00 _
H,, = supjs— — = < (6.1.1)
* Plr=0&20) € ll2, (0,0
is satisfied, if the cost functional
Ho(Go€) = [ (racTrac = €7 €)dts (for)f =0 (6.12)
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is smaller than or equal to zero for any possible disturbance, where (o) is (Hy) parameter
and residual signal (rx = Kr(t) = KC.e) in this case is state estimation error. The problem
is now viewed/explained as two player zero-sum differential game with the above-defined cost
functional in Equation (6.1.2), where the maximizing player tries to maximize the functional
through ¢ and the minimizing player minimizes the functional through (G,,G.,) [37). Then,
using the concepts of dynamic game theory, the cost function in Equation (6.1.2) gives the pair

of strategies (G%,£*), providing a saddle-point solution

Ho(Go.£") < Ho(G5,¢") < Ho(GG,6). (6.1.3)

Definition 6.1: (Saddle Point) In mathematics, a minimax point or saddle point is a
point on the surface of the graph of a function where the slopes (derivatives) in the orthogonal
directions are all zero (a critical point), but which is not a local extremum of the function. The
saddle point of the problem is taken in terms of cost functionals. Its mathematical details are

shifted in the Appendix A.6.

Lemma 6.3: Considering the cost functional of disturbance attenuation problem from Equa-

tion (6.1.2), constraining (H,(G,,¢) < 0) and using the definition, for any general state z*

dVi(z*,t) _ Vi(z*,t) + oVi(x*,t) Ox*
a 8 x> Ot

The inequality version of HJI equation , as mentioned in Equation (A.6.1) in Appendix A.G, is

—OVi(@*(1).1)  Ba(e".t)

- T _ 12T
En oz T+ rrirg —oEE. (6.1.4)
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Remark 6.2: The derivation for H, constrained inequality version of HJIE is given in
Appendix A.6.3 The problem can be studied in detail in [2, 33, 3§].
Remark 6.3: Considering Appendix A.5, using the HJIE in Equations (A4) and (A7), the
Hamiltonians in Equations (A5) and (A7) and the disturbance attenuation/fault sensitivity
constraints in Equations (6.1.2) and (6.1.13), the analytical solution for gain G, will be dependent
on states that are undesired (theoretically by Luenberger linear observer theory). Howe'ver, the
inequality version of HJIE will give more freedom in choosing the Lyapunov function V; (e, t) and
hence more freedom in the design of the sliding mode observer gain G, being state independent.
Remark 6.4: (Approach of Using HJIE, H, H— and Game Theory in This Study:)
The approach used here is to design the observers for linear/non-lincar systems based on game
theoretic saddle point estimation. The Hy and H— parameters deal with the extreme cases
in a way that they provide robustness to worst-case disturbances and sensitivity to minimum
faults. These paramcters in inequality form are similar in nature to the saddle point of the
game theory, as described by Equations (6.1.3) and (6.1.14). The H, and H— corstraints
arc also part of the Hamiltonians (in Equations (A.6.2) and (A.6.4) in Appendix A.6) along
with the Lyapunov (energy) function. According to the approach used by [2], the Hamiltonian
and its derivative w.r.t faults (f)/disturbances (£)/SMO gain (G,) following the H,, and H—
constraints can let us determine the optimal values of faults/disturbances, i.e., (f* ¢, Go),
by its minimization. However, this work instead uses the approach that the He, constraint in
inequality form, inspired by the saddlc point, is manipulated to form the inequality version of

HJIE, which has the Hamiltonian incorporated in it as well.

The resulting HJIE consists of the faults/disturbances, Lyapunov function, and output estima-
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tion error (e,) as variables. The inequality version of this HJIE not only ensures Lyapunov
stability but also gives the LMIs, which are convex and optimized using the MATLAB toolbox

to find the optimized SMO gains, which are used to estimate the states/outputs/state errors.

The game theoretic saddle point's approach for incorporating the Ho. and H — norms also has
the application for the considered faulty and perturbed systems due to the reason that faults
and disturbances are unknown. In this case, the worst-case fault and disturbance values are used
for observer/filter desigus for robust residual generation and fault /disturbance estimations. The
SMO in reduced order is used to reconstruct faults/disturbances, while following the constraints
of fault-detcction-sensitivity and rejecting the effects of disturbances through the observer gains.

The proof for HJIE and some more details are given in the appendix in Appendix A.3 and A.6.

Theorem 6.1 If V; defines the positive definite Lyapunov function which satisfies the HIJIE in
Equation (6.1.4) constrained with disturbance attenuation problem defined in Equation (6.1.2),

then the Lyapunov function in vector formn gives LMI
B T

(Ac - GOCC)Q + Q(Ac - GOCC) + CZFCa _3QEC _QDC
Lpp = -ETQ 0 o | <0

-DTQ 0 —a?I

which is convex optimized iteratively to give a robust set value of the worst case disturbance

SMO gain defined by G, = Q-lcTF .
Proof Consider the general HJIE in Equation (6.1.4) with the cost functional in Equation (6.1.2)

to ensure maximum robustness to a worst case disturbance

e+rxTrk —a?¢Te <.

OVile(t),t) OVi(e(t).t)
ot oe
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(')Vl(e, t)

i Vi(e.t) = eTQe + eTQé)

Since (V; = eTQe) and (

Using the above given H, constrained HJIE equation,

eTQe + eTQé + (2¢T)Qe — o2¢7¢ + " CTKTKCee < 0, (6.1.5)
0
where KTK = F' = and the matrix F' € RP*? as the subpart of matrix K,
F
eTQe + 3eTQe — o*eT¢ + T CTF'Cee < 0. (6.1.6)

Substituting equations for €,

€T (Ac — GoCe)T Qe + 3eTQ(A. — GoCo)e — fTE] Pe — £TD; Qe + YGT Qe

_3eTQch - 3eTQDc£ + 3ETQG"'¢V + eTCcTF/Cce - a/2£T£ < 0. (617)

The inequality in vector form gives:

] T
(Ac — GoCo)Q + Q(Ac — GoC) + CTF'C. 3QE. —QDc| |e '
[eT i ET} ~ETQ 0 o ||f| S0
-DTQ 0 —a®I Lg
- T (618)
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The LMI obtained from the vector Lyapunov equation is

r T

(Ae — GoCo)Q + P(Ac = GoCc) + CTF'C. 3QE. —QD-

Lrp = ~ETQ 0 0 <0. (6.1.9)

I -DrQ 0 —a’?I

As according to the cost functional in Equation (24) f = 0, dropping the disturbance terms
gives the LMI

(Ac - GuCc)Q =+ Q(Ac - GaCc) + C?F,Cc _QDC
<0. .(6.1.10)

-DTQ —a?1

Remark 6.5: The LMIs obtained using the above process are processed further with an
algebraic Riccati cquation according to Theorem (5.2) in [8] to avoid optimization infeasibility
issues with (Ho,) criterion LMIs, specific to the system. The definition and a brief mathematical

explanation of the Riccati equation is given in Appendix A.7

The modified LMI is thus given by

ACQ + QA(, - BYC(. _QDc
Lrpo = <0, (6.1.11)

-DTQ ~301

where Y = QG,.

The LMI is solved by iterative convex optimnization to determine the robust to disturbance sliding

mode observer gains. The tools and solvers used are mentioned in Appendix A.5
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6.1.2 H—Minimum Fault Sensitivity Analysis

Lemma 6.4: According to Problem 3.2 in [2], for the system defined in Equation (3.1.11), the

maximum sensitivity to minimum fault problem

. llmrcll2,j0,¢ .
mf[gzo,_f;eo]—mlo—[(gt]—] > B2 (6.1.12)

is satisfied, if the cost functional
Ho(Go, f) = / (ricTri — B £ F)dt; (€ = 0) (6.1.13)

is greater than or equal to zero for cach possible fault. This can be vicwed as a two-player zero-
sum differential game with the cost functional. The maximizing player maximizes the functional
through G, and the minimizing player tries to minimizc the functional through f. Then, using
the concepts of dynamic game theory, the cost functional in Equation (6.1.13) gives the pair of

strategies (H*, f*), providing a saddle-point solution, i.e.,

Ho(Go, f7) < Ho(G}, f*) < Ho(G50 F)- (6.1.14)

Its mathematical detail is also shifted in the appendix A.6.

Lemma 6.5: Considering the cost functional of fault sensitivity problem from Equation (6.1.13),

constraining (H,(G,. f) < 0) and using the definition, for any general state z*

dVa(a*t) _ OVale",t) OVa(x*, t) O
di - ot ox* ot
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The incquality version of the HJIE Equation in (6.1.15) is

_dvgéi(t)*t) < 6"'1(;?":) e+riTre —B2FTf. (6.1.15)

Remark 6.6: The mathematical proof for the H— constrained inequality version of HJIE is

given in Appendix A.6.4. The problem can be studied in detail in [2, 33, 38].

Theorem 6.2: If V defines the positive definite Lyapunov function that satisfies the HJIE in
Equation (6.1.15) constraincd with the maximum sensitivity of the minimum set fault problem

defined in Equation (6.1.13), then the Lyapunov function in vector form gives LMI

—(A, = GoC)P — P(A. — G,C.) = CTF'C. 3PE. PD.
Lsr = ETP pgrr o | S0

DTPp 0 0

which in a reduced form is convex optimized iteratively to give a sensitive set value of minimum

case fault SMO gain defined by G, = P"*CTF/™",

Proof: Counsider the general HJIE in Equation (6.1.15) with the cost functional in Equa-
tion (6.1.13) to ensure maximum sensitivity to minimum case fault

—0Va(e(t).t) _ OVale(t).?)

. T, . nr2peT
P < 50 ¢ TTETK B f,

NVole. t . )
Since (Vo = e” Pe) and (?%Q = Va(e,t) = eTPe + eT Pé).

Using the above given H— constrained HJIE equation,
eTPe + eT Pée < (2¢T)Pe — B2 fTf + eTCTKTKC.e, (6.1.16)
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oT Pe 4 3¢l Pé + T CTF Cee — 821 f 20, (6 1.17)
_e"Pe —3eTPe — TCLF'Coe + pRfrf <o (6.1.18)
Substituting equations for ¢,
3T (A, — G,C)Pe+3e' P(A. = G,Crle — FTET Pe — €T DT Pe + G Pe—
367 PE, f - 3eT PD.£ + 3" PGutp + € CTF'Cee = 27 £ <0. (6.1.19)
The inequality in vector form gives
r 7 r
—(Ae — G,C)P = P(A. — G,C,)—CTFC, 3PE. PDc| |e
[eT f,], &T} EZ*P }3/2[ 0 f S O
prp 0 0 3
) " (6.1.20)
The LAMI obtained from the vector Lyapunov equation is
—(Ae = G,C )P = P(A, — G,C,) — CTF'C. 3PE. PD.
prp 0 0
L |

According to the cost functional in Equation (6.1.13) £ = 0, then dropping the disturbance terms
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gives the LMI to be optimized

(A= G,C)P — P(Ac - G,C.) - CrF'c, PE.
‘Lepo = < 0. (6.1.22)

ETP 871

The LMI is solved by iterative convex optimization to determine the fault sensitive sliding mode

observer gains

6.1.3 Theorem 6.3: H — /Hy Criteria Based on HJIE for Observer

Design

IfV, =elPeand V, = eT Qe define the positive definite Lyvapunov functions that satisly the
HJIEs in Equations (6.1.4) and (6.1.15) constrained with disturbance attenuation and minimum
sensitivity problems defined in Fquations (6.1.2) and (6.1.13), respectively, then the Lyapunov

functions in vector form gives LMIs

r -

“(Ay = GoC)P = P(Ac — GoC) - CEF'Ce 3PE. PD.

Lsp = EIP g2 o | <0

prp 0 0

] ]

(Ae = GoC)Q + QAc — GoCe) + CTF'C. 3QE. ~QD.

and Lgp = _ETQ 0 0 < 0. which in a mod-

¢

-DrQ 0 ol

ified and roduced form are a convex optimized iteratively as a mixed problem to give a com-

promised form of SMO gains G, and G,,, which possesses robustness to worst casc disturbance

along with sensitivity to minimum fault at the same time. The Luenberger gain G, is defined
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by G, = P'l(«’gﬂF’Al in Theorem 6.2.

Proof. Cousidering the general HJIEs in Equations (6.1.4) and (6.1.15) with cost functions in
Equations (6 1.2} and (6.1.13) to cusure maximum robustuess to worst case disturbance and
sensitivity to minimum fault at the same time

Lot, if the Lyapunov functions in terms of positive definite matrices, (P > 0)and (Q > 0) be
Vi = eTPe and V, = €7 Qe.

Using the H — constrained HJIE inequality version (6.1.15) and vector form from Equation (6.1.20},
“3eT(A, — G, ) Pe — 3e" P(A, - G,Cele + fYETPe + £7 DT Pe — ¢GE Pe — 3¢ PE.f -

3T PNE — 3T PG — eTCTF'Coe + 32 f1 f <0.

- 1T 1
(A = GuCP — P(Ac — GoCu) = CTF'C, 3PE. PD| |e
|>6T fT £Tj| Ez‘P 5/2[ 0 f < 0.
prp 0 0
] ¢ | N

Using the [, constrained HITE inequality version (6.1.4) and vector form from Equation (6.1.8),

T (A, - GoCo)TQe + 3eTQ(A. — GoCoe — [TEI Pe - €7 DI Qe + $GiQe + 3" PLES ~

3eTPD,E + 36T PGpp + €TCTF'Coe — 067 € < 0.

171
(Ao — G,C)Q + QA — GoCe) + CTF'C, -3QE. -QD.| |e
{ET jl El} _EZ‘Q 0 0 f S 0.
-DTQ 0 —a?] LE

The LMIs obtained for the mixed H — /He problem are the same as given by Equations (6.1 22)
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and (6.1.11) are,

i |

(A, — GoC)P = P(Ac = GoCe) = cTE'C, 3PE. PD.

Lsp = E{P 821 0 < 0.
L Drp 0 0

’ W

(Ac = GoCQ + Q(Ar = Gole) + CTE'C. =3QE. —QD.

Lrp = —ETQ 0 0 <0
-DrQ 0 —a"?]

L -

The LMIs to be optimized in reduced and modified forins are given in Equations (6.1.11) and
(6.1.22) to give gains of SMOs following the mixed constraint, i.e.. are sensitive to faults and

robust to disturbance at the same time. (]

Remark 6.7: According to Algorithm 5.1.1. in [33] for the mixed problem with I — /1l
constraint, both inequalities are taken either greater than zero or less than zero with signs of
rerms being reversed for one of the constraints according to the HJIE equation, so that LMI

optimization stays possible along with a condition on Lyapunov matrices as I” = ().

Remark 6.8:  The algorithm used for optimization is in [33], which mainly imposes the

condition on Lyapunov matrices P=Q.

Summarizing Remark: The SMO gains, which are robust to disturbances and sensitive to
faults are determined by convex optimizations of tlie respective LMIs presented in Theorems 6.1-
6.3 subject to fcasibility constraints These gains are used in both the detection and estimation

SMOs presented in chapter 4. The next chapter discusses in detail the stability and finite-time
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reachability of fault estimation SMO in sliding mode.
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CHAPTER 7

Finite Time Reachability and

Fault Estimation

71 Reduced Order Sliding Motion

L The error system augments state/ stable filtered output error vectors that is,

(.s ,411 Alg Cs G] 0 0 LTT
= — €o — f"' 5‘ U’" (711)
(o 4421 Agg Co G2 EO Do 7‘7‘
€s e 0 LT’
. where, ¢ = Gy = E. = and G, =
€y Gg EO TT

The generalized dimcensions of matrices and vectors are ¢, € R e, € R™ € € Ra*!,

doe R ) e R A € R A € R, Agy € R Agy € RFPE, € R, D, € Ra*4,

MThus chapter 1s the main contribution of the paper 1 [8] and is also referred and used in [10)]
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G, e R Gy € R™P. G, € RPFP. L€ R, T € R9*? whereas for the MG system considered
p=4n=06m =m= 2m=2.m.=m=21n,= n+p=10p.=p= g =qg=+

A transformation is used to make the state error part of the ervor system least dependent on
faults to ?eta‘in the sliding motion, along with the attainment of reduced-order sliding motion
for fault estimation. Ideally, the fault term n the state error part of the system and the state
error term in the output error part should be eliminated; however, such a transformation cannot
be designed  Thus, practically and very strictly, the sliding motion may not, be retained owing
to faults and disturbances. but the transformation not only provides control over the state error
part through the gamn matrix (L) but also reduces the effect of the state error part in the fault
term to a negligible order in terms of magnitude for the considered MG system. However. the
reduced-order state estimation error increases with the passage ol time, which can be controlled
by scalar (4) and (3) parameters. Applying Transformation

Inop L
Ty, = , (7.1.2)

0o T

where its inverse (which also explains the form of the discontinuous term gain of the SMO) is

given by

The transformation obtains the system to attain a reduced-order sliding surface along with fault
estimation. The transformation and 1ts inverse also explain the sense of the considered form of

the switching term gain G, m the SMO. The orthogonal matrix 7" was determined using the
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QR transformation method.

~ Ay Ap
A=TL AT, = ,
Ayr Ax
where
A = Aun + LAa,
Aoy = TAn.
j]g = (L;/\zg)TT - (/111 + LAQ[)LTT + A12,
o = TARTT - TAJLLTT.
G+ LG, LE,
'1‘14(1'0 - yTLE(, -
TGy TE,
LD, 0
LD = LG = Gl =19 1|
TD, ]
el AL Al e G+ LG2| |0 LE, LD,
- - - /- =
Co Ao Aso| Leo TG, o TE, TD,

€, = Arie, + Aze, — (G1+ LG2)e, — LE [ — LDoE.

o= Apice + Appo+ TGaeq = TEf = TDol + ¥

(7.1.4)

(7.18)

A reduced-order error system 1s needed for fault and disturbance estimation if the ohscrver

nechanism remains stable along with the reachability of the sliding surface in the finite time.

The scalar gain () to be used with he output estimation error term (e,) in the discontinuous
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control law defined by term (¥) is also determined from the analytical work of the stability

analysis.

7 1.1 Reachability and Stability Analysis

The complete stability analysis of SMOs used for fault detection and estimation is shown in
torms of the cstimation crror as a sliding surface. The error vector comprises of the state es-
timation error and the stable filtered output estimation error in the augmented vector formn.
A transformation is used in the above section for reduced-order error dynamics, wlich is par-
ticularly necded for fault and disturbance estimations. Therefore, considering the state error
stability from the earlier section in Proposition 1, the Lyapunov stability of only the stable
filtered output estimation error part is perforimed again to show the reachability of the sliding
surface and hence cusures the estimation of the fault in finite time. The reachability is directly
related to stability, and its analytical work is also used to determine the sliding surface reachabil-
1ty time. Before detailed analytical work. a Lemma for the stability and reachability conditions

is provided.

Lemma 7.1: If the sliding mode for the surface o{e) is attained in finite time, that is,

o(e) = 0. theu the time derivative of the Lyapunov function dV/dt may follow the inequality

UAPITNY (719)

must be bounded more strongly. somewhat away from zero. That is, the attraction to the sliding

mode will only be asymptotic if it vanishes too quickly The solution of inequality in Equation
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(7 1.9) is given by

2/ V1) < —kV(1) +2V%. (7.1.10)

Because vV > 0, then the mequality in Equation (7.1.10) states that V' must reach V =0
in finite time. In addition. because V is proportional to the FEuclidean norm of the sliding
aurface a(ey). that is. [|a{e,)l]. the rate of reaching the sliding surface is bounded away from
zero [H6, 94

Theorem 7.1: If the augmented state estimation error system defined by equation (7.1.6) is

L., L
transformed by matrix 7}, = to induce reduced order sliding motion on estimation

SAMO.,

and if the constraint on Lyapunov design matrix is,

Q= Py ( Ay — Ga) + (AL, Ghyrrr, <o),

and if o(¢,) = {¢o . Ce, = 0} governs the reduced order sliding motion,
such that the magnitudes of fault/ disturbance are bounded, i.e.,

(< o) and (Bl < &),

and 1f the gain factor (~) for output error estimation term 1s bounded hy

~ > T A el -

T,

T Doll€ + 1,

o |

then the fault detector/ estimator SMOs utilized for MG system are ensured to be stable in
terms ol Lvapunov criteria along with the reachability of the sliding motion m the fimte time .
The hnite time requined to reach/Int the shding surface s given by,

cI'Pe,

Tp < —2———.
Ao (Pe 1)
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Proof: Let the Lyapunov function for the error system be V., where the error vector is aug-
mented by the state cstimation error and stable filtered output error for the considered system.

Thus, the complete Lyapunov function can be represented as:

V, =V, + V. =cl P, +el Poeo. (7.1.11)

Taking the tine derivative of the Lyapunov function to prove the stability of the enor svstem

based on its negative definiteness.

V., = el Prey + el Pre, + el Poey + €1 Pof, (7.1.12)

Vo, = el Preg 4 el Picy (7 1.13)

Substituting the values for € from Equation (7.1.7). -

T AT T 3T T Ty T T ,\T; T " T
Vo =e, A{{Prec+ e, Apleg — E L Prec =& DL Preg — fZ(;lT Ples — (,;1 Gé LTI’md-

" Py Avies + el PiA e, — €' PILESf — ¢! PILD§ — e PiGheo ~ el P LGye,
(7.1 14)

The stability of the sliding motion in reduced-order is proved by considering the Lyapunov

function on the output part of the error vector only 1.e,

V. =6,  Pe, + I pe,. (7.1.15)
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Substituting the values for €, from Equation (7.1.8),

Vo, = TALT Poe, + €) AT Poeo + TGITT Poe, — fTET Peq — €1 D, ITT Poeo+

0 Pyeg + el Pol Agpc, + € Pol'Gaco + el P IGoco + e TP, TE [ — eI Py D8 + eh Potl.
(7.1.16)

Ve =207 P, 1T Agpco + 26T P T T Goco + 26T P TT Goe o + 200 Poloo [ — 26T Py D€ + 20 Poi

(7.1.17)

V. =T [PT(Agy — G2) + (A3z — GTYTT P,e, + 2¢} P,T Asie, — 2¢0 P TEof~
(7.1.18)

2T P,T D€ + 2¢8 Do
I designed suitably,

O = P,(Ag — Ga) + (A — G3)TT P, < 0. (7.1.19)

Dropping the negative definite term. the inequality version of Equation (7.1.18) is,
Vi < 2eT P, TAgres — 20, P TEof — 2eT P, T D& + 26l Poy. (7.1.20)

Taking norm of above equation, and using the Cauchy-Schwartz incquality,

Ve, < 2leoll| 2T Azt lllesl — 2liell |l BT Eoll £ = 2lelllPoT DollliEl = (| Potoll- (7.1.21)

V. < 2l Poeo [T Antlllesl = ITEo S = 1T Dollliéoll =l (7.1.22)

Furthermore, since magnitudes of fault and disturbance are hounded: || f(1)]] < o’ and [|E@)[} <

98



CHAPTER 7: FINITE TIME REACHABILITY AND FAULT ESTIMATION

£, < x,

o' = [|TD,[I€, — ). (71.23)

TE,

Vi, < 2Pseoll T2 el |

The derivative of the Lvapunov lunction is negative definite if

TE o — [|1D,]&, (7.1.24)

v > ([T Ag el — |

where 1 is a positive constant that ensures Lyapunov stability in terms of V. . Using the bound

for ~ from Equation (7.1.24) in Equation (7.1.23),

Ve, < =2n[iPyeol;. (7.1.25)

If P is a positive definite matrix, then [|z[|2 > A (P7Y)|12)I2 ([95]).

' . N Yl /2 5 1/2 _
= ”('OHZ = ‘/Z Co = LZ 1)0/ Pn ll)u/ Co = /\mzn(])o 1”(/o‘|2-

= HCU” 2 \/ /\muL(l)Oil)\/ L; (712())

where }[1’(3/261.H SRVAYSS

Using Lemma 7.1, Liguation (7.1.25) shows the stability and finite-time reachability of the sliding
motion for the sliding-mode observers. The finite-time reachability governs and ensures the real-
timme operation of the proposed observers for fault detection and estimation, that is, the sliding

surface is ensured to be reached/hit in a finite time. Using Fquations (7.1.19), (7.1.20), (7.1.21),
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and (7.1.25) in the Lyapunov function in Equation (7.1 18). in the inequality form yields:

‘/r( S >\r711n(Q)“Cn“2 - 27]”]7{,(’”H, (7127)

Using Equation (7.1.26),

Ve < A (@ Aoman (P WVe, = 203 Awn (o Ve, (7.1.28)

‘i,, < M@SVM - 277 \/ )\Hllll(lJU_])‘,L”' (7129)

/\m’”L(Pﬂ

For the DE of the form (#(t) < —ax(t) — by/z(t)) ([4]). the time required for z(f) to move from

o=t =0)toz =a(t=1)is

2 ayT,+b 2
T < S22 < ST, /).
RS ”(u,\/.u—ﬁb)* ;v )

The reachability time (T) is given by

1 Vy(eolo)) — Voleo(to + 1, Tpye,
1y < L elelto)) = Voleollo £ 1))y o [ _Cocoter, (7.1.30)
n /\mm(Po ) )‘mzn(Pﬂ )

where

V,(colto + TR)) = €t (to + TR) Poeolto + 1) = 0-

Because the stability and finite-tiine reachability of the sliding-mode observers is shown and the

gain of thic output error injection term is determmmed, the estimation of faults and disturbaunces
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can proceed with the results determined in previous sections,

7.1.2 Reconstructed Fault and Estimated Disturbance

This subsection deseribes the analytical work of faults and disturbance reconstruction hased on

the resulls obtained in the previous sections

Corollary 7.1:  Considering the MG system/ observer in Equation (3.1.11) and Equation (4.1.1)
respectively. if the SMO gains are determined by solving the LMI optimization problem described
in Theorem 2. the translormed error system is defined by Equations (7.1.7) and (7.1.8), and il
(~) bemg the constant gain of output crror estimation term is constrained to satisfv (7.1.24) to
custre the stability of observers. i.e.,

A > T A ||

1D, + 1.

o’ —

T,

el ~
then sliding surface attained in reduced order gives the estimated sensor fault (f*)/ disturbance

(£*) to be:

Jr=BET ey,

&) BT T e

where g serves as a scaling constaut.

Proof: When observers enter the sliding mode. that is. the sliding surface is reached. the
condition in terms of the error surface ideally is ((Ve = 0): however. for the considered perturhed
and faulty sensor MG systems, the sliding mode/surface is reached only for the output error

ter (¢, == ¢, = 0) and not for the state estimation error term(e,). However, if there 1s no
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disturbance term, then (e, — 0:€, — 0) are also approached in [inite time.

€. = Avres — LEf — LDo& + [ (7.1.31)

0= Ayje, — TEf —TDE+ Ty (7.1.32)

From above Equation (7.1.32),

J= BT Ao = B DS+ ESIT Y (7.1.33)

Using the fault estimate equation (7.1.33) in the state error Equation (7.1.31), yields the reduced-

order state crror equation

(‘.s = (.i“ - 1/’[171/121)63 - ]4,1'~1’U", 0. (7131)

This DE necds to be solved linearly at every instant of time to be back-substituted in the fault
estimation Equation (7.1 33) to obtain a closer fault estimmate. As evident from Equation (7 1.3 1),
(he solution to DE also requures a run time evaluation of factor (¥.4). because the aforementioned
approach is necessary for disturbance estimation. Considering the terms in the fault estuuate
Fquation (7.1 33). because the state error term €. the fault cquation cannot be removed or
isolated by the transformation (77,) applied to the system (7.1.1), but its nagnitude becomes
insignilicant lor the considered MG application, whereas the disturbance term in the equation 1s
kuown to be an undesired and diverging term, the reconstructed fault should be approximated

cquivalently by (v) term only, which is based on the output estimation error (o) term, design
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matrices (£, 7). and gamma () parameter.

)

So from Equation (7.1.33) the reconstructed fault is

5= ESNT e (7.1.35)

The equivalent switched control in sliding mode is veq is

1)0(‘,0 .
g T YT T e 7.1.36
Vea = TVTBre 19 ( )

where the (erm 17, is meant to maintain the sliding motion in reduced-order motion in the

presence of disturbances and faults, and § is a constant control parameter for this purpose.

Rcmark' 7.1: () is coustant gain factor of discontinuous control term (i,) whercas (d)
15 1ts additional constant control parameter. The (¥,,) term controls the gradually mcreasing
reduced-order state error (e,) and the value of (1) being in a closed loop, which. if not controlled
properly, causes a rapidly increasing reduced-order state crror (¢ ) and hence the total divergence
of the whole process. It is empirically suggested that, for the considered MG application, the
reconstructed fault 1s

= 8L Yy, (7.1.37)

where 0 is a constant magnitude scaling parameter that is required to adjust the attenunation

achicved by stable filtering on the output crror term.

Because £, = D, = F;'D, = Idenlity, using Equation (7.1.37) in Equation (7.1.33), the
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estimated disturbance in the system is given by

The Simulink blocks performing computations of 1,
are shown in Figure 7 1, whereas the

are shown in Figure 7.2

SSTIMATION

f-f - BV e,

Simulink computation of estunated faults

(7.1.38)

Weq ¥ and Reduced-order error e, estimation

and disturbances

s

v

L ?} ‘b TL ‘L’ ‘L.

Gama (Online)

Reduced Order Error Estimation :

Figure 7.1: Computations of 9. 'cq ~

nymFC mean el
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Figure 7.2: Computations for fault and disturbance cstimations

Remark 7.2: The values of parameters (4, .3, ~) are considered in this paper ntuitively by hut

and trial, however setting the parameters sub-optimally can be addressed in future work, which

would also provide generic applicability of observer-based fault-tolerant approach for many other

applications with different {ault/disturbance magnitudes and sensitivity requirements.

Remark 7.3:  The presence of disturbances and faults results in the sliding motion 1s not
attained ina stiict sense: however the cfieet of disturbances and faults on fault estimation can

be minmmzed using (174 ) norm as presented in Theorem 2 which 1s ratio of Ly norms of residual
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(r(1) = ¢o(1)) and disturbance (€). 1espectively.

Remark 7.4: The state crror term (¢g) in the output error term and fault term in the state
orror term are undesired in terms of fault estimation. Although the transformation (77,) cannot
ideally achicve the desired elimination of undesired terms. it provides control through the gain

matrix (£). which s determined by the LMIs.

Remark 7.5:  Moreover the transformation (77,) reduces the eflect of state error part (€4)1)
estimated fault to quite negligible order m terms of magnitude for the considered system which

is almost zero in the case of micro-grids. The results were verified through simulations

Chapter Summary: The chapter presents asvmplotic Lvapunov stability and finite-time reach-
ability of fault-estimation SMO filter. In sliding mode. 1t attains the reduced order and estimates

the fanlts and disturbances by a modified rather corrected approach.
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CHAPTER 8: PART 1 VOLTAGE-FREQUENCY CONTROL ENITANCED WITIH
FACLT-TOLERANT CONTROL. PART 1I: PROCEDURAL ALGORITIIMS

8.1 FTC Approach/Working

I, The estimated faults by using SMOs are added/subtracted from the faulty scusor read-
megs and the corrected values are fed to the Pl-based control block. which is also working for
the common nicrogrid problems, 1e.. balancing the voltage and frequency sags. The accurate
fault estimation/reconstruction will provide the correction closest to the actual onc, which 1s
added/subtracted from the faulty sensor readings to get the actual one. So, fault tolerance
swely depends upon accurate fault estimation and the least fault estimation error in the results

and discussion section. The estimated fault is subtracted from the faulty sensors’ output vector.

Y, = Yo — E# f* — Dy # £, (8.1.1)

where f* is (he estimated fault and Yy, is the vector of faulty sensor outputs, and Y¢ is the
corrected sensor outputs vector  The complete working of the systemn and the proposed solution
is shown 1 the Simulink-based detailed block diagram in Figure 8 6.

Remark 8.1: The above cquation shows that the working and eflectiveness of fault tolerance
depends on acewrate fault estimation The accuracy of fault estimation can be observed in
the fault estimation ervors with fault estimation performed with various constramed SMOs.
The fault estimation crior graphs for voltage/curtents are given in figures in the results and
discussions seetion.

Remark 8.2: The innovative contribution of this work is not to cousider and solve the voltage
and [requency sags/droops occurring in the islanded/grid-connected microgrid, but instead, we

have considered the faults of CUT/P.T. which are rectified using, the SMNOs for fault. detection

"This chapter s part of the both papers (N [10]
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and estimation The estimated faults are given as corrections of the faulty sensor readings, and
m this way. the software-based sensor serves as a replacement sensor, a nd the corrected readings
are used by the control block to serve as a controller for voltage-frequency sags as well.

The corected sensor voltages/currents are given to the voltage-lrequency control block for proper

tracking of reference reactive and real powers.

8.2 [I’—w and Q —V Control Scheme

The control block mamly utilizes I control-based current/voltage controllers and uses droop
control and a PLL block to regulate real and complex power in relation to frequency and quadra-
ture voltage. respectively. In other words. it is said that the same P - f and Q — V control
mechanisms are enhanced as FTC by using observer-based fault estimates for the correction of
scensor outputs. The control block is not discussed m detail except for a briel continuation, as it
is taken from the work of [26], from which the model of the MG is considered in Section 312
All the system parameters and Pl constants are considered to be the same as those given mi the

aforementioned paper and detailed PhD thesis.

8.2.1 Droop Control

The voltage and frequency references for the standalone mode of operation of the microgrids
must be mternally generated ie .

W' =w, —mbPy, (8.2.1)

V= ‘/:u/u - ”Q(w (82 2)
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where P2, = 3,2« (Vg log + Voalod) and Q. = 3/2 « (Vo Toa™ = Vialoy)- Because the values

arve accepted diteetly from the grid and low-pass filtered output power is processed, the high-

frequeney enrrent. and voltage spikes must be neglected.

P g P = Q) where weprr = 7853.98 rad/s.

S w e Siw

W W V-V (823)

e
P - P Q1 — Q2

m =

The value of = = n = 1/1000 is used for the simulation, which can be varied for different grid
ratings and other applications. The simulink based block for computation of P.,Q0. is shown in

Figure R.1.

1y
l
b/
-

x |+ F
o1 )
. )
oa
|: : Y
Vim
ey
rd 3\
L= )
leg
="
—
l=a
-
I X >l
| N Py )
X »l- jnd
=. -

Figure 8.1: Computation of Reference Real and Apparent Powers in Islauced Mode
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8.2.2 PLL Block

The block computes the grid angle by using the phase-locked loop (PLL) at the instant that is

then used for all dg conversions, SVPWRI block, and other required computations.

Vg = wepLLVoa — werLLVods (8.2.4)
0=wpLr=10= /leLr,f/l (8 2.5)

For f =60 Hz = wpry = 377 rad/s and we prr, = 7853 98,
Ly = 377 — ky oy Vour — k,,J,/,// Vg dt. (8.2 6)

The values of constants and gains used in simulations are: ky, = 0.25,k, = 2, we = 377 rad/s.
The simulink based PLL block for computation of phase angle required as a reference for all

conversions m the system is shown in Figure 8.2,

f
» o M 2 S>— -
0 2 KiPLL o,
C1 * 1 Theta
» 025 . —¥ <

_ &PLL

Add KpPLL >
Vd Freq

377 % —()

wPLL

C2

Figure 8.2: Phasc Locked Loop [or deternunation of phase
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8.2.3 Voltage Controller

The P Lbased control equations managing integral-based control serve as a voltage controller and

generate the corresponding references of the dq components of the current.

Y = Rd /(U'PLL —wdl + kyeqliepr, w”) (8.2.7)
Ly = kg /(V:fq = Vog)ddt + kpug((Vog™ -- Vi) (8.28)
The values ol constants and gains used in simulations are: Ay = 0.25 8, = 0.25. k0 =

0.5. k,0y = 0.5, The simulink block for Pl-based voltage controller is shown in Figure & 3.

wPLL
w :3 { 0'5O> Q lid*

¥

Kpved
» L | —» 25
12
Vogq* Wavd
# + - -
Voq | >>—>©hiq
»>| - I
S1 Kpvg
1
- = - 25
e Kivq

Figurc 8.3: Pl-bascd voltage controller to compensate voltage and power sags

112



CHAPTER 8: PART [: VOLTAGE-FREQUENCY CONTROL ENHANCED WITH
FAULT-TOLERANT CONTROL. PART II: PROCEDURAL ALGORITIHMS

8.2.4 Current Controller

The block uses the desined current values generated by the above block and generates the cor-

responding voltage values.

Vo= —wplyig + Fieq / (1% - La)dt + kpea(v]y — Tha) (8.2.9)
Vi =~ Lpia + lc,,l,,/(i:‘d “nd)dU A ke (17, - ) (8.2.10)

I'he values of constants and gains used in simulations are wy, = 377. kg = 1. kpeg = 1, kg =

100, A,y = 100. The Simulink block for the Pl-based current controller is shown in Figure %. 1.

liq
CE—
Id
hd*
Id ':J
Add1
hg
lig®
.
M-
51 & Kicq
Iid J >

Figure 8.4: Pl-based current controller to compensate voltage and power sags

8.2.5 SVPWM Control

The SVPWM control uses a 10.000 Hz frequency for the considered MG operation. The desived

voltage values generated by current controllers ave transformed back to a three-phase voltage
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representation and provided to the SVPWM block, which manages the switching sequences
and times of mverter switches to generate the desired values of current and voltage by VSC.
These curtent/voltage values correspondingly manage the real power vs. frequency and complex
power vs. voltage sags. The converter model used was a detailed model provided in MATLADB

(Simulink) instead of the average model.

The complete PLL droop. and SVPWI-based control for compensating the current/voltage sags

for proper tracking of real and reactive powers is shown in Figure ».0.

114



CHAPTER 8: PART [: VOLTAGE-FREQUENCY CONTROL ENHANCED WITH
FAULT-TOLERANT CONTROL. PART II: PROCEDURAL ALGORITHMS

.
-,

—‘ N ! )

A =

=

s

anl

=

. =

“ (o)

R o

‘\ - =

=

e

=)

=

—

m

o

(el

|
o,
o

(- —

J 3
i .,
. ,
! , 3 VAEERN <
oo S \\ Aoa 'Q
/ '\ =,
L=
M
(o]
] <o
=
—
=0
L o
2 —
& b —
o . hd () aa]
S— .| L el
2 - byl
0
.
()
ar I
[ - -
X : =
no o
b oty
P 1 -
- [ " —
(1 A A
- L—|

1"‘—71—_
o
4T0IETH

a0 -
w [P
n .
o V| em wo | G B o
el A i had LK) all « 4
" bl LA : ralrw —
nl o] n| e -
[+ 30 4 -

%1
3
Wl

H
L

L=
“e

oo

M

—
()

j0u0)
A 10} s1ndino
J0SUAS Pa)I8lie)

Figure 8.5: Pl-based current controller to compensate voltage and power sags (Flow from bot-
tom to top 115



CHAPTER 8 PART I: VOLTAGE-FREQUENCY CoONTROL ENHANCED WITH
FAauLr-TOLERANT CONTROL. PART 1I: PROCEDURAL ALGORITIIMS

83 Part IT: Simulink Based Complete Procedural Block

Diagram and Algorithms

A detailed Simubmk-based simulation chagram is given m Figure » 6. From the top right. the
block named ‘Microgrid System 1s the wired microgrid system, as shown in Figure 3.1 in Chapter
3 The inverter and grid input voltages are given to the system by this block. The second
block, named the Voltage Frequency Control’ block. manages the voltage/frequency sags of
corrected voltage/current signals. The third block, named "Fault/Disturbance Injection in sensor
Outputs’. mjects the faults and disturbances according to the fault model i Equation (3.1.1)
in a block named “Simulink Based System Model’ (which is mentioned in Equations (3.1.6)
and (3.1.7) as well as m a block named “Augmented System Model and Stable Filtering” (as
done in Equations (3.1.10) or (3.1.11). The faulty svstem outputs are given to the blocks
named T Block/State and Output Estimation SMO™ (defined by Equation (1.1.1)) and "Trror
(State/Output) Estimation SMO' (as defined in (1.1.7)). These outputs are given to the block
named “Reduced Order state Firor”, which computes the value of ~ gain. values of the switched
signal in notmal and sliding mode (i.e., ¥, ¥Peq), and reduced order state estimation error
(e,) (which are the parameters required by the equations 7.1.21.7 1.36, while these computed
values are also given back to "FD Block™ and 'Error Estimation SMO’ particularly required
by switeh gain term of SMOs.  these values are then provided to a block named "Estimated
Faults/Distmbances Computation” to compute the faults/distuwrbances (unknown mputs). The
last block, named Data Acquisition’, performs data acquisition of all required data to be logged

o1 provided to m-files 1equired for plotting the reguired results. The gains are not updated on
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the run time since that requires GPU based systems. However, the system can casily incorporate
the run-time computation of gains. The SMOs and other blocks are using the optimized coustant

vains computed by Matlab m-files using LNMIs’ convex optimization toolbox commands.
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8.3.1 Algorithm [: Procedure Algorithm Based on Paper [8]

[

The complete procedure for the proposed observer-based FTC approach in [8] is explained in
Algorithm L

Inputs w, u, &, f

*

Outputs Matrices P0Gy Gon Jew sy Tos €27, Wog &5 ] 0o You Ca

wlnle (Simulation Time)

START

1: Lincarized svstem model in Equation (3.1.2) is d-q-0 transformed using Equation (3.1.3):

2: Acquisition of grd/converter voltages (. w) from microgrid in Figure 2 arc given to system
model (s = Acro + Bav + 13,uw). Equation (3.1.6)

3: Sensor/CT/P.T faults/disturbances (f(1) = fo * sin{wil 4 ¢1)), (€ * sin(wal + @2)) are
generated to be added in systenr output (y, = Core + EJ + DE). Equation (3.1.7)

4: Faulty system output is stable filtered using (7 = Anye — Anrr) Equation (3.1.8);

5: Augment svstem states with stable filtered outputs, Equations (3.1.10) and (3.1.11);

6: Determine the SMO gains (. () using convex (feasibility and trace minimization) opti-

mization performed on svstem parameters according to methods explamed in Theorems 5 1 and

[ |
[ ]

« i) Perform convex feasibility optimization on the LMI constrained with Lyapunov stability
piven m Equation (5.1.26) (to be used for trace optimzation), i1) Lyapunov stability and /1,
constrained LM - Equation (5.1.36) (to be feasibility optimized). and iii) Rrcatr cquation-
based modification of 1. coustrained LMI in Equation (5.1.11) (to be feasibility optimized), to

find the respective optimat gains G5, Gy, »
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7: Augmented system state is given to state estimator (SNO) (£, = Ax,+ B+ Goeo+Gr),
Equation-(4.1 1):

8: Dilference beltween system and observer states/outputs (cq = € = Ty — r.) as defined in
Fquation (4.1.2) gives Auginented state estimation error;

9: Augmented systen state is given Lo state error estimator SMO (¢ = (A - G,Ce — E f -
D&+ G, Equation (4.1.7) or (4.1.8):

10: Stable fltered output estimation crror (e, = y, — y) in Lquation (4.1.4) is fed to state

estinator SMO m step 6 and the state error estimator SMO in step 9 to attain the sliding mode;

11: Determine the gains (v > ||[TAzi|lle, )| = ITE o’ = [ITD,]|&) and the swtable value of
Delta, Equation (7 1.2.1):

2. stoermine P — % : 1 D afi ‘
12: Deterniine the gam 1, = VI, aTiEE As in Equation (7.1.36).

13: Determine the gain reduced order state error e,)) by Siinulink based numerical solution of
(¢y = (Ay - LT YAsp)e, — LT, as in Equation (7.1.34);

14: Compute the estimated fault by (f* = dE 1T~ e, ,). Equation (7.1.37) 15: Compute
the estimated disturbance (unknown input) by (€ = f — f* — 7' 7" Ay e, ), Equation (7.1.38):
16: The erroneous sensor outputs are corrected using estimated faults/disturbances i.e. (Y, =
Y, = Ky xf* = D,x€%). Equation (8.1.1)

17: The corrected sensor output values are fed to Pl/ Droop-based voltage/current /complex
power/real power control block, Figure 3;

18: Repeat Step 6 and on-wards for the feasibility optimization of 114, constrained LMI in Equa-
tion (5.1.36) and the Ricatti equation based modification of 11, constramned LMI in Equation

(5.1.41).
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END (while)

8.3.2  Algorithm II: Procedure Algorithm Based on Paper IT [10]

The procedure for complete observer based FTC approach proposed in [10] is given in Algorithm

Inputs u, w, f, €

Ontputs: Matrix P, Gains (Gy, Gry ). s, Y,y Toy Yoo €. €0, 7 Veq. €4, [ &"

while (For the given Time of simulation/process)

START:

1: -g-0 transform the linecarized system model Equation (3.1.2) by Equation (3.1.3).

2: Take converter/grid voltages (u, w) from Simulink hard wired microgrid model in Figure 2:
3: Geuerate the faults and disturbances to be added (representing) sensor/C.T/P.T faults:

4: Give voltages (u. w) as inputs to the Simulink-based mathematical model of a microgrid, m
Equation (3 1.6).

5: Add faults/disturbances (f. €) to the output cquation of the system represented by 1qua-
tion (3.1.7);

6: Pass the faulty system output in Equation (3.1.7) from a stable filter defined in Equa-
tons (3.1.8) and (3 1.9) to reduce the magnified effect of faults and disturbances;

7: Augment the system states with stable filtered output, as done in Equations (3.1.10) and
(3111).

8: Pass the augmented system state from state/output estimator SMO in Equation (4.1.1):

9: Determine the augmented (state/stable filtered output) estimation error by taking the dif-
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ference between syvstem and observer states/outputs as defined in Equation (4.1.2):

10: Use /- constraint mentioned in Equation (6.1 13} (3 paramcter is worst case/ mmimal
fault in Equation (6.1.12)) in ILJIE in Equation (6.1.15) (to fulfill the saddle point requirement.);
< I constraint in parallel is given hy Equation (6.1.2). the worst case disturbance upper bound
m Equation (6.1.1), and the respective HIIE in Equation (6.1.4)>:

11: Determine the constrained LMIs from the above equation in vector form as defined in (11)
for 17— and Equation (32) for [/«

12: Convex feasibility and optimize the constrained LMI given in Equation (6 1.22) (for /-
constraint) and Equation (6.1.11) (for /. constraint) using the function ‘feasp” in the appendix

m Section A1 to find the optimal gain (7} as defined in the Theorem 6.1 statement, and switch

-
m

ternn gain 77, as defined in Lemma 1; <Gains are determined from Lyapunov P or Q matrices
. using Lemma (1) and given in detail in [3] >:

13: Use the same SMO gains in state/output estimator SMO in step 8:

14: Determine the state estimation crror as determined in Equation (4.1.2),

15: Give stable filtered output estimation error part of the total error vector (e). ic., (e,) in
Squations (4.1.1) and (4.1.5) to state/output estimator SMO m step 8 and the state ervor esti-
mator SMO m Bquations (1.1.7) and (1.1.8) to attain the shding mode;

16: If (the sliding mode is attained in Equations (4.1.7) or (4 1.8)), Feed the state estimation
error to the reduced order state estunation error, explamed in Lenima 7 (details in [¥]):

17: Determine the gains (5 (defined in Lemma 7). Weq, reduced order state crror e,)) (details

wm [3)).

18: Compute the estimated fault as done in Iguation (7.1.37) and the disturbance as in Iqua-
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tion (7.1 38):

19: Use the estimated faults and correct the faulty sensor readings by adding/ subtracting {rom

i, as done m Bquation (8.1.1).

20: Feed the corrected sensor output values to P1and Droop-based current/volta,ge/rcal power/corplex
power control as show in {he detailed Simulink-based block diagram with detals in the ¥FTC
soction of [A],

21: Repeat Step 10 onward for the [T~ coustraint in (6.1.2) and the compromised /T — /1T~
constraints

END (of while loop)

Summary: The chapter has 2 parts. The first part discusses the fault-tolerant control approach
Leing used and additionally, the conventional voltage-lrequency control for the VSI-based mu-
crogrid. The Simulink-hased detailed control block diagram illustrates graphically the working.
The second part of the chapter gives the simulink-basced complete procedural block diagram
with the explanation of cach block and algonthms mentioning sequential execution of each step

performed for the research tasks executed in papers [3], [10]
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CHAPTER 9

Results and Discussions

According to the literature [2, 33, 3%, the most commonly occurring faults in sensors are im-
pulsive (incipient). occmrmg at regular mtervals (intermittent), linearly increasing, constant
meastement. error, and random faults.  However, for current and potential transformers m
saturation. the faults occurring are mainly sinusoidal magnitucle, phase, and harmonic faults.
The simulations are performed lor state/output estimation. stable filtered state/output estima-
Lon. stale estimation error. stable filtered output estimation error, state estimation filter crron.
reduced order state estimation crror, disturbance estimation. fault reconstruction, and fault tol-
crant control (FTC) performance. All these are performed for six fault cases: constant, ramp.
sawtooth. square sinusoidal. and random types of additive faults along with additive sinusoidal
distwt hances of the fivst, second. and third harmonics. The same types of taults are considered
for both voltage and current sensors siinultancously with sinusoidal additive disturbances of dif-
ferent and same {requencies; however, the proposed FD and FTC mechanisms are quite robust

against the cross options as well. To avoid unnecessary details and length of paper, the reduced
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order errors and stable filtered states/outputs are not given for any casc. whereas the FTC per-
formance 18 o1ven for worst-case sinusordal faults (among, the considered ones) I'he behavior
of the system and the results for all simulations were consistent, and no statistical analysis was

required for a deterministic system and simulation platform.

After detailed testing of the systeni. the results are quite good m terms of accuracy, except for
the fault and disturbance signals in the near frequency range of 60°, which produced scaled
cwrrent. fault estimation in some cases and delayed current fault estimation results m some
cases: however, the voltage faults are accurately estimated in all cases. Morcover, there is an
ocemrence of time delay problem, which needs discrete time compensation for the phase. Some
fault estimation eriors and less accurate FTC performance of current is due to the very reason.

However the problem is not corrected here, instead will be considered for future works.

A Sunulink-based detaed three-phased inverter model was considered in the simulation. The
grid/ DC source voltage both operate at 600 V. the phase of the grid voltage is used for PLL block
and all abe-dq ransformations: SVPWRL operates at a frequency of 10,000 Hz with samphng
time of 0 0001s. The discontinuities are caused by greater sampling times, which can be reduced
Lo improve accuracy at the cost of lesser ability of online working due to the increased response
time  Because the continuous tune simulations move at very low speeds, wlhich are not viable
lor real-time online performance; therefore, fixed-step solvers are used for simulation in Simulink
(MATLAB) with single task handling to avoid complexitics with very minor compromises on
accuracy.

The microgrid svstem model parameters are histed in Table 9.1, and the controller parameters

are listed i Table & 2.
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Parameter

v/i Is

]Jfl

Lrl

We

‘/oqn

{)qrzd

LL:i

R(]ii

rr3

We PLL

Table 9.1: Microgrid system parameters.

Value

600 V

4.20 mIl

0.50 mH

2.025 Q

0.50 Q

0.09 Q

50.26 rad/s

85V

60°

0.50 mIl

2.025

0.09 2

7853.98 rad/s

Parameter

m.,n

Cy3

7'_/‘3

wWpLL

Value

600 V

4.20 mH

0.50 mH

2.025 Q

0.50 Q

0.09 Q

377 rad/s

1/1000

4.20 mH

377 rad/s
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Table 9.2: Controller gains/parameters.

Pl Gains Parameter Value
Voltage Kpuds Fpug 0.5

Controllers kyud, Kivg 25
Current kpeds Kpeq 1

Controllers koeds Mg 100

PLL kpprL 0.25

Controller kipri 2

9.1 Results for Proposed Work in Chapter 5 (8]

For the proposed work in Chapter 5. regarding some other simulation constants, since the residual
magnitude if considered peak to peak is 0.2 for the (dq) currents/voltages for the considered time

(mazx(€)| = 6.32: so the [T norm p in this case has the numerical

ol simulation: whereas the
value 0.01. The value of 7 is a small positive constant considered 1 = 10 to ensure the constraint
m inequality (90). whereas the upper bounds for the current and voltage are o = LA/LO0V,
respectively. However, for the worst cases and increased magnitudes, it is considered up to 10
A/100 V for 1/V, whereas the upper bounds of € arc normally considered as 0.2 A/2 V for 1/V,

and for the worst case with increased magnitudes in simulations 3 A/10 V for 1/V.

127



CHAPTER O: RESULTS AND DISCUSSIONS
9.1.1 Casc 1-Sinusoidal Faults and Disturbances/Worst Casc Scenarlo

(Among the Considered Onces)

For the proposed work in Chapter 5, the simulations were performed for randomly considered dif-
ferent fre(’lnoncios and phases for both faults and disturbances and uite high fault/disturbance
magnitudes. and they provided quite good performance. The voltage and current fault magni-
(udes are 100 V and 10 A, the frequencies are 120 Hz and 180 Hz, and the phases are 75° and
240°, respeclively. whereas the disturbance magnitudes are 10 V and 3 A, the frequencies arc

75 11z and 300 Hz, and the phases are 45° and 310°. respectively.

The results arc shown for the state/output estimation in Figures 9.1, 9.2. 9.3, the state/output
cstimation errors in Figures 0.4, which are performed with modified 17 constrained SMO gains
only. The results in Figure 95 present voltage fault reconstruction, whereas the current fault
reconstruction is presented in Figure 9.6, voltage fault estimation crror in Figure 9.7, current fault
estimation crror in Figure 9 8, current disturbance estimation in Figure 9 9, FTC performance
for ¢-component of output current in Figure 9.10, FTC performance for d-component of output
vollage 1 Pigure .11 and current and voltage faults reconstruction for ramp/linearly increasing

faults in Figure 9.12.

The above-mentioned results are compared for SMO gains which optimized for Trace mnini-
mization algorithn proposed by Fdwards in [57], feasibility optimization of H-infinity enhanced
SMO. and Riceatti equation based modification of H-infinity enhanced teasibility optimized
vains. Vollage laull reconstruction has a deformation of the lesser grade; however, the current.
fault reconstruction and fault estimation error increascs due to time delay issue. which can be

dealt, with separately in future works.
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An important Remark on Results: The trace minimization of Ricatti-cquation-based
modification of /I..-enhanced LA may not be feasible for some forms of LMIs; however the
{oasitnlity optimization of the LMI works well nearly in all cases. The minimization of the
Liace 18 a linear objective for convex optiization, which can work well on some forms of LMIs
or some systets depeuding upon its paranieters. However, the trace mimmization of Ricatti
oqnation—’l)asml modification of LMIs not enhanced with Fl criterion presented by Edwards
m |57] also works well nearly in all cases, but it does not give the accuracy of results in the
considercd microgrid system, which is mncluded in comparisons.  This particular aspect still
requires much rigorous testing to comment 0 a more deterministic way The feasibility optinized
I1.o-cnhanced-LMIs also have a phase lag effect, particularly in the current signal, which nceds

to be compensated, but compensation of phase is not considered in this study.

Pigures 9.1, 9.2, 9 3 are showing the state/output estimation using SMO gains determined by the
proposed Riceati cquation-based modification of I cnhanced gains. Tustead of all states, the
state estimation performance results are given for the estimation of input current (d-component),
output current (d-component), lod. and output voltage Jg-component). The results are appar-
ently quite close m terms of estimation except for some scaling which can be adjusted further

as well.
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Figure 9.1: Fault diagnostic obscrver based input current estimation (d-cotponent)
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Figure 9.2: Fault diagnostic obscrver-based output current estimation (d-component).
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Output Voltage Estimation {g-Component)
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Figure 9.3: Fault diagnosticobserver-basedd state output voltage estimation (q-component).

Figure 9 1 is showing the state/output estimation ciror using the modified method of determi-
nation of SMO gains. The state estimation error can be considered as a performance index for
the working of state/output estimator SMO. which also acts as a [ault detection filter. In the
fault magnitude of 10 A/100 V, the index stays within a controlled range effectively 1 V/0.5 A,

with a negligibly small mean value.
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Figure 9.4: Fault diagnostic ohserver-based state estimation crror (dg-compouents).

Figures 975 and 4 6 show the voltage and current fanlts estination/reconstruction using SMOs
using the gaius optimized with Trace optimization, feasibility optunization of H constrained
LAs. and trace/feasibility optimization ol Ricatti cquation based modification of [, con-
stiamed LAIs. The results of the latter two as given in the proposed technicque in Theorem 2
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are quite better in terms ol accuracy ol reconstruction.

M Constramed Feasiblty Optimized, Notified Hnf Constrained Feasibiy Optimized SHO Gaing

Reconstructed Vollage Fault {dg) with Trace Minimized,
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Figure 9.5: Voltage (dq) fault reconstruction.
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Figure 9.6: Current (dq) fault reconstruction.

Fioures 0.7 and 9 & show voltage and current fault estimation errors, which can be considered
as the performance index of working of fault estimations and ultimately the FTC, whose accu-
tacy depends  The results are compared for voltage/current fault estimations performed with
SMOs using the gamns optimized with Trace optimization, feasibility optimization of [l con-
strained LATTs. and traceyfeasibility oplimization of Ricatti equation-based modification of H
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coustrain

od LMIs. The results of the latter two arc nearly comparable.
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Figure 9.7: Voltage (dq) fault estimation ervor.
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Current Fault Estimation Ertor with Hnf Constramed Feasibility Oplimized. Modified H-inf Constramed Feasibility Optimized and Trace Munmized SMO Gains
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Figure 9.8: Current (dq) fault estimation ervor.
Frgure 9 91s showing the current disturbances estimation/reconstruction using SMO using gains

with the above thice methods to lead towards a comparison analysis with the proposed work.

The results for all three methods are compromise and no one method can apparently be

said to be better than the others. This accuracy is achioved due to the modified and corrected

disturbance estimation procedure mentioned m Corollary 1
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Figure 9.9: Current (dq) disturbance estimation.

Figures 9.10 and 9.11 give the FTC analysis shown for q-components of output voltage The
faulty ¢-components arc corrected by SM observer-based fault estimation. The fault cstimmate
aud correction using the above-mentioned techniques of SMO is taken as a comparison because
the aceuracy of fault/disturbance estimation ensures refiable FTC working. The 11C achieved

through the proposed G\O observer is better as shown by the graphical result.
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FTC for log with Trace Minumzed, H-infinty Contramed Feasibibly Optimized, Modified Hrnfinty Constrained feasibiity Optimized SMO Gains
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Figure 9.10: FTC performance for q-component of output current
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FTC for Vod Trace Optimized, H-afinty Conlramed Feasibity Optimized and Modified H-nfiniy Constrained Feastbilty Optimized SMO Gains
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Figure 9.11: FTC performance for d-component of output voltage.

9.1.2 Case II-Ramp Faults and Sinusoidal Disturbances

Simulations are performed i this case for current/voltage injected linearly mcreasing faults with
grachents 4 and 1. respeetively. and {hird-harmonic sinusoidal disturbanee, that is, 180 Hz for

both V/I The results for current /voltage fault reconstruction m Figure 9.12 are give.
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Figure 9.12: Cunent (dq) and voltage (dq) fault reconstruetion (ramp fault/Case-11).
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The simulations are also performed for detection and estimation of square/rectangular pulse
(intermittent faults) m Figure 9,13, constant faults in Figure 9.1 1, saw-tooth faults Figure 9 15
and 1andom pattern-based faults Figure 9 16 using the /1 enhanced trace optimized fanlt

detectionfestimation SNMO observers. These graphical results of estinated/reconstructed faults

are given below,
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Figure 9.14: Current (dq) and voltage (dq) fault reconstruction (Constant fault/Case-IV)
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The FLC perfotmance results are shown for magnificd sinusoidal faults/dist urbances of frequency
60 Hz in Al’iguro 9.17. for magnified sinusoidal faults and disturbances of frequency 180 Hz in
Figure 9.1%, for magnified sinusoidal faults and disturbances of frequencies 120 Iz and 180
Hz respectively m Figure 9 19 using /1 enhanced trace optimized fault detection/estimation
SA[O0s. The FTC results comprise simulations, which give a comparison of (i) non-faulty sensor
outputs, (1) uncorrected sensor output values mn feedback (UC-FB), that is, the sensor outputs
withioul being corrected by observer-based estimated faults given to the FTC block, (iii) FTC
applied on corrected output values in feedback (C-FB), that is, the sensor outputs corrected by
ul)sm'\'vr—l‘mso(l estimated faults and then given to the FTC block. and (iv) the observer-based
fault-corrocted sensor output values bemg given to the FTC block. separately for the d and q

components of canrents and voltages.
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9.9 TResults for Proposed Work in Chapter 6 [10]

Now considering the proposed work From the Sccond Paper, Regarding some other simulation
constants. for the considered time of simulation, as an estimate using the minimum/maxmmum

valios of fanl(s, disturbances, and stable Giltered ontput error. the [l constant a = 3.76x1077

and 11— constant ,3 = -4 % 10~

The value of 1 is a small positive constant considered 77 = 10 to ensure the constraint in meguality
(7.1.21), whereas the upper bounds for cwrrent and voltage is considered up to fo == 104 J100V"

for 1/V. 1espectively: whercas the upper bounds of £, are 3A/10V for I/V.

Figure 9.20 shows the reconstruction of voltage fault compared using SMO with gains optimized
with fault sensitivity parameter (1), robustness to disturbance parameter (/). and a mixed
(I —/11~). The voltage fault reconstruction using (If ) and (H — /1. ) are similar and nearly
accurato. whereas that with (I ) is thought to be accurate but lagged with a phase of @ radian.
The constant multiple Sy used in Equation (47) for voltage fault reconstruction for (1), (1)
and (11 — /1) are b X 103,05 x 10" and 7 x 10, respectively. The multiples are required
to compensate for the stable filtering scaling effect in oulput. error ferm €, and are in direct

relation with multiple of Lucnberger gain G, used m SMO.
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Figure 9.20: Reconstucted voltage fault (dq) with feasibility optimized (H—) and H—~/H«
SMO pains.

Figure 9 21 shows the reconstruction of the current fault compared using SMO with gains opti-

mized with fault sensitivity parameter (11--), robustess to disturbance parameter (/). and a

mixed (I - /). The current fault reconstruction using (17-) 15 nearly accurate while using
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(Il - [/ H. is relatively accurate one-hall eycle and inaccurate another half cycle, whereas
the result with (/1) is thought to be accurate but lagged with a phase of 7 radian, which
can be conected usig the phase compensation of 7 radian. The constant multiple Sy used in
Equation (51) for current fault reconstruction for (F ). (1) and (JT — JH ) arce 2.5 % 10°.

14-0.43 x 10 and 1 +3 x 101, respectively.
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Figure 9.21: Reconstructed curreit fault (dg) with feasitnlity optumized H — and [T - /i~
SAMO gawns.

Figure 9 22 shows voltage fault estimation errors compared using SAO with gains optinzed

with fault sensitivity parametel (I1-). robustness to disturbance parameter (1), and a mixed

(- /Hx). The erior is harmouic sinusoidal variation, which apptoaches the peak value of
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nearly 200V for a very small instance of time using (/I—) and (/I = /I, being quite similar,
whereas that with (/1) 18 neatly a pure sinusoidal variation of 60 Hz that approaches the peak
value of 175 V due to phase lag of the 7 radian.

Figure 9.23 shows curvent fault estimation errors compared using SMO with gains optinuzed with
(ault sensitivity parameter (71 ) and robustness to disturbance parameter (71 ). However, for
/1« and mixed (1 - /11 ) parameters, the peaks approach 20 A and 11 A, respectively, which is
relatively lgher and impractical. The error could be 1educed to mimmal if phase compensation
of 7 radian is used m the estimated faults.

Pigure 9 24 shows state estimation crrors compared using SMO with gains optimized with ro-
bustiess to disturbance parameter ([). The state estimation error is a sinusoidal variation
with line frequency with the peak magnitudes of V4 and 1o 4 being 0.006V" and 0.00015A.

respectively.
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Figure 9 20 shows state estimation criors compared using SMO with gains optimized with robust-
noss 1o hsturbance parameter (17 -- /1), The state estimation error is a sinusoicdal variation
with line frequencey with the peak magmtudes of V,,q aud I, 4 bemg 0.1 = 0. 117 and 0.025A4,
respectively.

Figure 9.27 shows the FTC performance for the d-component of sensor output current {(14)
compared using SNO with gains optimized with fault sensitivity parameter (I1-). robustness
to disturbance parameter (/1) and a mxed (H — /%) with non-faulty actual /. The results
with (I/—) ae best among the other two. the mixed problem (/1 — /1) also stays relatively
closer, whereas the results with (/1) are more faulty.

Figure 9.2%8 shows FTC performance for q-component of sensor output current (I,) compared
using SMO with gains optimized with fault sensitivity parameter (/7--), robustness (o distur-
hance parameter (/75 ). and a mixed (I — /H-~) with non-faulty actual ;. The results with
(I1 ) arc best among the other two, the mixed problem (/T — /11 ) also stays relatively closer,

whereas the results with (/14,) ave more faulty.
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Figure 9.25: State estimation errors with feasibility optimized H - SMO gains.
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FIC for Voq with H-, Hanf and HoHenf Constraned Feasibilty Optinized SO Gains
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Figure 9.28: FTC for fog comparced with feasibility optimized H— and H — /1 SMO gains.

Figure 9 29 shows the FTC performance for the d-component of sensor output voltage (Vi)
compared using SNMO with gains optimzed with fault sensitivity parancter (/1 =), robustness
to disturbance parameter () and a mixed (1T -- /14,) with non-faulty actual V5. The results

with all three are comparable and not much differing w.r.t cach other.
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Figure 9.29: FTC for Vod compared with feasibility optimized - and H — /1 SMO gains

Figure 4.31) shows the FTC performance for the q-component of sensor output voltage (V)
compared using SMO with gains optimized with fault sensitivity parameter (I1-), robustness
{0 disturbance parameter (Hoo), and a mixed (I — /Hq) with non-faulty actual 15, The results

with all three are comparable and not very differentiating from each other.
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Figure 9.30: FTC for Voq compared with feasibility optimized // — and H — /H~ SMO gains

Summary: The chapter gives a detailed explanation of the physical state of the system, 1ts
parameters, and operating conditions along with the results and discussions on the results of
both the published papers in separate scetious. The distinet parameters and operating conditions
ate given in the respective sections. The results are mcluded for state/output, f{aults. and
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also including the FTC performance

isturbances estunations for various scenarios, meanwhile

of the proposed schemes.
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CHAPTER 10

Conclusions and Future

Directions

10.1 Conclusions

1. The study uses SMO theory for detection, isolation. estimation, and correction of faulls
as a scheme of fault-tolerant control, for faults occurring in sensors (current/potential
transformers) mounted on microgrid, by using aVSI-hased microgrid model.

2. The work is generally applicable for a wide range of sensor/actuator faults and svstems.
The estimation and correction of faults using SMOs is like providing software based sensors
(transformers) replacing the real ones at the time of occurrence of faults.

3 The satwation faults of current/potential translormers {which are mounted on LCL filters
are specifically considered, along with the genceral applicability mentioned above.

I The SMO-based estimated faults are used to correct the faulty readings of the d¢-currents/ voltages,
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ot

10.

to be supplied to Pl-based conventional voltage-frequency control block, to determine the
aclual instantancous values of reactive and real powcers, and hence providing the correct
SVPWAI pulses provided to VSI. The gains of SMOs are determined usimg convex opti-

mization of Lvapunov stability ensured LMIs.

The comparison of ordinary voltage-frequency control without the proposed SMO-observer-
based corrective mechanisin is also shown. The state and faull estimation errors are

considered as indices to show the effectiveness of the proposcd method.

The comparisons for results produced with SMO gains determined by proposed technique
to those determined by earlier/base works [3], [4]. Tan [5] used in this study, are also

presented, which shows the improvements.

The finite-time reachability ol detection/estimation SMOs are also presented to show the

real-time applicability of the study in VSI-based microgrids.

The work sums up various previous works along with modifications in fault estimation and
LI oplimization algorithm for determination of SMO gains. The method is transformable
to provide fault detection/estunation/tolerance in various tvpes of systems by selecting

the suttable parameters.

Further. the VSI-based microgrid model is also used as an application to apply the en-
hanced (in robustuess or sensitivity to fault) sliding-mode observer for fault diagnosis aud

fault-tolerant control.

IT. and If - parameters of 1obust control similar in nature to the game theoretic saddle
pomts are used to derive the inequality version of HITE, which 1s in terms of the Lyapunov

function, faults. or disturbances. and the output error estimation vector as variables. The
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11

ILIE in mequality form not only proves the stability of observers but also gives the LMIs,
which are convex optimized, to find the (/1 and H —) constrained SMO gains providing
the optimal /sub-optimal values of SMO gains (G5, G, [, €%), as mentioned in the pair
of saddle points, 1e., (Go*,f*) and (G*, £7). The sliding-mode observer using the above

gains in terms of the error vector is used to estimate the faults and disturbances:

The main results computed are estimations of current/voltage faults of sensors (CT/P.T),
current./voltage fault estimation errors, and fault tolerance performance by the control
block, which is provided by the corrections performed accordmmg to the faults estimated
by SMOs, which are (i) robust to disturbance, (ii) sensitive to faults, and (1i) both the
criteria used together Morcover, all of the above-mentioned results are given and com-
pared for SMOs with the above three constraints. The gain optimization is accordingly
done in Theorems 6.1—6.3, which is the main contribution of this rescarch along with
the applicalnlity to composite faults (phase. magnitude, harmonics) occurring n sensors

(C.T/P.T) mounted on LCL filters on the inverter outputs

10.2 Proposed Works for Future Directions

The design issue of an active fault tolerant controller for an islanded-AC MG inverter sys-

tom can be studied with a view to the sensor drift fault. The controller should be capable

ol offectively suppressing external disturbances using finite energy. For a standalone AC

MG inverter system with an external finite energy disturbance, a closed-loop system state

space model can be created. The estimated value of the sensor fault and the system state

variable can be acquired simultaneously through the suggested extended observer by using
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the knowledge about the sensor fault occurring in the system as an auxiliary state vector.
The concept of fault compensation can be used (o create a fault-tolerant controller  Fi-
nallv. MATLAB simulation programming can be used to conlirn the accuracy and efficacy

ol this strategy.

One of the key challenges the energy sector is currently facing is mecting the increased
demand for cleetricity in a safe, sccure, and ecologically fricndly manner. For a very
long time, utility companies used fossil fuels includig coal, oil, and natural gas as their
main sources of energy generation. The disadvantages of these conventional energy sources
include harmful environmental repercussions, a lack of resources, and frequent outages. To
diversify their energy supplics and promote environmental awareness, governments [rom
all over the world are currently investing in renewable energy technology. particularly wind
(urbines and solar photovoltaic arrays. Small-scale power plants that can only produce
a few megawatts ol clectricity typically use renewable cnergy sources. It is simpler to
incorporate these resources into the existing power systern, thanks to the MG idea. An
MG is a group of interconnected loads and distributed energy resources that may operate in
atther 1slanded mode or grid-connected mode and serve as a single, controllable entity. Two
of the kev cnabling technologies for guarantecing the trustworthy and cfficient operation of
such a complex MG system may be fault-tolerant control and advanced health monitoring
and diagnosis. Rescarch is particularly advised to be conducted on novel fault detection
and diagnosis. fault-tolerant control methods, and applications to MGs that use renewable
encrgy sources. The schemes and methods can be tested through a series of simulations on

a sophisticated and well-designed MG benchmark in the MATLAB/Simulink environment.
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3.

For the energy management of renewable MGs. a fault-tolerant control and mitigation
technique is conceivable. The system may consist of a Model Predictive Control (MPC)
algorithm based on a Linear Parameter Varying (LPV) model for the MG encrgy dispatech
While employing fault diagnosis information to precisely plan the MG model, the MPC
may modify the process limitations to the level and position of faults. A closed-loop
st,al’)ilil.y can be cnsured by using casy quadratic terminal ingredients and solutions that

can solve linear matrix inequality Nonlinear simulation data for a genume MG benchmark

may be given to demonstrate the method’s effectivencess.

Fuure studies can coneentrate on fault-tolerant control and large power systems (LPS)
prone to sensor failure (FTC). The fact that the faults are hidden from the controller allows
it to operate in the defective system loop. The controller can assume faults that contradict
4 subsvstem’s observability, therefore it cannot rely on specific subsysteis that are broken
whon estimating states. He can use a cutting-cdge method for the control of these faults
that lead to the unobservability of subsystems. The approach recommends swapping out
troublesome subsystems for other subsystems until a new subsystem is achieved that can
be seen. The best subsystems among the candidates can then be selected, and a thorough
method for TC of LPS can be provided using GRAMMIAN definition and structural
analvsis tools  The proposed methodology can be applied to the IEEE 14-bus test casc.
and nonlinear mteractions can be considered. Simulation results can show that the given

technique operates as predicted.

. An innovative FTC technique for an AC/DC pulse-width modulation (PWNM) converter

operating m an MG framework may be described in the next work. A distributed rencwable
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~I

energy somce, such as a wind farm. solar photovoltaic (PV) farm, or bhattery energy
storage, can be viewed of as an MG, which is a collection of interconnected loads. It
is possible to design the AC/DC PWM converter’s control svstem to withstand the fault
effeets that problems with the solar systemn’s power loss can cause. A passive fault tolerant
control technique based on model predictive control can be utilized to demonstrate how
offective it is using an advanced MG benchmark model built in the MATLAB/Simulink

environment.

FFuture rescarch may concentrate on developing an FTC system using the nonlincar state-
dependent. RICCATT equation (SDRE) method. The proposed mechanism can be comn-
posed of a master controller, an observer-based fault detection and isolation svstem, and
three emergeney controllers, all developed using SDRE methodology. In typical operating
conditions. the master controller can be designed to return the DC MG back to the desned
equilibrium point as a suboptimal nonlinear regulator. On the other hand, an SDRE ob-
server can be used to create a uniform architecture for fault isolation and detection in the
DC. MG, Tu the event of an unanticipated malfunction, the suggested method can actually
solate the problematic DG, at which time the cmergency controllers can be turned on
right away to stabilize the MG. The simulation’s outcomes nnght demonstrate that the

offered technique is successful in meeting the control goals and MG internet sccurity.

Wind turbines frequently function as distinct systems and make control decisions in dis-
persed applications. They often manage internal problems with little concern for the rest
ol the power system while operating at thew peak power output. Despite the fact that

fault detection and tolerance technigues are extensively researched and used, controls to
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mitigate such tlaws are rare in research and industry. In small or isolated grid settings,
the sudden loss of a single wind turbine may catse grid instability and serious svstem
stress. while the sudden shutdown of a wind turbine in a sizable transmission-connected
wind facility will have little impact on a major power system. The fault impact reduc-
tion control (FIRC) module of a wind turbine may use bigger warning levels near fault
thresholds. according to future studies. The controller can broadcast its anticipated action
to the grid controller when the wind turbine hits a warmng, threshold, assisting the grid
operator to recognize a potential wind turbine problem and then take the required action
to address the defect. In both MG- and grid-connected contexts, several scenarios can
demonstrate the grid benefit of an FIRC. and multiple test cases can demonstiate the
controller's behavior under various fault conditions. The FIRC can increase wind turbine
generation and streamline generation switching for a variety of fault scenarios. All that
is required for the FIRC module to be integrated with the majority of current. controllers
are de-rating capabilities. Tt is also easy to add any necessary warnings and thresholds to
the FIRC module. MATLAB and Simulink-based research wind turbine models can be

largely cmploved for this examination.

8. This work mnay present a novel fault detection and classification approach for both DC
and AC failures on a DC MG network. The instantancous amplitude and frequency of
the decomposed modes of the signal can be found using the HILBERT-HAUNG trausform
approach after using variational mode decomposition (VMD) to separate the derivative
ol DC cuwrrent signal into a number of intrinsic modes. A weighted KURTOSIS index can

e utilized to generate the most sensitive technique, which may be used to compute a
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sudden shift in discrete TEAGER encrgy (DTE), indicating the prescuce of the defect
A stacked auto-encoder-based neural network can be used to classily faults as a pole to
ground (PG). pole-to-pole (PP), line-to-ground (LG), line-to-line (LL), and three-phase
line-to-ground (LLLG). The efficieney of the recommended security method can be ver-
ified in MATLAB/SIMULINK by taking into account a number of test scenarios. The
recommended approach can provide a DC MG system with a very prompt, reliable, and

precise protection inechanisi.

9. Tn a forthcoming study, it will be possible to proposce a distiibuted fauli-tolerant finite-
(ime control approach that takes input saturation and faults into consideration for the
secondary voltage and frequency restoration of islanded inverter-based AC MGs. The
majority of distributed techniques currently in use typically build the sccondary control
layer based on perfect conditions for the control input channels of the MG that are free of
crrors and disturbances. Aflected actuators can significantly affect control and put MGs in
dangerous situations. MGs are also prone to these problems. Another frequent practical
limitation in MGs and other multi-agent systems is saturation. The second novel idea
18 a consensus-based method that synchronizes the voltage and frequency of the islanded
MG o its nominal levels for all DGs in a hmited amount of time, despite saturation and
multiple faults, including partial loss ol cfficacy and stuck faults concurrently. Finally, to
evaluate the performance of the proposed contiol systeius. an offline digital time-dotain
sinulation on a test MG system emploving a few scenarios  the MATLARB/Simulink
envitonment can be used. To assess the effectiveness and aceuracy of the suggested control

methods for islanded AC MGs, one can contrast them with past studies.
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10.

11.

The study activity may take into consideration the fault detection (FD) problem for
discrete-time stochastic systems with constrained communication. To create the residual
model for defect detection, one could propose a filter structure. Due to the limited network
resoutces, a novel event-triggered technique can be utilized to limit the amount of data
that can be transmitted from the sensor to the filter. The residual system can be ensuted
to be stochastically stable while taking into consideration the stochastic model and the
constrained network resources. It can also be ensured to achiceve the stated fault. sensitivity
lovel and disturbance attenuation level. When compared to the traditional FD method, the
Sllggost(\(l design strategy can preserve the scarce network resources while also providing

the needed fault detection performance. The effectiveness of a design concept can he

demonstrated through a variety of simulated situations.

Th(: integration of fault isolation and detection activities may be improved by a study’s
provision of a fault diagnostic strategy based on interval observers and a timed discrete-
event methodology. The mterface between fanlt detection and fault isolation may take 1nto
account the activation level and the instant of the occurrence time of the diagnostic signals
by combining a number of theoretical fault signature matrices, wlich store the knowledge
of the relationship between diagnostic signals and faults. The fault isolation moclule can
be developed using a timed diserete event techmque that detects the commencement of a
delect by dentifving a specific sequence of observable events ([ault signals). The states and
{ransitions that characterize such a system can be readily inferred from the link between
fault signals and [aults. The proposed fault diagnosis approach can be used to identify

and 1solate problems m the Barcelona urban sewer system (level meter scnsors). The
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resulis of such a case study might show the benelits of using the recommended strategy

m comparison to the traditional fault detection and isolation strategy.

12. Tuture work amms to improve the work for several microgrids operating m parallel by

enmploving applicable fault-tolerant control methods in the distributed control paradigm

and mmaintaining the best power flow coutrol between them. Future reseaich in this area

might potentially focus on machine learning methods.

1 . . .
I would like to express ny sincere gratitude to the reviewers for their suggestions for strengthening
the dissertation. The future directions ave. with the exception of the last point,
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APPENDIX A

Appendix

A.1 Proof for Proposed Form of Lyapunov Matrix ‘P’

For the form of the Lyapunov matrix P as used in [3, 55, for the complete Lyapunov function

m Equation (73). substituting complete forms from Equations (74) and (77) in (73)

€

Co

V= {(,z- oI gT {le (A (A.1.1)
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’ |

- ’I‘ - — —
A P+ A DA +A21TTPO - PGy - P LG, P LE, P LD,

-7 LA - T oy TrpT 3
A Pl P Ay Ang TP+ PeT Ay GFTTPs PTGy PTE, Pl Do

My = .
D & EI'TT P, 0 0
L DIt p prTtp, 0 il
Po P A A
ardd Considering I? == > 0 (and) in term (A, - GCHTP+P(A- GO+
Py Pa A1 Az

(’L’ (. and comparing with concerning part of the matnx given in vector Lyapunov equation in
(104) implies
P = (A.1.2)
0 ITPoT
Because the form of I is determined from the 7y transformed system, applving the inverse

{ransformation ’l‘,*]]"l‘]/ gives

P, PL-LPT
P= (A.1.3)

0 P+ TTPL

Applying the transformation 7. 7PT, on P gives:

Py PL
P= >0 (A.14)

TP, TTPT+ LTPL
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A.2 The Schur Lemma

(i) The Schur complement formula 15 used in transforming nonlincar mequalitics of convex lvpe

into LAIL This says that for the LMI

where Q(r) = Q(2)", R(z) = R(z)" and S(z) depends affincly on x. Then, it is cquivalent to:

Rr) <0.Q(r)  S(r)R(x)~'S(r)" <0,

A.3 Schur Complement

The Schur complement is a technique often used to convert NMIs and BMIs to LMIs. By taking
the Schur complement, we get the LMIs, which can be optimized by powerful techniques within

the above-defined constraints.

1

A-BD'C” A—BD'CT'BD

1

DCA-BD 'Y D Y4+ D'CA-BD'C 'BD?

A.4 Proof For Hamilton—-Jacobi-Bellman Equation/Motivation

for Using the HIBE Equation

Almost any problem that can be solved using optimal control theory can also be solved by an-

alyzing the appropriate Bellman cquation. However, the *Bellinan equation’ usually refers to
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the dynamic programunung equation associated with discrete-time optimization problems. In
continuous-time optimization problems, the analogous cquation is a partial differential equation
that is usually called the Hamilton—Jacobi-Bellman equation. In optimal control theory, the
Hamilton—Jacobi -Belliman (ILJB) equation gives a nccessary and suificient condition for the opti-
mality of a control with respect to a loss function. It is. in general, a nonlinear partial differential
equation in the value function. which means its solution is the value function itself. Once the
solution is known. it can be used to obtain optimal control by taking the maximizer/minimizer
of the Hamiltonian mvolved n the HIB equation. A major drawback is that the HJB equation
admits classical solutions only for a sulliciently smooth value function, which is not guaranteed
in most situations.

For any plant

= flx,u,t)

Per formance Index

J(@(i) lo) = d(x(1), T) + / L{ryu, H)dl

Determme a continuous state foedback optimal control #* on a given nterval [f,. 7T that mimn-
wizes J and drives a given initial state «(¢,) to a final state that satisfies Ylo(T), T) = 0. Let t

be the current time and @ = »(t)

T

J(z,t) = ¢(z(T),T) + / L{z,u, t)dr
T YEUN;
= o(x(1).7T) + / I{z. u.t)dr + / L(z.u.t)dr
Jirad -
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A
= J(r F Az L+ AL+ / L, w, O)dT

Jr

Using the first order approximation; Az ~ J(z.w, )AL Bellmann Principle of Optimality (on
which DP is based)An optimal policy has the property that no matter what is the previous
deciston. ic.. whal controls have been. the remaining decisions must constitute an optital

policy with regard to the state resulting from these previous decisions.

To find the J*(r, 1), let us assume that optimal cost from (t+A) o T, ie. J(r+ Aw,t + At)
15 known for possible o+ Ar). Morcover, optimal control has also been determined on this
mterval "l'lms, it remains to find the contiol on the interval [¢, ¢+ At] This is called the principle
of optimality for continuous-time systems Let us do Taylor expansion of the second term on the
right

trat aJ* oJ
* . o e * T )
J (l’t)*”””“(T)[tgrgwm][/f Lz, u, 7)dT + ( B AL+ ( Y

)AL

*

A
In tlus J*(r. 1) and AOTJ*(I. HAL is mdependent of u(7) and A7 can be taken out, and also

using the above defined first order approximation

- e D17 (. t)"
(e AL+ [/ Lz u l)dr + EErTE Flou, HAH
t

aJ
ey = e )+
ol
Taking a first-ovder approxination for the fitst integial, Le.,
4+ AL
/ L, u, 0)dr = ACLI(t + oAb e(t+ oAt 4+ adt)]
Ji

= At.L
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(in short)

dJ* 9J* (e, 1)
—J[—J*Al = ming, )l L.AL+ (—d(%—) fla, u, t)At]
Letting N — 0 gives
oJ* A
P man () (L A+ ( T )
In fact, V(z, t) = J*(z. u.t)
IV (2.1 V(e t)"
L—(.(); ) = min,n{L + —(():——)— S, 1) (A1)
V(1)
—_—— =1,
al nt
IV (a,t)
— A+ My =0 (A1.2)
This 1s called the 1Tamilton—Jacobi-Bellman equation
where
ov "
flopt == n”n‘(udl)[L + ( 51_) f (A~1 3)

A.5 LMlIs and Solvers

LAMIs ate matrix incqualitios that arve linear or afline in a sct of matrix variables. They are
essentially convex constraiuts and therefore many optimization problems with convex objective
functions and LMI coustraints can casily be solved efficiently using existing software. This

method has been very popular among control engineers in recent vears. This is because a wide
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varicty ol control problems can be formulated as LMI problems. Nainly, we define the LMI
problem and the related problems, such as the feasibility problem (FEAS), the minimization of
a linear objective under LMI constraints (MINCX), and the generalized cigenvalue minimization
problem (GLEVP). These solvers solve the given LMIs iteratively to approach the maximum

possible sub-optimal solution. The LMI solvers used are .

A.5.1 FEASP (Feasibility Optimization)

[tinan, & feas] = [easp(lmisys, options, target)

computes a solution xfeas (if any) of the system of LMIs described by Imisys. The vector xfeas

is a particular value ol the decision variables {or which all LMIs are satislied.
For the given LMI system

NTL(r)N < MTR(2)M

xfeas is computed by solving the auxiliary convex program,

Minimize £ subject to

NTLN"MTR(r)M < tx]

The global minimum of this program is the scalar value tmin returned as the first output ar-
gument by feasp. The LMI constraints are feasible if tmin < 0 and strictly feasible if tmin <
0 If the problem is feasible but not strictly feasible, tmin is positive and very small. Some
post-analysis mav then be required to decide whether xfeas is close enough to be feasible. The
optional ﬂlrgumont target scts a target value for tmin. The optimization code terminates as soon

as a value of { below this target is reached. The default value 1s target = 0. Solver for LMI
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feasibility problems L(z) < R(x) This solver minimizes ¢ subject to L(zx) < R(x)+tx T The best

value of t should be negative for feasibility

A.5.2 Minimization of a Linear Objective w.r.t LMI Constraint

The minunization of lincar objective (Trace) optimization subjected to LMI constraint used in
this work is used to compute the IT -infinity constrained SMO gains. In Matlab syntax, it uses:
[('opl, .'rnp/] = mincr(lmisys. c,oplions, xinil, largel)

solves the convex program

phminnze ¢ o subjeet to NTL(N < M7V R(x)M

A.6 Supporting Lemmas

A.6.1 HJIE and Game Theoretic Approach to find G} and £ (2]

According to Theorem 3.1 in {2], considering the augmented system in Equation (11), il V
is a continuously differentiable function that satisfies the sencral T1JT equation, as given in
Equation (50), is

—ov
ot

= ni H +5)\' (ar,u,t
= mingy )y (Hy P Vo, u,t)

where u(t) s the general input signal Using the cost functional I1, from FEquation (24) in the
ahove equation mentioned in (50) (in Appeudix 9.5) and using the partial derivative property

and

dvVi{z*1) avir=, 1) N av(r*, 1)y or*

dl ot arc oL
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The ILJI equation in this case becomes

—d
= —(;{—V(.r, t) = mf[(;“jsupm[

- bt —aghe (A.6.1)
du*

then. by using the concepts of dynamic game theory, the cost functional in Equation (20) grves

the parr of strategies (G5, &%) providing a saddle-point solution

Ho(Go &) < Ho(G,€7) < Ho(GG-8)

and furthermore, properly choosing the saddle-point value of the game

I[()(szg*) = V(P(*), *)

which ensures IT,(G%, €)V (e(x), x) = *, and guarantees that G, solves the disturbance attenu-
ation problem (20)

Further, considering the Hamiltonian

[[l!((:u* E) = ‘/eé + rl\'TTK - flf (A()Q)

011, (C) €

I (s . )
O Cud)| = 0, G can be determined and using —T',,—”Gu:“ =0,

and using the dervative = 5]
the eritical value of £ can be determined, but this approach is not used in this study.

Remark: Considering the Lemmas 8, 9 in Appendix 9.5, using the HJIE in Equations (A1) and
(55), the Hamiltonians in Equations (A5) and ((A7)) and disturbance attenuation/fault sensitiv-

ity constraints in Equations (24) and (35), the analytical solution for gain G, will be dependent
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on states. which is undesired (theoretically by Luenberger lincar observer theory). However, the
wmequality version of HLIE will give more freedom in choosing the Lyapunov function V(e,t) and

hence more freedom in the design of the sliding mode observer gain G, being state independent.

A6.2 HJIE and Game Theoretic Approach to find G} and [* [2]

According to Theorem 3.2 in {2], considering the augmented system in Equation (11), if Vs
24

a contintously differentiable function that satisfies the general TIJT Fquation (50) mentioned in

Appendix 9.5.

—av , av .
T muingy (Hy + E)](.L, u, t)

Using the cost functional from Equation (35) in Equation (37) and using the partial derivative

property

dV(z*, 1) IV(r*,!) n oV (r*. 1) dr*

dt ot dz* ot
T1J1 in this case becomes
_ *()‘, —d ok . T T ‘e
adrn (r, 1) = 771«.7:[(;”]771171[1:][03‘*\ (x* )= +ri' re —Bf ] (A.6.3)

then, using the concepts of dynamic game theory, the cost functional in Equation (35) gives the

pair of strategies (I7*, f*) providing a saddle-point solution, i.e,

H(Go [*) < HL(Gy. [*) < Ho (G )
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Furthermore, the saddle-point value of the game is
IG5 J7) = Vie(x). %)

This ensures Ho (G2, f*) > Vie(x).x) = 0. which guarantees that 7, solves the mmimum fault

sensitivity problem in (35) Considering the Hamiltoman

[In(Gm f):‘/eé+r'l\'Trk' ‘fo (A()—l)

. C oo . . . DH(GEL
and using (he derivative ‘—”—(()(f—/l“ = 0. G* is determined, and using ——(,g(—,.'—flh;”;o =0 the

critical value of f* is determined

A.6.3 Inequality Version of HJIE with Hoc Constraint:

t L
/ rlrdl - 02/ Tedl >0
0 JO

-t ot
/ vTrdt — o | ETEdL + V(2™ 1) >0
0 Jo

o .t '
. 4 . {
/ rTrdl — (\2/ ehedl + / (—V(:r*.l) >0
Jo 0 Jo dt

Since
dv(rs.t)  av({z,1l) N AV (r* 1) da~
dt - ot dr Ot

The incquality version of the above cquation is :

‘3‘_(;@’2 > 7‘)“/(1' "')J:* T — a2
at dr

*
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The distirbance attenuation problem is satisfied it:

inf)a,) Supe£0] H(G,.&) <0

Since (G, €%) provides the saddle point

H(Go. 6) < H(GE,€7) < H(GELE)

(G 60) = V(a*.0)

This will mean that (G*, &) < V(x*,0) =0, which guarantees that G will solve disturbance

attenuation problem.

The SMO system will be dissipative 1f

o?[1€2)12 + [Ir3]l2

il there exists a positive definite function Y which satisfics % + %é —&T¢ + Ty <0 and from

the definition of dissipativity, il follows that

PR

The problent can be studied in detail from [2, 33, 3¥]
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A.6.4 Incquality Version of HJIE with /- Constraint

Consideting V(r(t1). t1) with V(2*(0).0) = 0: the following mequality holds
.( g ’ g
/ rlrdl,—dz/ frrdt>0
Jo 0

] t
/ rrdt -32/ Frrdi + V@ (t).1)>0
JO J0

24 . ) ! a4 1
/,-’,-(//,432 /'T/'{/H/ Ly (,0 >0
Jo 0 Jo d!

Since

dv(z*. 1) ovV(z™.t) OV (x*,t) OV (rT)
— - . + ; ;
dl ol ar* ot

So the mequality version of this equation is.

SOVt (). AV ) ey

el - Jdr*

H(Go f*) < H(GS. ") < HIGE.])

Swce (G2 f*) provides saddie point

(G J*) < UG, J7) S H(GS. )

H((G2, ") = V(r*.0)

o

This will mean that (G f) < V(r*.0) =0, which guarantees that G, will solve the disturbance
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attenuation problem

The problem can be studied in detail in [2, 33. 3]

A.7 Definitions

A.7.1 Riccati and Lyapunov Equation

The constrained veetor algebraic equations, such as Riccatt equations and the other similar
oncs arising from the LQR and LQG problems, (having their roots in optimal control) are
often transformed into inequality versions. The inequality version 1s utilized to achieve better
control on design parameter matrices and the factors, which are optimized using the convex
optimization tools. Tt gets to determine unknown parameters meluding the SMO gains, and then
ensures the stability as well. The Schur complement helps the constrained matrix inequalities
and corresponding algebraic forms Lo be inconvertible  Solving such cquations is a vital step
in designing such controllers and state estimators. For generally svstem matrices (AB) and
symmetric (parametric and Lvapunov) matrices (P.Q.R). the convex algebraic Riccati equation
is given by

ATP+ PA+PBR'BTP+Q<0.P>0.R>0

where the term PBR™IYBT P is an additional quadratic term m basic Lyapunov equation, aund
15 convex in nature. lts inequality version gives more design freedom to find the unknown
paranicter matrices moit to ensure stability and other required constraints. The determined
unknown parameters. mecluding the SM observer gains, would then ensure stability as well. The

Schur complement helps the constrained matrix inequalities and corresponding algebraic forms
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to be convertible to LMIs.

A.7.2 Iamiltonian

The Hamiltonian function gives a coriect description of physical reality to make the connection
hetween energy and rates of change. The Hamiltonian has dimensions of energy and represents
the time evolution dynamies directly. So, it can be predicted what state the system will evolve
into alter an inhnitesimal interval of time elapses. The Hamiltonian of the control theory fron [2,
33] 15 used, which here comprises a sum of energy of the output error estimation, fault or
disturbance signal, and product of Lyapunov function with rate of change of error vector, where

Lyvapunov matrix scaled energy of complete estimation error vector.

A.8 Clark, Park, and abc-dq0 Transformation

The abe-dq0 transforination is a combination of Park and Clark transformations and 1t is used
to convert the three-phase voltages and currents to two-phase ones. to give a simplified system
without loss of any mformation of the system, providing easy handling, transformations. and

control of the svstem being of lesser dimensions.

]

1 -2 12

KNe = 2/3 \/3/2 \/5/2 _\/3/2

L1/ﬂ V2 1V2

The Clark transtormation converts the ABC vector framo-to-frame. The transformation isolates
a part of the ABC-reference vector that is common to all three parts of the vector. Tt s right-
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handed, power invariant, and uniformly scaled. It is defined by:

_ T

1 —1/2 12 ] |4 v

231372 V32 V32| (B T s

UV OUNE VRO

If _ T
cos  sin0 0
kp=1_45in0 cosh 0

0 1

LO

The Park transformation rotates the reference frame of the vector at an arbitrary frequency. It
shifts the froquency spectrum of the reference signal such that the arbitrary frequency serves as

de hrequency. and the old de appears as a negative of the arbitrary trequency. It is defined by:

_ 10T _ W
cosl sl O |a d

—sinf cosll O [B| ~ g

The abe-dgl transformation is defined by:

_ 1T -
cosl  cos(f —2m/3)  cos(U +2m/3) A (J

203 g0 sn(0- 2m/3) - sin(0+21/3)| | B T |4
i V2/2 V2/2 V2/2 L(' LU
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where the combmed form of Clark and Park transformation s given by the matrix:

cost  cos(f - 2n/3)  cos(0 +2m/3)

KeRp = V230 qng  —sin(0 - 27/3)  —sinl0 + 21/3)

L\/?/2 V2/2 2/2
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