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Preface

The changing features of contemporary power systems, propelled by the rising integration
of renewable and distributed energy sources, have profoundly transformed conventional
energy generation and distribution models. Microgrids (MGs) have become a crucial
component of resilient, sustainable, and locally based energy solutions in this regard.
Increased energy independence, less transmission losses, and greater grid dependability are
all benefits of these decentralized systems. The power electronic converter (PEC),
especially the low-voltage inverter, is essential to the smooth functioning of microgrids
because it makes it easier to integrate, monitor, and regulate a variety of energy sources.
These inverters’ essential switching components are Gate Turn-Off Thyristors (GTOs),
Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETs), and Insulated Gate
Bipolar Transistors (IGBTs). Despite being essential for energy conversion and control,
these parts are prone to malfunctions that might jeopardize the stability, security, and

effectiveness of microgrids.

This thesis thoroughly examines the failure processes, detection techniques, and
diagnostic approaches for switching devices used in microgrid low-voltage inverters. For
the PECs in MGs to operate safely, continuously, and effectively, it develops and evaluates
sophisticated, quick, and trustworthy fault detection methods. The work is organized in
many chapters, each of which focuses on an entirely distinct type of problem, inverter
configuration, or application situation. The basis is laid by the literature review, which looks
at a variety of AC MG converter defect modes. It explores current failure detection
methods, pointing out shortcomings in existing diagnostic techniques and the requirement
for precise, continual monitoring systems designed for the dynamic microgrid environment.
The main hypothesis of the thesis is supported by this survey: different statistical indicators
in conjunction with signal processing techniques like fast Fourier transform (FFT) and
discrete wavelet transform (DWT) provide effective tools for the early identification of

defects in inverters switching components.

The succeeding chapters present focused approaches for identifying faults in
numerous types of inverter applications and configurations. The identification of inverters
snubber circuits resistance defects in BLDC motor applications demonstrates how FFT and

wavelet-based analysis of stator currents may help to uncover minute irregularities by



examining harmonic and statistical features. In a similar vein, the thesis investigates early
IGBT failure in the 3-Phase voltage source converter (VSC) connected to a photovoltaic
(PV) microgrid, identifying fault characteristics by an FFT-based analysis of the output
phase voltage. An attempt is made to investigate accelerated IGBT switch failures in
bidirectional inverters connected to dispersed resources like solar panels and battery

storage.

Additionally, the thesis broadens its focus to include changes in MOSFET effective
resistance (MER) in MG H-bridge inverters. MOSFETSs’ aging or thermal stress is indicated
by very slight MER changes, which are detected by the inverter output current’s FFT
spectrum analysis. Additionally, the thesis focuses on GTO switch failure (GSF) in a PV-
incorporated MG’s 3-phase voltage source inverter (VSI). The recommended FFT-based

technique enables efficient identification of current distortion brought on by GSFs.

Thesis also includes a technique for determining the DWT-based IGBT switches
breakdown failures in 3-phase VSCs connected to the PV system. The identification of
early and emerging defects in snubber circuits coupled to SOFC-fed inverters is a
noteworthy contribution. Both FFT and DWT procedures are used to examine inverter
output current data for these kinds of degradations, which are sometimes hard to identify
using conventional techniques. In order to provide increased system durability, algorithms

were developed to identify flaws early on, well before they cause a catastrophic failure.

This work’s innovative feature is the development of fault detection algorithms
customized for certain inverter topologies and device kinds. Numerous circumstances and
configurations are used to validate the approaches. Simulation tests, laboratory evaluations,
and comparison with current methods are used to validate the algorithms’ efficacy. This
thesis provides a strong and cohesive framework for identifying a variety of switching

device issues in low voltage microgrid inverters.
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Chapter 1

Introduction

1.1 Background

The growing worldwide focus on sustainable energy, environmental stewardship, and
distributed generation has markedly expedited the implementation of microgrids (MGs).
Distributed energy resources (DERs), including photovoltaic solar power, wind turbines,
fuel cells, and energy storage devices, are all integrated into these localized energy systems.
Microgrids, which may function in both grid-connected and islanded forms, provide
enhanced efficiency, resilience, and dependability, particularly in distant or high-demand

locations.

Power electronic converters (PECs), especially low-voltage inverters (LVIs), are
crucial parts of microgrids since they serve as a conduit between the AC grid and DERs.
LVIs employ different switching elements like insulated gate bipolar transistors (IGBTSs),
metal-oxide-semiconductor field-effect transistors (MOSFETs), etc., to accomplish
effective energy conversions. It is anticipated that these inverters would operate with great

performance and dependability.

The inverters’ longer functioning and greater complexity, however, have also made
them more susceptible to numerous failures, particularly those involving their switching
elements. If left undiagnosed or neglected, these issues may jeopardize the microgrid's
complete safety and stability in addition to the inverter’s functionality. In light of this,
switching devices’ fault detections in LVIs have emerged as a crucial research topic in

contemporary power systems.

1.2 Motivation

The inverter’s switching elements are essential to its functioning since they manage fast
switching at elevated frequencies, ensuring efficient power conversion. Switching devices
are still vulnerable to failures from overvoltage, overcurrent, heat stress, and deterioration
over extended periods, even with improvements in device manufacture and thermal

handling.
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Even one switching device malfunction might result in distorted output, decreased
efficiency, or, in the worst situations, a fire danger or total system failure. Such
malfunctions in microgrids might have a domino effect, impacting several DERs or vital
loads. System resilience may be improved, maintenance expenses can be decreased, and

downtime can be avoided with early defect detection and investigation.

There has been research on identifying faults in typical electrical systems, but given
the particular operating circumstances, control schemes, and load interactions of
microgrids, more targeted, thorough research is required on switching device faults in the
LVI field. The necessity to provide a reliable, precise, and efficient computational
diagnostic approach based on the fast Fourier transform (FFT) and discrete wavelet
transform (DWT) oriented feature extraction and statistical analysis that is validated by
real-world inverter case studies pertinent to microgrid applications is what spurred this

research.

1.3 Need

A microgrid is mostly powered by renewable energy sources. The converter unit and the
control unit are the two primary components of an energy conversion system (ECS). The
use of DERs, the integration of various grid types, and the general functioning of the grid

are all significantly impacted by energy conversion units.

Given this momentous scenario, further research is required, especially in the
subsequent areas:
» Early identification of numerous kinds of ECSs switching device defects.
» Minimizing the many kinds of defects in real-time applications.

» Microgrid protection and fault monitoring.

1.4 Research Objectives

Investigating and creating efficient diagnostic methods for locating switching device issues
in LVIs used in microgrids is the primary objective of this study. The following is an outline
of the precise goals:
» To study numerous kinds of errors that might arise in LVI switching
components.
» To investigate and demonstrate how different switching device

malfunctions affect the inverter’s output.

2
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>

To devise and assess diagnostic methods for the early identification of
malfunctions in switching devices.

To verify the suggested diagnostic methods using simulated studies and real-
world experimental setups under various fault conditions, if feasible.

To evaluate the suggested methodology’s computational effectiveness,
sensitivity, and dependability for real-world implementation in microgrid

systems.

1.5 Flow of Work

This thesis is primarily focused on diagnosing switching device faults in LVIs used in

microgrid systems. The flow of work includes:

>

YV V. V V V V V

Literature survey

Analysis of various DERs for MG applications

Investigation of several ECS types

Identifying different issues with the ECS switching elements
Modelling various ECS types

Approach for identifying various issues and distinct utilization metrics
Results and comparisons

General conclusion

1.6 Application Modes

The following application modes have been employed to develop and validate the

suggested fault identification methodologies:

>

>

Simulation: To assess the diagnostic methods wunder controlled
circumstances with the use of MATLAB/Simulink.

Real-time: The diagnostic approach is put into practice on the inverter
configuration at the laboratory. The algorithms are tested in real-time signal
gathering and processing to verify their dependability in identifying real

switching faults and to test them under realistic operational settings.

1.7 Mathematical Tools and Advanced Technology Used

The following modern mathematical techniques and technologies are included in this

research:

>

FFT: To analyze the signals in the frequency domain.
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» DWT: To analyze the signals in both the frequency and time domains.
» Signal Processing Techniques: For filtering, decomposition, and feature
extraction.

» Statistical Analysis: To assess and categorize signal characteristics.

1.8 Faults under Consideration
The AC microgrid power converter’s (MPC’s) switching device faults under consideration

are shown in Fig. 1.1.

[ Types of Faults Identified ]

- Fast Fourier Transform (FFT)-

Fig. 1.1. MPC’s switching device faults under consideration
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1.9 Chapter at a Glance

This thesis is structured as follows for the remainder:
Chapter 2 provides a comprehensive review of the literature on different inverter
failure diagnostic methods, focusing on approaches for signal processing and switching

component failures.

Chapter 3 discusses an FFT-based effort to identify the inverter switch’s snubber

circuit resistance failure in a small microgrid inverter connected with robotic brushless

DC (BLDC) motors.

Chapter 4 describes an FFT-based methodology for identifying prematurely IGBT
breakdown failure in the three-phase voltage source converter that is coupled to a

photovoltaic grid.

Chapter 5 demonstrates an FFT-based technique for detecting a quick IGBT switch
fault in the MG’s bidirectional inverter connected to a photovoltaic and battery storage

system.

Chapter 6 introduces an FFT-based technique for identifying a quick MOSFET

switch fault in a single-phase H-bridge inverter connected to a photovoltaic system.

Chapter 7 illustrates an FFT-based method for figuring out the GTO switch fault

for a photovoltaic-based three-phase voltage source inverter in the MG.

Chapter 8 presents an innovative strategy based on FFT for detecting nascent
snubber-resistance faults in MG’s 3-phase inverters that is coupled to the solid-oxide fuel

cell.

Chapter 9 discusses an effort to recognize the inverter switch’s snubber
circuit resistance failure in robotic brushless BLDC motors through a DWT-based

approach.

Chapter 10 presents a DWT-based technique for determining the IGBT switches’
breakdown failures in three-phase voltage source converters connected to the photovoltaic

system.
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Chapter 11 presents a DWT-based innovative strategy for detecting initial snubber
circuitry failure detection method in MG’s IGBT-based 3-phase inverters that is linked to

the solid-oxide fuel cell.

Chapter 12 emphasizes the research’s contributions, summarizes the main

conclusions, and suggests possible paths of research for further study.



Chapter 2

Literature Survey

Abstract- The seamless integration, management, and control of distributed energy
resources (DERs) inside AC microgrid (MG) systems is made possible by microgrid power
converters (MPCs), which enhance grid efficiency, resilience, and dependability. The
implications of MPC faults might vary according to the kind of fault and the microgrid
system’s configuration. In this literature review, numerous ways in which the MPC module

might malfunction are thoroughly discussed.

Keywords: Distributed energy resource (DER), fault detection, microgrid power converter

(MPC)

2.1 Introduction

This chapter provides an in-depth overview of the several ways that the AC MPC modules
might malfunction. Technical review covers a range of failure detection methods (FDMs),
the majority of which are model-free and model-based. The fundamental layout and
arrangement of the AC microgrid have been described. The functional variety of AC MG
is also demonstrated in this chapter. It outlines the types, origins, and consequences of MPC
malfunctions. The prevailing approaches for defect diagnostics of the multiple MPC

switching elements are reviewed.

2.2 AC Microgrid’s General Framework

An AC MG with a variety of DERs attached to the main grid is illustrated in Fig. 2.1. This
kind of MG is simpler to link to a conventional AC grid, allowing it greater flexibility and
adaptability than other types. Microgrid inverters (MGls) are utilized for converting DERs’
dc power into ac energy. AC MGs are frequently divided into three distinct categories

according to their voltage levels: low, medium, and high.
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Fig. 2.1. General layout illustration of an AC MG

2.2.1 Different Components of an AC MG
AC MGs are comprised of MPCs, DERs, loads, energy storage systems (ESSs), and various

other components. A brief description of each component of an MG is discussed here.

2.2.1.1 MPCs
MPCs use technology that is based on power electronics. They act as a link within the AC
MG and each component of it. Based on their functions, the AC MPCs are classified as

either grid-feeding, grid-forming, or grid-supporting systems.

2.2.1.2 DERs
According to the kind of power they produce, DERs are frequently separated into two types:
DC and AC sources. Based upon their dispatchability, DERs are additionally separated into

two groups: non-dispatchable and dispatchable.

2.2.1.3 Loads
Many characteristics, including power type, load handling techniques, location, linearity,
and operating conditions, are all used to classify loads, including ac and dc loads, non-

linear loads, linear loads, etc.
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2.2.1.4 ESSs
ESSs are used to improve MGs’ overall stability and performance. ESSs are used to store

surplus energy generated by different DERs and serve as a backup power source.

2.3 AC MG's Functional Diversity

AC MGs can operate in a variety of modes, each of them is designed to control power
distribution and offer stability in certain situations. MGs can operate in two different

modes: (1) grid-dependent and (2) islanded.

When an MG is connected to the primary grid, it operates in a grid-linked state.
“Island mode,” as used by MG, refers to the operating state where the MG operates

independently from the main power grid.

2.4 Modes, Origin, and Consequences of MPC Components’ Faults

Discussion of the many forms, causes, and negative effects of problems with MPCs’ power

electronic switches (PESs) and capacitors is the main focus of this section.

2.4.1 PES

Typical PESs found in AC MPCs include gate turn-off thyristor (GTO), metal-oxide-
semiconductor field-effect transistor (MOSFET), and insulated gate bipolar transistor
(IGBT). One of the IGBTs’ and GTOs’ typical features is their high current and voltage
ratings [1]. Fig. 2.2 shows the various percent breakdown rates of PCBs, PESs, and
capacitors [2], [3], [4], [5].

Capacitors
= Power Devices
PCB
Solder Joints
® Connectors
u Others

Fig. 2.2. Failing rates of the primary elements of the MPC
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PESs like MOSFETs and IGBTs are accounted for around 21% of inverter faults
[5], [6]. The complete system may shut down if the PESs in MPCs malfunction. The
effectiveness of PESs can be impacted by fault events like open circuit defects (OCDs),
short circuit defects (SCDs), etc. As Fig. 2.3 illustrates, PESs are especially prone to
malfunction for a variety of reasons. Temperature is the most prevalent source of stress on

electronic elements, accounting for 55% of all stress variance.

Temperature

® Shock or
Vibration
Moisture or
Humidity
Dusts or
Pollutants

55%

6%

Fig. 2.3. Factors that contribute to PES faults

An abnormally high surge in current that causes the temperature to rise and damages
the IGBT might cause failure [5]. Furthermore, insulation failure might result from a
voltage surge. The IGBT module might malfunction for a variety of reasons. The failure
modes for power switches can happen at the chip or package level. Wear-out issues (WOIs)
and over-stressed issues (OSIs) are two subtypes of faults that fall under these two primary
categories. Table 2.1 illustrated many forms, causes, and negative effects of IGBT faults
[5], [7]- The failure forms, causes, and negative effects of MPC PESs, such as MOSFETs
and GTOs, are nearly comparable to those listed in Table 2.1, except for a few slight

variations.

10
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Table 2.1. Diverse forms, causes, and effects of IGBT malfunctions

Failure Scenarios

Causes

Various Impacts on the System

WOI

Time-sensitive dielectric failures

Injection of hot carriers

Electrochemical migration (ECM)

Issues with the gate driver and
switch
Leakage current increase

Decline in the chip’s efficacy to

Thermal runaway

Thermal shock

Chip associated block voltage
issues Overcurrent Open circuit (OC)
The excessive voltage in the Gate Short circuit (SC)
0OSI Lift-off of wire-bonds
Elevated collector-emitter voltage .
Secondary malfunction
Cosmic radiation fatigue
Thermal stress and fatigue Diminished rigidity of different
ECM and Electromigration (EM) packaging layer
Bond-wire breakage and solder
Insulation decay
WOl defects
Leakage current
Bond-wire erosion and hot spots
Package o . )
o Decline in the chip’s efficacy to
associated issues
block voltage
Flashover Wear-out issues
Mechanical stresses and strains Burnouts
0OSI OC or SC

Disruption of voltage

Package link melting

2.4.2 Capacitors

In MPCs, capacitors are crucial parts. They function in MGIs as a dc-link. Capacitors in

MPCs have the most significant rates of damage, estimated to be 30%, as seen in Fig. 2.2.

Typically, dc-link applications use three distinct kinds of capacitors: film, electrolytic, and

ceramic [3], [8]. OCD, SCD, and performance drifts (PDs) are the three primary types of

capacitor failure. Table 2.2, Table 2.3, Table 2.4 illustrated many forms [2], [9], [10], causes

[2], [11], and negative effects [2], [9], [12], [13] of various capacitor faults.

11
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Table 2.2. Diverse forms, causes, and effects of film capacitor (FC) malfunctions

Loperaine | Lo Causes Various Consequences
Type Scenarios
Environmental temperature, voltage
strain  Dielectric failure
OCD - - ¢ Instability of connection
Eapple current strain
¢ Electrode area reduction
Humadity
Voltage strain
Film Ripple current strain * Dielectric film failure
capacitors SCD o Overcurrent
C Environmental temperature
(FCs) o Retention of humidity on film
Humidity
Environmental temperature, voltage
strain
PD ; :
Ripple current strain * Toss of dielectric
Humidity

Table 2.3. Diverse forms, causes, and effects of ceramic capacitor (CC) malfunctions

Capacitor | Failure

Causes Various Consequences
Type Scenarios
Environmental temperature
Ripple current strain
oCD ¢ Extreme rupture
Vibration * Dielectric failure
Voltage strain
Ceramic
. Vibrati i 1
capacitors SCD ibration » Rupturing of capacttor
(CCs) * Damages on the capacitor body
Voltage strain * Oxygen vacancy diffusion

. o Dielectric piercing
Environmental temperature P =

PD * Degrading of insulation
Ripple current strain

o Tiny fracture in the ceramic

Vibration

12
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Table 2.4. Diverse forms, causes, and effects of electrolytic capacitor (EC) malfunctions

Capacitor | Failure

Causes Various Consequences
Type Scenarios
Voltage strain
Envi tal t tur ) o
ocD vironmental temperature ¢ Dielectric failure
Ripple current strain * Disconnected terminals
Vibration
Electrolytic Voltage strain
capacitors
(ECs) S5CD Environmental temperature » Oxide layer's dielectric failure
Ripple current strain
Environmental temperature » Electrolyte vaporizing
PD Ripple current strain # Depletion of the oxide layer
and/or a reduction in
Voltage strain capacitance of anode foil

2.5 Methods of Fault Diagnosis Employed

To provide improved dependability, MGs employ several fault identification and
localization (FIL) procedures. The two strategies for execution are model-free and model-

based [11].

2.5.1 Model-free Methods
These FDMs have evolved into an efficient diagnostic tool. The main reasons for this are

the low cost and adaptability of comprehending the system’s dynamics and behaviour.

In [14], an artificial neural network (ANN)-based FDM for a multilevel H-bridge
inverter (MLHBI) was presented. To identify the flaw, the inverter terminal’s voltage was
carefully examined. It extracted a number of attributes using the discrete wavelet transform
(DWT). Three-phase voltage source inverter (TPVSI) switch OCD diagnosis using ANN
via stator current assessment was proposed [15]. For the cascaded H-bridge multi-level
inverters (CHBMLISs), the fast Fourier transform (FFT) and ANN-based FDM are proposed
in [16]. Multilevel inverters (MLIs) OCD and SCD detection using an ANN-oriented FDM
is illustrated in [17]. Through supervised learnings (SLs), researchers have developed

probabilistic neural networks (PNNs) based FDM for the diode-clamped multi-level

13
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inverter (DCMLI) [18]. ANN-based FDM [19] through DWT is recommended for single-
phase H-bridge inverters (SPHBIs). A K-nearest neighbor (KNN)-oriented fault evaluation
technique using DWT-based features extraction [20] is suggested, addressing grid-sided

flaws.

Amongst some of the most popular SL-oriented methods include decision trees
(DTs) [11]. A DT-based FDM was developed by the authors to classify different inverter
malfunctions [21]. Random forest (RF), yet another SL-based method, makes use of a set
of DTs [11]. To generate accurate estimations, various independent DTs are aggregated to
create the forest-like framework. For neutral-point-clamped (NPC) inverters, L. Kou et al.
proposed a technique for detecting OCD issues [22]. For the switch OCDs of 3-phase H-
bridge inverters (TPHBIs), K. Dhibi et al. suggested several FDMs [23], [24].

In complex systems like MPCs, Bayesian Networks (BNs) are helpful tools for
problem analysis since they may handle uncertainties and define probabilistic relationships
amongst parameters. The BN-based defect-detection technique for TPHBI [25] was
presented by B. Cai et al. For various failure kinds, this FDM monitors line-to-line voltage
outputs. To get the signal features, FFT is utilized. Principal component analysis (PCA) has
been used to reduce the dimensions of every sample, and BNs are subsequently employed

to identify the defects.

Amongst some of the most popular SL-oriented methods also include support
vector machine (SVM) [11]. It is used for classification issues and regression. Using
extracted attributes, SVM can effectively classify an inverter’s functioning states, enabling
the swift detection of the inverter flaws. In [11], [26], for TPHBI, an SVM-based FDM is
proposed. Following output current normalization, multi-resolution analysis (MRA) with
DWT is employed to extract features. Switch OCD is diagnosed by feeding the obtained
characteristics into the SVM classifier. To find OCD in an inverter-fed motor drive (IFMD),
an FDM based on SVM is proposed [27]. For IFMD inceptive faults, the authors suggested
an FDM based on SVM [28]. An FDM based on PCA-SVM is utilized for CHBMLI [29].
Using SVM, W. Yuan et al. suggested FDM for TPVSI problems [30]. Clustering methods
(CMs) are a kind of unsupervised learning technique that groups data points according to
their comparative degree of likeness. Addressing switch OCD in TPHBI, a CM-based FDM
is suggested [31]. In [32] CMs are used to diagnose defects in NPC Converters.

14
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Convolutional neural networks (CNNs), one type of deep learning model, excel at
comprehending and evaluating spatial information. W. Gong et al. conveyed a CNN-based
FDM for TPHBI switch OCD [33]. Here, an inverter’s output voltage diagnosis was made.
Q. Sun et al. proposed another CNN-based FDM [34] for TPHBI’s switch OCD. Model-

free FDMs are summarized in Table 2.5.

2.5.2 Model-based Methods

Model-based approaches that use threshold-based procedures generate sets of critical
system parameters during both ideal and inadequate conditions by simulating complex
models of MPC components [35]. It is crucial to create thresholds that reflect the inherent
properties of the system. Every time certain thresholds are exceeded, an event is triggered,

and an issue is recognized [35]. The implementation of these methods is easy.

The authors of [36] devised a switch OCD detection strategy for TPHBI. Several
circumstances of switch flaws have been modelled for the converter in this FDM.
Additionally, the converter’s state space representation was acquired for every likely error
mode. To find flaws in this FDM, the TPBHI’s current signal was carefully tracked. In [37],
A. Mashreghi et al. presented an additional switch OCD identification method for TPHBI.
The inverter model formulae for sensors and switches in this FDM are computed during
healthy and OCD situations. Here, a link between the defective events and their flawed
signature is found using the residual generator. Using experimental results and residual
computations, this FDM can detect switch and sensor defects. A switch OCD diagnostic
approach for TPVSI was proposed by Q. An et al. in 2011 [38]. This FDM tracks the
collector-emitter voltages of the IGBTs. The authors of [39] introduced the OCD and SCD
detecting method for inductor motors’ voltage source inverter (VSI) switches. To identify
OCD for switching components in PV systems’ NPC converters, the authors developed a
technique in [40]. OCD problems in one or more devices could be diagnosed using this
FDM. An OCD identification technique [41] for cascaded neutral-point-clamped (CNPC)
inverters in parallel has been presented by X. Wei et al. This FDM analyzes the fluctuation
in output currents and capacitor voltages to determine the OCD in either of the switches.

Model-based FDMs are summarized in Table 2.6.
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Table 2.5. Model-free FDMs

Ref. Failure Type Converter Type Approach used in FDM
[14] Switch OCD Cascaded H-Bridge Multi-Level ANN
Inverter (CHBMLI)
[15] Three-Phase Voltage Source Inverter ANN
(TPVSI)
[16] CHBMLI ANN
[21] TPVSI DT
[22] Neutral-Point-Clamped (NPC) Inverter RF
[23] 3-phase H-bridge Inverter (TPHBI) RF
[24] TPHBI RF
[26] TPHBI SVM
[27] TPHBI SVM
[29] CHBMLI SVM
[31] TPHBI CM
[32] NPC Converter CM
[33] TPHBI CNN
[34] TPHBI CNN
[17] Switch OCD, and CHBMLI ANN
[18] SCD Diode-Clamped Multi-Level Inverter ANN
(DCMLI)
[20] Additional faults TPHBI KNN
[25] such as 3-phase TPHBI BN
[19] failure, diode Single-Phase H-Bridge Inverter ANN
failure, multiple (SPHBI)
[28] switch defects, TPHBI SVM
[30] degradation failures TPVSI SVM
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Table 2.6. Model-based FDMs

Ref. Failure Type Inverter Type
[36] Switch OCD 3-phase H-bridge Inverter
(TPHBI)
[37] Switch OCD TPHBI
[38] Switch OCD Three-Phase Voltage Source
Inverter (TPVSI)
[39] Switch OCD, and SCD TPVSI
[40] OCD in single and multiple switches Neutral-Point-Clamped (NPC)
Inverter
[41] OCD in single and multiple switches Cascaded Neutral-Point-Clamped
(CNPC) Inverter

2.5.3 FDMs for Capacitors Issues

Condition monitoring (CMN)-focused techniques are commonly used for capacitors to
increase system reliability [11], [42]. A technique [43] is proposed to estimate and replace
an LCL filter’s capacitance (C). Capacitor degradation has been shown to have detrimental
effects on the system’s overall power factor and to move the resonant frequency near the
switching frequency. H. Li et al. suggested a technique [44] for tracking the DC-link
capacitance for VSI by using the circuit’s LC resonance properties. Here, the resonance
current serves as the diagnostic component to assess the capacitor’s physical state. An
alternative CMN technique [45] that makes use of predicting parameter values has been
presented for the boost converters (BCs) capacitor. The condition elements under
discussion include the output voltage and input current of the BC related to capacitance. A
FDM for electrolytic capacitors using the equivalent series resistances (ESRs) estimate was
presented by M. Hao et al. [46]. For the purpose of identifying switch issues and monitoring
capacitor lifespans in DC-DC converters, H. Givi et al. proposed FDM [47]. A genetic
algorithm (GA) [48] was developed by A. Braham et al. to estimate capacitors’ ESRs while
determining the residual duration till failure. This method considers the negative effects of
the skin effect, which causes an increase in ESR at high frequencies. A capacitance
estimation technique [49] utilizing an ANN is proposed for DCL capacitors. In [50], a film
capacitance estimate-based online CMN for propulsion systems is proposed. A different
approach to real-time CMN of ECs is proposed in [51]. FDMs for capacitors are

summarized in Table 2.7.
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Table 2.7. FDMs for capacitors

Ref. Capacitor type investigated Values (ESR or C) Approach Online/Offline
[43] Film Capacitor C Online
[44] Film Capacitor C Quasi online
[45] Film Capacitors and ESR and C Online
Electrolytic Capacitors

[46] Electrolytic Capacitor ESR Online
[47] Electrolytic Capacitor ESR Online
[48] Electrolytic Capacitor ESR Offline
[49] Electrolytic Capacitor C Online
[50] Film Capacitor C Online
[51] Electrolytic Capacitor C and ESR Online

2.6 Conclusion

The FDMs covered here provide illustrations of the several methods for diagnosing MPC
faults that are available in the literature. The PESs and capacitor issues with MPCs are
reviewed in this chapter. Discussions of the many forms, causes, and negative effects of
problems with MPCs’ PESs and capacitors are also covered here. The results demonstrated
that every method available provides trustworthy fault diagnosis and subsequent converter
protection. However, due to their relatively short response time, several of the methods are
unable to prevent the system from collapsing shortly after the issue occurs. This developing
area of MPC fault diagnostics keeps looking for quicker and more intelligent techniques.
Researchers can create defect detection systems that are more sophisticated, intelligent, and
responsive by examining existing methods and comprehending their shortcomings. This
study can be utilized to improve the MPCs’ diagnostic capabilities by identifying the best

diagnosis strategy for the system and accounting for various system configurations.
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Chapter 3
FFT-based Investigation of Snubber Circuit Resistance

Issue in Small Microgrid Inverter Connected with

Robotic Brushless DC Motor

Abstract- In electronic motor drives, the snubber circuit is significant. This chapter
discusses an effort to identify the inverter switch’s snubber circuit resistance
failure (ISSCRF) in a small microgrid (MG) inverter connected with robotic brushless
DC (BLDC) motors. The investigation examines how various ISSCRF percentages
(%ISSCRFs) affect the DC component (DCC), the fundamental component of current
(FCC), and the total harmonic distortion (THD) of the BLDC motor’s stator current.

Keywords: Brushless DC (BLDC) motor, fast Fourier transform (FFT), fault recognition,

microgrid inverter

3.1 Introduction

Electronically commutated BLDC motors offer strong dynamic response, great mechanical
dependability, low vibration and noise, extended lifespan, simple controllability, and high
efficiency [1]. These days, a lot of industrial and domestic applications employ these

motors [1], [2]. A 3-phase BLDC motor is driven by three full-bridge inverters [3], [4].

Additionally, sensorless BLDC motors have become the most popular in recent
years. A BLDC motor drive’s voltage source inverter (VSI), as well as rotor, stator, and
position sensors, can all experience various kinds of issues [5]. Therefore, these flaws might

result in serious machinery breakdowns if they are not addressed.

About 38% of all motor malfunctions are inverter-related failures, which mostly
happen in power switches [3], [6]. Over the past several decades, a number of methods
have been investigated and put forth for the identification of inverter switch issues within
BLDC motors. A method for detecting open-circuit (OC) and short-circuit (SC) in VSIs has
been presented by Mehdi Salehifar et al. [7]. In addition, the authors suggested a method

for identifying malfunctioning switches in a 5-phase VSI motor drive [8]. A diagnostic
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method [9] for detecting OC problems in current-source inverter (CSI)-based BLDC motor
drive systems was proposed by Mohamed A. Awadallah et al. in 2006. Moseler et al.
suggested a fault-identifying method [10] for online and end-of-line issue identification.
Liu et al. suggested a permanent-magnet dc motor’s failure diagnostic and detection

technique [11].

Snubbers are important components of power electronics. The power supply
module incorporates snubbers. Snubbers effectively reduce the impact of circuit reactance.
In addition to increasing the switching circuit’s efficiency, snubbers also boost its efficiency
and dependability, which raises the switching frequency [3]. Fault identification is an
essential feature that needs to be considered for drives to operate dependably. Numerous
studies and investigations are being conducted in these fields [12], [13], [14] to diagnose
converters and motor drives problems. Numerous sophisticated modelling, research, and
snubber uses have been noted in [15], [16], [17], [18], [19]. The authors [15] discovered
shortcomings within the converter that was attached to the snubber. However, very few
attempts are made to identify the ISSCRF of the small MG inverter connected to the BLDC
motor. Motivated by this, the identification of the ISSCRF has been addressed. To identify
ISSCREF, the BLDC motor’s stator current was monitored under normal conditions and at

various %ISSCRF (up to 50%).

3.2 BLDC Motor Mathematical Model
BLDC motor’s equivalent circuitry is depicted in Fig. 3.1. The BLDC motor is powered by

a 3-phase voltage source and features star-connected stator windings.

i :
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Va L1 +o-

ip L e
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Fig. 3.1. BLDC motor’s equivalent circuitry
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The followings are expressions [3] for BLDC motor’s armature

winding’s modelling:

VR +1% e (3.1)
dt
Cdi

v, =Rlb+L7:+eb (3.2)

V=R +1% e (3.3)
dt

where, V,, V,, V.= stator phase voltages (V),

i,, i,, I, = stator phase currents (A),

ad

e,, e,, e.=motor’s back EMFs (V) of three phases

a?’

The BLDC motor’s modelling can be represented in matrix form [3] underneath:

v, I 0 O} 1 0 O y I e,
V, |=R|0 1 O|li |+L]O0 1 O 7 i, |+| e, (3.4)
V. 0 0 11| 0O 0 1 I, e,

where,

R=R, =R, =R = per-phase stator resistances (ohm),
L=L, =L, =L = per-phase stator windings inductances (H)

To power the motor, a 3-phase, 500 V, 50 Hertz power equipment featuring a
MOSFET/Diode-based inverter was employed. Followings referred in Table 3.1 are the
specifications of the BLDC motor:

Table 3.1. BLDC motor specifications

Parameters Specifications
Number of phases 3
Number of poles 8
Rated speed 3000 RPM
Stator’s phase resistance 2.8750 ohm
Stator’s phase inductance 0.0085 H
Rotor inertia 0.008 kgm?
Friction 0.001 N-m-s
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BLDC motor’s stator current was monitored under normal conditions and at various

ISSCREF percentages (up to 50%).

3.3 Fault in Snubber Resistance

This chapter addresses fault diagnosis of resistance-capacitance (RC) snubber circuits. A
small resistor and capacitor in series are frequently employed as RC snubber circuits for
inductive loads. Snubbers restrict the rate of voltage increase (dV/dt), also limit di/dt,
ripples, when employed with devices such as thyristors, IGBTs, MOSFETs, and other
switching components.

The snubber resistance defect, referred to here as ISSCREF, can be caused by aging,
temperature, and other factors. ISSCRF arises when the snubber resistor’s effective
resistance’s value gradually drops. In severe circumstances, it drops to zero, short-circuiting
the snubber path. Here, an effort was made to identify a little and steady drop in the snubber
resistance’s value. Here, the degree of fault is defined as the value of the snubber resistors

that exceeds the 5% tolerance level.

Simple snubber circuits consist of a resistor linked in series with a capacitor
attached in parallel to the semiconductor switches. In Fig. 3.2, the RC snubber circuitry

utilized in the BLDC motor’s inverter circuit is displayed.

[
L g
SWITCH /)
O
C——
[

Fig. 3.2. RC snubber circuit
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These formulae [3] outlined below can be used to calculate the values of the snubber

resistance and snubber capacitance:

’L
Rsnub = 2’5 E (35)

2
V4
C =L -
snub [K.VS ] (36)

where, Rgmub, Csnup= snubber’s resistance and capacitance value,

0= optimal damping factor,

K= optimal current factor,

1= semiconductor switch’s recovery current,
V= source voltage,

L= circuit’s inductance

3.4 FFT-Oriented ISSCRF Analysis

Fourier transform [FT] is an effective technique to investigate periodic waveforms. Either
FT or FFT can be employed to transform a signal between the frequency and time domains.
Nevertheless, FFT is incredibly quick since it needs fewer calculations than FT. For real-
time signal assessment and processing, the FFT is suitable considering its efficiency
optimizations and significant acceleration compared to the standard FT [3]. The FFT-based

study employed a sample rate of 100000 Samples/s.

In this study, the BLDC motor’s stator current is examined in both standard and
different %ISSCRF situations. A 5% to 50% reduction in snubber resistance was
investigated in the fault investigation. To identify the ISSCRF, a number of variables related

to the stator current, including DCC, FCC, and THD, have been assessed by FFT.

3.4.1 DCC Analysis
The DCC for various %ISSCREF levels was obtained by FFT-based computation of the
recorded current signal, as depicted in Fig. 3.3. However, no distinct association between

the DCC of the stator’s current and various ISSCRF percentages could be identified in Fig.
3.3.
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Fig. 3.3. DCC vs. %ISSCRF

3.4.2 FCC Analysis
The fundamental frequency computation is imperative when assessing the stator current’s
frequency patterns. In Fig. 3.4, the FCC values that were computed for different %ISSCRF

values are depicted.

0.702

e
N]

0.698

0.696

0.694

0.692

0.69

Fundamental Component of Stator
Current of Phase A, I (50 Hz)

0.688

0 10 20 30 40 50 60

Percentage of Snubber Resistance Fault

Fig. 3.4. FCC vs. %ISSCRF

It is apparent that the FCC fluctuates as the %ISSCREF alters. However, it fails to
provide an insightful pattern of correlation between the FCC and the %ISSCRF readings.
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3.4.3 THD Analysis

THD quantifies a signal’s harmonic content. The current signal’s THD may be represented

as follows:
(o &}
2
22 Ly rms
THD = Y= (3.7)
7 Jund _rms
where,

Ityna rms= root-mean-square (RMS) value for the fundamental frequency

I, +ms= harmonic n’s RMS value

Here, Fig. 3.5 illustrates the obtained THD values at different %ISSCRF levels. As
can be observed in Fig. 3.5, changes in the %ISSCRF are accompanied by fluctuations in
the THD values. Nevertheless, there was no evident connection between changes in the

THD and changes in the %ISSCREF.
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3.5 Limitation

The BLDC motor’s stator current was diagnosed using FFT, and this chapter presents the
results of studies on the DCC, THD, and FCC of the motor’s stator current under normal

conditions and at various %ISSCRF.

It was eventually discovered that the FFT-based diagnosis utilized here for
identifying ISSCRF has not produced any insightful findings that can be applied to ISSCRF
evaluation. Consequently, FFT is not suitable in situations where the signal’s characteristics
change over time, since temporal data is lost when a signal is converted to the frequency
domain from the time domain. It is a significant drawback of this approach [3], [12]. FFT-
based fault detection has been found to be an unsuitable technique for detecting ISSCRF in
a BLDC motor since stator current is transitory in character. Additionally, [3], [12] state
that whenever the motor current is not stationary, the FFT fails to yield an appropriate

result.

Wavelet transform-based fault assessment will be explored in Chapter 9 in an effort

to get beyond the drawbacks of this FFT-based diagnosis.
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Chapter 4
FFT-based Detection of Early IGBT Failure in the Three-Phase
Voltage Source Converter Coupled to PV Microgrid

Abstract- The insulated gate bipolar transistor (IGBT) serves as a fundamental component
in modern power electronics converters. The capacity of the IGBT transistor, employed in
power converter circuits, to withstand high voltages stands out as one of its most essential
characteristics. Massive production of solar energy is integrated into the AC grid through
the use of voltage source converters (VSCs). Moreover, VSCs are used in numerous
additional applications. All VSC-based systems are affected when IGBT-based VSCs
malfunction. Therefore, IGBT’s fault-proof functioning is very important. This chapter
describes a methodology for identifying prematurely IGBT breakdown failure (PIBDF) in
the three-phase (3Ph) VSC that is coupled to a photovoltaic (PV) grid. This fault is referred
to as PIBDF in this chapter. The investigation was conducted utilizing the fast Fourier
transform (FFT) approach performed to the VSC’s output phase voltage. The impacts on
the DC and fundamental components, as well as harmonic distortions, have then been
examined for varying faulty percentage amounts. Certain subharmonic component
characteristics have been examined in both the IGBT’s normal and malfunctioning states.

Further investigation reveals that a few traits are useful for identifying PIBDF.

Keywords: Fast Fourier transform (FFT), fault diagnosis, IGBT, photovoltaic (PV),

voltage source converter (VSC).

4.1 Introduction

PV systems are a readily available, sustainable technology that can be effectively used to
generate electricity, and the popularity of these systems is steadily rising [1]. The power
produced by the solar cell can be used by a variety of power equipment for both small and
large-scale applications. It is the most abundant and ecologically benign renewable energy
source (RES) on Earth [1]. In order to improve the efficient use of energy and power
controllability, VSCs are being utilized in an increasing number of applications of power

systems [2], [3]. IGBT is an integral part of contemporary power electronics. VSCs are now
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an essential part of modern power electronics following the advancements in power
semiconductor technology in recent years [4]. Recently, VSCs have been used in an
abundance of HVDC systems [5]. Problems with the system lead to a quick drop in voltage
and a rapid increase in current. Determining the fault of a VSC-based supply system in a
timely and precise manner is crucial. This assures the electrical system’s safety and
dependability. Different defect detection methods for VSC-based systems were proposed
by the authors in [6], [7], [8], [9]. However, very little efforts were made to identify the
early IGBT failure, or PIBDF, in VSCs.

This inevitably led to identifying VSCs with PIBDF. In this chapter, the PIBDF has
been detected utilizing FFT. Electrical signal analysis employs the FFT mathematical
technique to transform a signal from the time domain into the frequency domain. Compared
to time-domain analysis, frequency-domain analysis offers greater accuracy in
differentiating among transitory types. This study analyses the VSC’s output phase voltage
during the VSC’s PIBDF. The loads have a significant impact on the current signal.
Consequently, the voltage signal was acquired in this study for the aim of defect
identification. Several statistical aspects of the VSC’s recorded output voltage have been

studied utilizing the FFT in order to identify the issue.

4.2 IGBT-Based VSC Powered by PV Array

The grid-tied PV array-powered VSC is depicted schematically in Fig. 4.1. In this work, a
100-kW PV array connected to a 25-kV grid has been taken into consideration for
modelling. To link the PV array to the grid, a 3Ph VSC incorporating a boost converter
(BC) was utilized. Maximum power point tracking (MPPT) [10] gets utilized by the BC.
Using an MPPT system, the duty cycle can automatically be adjusted to produce the voltage
needed to extract the most power. Here, the capacitor bank filters the VSC-induced
harmonics. Together, the 66 parallel strands of five series-connected modules that make up
the PV array produce 100.7 kW of electricity. One PV panel contains 96 cells in all, linked
in series. The PV panel’s short-circuit (SC) current is 5.96 A and its open-circuit (OC)
voltage is 64.2 V. At its peak power output, the panel can generate 54.7 V of voltage and
5.58 A of current. The VSC’s phase voltage has been tracked under both normal and varying
failure percentage values of the PIBDF (%PIBDF).
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Fig. 4.1. Schematic of the PV array-powered VSC connected to the grid.

4.3 Defining the Problem

The IGBT-based VSC in this study is tied to the electric grid while powered by a PV array.
The IGBT failure in VSC is taken into consideration during the PIBDF assessment. The
path becomes open following the fault, which is referred to as PIBDF. It could happen
because of an overabundance of current, which would raise the temperature and cause the
IGBT to burn out. It could also happen following a rise in voltage that causes the insulation
to wear out. When there is a problem at the DC end of multi-terminal DC linkages, the DC
current rises to an extremely high value. Consequently, the equipment that is linked across
it may sustain harm, and the VSC systems that are connected to it at a similar DC terminal,
their performance is also impacted. When the VSC HVDC system experiences a DC-sided
issue, the IGBT lacks control, and the free-wheeling diodes act as a bridge rectifier, feeding
the fault. IGBT protection is extremely challenging and complicated. As a consequence,
when a defect occurs, the heat accumulation during the desaturation phase will destroy
them, in addition to the growing fault in the early phases of an IGBT malfunction, and the

current rate is essentially infinite. Hence, prompt and efficient PIBDF detection is crucial.

Therefore, an effort has been made in this study to investigate the progressive rise

of the IGBT failure of VSC. It should be mentioned that the designer’s choice will influence
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both the system specs and the degree of fault. The early detection of PIBDF is vital for

preventing harm to the system.

4.4 FFT-Based Failure Detection

Periodic waveforms can be effectively analyzed using the FFT [11]. By lowering the
computational complexities, it accelerates the signal analysis significantly. It facilitates the
analysis of periodic signals’ frequency content by converting time-domain signals into their
frequency-domain representations [11]. Its ability to efficiently resolve a signal’s
fundamental frequency and harmonics is essential for periodic waveform evaluation. FFT
makes it possible to precisely identify and measure the harmonics because of disruptions
in the system, which is crucial for evaluating power quality. This study examines the output
phase voltage of the VSC during PIBDF with the objective of identifying any anomalies.
The FFT technique was utilized to analyze a number of statistical features of the VSC's

measured output voltage so as to identify the problem.

4.4.1 Generation of Patterns Using FFT

FFT assessment has been conducted on the recorded signal of VSC phase voltage for
standard conditions and at various percentage levels of PIBDF within VSC. The collected
signal of VSC output voltage, as well as the associated FFT window, which are utilized for
the analysis to identify the PIBDF in VSC, are displayed in Fig. 4.2 and Fig. 4.3,
accordingly. The signal spectrum that was tracked and examined for the purpose of

detecting PIBDF in VSC is illustrated in Fig. 4.4.
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Fig. 4.2. Recorded VSC output voltage
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4.4.2 Extracting Low-Frequency Features

4.4.2.1 DC Component (DCC) Evaluation

FFT has been performed on the recorded VSC’s output voltage to extract the DCC for
various %PIBDF values in VSC. The graphical examination of Fig. 4.5 indicates that there
is no direct relationship between the DCCs and PIBDF.
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4.4.2.2 Fundamental Component of Voltage (FCV) Evaluation

This analysis of the VSC output voltage’s frequency distribution involves fundamental
frequency computation. Fig. 4.6 displays the FCV that was derived from the recorded
voltage for various %PIBDF values. Observations show that it does not provide a suitable
pattern of association between the various values of %PIBDF and the fundamental

frequency of the VSC output voltage.
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Fig. 4.6. FCV vs. %PIBDF
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4.4.2.3 Total Harmonic Distortion (THD) Evaluation
The THD of the recorded signal indicates the degree of distortion caused by the signal’s

harmonics. The following is an expression for THD [11]:

Z??:Z Irzt_rms
THD = Y= ™ (4.1)

I fund_rms

where,
I, rms= harmonic n’s root-mean-square (RMS) value;

Ityna rms= fundamental frequency’s RMS value

Here, the THD values for the PIBDF analysis have been recovered for normal
and varying %PIBDF in VSC, as shown in Fig. 4.7. It illustrates how the THD values
fluctuate along with changes in the %PIBDF values. An additional finding from Fig. 4.7
shows that the THD value rises in accordance with the %PIBDF in VSC up to 3%, but then
progressively falls after 3% of PIBDF.
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Fig. 4.7. THD vs. %PIBDF

4.4.2.4 Sub-harmonic Components of Voltage (SCV) Evaluation
Sub-harmonic elements have also been recovered from the recorded voltage signal in this

investigation. Every sub-harmonic component of the recorded signal has been carefully
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examined for both typical and various anomalous %PIBDF values. Fig. 4.8 illustrates that

all of the values of the SCV alter when the proportion of PIBDF rises.
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Fig. 4.8. SCV vs. %PIBDF

4.5 Precise Qutcome and Discussions

This work’s initial portion included FFT-based analysis for a variety of parameters,
including the captured VSC voltage’s DCC, FCV, THD, and SCV, although there is no
discernible result that can be implemented for the identification of VSC’s PIBDF.

The standard deviation and mean values (SDMVs) for the alteration in the value of
all the SCV for various %PIBDF have been calculated and are shown in Fig. 4.9 for the
PIBDF study. These metrics have been found to change differently under defective and
normal situations. Therefore, VSC’s PIBDF detection up to 5% may be accomplished using
this method. Subsequent analysis shows that the suggested work additionally facilitates us

to ascertain the VSC’s %PIBDF.
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4.6 Algorithm for PIBDF Detection

A PIBDF detection technique, as illustrated in Fig. 4.10 has been devised that resembles as
follows:

(a) Record the voltage output from the VSC.

(b) Utilizing a sampling method, digitize the recorded voltage.

(c) Utilize FFT on the digital data to evaluate SDMVs for every SCV.

(d) Look for the PIBDF.
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Fig. 4.10. Strategy for identifying PIBDF

4.7 Conclusion
In this chapter, the output voltage of the VSC has been statistically evaluated with FFT to
detect the PIBDF. It was also noted that in both preferable and defective situations, the

parameter values varied. As the %PIBDF rises, all of the parameters’ values also shift.

Furthermore, it has been demonstrated that this FFT-based defect detection
approach effectively detects the early presence of PIBDF in VSC. Hence, it is feasible to
recognize PIBDF in VSC early through constantly tracking recorded values. Thus, the
suggested method may be used to estimate the percentage of PIBDF in VSC while

preventing the system from pricey losses.
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Chapter 5
FFT-based Accelerated IGBT Switch Failure Identification in a
Bidirectional Microgrid Inverter Connected to Distributed

Generation

Abstract- Since insulated gate bipolar transistors (IGBTs) are effective, dependable, and
adaptable for managing high-power applications, they are vital elements of today’s power
electronics converters. In microgrid inverters (MGlIs), IGBTs are key parts that provide the
switching power needed to convert DC energy from renewable sources into high-quality
AC power for microgrid (MG) applications. To facilitate the effortless incorporation of
distributed energy resources (DERs) and enable both grid-tied and islanded functioning,
the microgrid needs to incorporate bidirectional inverters (BDIs). In BDIs, IGBTs are
crucial for effective energy transformation and controlling the bilateral power flow. BDI’s
IGBT malfunctions can have a range of adverse impacts on a microgrid, from minor issues
with power quality to significant disruptions in system operation and reliability.
Consequently, the IGBT ought to function flawlessly. A rapid technique for detecting the
IGBT switch fault (ISF) in MG’s BDI connected to a photovoltaic (PV) and battery storage
system (BSS) is demonstrated in this chapter. The BDI’s output current has been analysed
using the fast Fourier transform (FFT) to identify ISF. At different ISF values, the effects
on the captured BDI’s output current quality characteristics have since been examined.
Using the most favourable characteristics, an attempt has been performed to effectively

identify the ISF. Additionally, a process enabling ISF detection is suggested.

Keywords: Bidirectional inverter (BDI), distributed generation (DG), fast Fourier
transform (FFT), fault detection, IGBT, microgrid (MG)

5.1 Introduction

On a global scale, microgrids are being embraced more and more as part of initiatives to
update energy infrastructure and increase sustainability and energy security. Microgrids
depend substantially on DGs [1]. Unlike a centralized model where power is produced at a

large, often distant facility and transmitted over extensive distances to consumers, DGs
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denote a decentralized approach to energy generation and supply. Integrating PV systems
with BSS) is a prevalent and effective technique for generating a flexible and reliable power
solution [2], [3]. The development of semiconductor devices, their low volume, and their
reasonable costs have led to an increase in the usage of electrical power converters [4].
Numerous applications in MGs use BDIs, which can transmit power into or out of the AC
mains, to increase power controllability and the effectiveness of energy usage [5]. IGBTs
significantly aid in the creation of reliable and energy-effective electronic devices due to
their great power-handling potential, efficacy, and versatility across a wide variety of

applications [6]. Most applications in MGs make use of voltage source inverters (VSIs) [7],

8].

K. Nguyen-Duy et al. in [9] illustrated open circuit failures (OCFs) detection in the
matrix converter drive’s (MCD’s) bidirectional switch. In [10], K. M. Reddy et al.
suggested an efficient method to check for OCF within an inverter. In 2020, J. Zhang et al.
in [11] introduced a unique technique for detecting OCF in grid-side converters’ (GSC)
IGBT module. The current-source inverter’s (CSI’s) OCF was proposed by the authors in
[12]. In 2019, S.S. Moosavi et al. suggested approaches for detecting OCF inside an IGBT-
based inverter [13]. Authors in [14] proposed a method for detecting short circuit failures
(SCFs) in islanded inverters. In 2024, S. S. Ghosh et al. in [15] demonstrated the IGBT

switch failure detection technique in an inverter.

Nevertheless, no significant deliberate attempts were ever made to detect early ISF
in an MG’s BDI. An innovative technique for identifying ISF in BDIs is presented in this
chapter. The frequency-domain assessment feature of FFT [16], [17] has been employed
here to assess the ISF, since the fact that frequency-domain assessment distinguishes

between distinct transient forms with greater precision than time-domain assessment.

This article identifies ISF by measuring the output current of the BDI. Across a
range of ISF levels, the effects of ISF on fundamental, harmonic, and subharmonic

distortion have been studied.
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5.2 Grid-Tied PV-Powered BDI

A schematic illustration of the grid-linked PV-powered BDI is exhibited in Fig. 4.1. With a
rating of 100.7 kW, the PV system is connected with the 66 kV grid. Utilizing a DC/DC
converter, the PV system is attached to an HVDC bus. Here, the power extraction from the
PV system is optimized by using a DC/DC converter in combination with a maximum
power point tracking (MPPT) controller. Here, a centralized controller that combines a
power conditioning system and a battery management system is also used. Both normal
and defective conditions of the IGBT switch have been meticulously observed. Under
normal conditions and at different ISF percentage levels (%ISF), the extracted current has

been evaluated to enable for identification of ISF in the BDI.

SYSTEM

Grid

Fig. 5.1. Schematic of the grid-tied PV-powered BDI

5.3 Problem Description

In this investigation, the PV-powered BDI is coupled to the power grid. For fault inspection,
the IGBT switch fault of the BDI has been put under consideration. The failure of the IGBT
switch is a serious issue. The issue is described as a scenario that breaks the pathway open
beyond the malfunction. IGBT switch burning could occur from an elevated current spike
that builds up the temperature. Additionally, a voltage surge causing harm to insulation

might cause it.

Safeguarding IGBT switches is extremely difficult and complex. Thermal buildup

within the desaturation stage has the potential to destroy the switch. Therefore, it matters
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greatly to identify ISF quickly and successfully. Thus, an effort was undertaken in this
investigation to identify the gradual rise in ISF. Design choices influence both defect rates
and system parameters. ISF detection is a key factor in ensuring system reliability and

preventing damage.

5.4 Using FFT to Diagnose ISF

Strong mathematical techniques for identifying a signal’s frequency components are the
Fourier transform (FT) and FFT [17]. However, they differ significantly in terms of
efficiency and computation. FFT is rather quick. With its digital computing optimization,
FFT allows real-time signal processing, facilitating the identification of particular elements,

trends, or irregularities in the signal.

This investigation captured and thoroughly examined the BDI’s output current to
discover ISF. To discover the ISF issue, a range of metrics relating to the acquired current

have been observed using the FFT.

5.4.1 Development of Patterns Using FFT Integration

FFT analysis has been performed on the captured current signal over multiple ISF
percentage levels (%ISF) as well as under typical operational circumstances. Fig. 5.2 and
Fig. 5.3 display the gathered signal and the FFT window for the acquired current signal,
accordingly. The signal spectra of tracked BDI’s output current have been demonstrated in

Fig. 5.4.
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Fig. 5.2. Collected BDI’s output current
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Fig. 5.4. Signal spectrum of current

5.4.2 Feature Extraction for Low-Frequency

5.4.2.1 Assessing the Fundamental Current Component (FCC)

In FFT, FCC assessment refers to the process of extracting an electrical signal’s components
at the fundamental frequency. In this section, the FFT outcomes are utilized to obtain the

amplitude and phase data of the FCC.

Fig. 5.5 represents the FCC, which has been estimated using the acquired current
for different %ISF. It is evident from the graphic analysis of Fig. 5.5 that there is an

inconsistent correlation between the FCC and varying levels of %ISF.
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Fig. 5.5. FCC vs. %ISF

5.4.2.2 Assessing the Total Harmonic Distortion (THD)
The signal’s harmonic content can be evaluated by THD [3], [17]. THD can be represented

as follows:

THD =Y———— (5.1)

where,
[;= fundamental frequency's RMS value;

I5, I3, [,= harmonic n’s root-mean-square (RMS) value

Fig. 5.6 depicts the THD values during the ISF analysis that have been estimated
for different %ISF in BDI. It reveals that the THD value remained the same up to 2% of
ISF. Figure 6 further shows that the amount of THD increases marginally up to 3% as the
percentage of ISF increases. Nevertheless, following 3% of ISF, the THD level declines
gradually till 4% of ISF. The THD value increases once again after 4% of ISF, while the
ISF value hits 9%. Furthermore, there is no adequate proof in Fig. 5.6’s graphical

examination that supports a finding of ISF.
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5.4.2.3 Analysis of Subharmonic Current
Subharmonics (SHCs) have been similarly extracted from the collected current. Each
subharmonic element has been extensively investigated for a variety of %ISF in this study.

As the fraction of ISF escalates, Fig. 5.7 indicates that the SHC elements change

concurrently.
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5.5 Particular Findings and Discussion
This study’s initial phase included FFT-based signal tracking for a variety of parameters.

Yet, these tests are unable to yield any insightful results that might be exploited to identify
ISF in BDI.

Furthermore, the standard deviation and mean values (SDMVs) for the variance in
all SHC values for different %ISF have been measured. These have been displayed in Fig.
5.8 for ISF investigation.
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Fig. 5.8. SDMV of the SHCs vs. %ISF

Fig. 5.8’s graphical monitoring indicates that the SHCs’ standard deviation value
(SDV) keeps rising till 3% of ISF. Later, it drops as long as the ISF rises to 10%. Therefore,
it can be learned that the most effective way to detect ISF quickly (as much as ISF of 3%)
in BDI is to consistently observe the SDV of the SHCs. Subsequent assessment illustrates

that the proposed work additionally facilitates us to ascertain the BDI’s %ISF.

5.6 Algorithm for ISF Detection

An ISF detection technique, as illustrated in Fig. 5.9 has been devised that resembles as
following:
(a) Record the current at the output of the BDI.

(b) Utilizing a sampling method, digitize the acquired current.
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(c) Employing FFT on the digital data, assess each SHC’s SDVs.
(d) Check for the ISF.

Capture the BDI's output current signal

|

Use sampling technique to digitize the captured ]

signal

[ Apply FFT on the digitized data

||

Obtain and assess SDV’s for the variation of all the
SHCs

Detect the
ISF, if
exists

[ Calculate the ISF percentage ]

Fig. 5.9. Strategy for ISF detection

5.7 Comparative Analysis

A comparison study comparing the approach suggested and several different inverter failure

diagnostic methods has been provided in Table 5.1.
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Table 5.1. Comparison Analysis

Ref. Detecting Faults Capacity at Identifying
Faults (%)
[9],[10] MCD’s and nonsensical inverter’s OCF No
[11] GSC IGBT modules’ OCF No
[12], [13] CSI’s and IGBT inverter’s OCF No
[14] Islanded inverter’s SCF No
Proposed ISF in BDI Yes
method

5.8 Conclusion

In this study, in order to determine ISF, a statistical analysis using FFT on the BDI’s output
current has been carried out. In both optimal and suboptimal conditions, it was observed
that the parameter readings fluctuate. The FFT-based defect detection strategy has been

demonstrated to be an efficient means to identify ISF beforehand in BDI.

It was additionally determined through comparison assessment that the technique
proposed makes it feasible for calculating the %ISF of the BDI. Thus, constant tracking of
the SDV of the SHC:s facilitates earlier ISF detection in BDI. Therefore, by employing the
recommended strategy, the entire system could be appropriately shielded against expensive

damages.
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Chapter 6
FFT-based Inspection of Extremely Minimal Changes in
MOSFET’s Effective Resistance in Microgrid Inverter

Abstract- Microgrid (MG) inverter technologies incorporate metal-oxide-semiconductor
field-effect transistors (MOSFETs) as the key elements in traditional electric power
converters due to their effectiveness, fast switching, and small dimensions. For a distributed
energy source (DES), a microgrid inverter (MGI) is essential, given its ability to transform
DC power from renewable energy sources to AC. Bidirectional energy transfer is made
practicable by the H-bridge inverters (HBIs) in MG operations, allowing for both grid-tied
and standalone operations. The effective resistance of MOSFET (ERM) may alter as a
result of the MOSFET malfunction in single-phase H-bridge inverters (1phHBIs). Failures
of MOSFETs in an HBI can have adverse impacts on the MG system’s performance, safety,
and reliability. This chapter introduces a technique for identifying a quick MOSFET switch
fault (MSF) in a 1phHBI connected to a photovoltaic (PV) system. The output current from
the 1phHBI was evaluated by implementing the fast Fourier transform (FFT) to detect MSF.
The effects of MSF on the fundamental component of current (FCC), DC component
(DCC), total harmonic distortion of current (THDC), and subharmonics (SHCs) have been
investigated at different fault levels. A successful recognition of the MSF has been
accomplished relying on the best-fit features. Additionally, the technique makes ERM
computation possible during MSF. In addition, an MSF identifying technique has been

recommended.

Keywords: Distributed energy source (DES), fast Fourier transform (FFT), fault
recognition, single-phase H-Bridge inverter (1phHBI), MOSFET, microgrid (MQ).

6.1 Introduction

MG features distributed energy sources (DESs) that include sophisticated control systems
and may also incorporate batteries to store energy [1], [2]. By incorporating PV systems,
MGs may reduce their dependence on centralized generation facilities and traditional fossil

fuels, improving energy safety and dependability [3]. As technology advances and support
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for DESs grows, residential microgrids (RMGs) [4], [5] are gradually becoming more
widely available. RMG allows them to control, store, and produce their own electricity

while still being integrated with the primary electrical grid.

The adaptability and control which HBIs provide in MG systems enable the
incorporation of clean energy resources and the seamless transition between standalone and
grid-tied operations. Typically, inverters employ power semiconductor switches, such as
MOSFETs, to perform pulse-width modulation (PWM) in order to get their output in AC
[6]. In addition to improving power conversion efficacy, this high frequency of switching
assists in reducing the size and overall weight of the inverter’s components. Power
MOSFETs endure a greater failure probability relative to the inverter’s other components

[7]. MOSFETs and IGBTs contribute to 21% of converters’ faults [8], [9], [10]

In [11], [12], the authors proposed effective detection methods for short circuit
failure (SCF) inside the current-source inverter (CSI), and in the islanded inverter,
respectively. Different open-circuit fault (OCF) detection methods have been introduced by
K. Nguyen-Duy et al. in [13], M. T. Fard et al. et al. in [14], and by J. Zhang et al. in [15]
for the matrix converter drive (MCD), CSI, wind power converter (WPC). The failure
diagnosis procedures for the IGBT switch within the voltage source converters (VSCs) [9],
[16] were illustrated by S. S. Ghosh et al.

Nevertheless, limited efforts have been undertaken to identify MSF in a 1phHBI.
This study proposes a novel approach for diagnosing MSF in 1phHBI. MSF has been
identified by evaluating the recorded 1phHBI's output current using FFT. In order to
identify the MSF, a number of attributes were investigated, such as the DCC, FCC, THDC,

and SHCs of the recorded current.

6.2 MOSFET-based Grid-linked Inverter

Fig. 6.1 schematically depicts the grid-linked DMG system. A PV system, a boost converter
(DC-DC) operated by maximum power point tracking (MPPT), DC-link, a bidirectional
boost converter, a battery storage, a 10 kW domestic load, and a 1phHBI are its constituent
parts. The PV system with a 3.5 kW rating is attached with the 66 kV grid. The boost
converter uses the MPPT controller to extract as much electrical energy as feasible out of

the PV system.
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The 1phHBI’s output current has been precisely tracked at various MSF percentages

(%MSFs) and during normal conditions in order to ascertain whether MSF exists in it.

DC-Link
==

H-Bridge
Inverter

H

Main Grid

Household
Electric Loads

Fig. 6.1. Schematic of MOSFET-based grid-linked inverter

6.3 Problem Description

The utility grid and PV system are interconnected through MOSFET-based 1phHBI in this
study. In the fault investigation, the MSF in the 1phHBI has been taken under consideration.
An unanticipated problem is 1phHBI’s MSF. Variations in the ERM and several issues
affecting the device’s operation can result from a 1phHBI’s MSF. An issue has been defined
as a scenario that opens the circuit’s passage after a specific %MSF. Undervoltage,
overheating, overvoltage spikes, overcurrent, and voltage transients can all cause the
MOSFETs to become so strained that they breakdown. Over time, MOSFET aging and

wear can lead to a decrease in efficiency and an increased risk of failure.

MSF has the potential to impair the system’s overall operation, particularly the
inverter. MOSFET-based inverters ought to include rapid and precise fault identification

capabilities to reduce the adverse effects of MSF.

In order to discover MSF in 1phHBI, an attempt has been performed in this work,
and also to ascertain how the ERM values in the 1phHBI evolved continuously throughout

the MSF.
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6.4 FFT-Oriented Detection of Faults

In electrical signal evaluation, the Fourier transform (FT) and FFT [10], [17], [18] have
applications in methods, particularly for diagnosing and identifying issues. Compared to
the FT, the FFT offers an even faster rate [10]. FFT transforms the time-domain signals into
their frequency-domain representations, enabling an examination of a signal’s frequency
elements. Therefore, FFT could be adopted to continually examine electrical data in real-

time systems of monitoring.

In this study, MSF is found by attentively examining the 1phHBI’s output current.
The FFT has been used to measure a number of parameters related to the current captured

in an attempt to detect the MSF.

6.4.1 Synthesis of FFT-Oriented Patterns
The obtained current signal has been subjected to FFT analysis underneath both standard

operational circumstances and at various %MSFs.

Fig. 6.2 presents the acquired 1phHBI’s output current. IphHBI’s output current’s
FFT window is depicted in Fig. 6.3. Whereas, the signal spectrum of the captured current
is presented in Fig. 6.4.
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Fig. 6.2. Collected 1phHBI’s output current
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Fig. 6.3. 1phHBI’s output current’s FFT window
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Fig. 6.4. Signal spectrum of captured current

6.4.2 Feature Extraction for Low-Frequency

6.4.2.1 Assessing the DCC

The Fig. 6.5 depicts the DCC of the captured current that was retrieved through FFT-based
assessment for different %MSF. A graphical analysis of Fig. 6.5 makes it clear that the
different %MSF values next to the DCC are not properly related. Therefore, it would be
impossible to use this property to identify MSF in the 1phHBI.
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Fig. 6.5. DCC vs. %MSF
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6.4.2.2 Assessing the FCC

To assess the FCC of the recorded current signal, FFT has been applied. The FCC values
are displayed in Fig. 6.6 and were computed using the 1phHBI’s output current for various
%MSF levels. It is clear from a visual examination of Fig. 6.6 that the various %MSF values
alongside the FCC are not appropriately associated. Hence, adopting this feature to identify
MSF in the 1phHBI would not be conceivable.
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Fig. 6.6. FCC vs. %MSF

6.4.2.3 Analysis of THDC
Total harmonic distortions (THDs) are implemented to quantify the harmonic content of

the signals [10]. The term total harmonic distortion of current (THDC) refers to the THD

of a current signal.

THDC(%) can be represented as follows:

122+1§+ ........ +1721

THDC (%) = ¥—————x100 (6.1)

1

where,
[;=root-mean-square (RMS) value for the fundamental frequency

I, I3, I,= harmonic n’s RMS value
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The Fig. 6.7 depicts the THDC measurements at various %MSF in 1phHBI. When
the 1phHBI's %MSF reaches 10%, it indicates that the THDC(%) is rising as well.
However, thereafter, while the %MSF advances to 15%, the THDC(%) progressively falls.
After the MSF reaches 15%, the THDC(%) rises and keeps rising unless the %MSF reaches
20%. The graphical examination of Fig. 6.7 fails to reveal compelling proof to support the
MSF detection.

——THDC(%)

0 5 10 15 20 25 30 35 40 45 50
% MSF

Fig. 6.7. THDC(%) vs. %MSF

6.4.2.4 Analysis of Subharmonic Current

The current that comes out of the 1phHBI has been analysed to extract SHCs. The collected
signal’s SHCs have all been meticulously assessed for varying %MSF levels. Fig. 6.8
showcases the way every SHC changes concurrently when the %MSF gets higher.
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Fig. 6.8. SHCs vs. %MSF

6.5 Specific Findings and Discussion

In this work’s initial phase, FFT-based computation of signals was implemented for
tracking a variety of metrics, such as the obtained current’s DCC, FCC, THDC, and SHCs.
However, these assessments have failed to yield any crucial details that might be applicable

towards the identification of MSF in 1phHBI.

Additionally, for each SHC value associated with various %MSFs, the standard

deviation and mean values (SDMVs) were assessed, as depicted in Fig. 6.9.
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Fig. 6.9. SDMVs of the SHCs vs. %MSF
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As MSF rises to 15%, merely the standard deviation values (SDVs) for the SHCs
grow gradually, as can be found from the graphical assessment of Fig. 6.9. Thus, it becomes
apparent that the detection of MSF (up to 15%) in 1phHBI may be achieved simply by
constantly inspecting the SDVs of the SHCs.

6.6 Algorithm for MSF Detection
An MSF detection technique, as illustrated in Fig. 6.10 has been devised that resembles as
following:

(a) Record the current at the output of the 1phHBI.

(b) Utilizing a sampling method, digitize the acquired current.

(c) Employing FFT on the digital data, assess each SHC’s SDVs.

(d) Check for the MSF.
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Capture the 1phHBI’s output current signal
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Fig. 6.10. Strategy for GSF detection
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6.7 Comparative Analysis

Table 5.1 displays comparisons of the suggested methodology with other kinds of inverter

fault identification systems.

Table 6.1. Comparison Analysis

Ref. Detecting Faults Capacity at Identifying Faults

(o)

[13],[14], [15] OCFs in MCDs, CSIs, and WPCs No
[11], [12] SCFs in CSIs and islanded No

inverters
[9], [16] IGBT switch’s breakdown in No
VSCs
Proposed MSF in 1phHBI Yes
method

6.8 Conclusion
In this chapter, a statistical evaluation adopting FFT on the tracked current was conducted
under both ideal and faulty environments to identify MSF in 1phHBI. Throughout the

investigation, it could be observed that the values of the multiple parameters altered.

The particular results additionally demonstrate that the suggested method enables
the determination of both the ERM value and the %MSF. This FFT-based failure detection
process has been found to effectively detect MSF (up to 15%) in 1phHBI by continually
tracking the SDVs of the SHCs. Therefore, by employing the recommended strategy, the

entire system could be appropriately shielded against expensive damages.
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Chapter 7
FFT-based Investigation of GTO Switch Failure of the Voltage

Source Inverter in a PV-Incorporated Microgrid

Abstract- On-grid and remote-grid microgrids (MGs) both use inverters incorporating gate
turn-off thyristors (GTOs). GTOs’ capacity to handle high currents and voltages is essential
for energy conversion devices that need an elevated power level. Voltage source inverters
(VSIs) employ GTOs to transform DC current to AC from energy storage devices and
renewable energy. This chapter illustrates a method for figuring out the GTO switch fault
(GSF) for a photovoltaic (PV) based three-phase (3Ph) VSI in an MG. In 3Ph VSI, an MG’s
GSF can lead to a number of problems, including reduced power output, safety concerns,
fluctuating voltage and frequency, losing grid connectivity, overvoltage or overcurrent
scenarios, and operational outages. An investigation on the 3Ph VSI’s current at the output
terminal using the fast Fourier transform (FFT) was carried out in order to identify GSF.
The effects of GSF on the fundamental component of current (FCC), DC component
(DCC), total harmonic distortion of current (THDC), and subharmonics (SHCs) have been
investigated at different GSF levels. A successful detection of the GSF utilizing the most
appropriate attribute has been attempted here. In addition, a GSF identifying technique has

been recommended.

Keywords: Fast Fourier transform (FFT), fault recognition, GTO switch fault (GSF),
microgrid (MG), voltage source inverter (VSI)

7.1 Introduction

MGs have emerged as a major development in modern power networks with the integration
of renewable energy [1], [2]. In MGs, the PV system [3] is an essential component. They
provide a clean, dependable, and sustainable source of electricity. MGs employ VSI [1] to
increase their stability, efficiency, and ability to integrate renewable energy. MGs employ
VSI [1] to increase their stability, efficiency, and ability to integrate renewable energy. In a
wide range of applications, VSIs are utilized [4]. A VSI transforms the DC energy of

renewable energies into more stable AC power. Microgrid inverters (MGls) with GTO
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functionality are employed in both on-grid and remote-grid scenarios. In applications
requiring considerable power, GTOs are suitable owing to their high voltage and current

specifications [5].

L. Jlassi et al. suggested the failure detection of VSI’s current sensors and IGBTs in
[6]. The methods for detecting IGBT switch malfunctions in voltage source converters
(VSCs) [3], [7] and in bidirectional MGI [8] were illustrated by S.S. Ghosh et al. An
efficient defect diagnostic technique for current-source inverter’s (CSI’s) short circuit
failures (SCFs) was introduced in [9] by X. Guo et al. The CSI's open circuit failure (OCF)
detectable technique was illustrated by M. T. Fard et al. [10]. A novel method for detecting
OCF within wind power converter’s (WPC’s) IGBT modules [11] was suggested by J.
Zhang et al. Authors in [12] presented a SCF detecting technique within the islanded

inverter.

However, very little emphasis was placed on identifying 3Ph VSI’s GSF. This
investigation recommends a distinctive technique for detecting GSF in MG's 3Ph VSIL
Here, the GSF has been successfully recognized using the FFT. The GSF has been
detected by utilizing the FFT on the recorded current at the output of the VSI to track a
number of parameters, including the DCC, FCC, THDC, and SHCs.

7.2 Grid-Linked GTO-Based VSI

The Fig. 7.1 depicts a schematic of a grid-tied PV system, a maximum power point tracking
(MPPT) controlled boost converter, a DC-link, and a VSI. For modelling objectives, a 100
kW PV system and a 25 kV utility grid are considered. The grid and PV system are
interconnected by a VSI in conjunction with a boost converter. MPPT [3] enhances power
production by continually modifying the operating point to harvest the most possible power
from the PV system under fluctuating environmental circumstances. To provide customers

with a reliable power source, the VSI controller keeps track of frequency and voltage [2],

[13].

With a view to confirm GSF is present at VSI, its output current has been monitored

thoroughly at normal and under varying percent of GSF (%GSF) scenarios.
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Fig. 7.1. Schematic of GTO-based grid-tied VSI

7.3 Problem Description

The GTO-based 3Ph VSI couples the grid and PV system in this investigation. The GSF of
the VSI is considered in the fault assessment. The fault condition associated to GTO
switches within the VSI circuits is termed GSF. In the course of the GSF, the
effective resistance of the GTO-based switch varies considerably. The GSF is an
occurrence that causes the circuit to open, adhering to a failure after a specific %GSF. A
number of factors, including the overcurrent, overvoltage, aging, and overheating, can

cause the GTO switch malfunctioning.

In the MG’s VSI, a GTO switch defect may result in distortion of the output voltage,
elevated harmonic content, instability of the system, or total inverter failure.
Preventive steps, such as fault identification techniques, can be incorporated into VSI
systems to mitigate the effects of GSF and safeguard the system’s secure and reliable
operation. Hence, an attempt was put forward in this work to identify the GSF of the VSI.

Importantly, the system designer may decide the system’s features and the severity of flaws.

7.4 FFT-Oriented Fault Detection

Electrical system breakdowns are frequently indicated by unexpected fluctuations
in current, voltage, or frequency. Fourier transform (FT) or FFT may be used to detect
these variances and uncover the system's fundamental issues [3], [8], [14], [15].
The FFT is suitable for processing and analyzing signals in real time, as it is efficiency-

optimized and significantly faster than the standard FT [5].
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To determine GSF in VSI, this study closely looks at the output current of the VSI.
To identify the GSF problem, a number of variables related to the VSI’s output current,
including DCC, FCC, THDC, and SHCs, have been tracked using the FFT.

7.4.1 FFT-Oriented Pattern Synthesis
The obtained current was evaluated through FFT analysis at various %GSF and under
normal operating circumstances. Fig. 7.2 displays the extracted output current. Fig. 7.3

exhibits the obtained output current’s FFT window. Additionally, Fig. 7.4 illustrates the

collected current's signal spectrum.
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Fig. 7.2. Captured output current from VSI
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7.4.2 Retrieval of Low-frequency Features

7.4.2.1 DCC Analysis

The DCC of VSI output currents over a range of %GSF has been retrieved using the FFT-
based investigation. But according to Fig. 7.5, there is no statistically significant correlation
between the DCC and %GSF. Consequently, GSF within the VSI could not be detected

with this attribute.
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Fig. 7.5. DCC vs. %GSF

7.4.2.2 FCC Analysis
Using FFT, this analysis is performed to determine the FCC from the recorded output

current. In this instance, the FFT findings have been utilized to retrieve the amplitude and
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phase data of the FCC. In Fig. 7.6, the FCC values that were computed for different %GSF

values are shown.
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Fig. 7.6. FCC vs. %GSF

An analysis of Fig. 7.6 reveals that the FCC of the collected current and the various
%GSF fails to sufficiently associate. Therefore, identifying GSF within the VSI using this

attribute doesn't seem feasible.

7.4.2.3 THDC Analysis

THDC measures a signal’s harmonic content [3], [8]. The current signal’s THDC may be

represented as follows [8]:

122+1§+ ........ +1721

THDC (%) = *X———x100 (7.1)

Iy
where,
[;= root-mean-square (RMS) value for the fundamental frequency

I, I3, [,= harmonic n’s RMS value

As seen in Fig. 7.7, the THDC metrics during the GSF investigation derived for
various %GSF in VSI are displayed. It demonstrates how variations in THDC(%) values
are accompanied by variations in %GSF values. Moreover, the graphical analysis of Fig.

7.7 fails to sufficiently validate the GSF detection.
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7.4.2.4 SHC Analysis

The SHCs have also been computed from the VSI’s output current. Every SHC in the
acquired signal has been closely inspected for different %GSF values. Fig. 7.8 reveals how
each of the SHCs’ values alters while the %GSF rises. The SHC at 40 Hz, represented by I
at 40 Hz, steadily declines unless the %GSF hits 20%, as can be seen by closely inspecting
Fig. 7.8. Therefore, GSF within the VSI may be diagnosed using this statistical trait.
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Fig. 7.8. SHCs vs. %GSF
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7.5 Particular Outcomes and Discussion

The DCC, FCC, THDC, and SHCs of the collected current were among the several metrics
that were carefully analyzed throughout the first phase of this investigation employing FFT.
Meanwhile, the graphic analysis of Fig. 7.8 demonstrates, only the SHC at 40 Hz,
represented as [ at 40 Hz, progressively decreases unless the %GSF reaches 20%.
Therefore, it is demonstrated that by continually monitoring the SHC at 40 Hz (I at 40 Hz),
VSI's GSF up to 20% may be recognized. The suggested method may also be used for
estimating the %GSF within the VSI.

7.6 Algorithm for GSF Detection
A GSF detection technique, as illustrated in Fig. 7.9 has been devised that resembles as

follows:
(a) Record the current at the output of the VSI.
(b) Utilizing a sampling method, digitize the acquired current.
(c) Employing FFT on the digital data, assess SHC at 40 Hz (I at 40 Hz).
(d) Check for the GSF.
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Fig. 7.9. Strategy for GSF detection
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7.7 Comparative Analysis

Table 7.1 compares the suggested methodology with various types of inverter fault-

detecting techniques.

Table 7.1. Comparison Analysis

Ref. Detecting Faults Capacity at Identifying
Faults (%)
[6] VSI's current sensors and IGBT fault No
[9] SCFs in CSIs No
[10] OCFs in CSlIs No
[11] OCF in WPC’s IGBT modules No
[12] SCFs in inverter No
Proposed VSI's GSF Yes
method

7.8 Conclusion

In this work, GSF in 3Ph VSI was identified by carrying out a statistical assessment
utilizing FFT to evaluate the VSI’s output current under both optimal and defective
situations. The values of the pertinent parameters have been observed to be fluctuating

throughout the fault detection procedure.

The investigation additionally indicated that the %GSF in the VSI could be
calculated using the approach suggested. Consequently, it has been found that this method
successfully detects GSF (up to 20% GSF) in VSI by continually evaluating the SHC, I at
40 Hz. The particular results additionally demonstrate that the suggested method enables
the determination of the %GSF.
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Chapter 8
FFT-based Monitoring of Snubber Quality Issue in Solid
Oxide Fuel Cell-based Microgrid Inverters

Abstract- Deterioration of snubber functionality in the microgrid (MG) inverter is an acute
concern. This chapter presents an innovative strategy for detecting nascent snubber-
resistance faults (NSFs) in MG’s 3-phase inverters (3Phls) that is coupled to the solid-oxide
fuel cell (SOFC). A study has been carried out to detect NSF by applying the fast Fourier
transform (FFT) on the 3PhI’s output current waveform. Investigations have been
conducted on how NSF affects the inverter current’s zero-frequency component (ZFC),
fundamental component of current (FCC), total harmonic distortion factor (THDF), and
components of sub-harmonic current (SCC). 3PhI’s NSF has been effectively detected,
according to the best-fit traits. In addition, an NSF identifying method has been

recommended.

Keywords: Fast Fourier transform (FFT), fault recognition, microgrid inverter, snubber

fault.

8.1 Introduction

Renewable energy systems predominantly employ grid-tied 3Phls. These days, fuel cells
can effectively address the major ecological issues [1]. By directly converting chemical
energies, SOFC stacks generate electrical power [2]. The most crucial element of a grid-
dependent integrated electrical system is the grid inverter [3]. Meanwhile, one of the parts
that fails the most frequently is the inverter [1]. To increase the dependability of inverters,

a method for identifying and diagnosing problems is necessary.

S.S. Moosavi et al. devised methods for identifying open circuit (OC) issues in the
inverter of a battery-powered vehicle [4]. The dual-inverter drive's OC switch fault has
been demonstrated by S. Yang et al. [5]. The authors in [6] suggested a method for detecting
short circuit (SC) defects in islanded inverters. The authors [7], [8], [9] developed an OC
defect detection method in the cascaded H-bridge multilevel inverters (CHMLIs) and

voltage source inverters (VSIs) based on artificial neural networks (ANNs). The approach
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[10] for identifying OC and SC flaws in multilevel inverters (MLIs) was introduced by S.
Khomfoi et al. In [11], [12], [13], the random forest (RF) approach has been adopted to
identify OC flaws in the three-phase H-bridge inverter (3PhHBI) and neutral-point-
clamped (NPC) inverters. The authors suggested the OC problem identification techniques
for H-bridge MLIs [14], 3-phase VSIs [15], and NPC MLIs [16]. Techniques for different
MG inverters’ OC fault detection were demonstrated in [17], [18], [19], [20], [21], [22]
through the adoption of convolutional neural networks (CNNs), support vector
machines (SVMs), clustering, continuous wavelet transform (CWT), and model reference

adaptive system (MRAS).

Nonetheless, there hasn’t been any substantial research on 3Phl NSF detection in
MG. The MG 3PhI NSF identification approach is recommended in this chapter. The 3PhI’s
current signals have been utilized to diagnose NSF. Using the FFT on the current recorded
at the 3Phl's output, the NSF has been identified by monitoring several parameters, such as
the output current’s zero frequency component (ZFC), fundamental component of current
(FCC), total harmonic distortion factor (THDF), and components of sub-harmonic current

(SCC).

8.2 3PhI Powered by a Grid-tied SOFC

In this section Fig. 8.1 depicts a schematic representation of the grid-linked SOFC stacks,
voltage regulator (DC-DC), and 3Phl. A SOFC stack connected to a microgrid via an
insulated gate bipolar transistor (IGBT)-based 3Phl makes up the system. Through a
voltage regulator (DC-DC), the 3PhI’s input voltage was altered with the primary goal of

changing the voltage level.

DC regulated
voltage section  AC grid Connection

MIOM1DN Jomod

DC Unregulated voltage
section

Fig. 8.1. Schematic of IGBT-based grid-tied 3Phl
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To validate the presence of NSF at 3Phl, the acquired current was evaluated in the

standard and various percentage of NSF (%NSF) instances.

8.3 Analysis of the Snubber Circuit Issue
The 3Phl NSF may be found using the method suggested in this chapter. Snubbers are

important components of power electronics. A switching device may experience
unexpected voltage spikes that cause sudden disruptions and perhaps damage the
equipment [23], [24]. Snubbers enhance switching frequencies while improving the

circuit's performance as well as efficacy and reliability.

Hence, an attempt was put forward in this work to identify the NSF of the 3Phl. In
this work, the %NSF of the 3PhlI has been altered by up to 40% for the NSF diagnosis.

8.4 FFT-Oriented NSF Identification

A great technique for comprehending periodic waveforms is the Fourier transform (FT)
[24]. FT and FFT are used to convert a signal between the frequency and time domains
[24]. Due to its efficiency optimization and substantial speed over the regular FT, the FFT

is appropriate for real-time signal processing and analysis.

The obtained current was assessed here in both standard and different %NSF
situations in order to confirm the existence of NSF at 3Phl. To identify the NSF problem,
a number of variables related to the 3PhI’s output current, including ZFC, FCC, THDF, and
SCCs, have been tracked using the FFT.

8.4.1 FFT-Oriented Pattern Generation

The acquired current was evaluated through FFT analysis at various %NSF and under
normal operating events. Fig. 8.2 displays the extracted output current. Fig. 8.3 exhibits the
obtained output current’s FFT window. Additionally, Fig. 8.4 illustrates the collected

current’s signal spectrum.
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Fig. 8.4. 3PhI’s collected currents signal spectra at various conditions
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8.4.2 Retrieval of Zero Frequency and Different Fractional Harmonics

8.4.2.1 ZFC Analysis

The ZFC across various %NSF levels was derived by FFT-based computation of the
recorded 3PhI’s current signal. However, according to Fig. 7.5, there is no statistically
significant correlation between the ZFC and %NSF. As an outcome, NSF within the 3Phl

could not be revealed utilizing this feature.
i3 — —=ZFC

1.2

1.18
o ik / \.A
5114 | ’\/ \
1.12 /
o L2 \

Los / %
1.06 .

0 5 10 15 20 25 30 35 40
% NSF
Fig. 8.5. ZFC vs. %NSF
8.4.2.2 FCC Analysis

Here, the FCC of the 3PhI’s current is investigated through FFT. In Fig. 8.6, the FCC values

that were computed for different %NSF values are shown.

6.95 mali S
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Fig. 8.6. FCC vs. %NSF
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It is apparent that the FCC fluctuates along with the %NSF. It does not, however,

provide a suitable pattern of association between the 3PhI’s FCC and the %NSF values.

8.4.2.3 THDF Analysis
THDF measures a signal’s harmonic content. The current signal’s THDF may be

represented as follows [24]:

i Ij_rms
THDF = V=2

f_rms

(8.1)

where,

I yms= root-mean-square (RMS) value for the fundamental frequency

J— b 2
I, +ms= harmonic n’s RMS value

The Fig. 8.7 exhibits the retrieved THDF values for the determination of NSF at
different % NSF in the 3Phl. As can be observed in Fig. 8.7, changes in the %NSF are
accompanied by fluctuations in the THDF values. However, there did not exist an obvious

relationship between shifts in the %NSF and alterations in the THDF.

i ~ THDF(%)
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Fig. 8.7. THDF vs. %NSF
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8.4.2.4 SCC Analysis
The SCCs have also been computed from the 3PhI’s output current. Different SCCs in the
acquired signal have been closely evaluated for different %NSF values. The values of each

SCC change when the %NSF grows larger, as shown in Fig. 8.8.
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Fig. 8.8. SCC vs. %NSF

8.5 Analysis and Extraction of Features
The DCC, FCC, THDF, and SCCs of the collected current were among the several metrics

that were carefully inspected throughout the first phase of this investigation.

Additionally, for all SCCs at different %NSF, the mean and standard deviation
(MSD) values exhibited the highest degree of variation, as depicted in Fig. 8.9.
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Fig. 8.9. SCC’s MSD vs. %NSF - (a) till 40% NSF, and (b) till 10% NSF

Further Fig. 8.9 reveals that the suggested approach may also be implemented for
estimating the NSF of only about 10% within the 3Phl.

8.6 Algorithm for NSF Detection

An NSF detection technique, as presented in Fig. 8.10 has been devised that resembles as
follows:

(e) Record the current at the output of the 3Phl.

(f) Utilizing a sampling method, digitize the acquired current.

(g) Employing FFT on the digital data, obtain and assess the MSD of SCCs.

(h) Check for the NSF.
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Capture the inverter phase current signal ]

|
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current signal
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[ Perform FFT on digitized data

l

Obtain and assess MSD values for the variation of ]

all the sub-harmonic current components (SCC)

NO Detect
the NSF.

if exists

Fig. 8.10. Strategy for NSF detection

8.7 Validation on the Experimental Test Bench

The real-world cases executed on the testing facility have also been used to validate the

proposed method, exhibited schematically in Fig. 8.11.
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Fig. 8.11. Testing facility

The system’s modelling specifications are listed in Table 8.1. Table 8.2 summarizes
comparative statistics of the test outcomes of three distinct actual instances investigated

with different NSF levels. The purpose of the study was to identify the best technique for

detecting NSF.
Table 8.1. Modelling specifications
Parameters Specifications
3PhlI output voltage 440 V (phase-voltage)
Voltage regulator (DC-DC) capacitance 5000 puF
Voltage regulator (DC-DC) inductance 1 mH
Voltage regulator (DC-DC) reference voltage 660 V
Ohmic losses 0.126 ohm
SOFC stack’s cell counts 384
Rated voltage of the SOFC stack 438V
Rated power of the SOFC stack 50 kW
Molar gas constant 8.314 kJ/kmol K
Faraday’s constant 96487 C/mol
Absolute temperature 1273 K
Load resistance’s equivalent value 8.712 ohm
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In this specific scenario, the error rate in percent was computed employing the

formula [24] outlined below:

Error = (

where,

Fys = %NSF value (known);

Juse = YoNSF calculated using ZFC, FCC, THDF, or MSD values

FNS

F _fNSF

NSF

JXIOO%

(8.2)

Table 8.2. Comparative statistics of the test outcomes of three distinct actual instances

Parameters Case-1 Case-2 Case-3
%NSF (known) 2% 7% 9%
%NSF calculated using ZFC ZFC=1.11 ZFC=1.14 ZFC=1.13
%NSF=2.15%  %NSF=7.20%  %NSF=_8.70%
Error=-7.5% Error=-2.85% Error=3.33%
%NSF calculated using FCC FCC=6.825 FCC=6.760 FCC=6.777
%NSF=2.13%  %NSF=6.85%  %NSF=28.72%
Error=-6.5% Error=2.14% Error=3.11%
%NSF calculated using THDF ~ THDF=11.125 THDF=11.275 THDF=11.231
%NSF=1.85%  %NSF=7.35%  %NSF=9.30%
Error="7.5% Error=-5% Error=-3.33%
%NSF calculated using Mean M=3.06 M=3.09 M=3.12
(M) values %NSF=2.05%  %NSF=7.10%  %NSF=8.90%
Error=-2.5% Error=-1.43% Error=1.11%
%NSF obtained using SD=3.05 SD=3.68 SD=3.07
Standard Deviation (SD) %NSF=2.06%  %NSF=7.12%  %NSF=8.88%
values Error=-2.5% Error=-1.71% Error=1.33%

The statistical comparisons in Table 8.2 and the error rate comparisons in Fig. 8.12

make it evident that by utilizing the MSD data of SCCs is the only viable method of

achieving the most optimal outcome in %NSF investigation.
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Fig. 8.12. Error rate comparisons

Consequently, after an exhaustive evaluation of the outcomes of the FFT-based
investigation, it emerged that MSD data specifically seemed to be quite effective for
identifying NSF. The suggested NSF recognition approach has additionally been
implemented on gate turnoff (GTO) thyristors, thyristor-based inverters, and metal-oxide-
semiconductor field-effect transistors (MOSFETs). The results show that the statistical
characteristics of NSF are essentially unchanged. Hence, if an NSF occurs, regardless of

the MG inverter, the proposed approach may be employed for NSF identification.
8.8 Comparative Analysis and Discussion

Table 8.3 summarizes the findings of comparisons among the suggested study alongside

additional comparable approaches.
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Table 8.3. Comparative Analysis
Observed Paran.leters - . Percent of fault
Reference / Fault Detection Identifying Faults in detection capacity
Method Inverters (%)
[1] Line and phase voltage = 3PhI’ IGBT and current No
deviation sensor defects
[5] Current signal-oriented OC faults in dual-inverter No
fault detection drive
[6] Negative-sequence SC defects in islanded No
resistance inverters
[7] ANN OC defects in CHMLI No
[8] ANN OC in VSI No
[9] ANN OC defect in CHMLI No
[10] ANN OC and SC failures in No
CHMLI
[11] RF IGBT OC defects in NPC No
inverters
[12] RF OC failure in 3Phl No
[13] RF OC failure in 3Phl No
[14] SVM OC failure in MLI No
[15] Decision Tree OC failures in VSI No
[16] Clustering OC fault in NPC MLI No
[17] CNN OC fault in 3PhI No
[18] CNN OC fault in 3PhI No
[19] SVM OC fault in 3PhI No
[20] Clustering OC fault in 3Phl No
[21] CWT OC fault in CHMLI No
[22] MRAS OC defects in VSI No
[25] FFT IGBT switch issue No
[26] DWT IGBT switch issue Yes
Proposed FFT NSF in 3Phl Yes
Method
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8.8 Conclusion

In this work, an FFT-based analytical study of the inverter’s output current has been
performed in an attempt to diagnose NSF that manifests in 3Phl. For the purpose of
identifying NSF, many statistical metrics have been observed. The values of the pertinent
parameters have been observed to be fluctuating throughout the fault detection procedure.
The variation in MSD levels for the different SCCs for different %NSF implies that earlier
NSF detection in the inverter is definitely possible.

The investigation additionally indicated that the %NSF in the 3Phl could be
obtained using the approach proposed. GTOs, MOSFETs, and thyristor-based inverters
have also been made use of the NSF detection study. The results show that the statistical
characteristics of NSF are essentially unchanged. Therefore, by using the recommended

method, the NSF within any inverter may be found earlier by continual tracking of readings.
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Chapter 9
DWT-based Monitoring of the Snubber Circuit Resistance

Problem in Small Microgrid Inverter Connected with

Robotic Brushless DC Motor

Abstract- In Chapter 3, a fast Fourier transform (FFT)-based investigation was attempted
to identify the inverter switch’s snubber circuit resistance failure (ISSCRF) in the small
microgrid inverter (SMGI) connected with robotic brushless DC (BLDC) motors.
However, it was eventually discovered that the FFT-based diagnosis utilized there for
identifying ISSCRF has not produced any insightful findings that can be applied to ISSCRF

evaluation.

This chapter discusses an effort to recognize the ISSCRF in robotic brushless
DC (BLDC) motors through a discrete wavelet transform (DWT)-based approach. The
presented study includes the wavelet coefficients of the stator current harmonic spectra’s

skewness, kurtosis, and root mean square (RMS) measurements to identify ISSCRF.

Keywords: BLDC motor, discrete wavelet transform (DWT), fault identification, ISSCRF.

9.1 Introduction

In this chapter wavelet-based statistical investigation was performed to get over the
drawbacks of the FFT-based investigation that was discussed in Chapter 3 to detect
ISSCRF. Skewness, kurtosis, and RMS measurements of the stator current harmonics
spectra’s wavelet coefficients are examined in this investigation to identify the ISSCRF in
SMGI that is connected with robotic BLDC motor. To identify ISSCRF, the BLDC motor’s
stator current was monitored under normal conditions and at various ISSCRF percentages
(%ISSCRFs) (up to 50%). To determine which selection parameters are the most
appropriate for ISSCRF detection, comparative analysis is performed. Three case
investigations have been used to validate a suggested fault detection technique for ISSCRF
detection. Best-fit features are then utilized to modify the algorithm afterwards. Moreover,

a comparative analysis of the work’s innovative additions has been included.
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9.2 DWT-Oriented ISSCRF Analysis

The wavelet transform constitutes a particularly useful technique for processing non-
stationary data [1]. The discrete character of the signals’ recording makes DWT appropriate
for analysis [1], [2]. The amount of wavelet coefficients that DWT provides is defined
according to the integers of discrete steps in scale and translation, indicated by m and n.
For RMS, the scale and translation will be a = ag* and b = nbya('. if the segmentation’s
step size of the scale and translation be a, and b, accordingly. The coefficients of the
discrete wavelet are therefore expressed as follows [1]:

|
DWT(m,n)= | ——f(Og(a, "t-nb)d(®)  (9.1)
—00 aom

where g(ay,™t — nb,) represents the translated and scaled discrete wavelet.

For investigation, the BLDC motor’s phase-A stator current was recorded. The
acquired current was decomposed till the DWT 9th level. The Daubechies wavelet’s mother
wavelet in this instance is identified as “db4”. For both normal and defective circumstances
(up to 50%) of ISSCREF, approximated and detail coefficients were calculated through DWT
level 9. Some of the findings from the overall outcome are presented in Fig. 9.1. It is
difficult to discern between varying ISSCRF percentages utilizing the graphical evaluation
method demonstrated in Fig. 9.1 since all of the graphical findings seem to imply the same.
Therefore, it is impossible to derive an exact finding from the data that may be utilized to
identify the ISSCRF. Skewness, kurtosis, and RMS values of the stator current’s harmonic
spectra through DWT 9 levels were further calculated for the intent of detecting ISSCRF.
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9.4.1 Considered Statistical Parameters
The coefficients of wavelet decomposition are represented as follows:

The approximated and detail coefficients’ kurtosis, skewness, and RMS values are
represented as Ak, Dk, As, Ds, Ar, and Dg, respectively. For both approximate and detail
coefficients till the DWT level 9, the skewness, kurtosis, and RMS values may be written

as follows [1]:

[S] — |:[AS]:| — |: ASI ASZ AS3 AS4 ASS AS() AS7 AS8 AS9

(D] | b, Dy, Dy, Dy, D

} (9.2)
S1 S2 S3 S4 S5 DS6 DS7 D58 DS9

[k]:|:[AK]:|:|:gK1 AKZ AK3 AK4 AKS gK6 gK7 gKS AK9:| (93)

[DK] K1 K6 K7 K8 K9

™)

K2 K3 K4 K5

>
>

[R]=|:[AR]:|=|:AR] Apy Ay Apy A Apg Ary Ars Apo

} 9.4)
[ D] Dy Dpy  Dps ks Dre  Dr7 Drs Do

R4

In acquired current signal examination and assessment of ISSCRF, which generate

non-stationary signals, statistical factors are proven to be useful.

9.4.2 Evaluation of Statistical Factors for Approximation Coefficients

The Ak, As, and Ar were computed for standard and various %ISSCRF circumstances, and
they are illustrated in Fig. 9.2, Fig. 9.3, and Fig. 9.4. It is noticeable in Fig. 9.2 that the Ak
values for the 1% through 6™ levels are quite similar, making it impossible to make any
significant inferences. Also, the Ak readings for the 7 and 8" levels are highly erratic and
do not yield any beneficial outcomes for problem identification. Fig. 9.3 and Fig. 9.4 show

similar traits for the values for As and Ar, which are likewise ineffective for fault diagnosis.

However, when the %ISSCRF increases, it is evident from Fig. 9.2, Fig. 9.3, and
Fig. 9.4 that only the value of Ary is dropping, while the values of Aky and Aso are both

rising. Ako, Aso, and Arg can therefore be useful for ISSCRF evaluation.
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Fig. 9.2 Ak vs. %ISSCRF
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9.4.3 Evaluation of Statistical Factors for Detail Coefficients

The Dk, Ds, and Dr were computed for standard and various %ISSCRF circumstances, and
they are illustrated in Fig. 9.5, Fig. 9.6, and Fig. 9.7. Fig. 9.5 demonstrates that the majority
of the outcomes are in a fairly erratic pattern, with the exception of the D7 and Dko, which
decrease as the %ISSCREF increases. Following the observation of Fig. 9.6, it could be said
that all the Ds level values are extremely irregular in character and that no useful inference
can be drawn from them for the detection of ISSCREF. Further, only the Dre and Dr7 values
are rising with the variations in the %ISSCREF, as evident in Fig. 9.7. The remaining values

exhibit excessive irregular patterns, which hinder the ability to evaluate ISSCRF.

Therefore, for ISSCRF analysis, only the Dk7, Dko, Drs, and Dr7 are likely to be
helpful.
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9.4.4 Selection of Ideal Attribute

The likely effective curves for diagnosing ISSCRF were chosen from Fig. 9.2, Fig. 9.3, Fig.
9.4, Fig. 9.5, Fig. 9.6, and Fig. 9.7, as seen in Fig. 9.8.

Based on the analysis of Fig. 9.8, it is noted that while both the curves of Axy and

Asg are increasingly pronounced, the curve of Arog is decreasingly pronounced as the

%ISSCREF develops further. Additionally, it was perceived that when the %ISSCREF rises,

the curves of Dre and Dr7 are rising while those of Dk7 and Dxko

these curves’ shapes have a smaller irregular characteristic than

curves.

are falling. In addition,

those of the remaining
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9.5 Algorithm, Real Case Studies, and Validation
The following algorithm was suggested for ISSCRF detection:

a) Acquire the stator current.

b) Apply DWT to the recorded data.

c) Identify Ako, Aso, Arg, Dx7, Dk9, Dre, and Dry.
d) Check for ISSCRF.

This section presents the findings of investigations conducted on three BLDC
motors with specified ratings and known %ISSCRF to validate the method. These studies’

data were additionally utilized for the comparison analysis.

Table 9.1 provides the specifications of these BLDC motors utilized in the case

studies.
Table 9.1. Technical specifications

Parameters Case-1 Case-2 Case-3
Resistance 0.36 ohm 0.45 ohm 0.20 ohm
Inductance 1.05 mH 1.4 mH 0.48 mH
Rotor inertia 800 g.cm? 173 g.cm? 1600 g.cm?
Peak-torque 2.1 N.m 1.00 N.m 4.2 N.m
Rated power 220 W 133 W 440 W
Number of poles 8 4 8
%ISSCRF known 29% 37% 46%

Table 9.2 summarizes the findings of the comparison study that was conducted. As
indicated in Table 9.2, the computations were also conducted to determine the optimal
method for detecting ISSCRF. Finally, a comparison of these data’s percentage errors has

been made, and the outcome is displayed in Fig. 10.

In this specific scenario, the error rate in percent was computed employing the

formula [3] outlined below:

Ervor = [F}SSCRF — fISSCRF jx 100% (9.5)

f}SSCRF
where,

Fiere = Y%ISSCREF value (known);
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Jisscrr = YoISSCREF calculated using Ako, Asg, Arg, Dk7, Dxo, Dre, or Dr7 values

Table 9.2. Comparative analysis of experimental results from actual motors

Parameters 1%t Case 2"d Case 3rd Case
%ISSCRF (known) 29 % 37 % 46 %
Axo=23.377 Axo=23.385 Axo = 23.465
%ISSCRF using Ako  %ISSCRF = 30% %ISSCRF =34%  %ISSCRF =48%
Error = -3.45% Error = 8.11% Error = -4.35%
Aso=3.578 Aso=3.584 Aso=3.591
%ISSCRF using Aso  %ISSCRF = 27% %ISSCRF =38%  %ISSCRF =47%
Error = 6.90% Error = -2.70% Error =-2.17%
Aro=2.8396 Aro=2.8389 Aro=2.8374
%ISSCRF using Arg ~ %ISSCRF = 26% %ISSCRF =35%  %ISSCRF =45%
Error = 10.34% Error =5.41% Error =2.17%
Dk7=6.43 Dx7= 6.34 Dx7=6.21
%ISSCRF using Dxk7  %ISSCRF = 28% %ISSCRF =36%  %ISSCRF =45%
Erro r=3.45% Error = 2.70% Error =2.17%
Dxo=4.26 Dxko=4.24 Dxko=4.20
%ISSCRF using Dko  %ISSCRF = 28% %ISSCRF =35%  %ISSCRF =45%
Error = 3.45% Error =5.41% Error =2.17%
Dre= 0.244 Dre= 0.245 Dre= 0.249
%ISSCRF using Dr¢ ~ %ISSCRF = 30% %ISSCRF =36%  %ISSCRF =48%
Error = -3.45% Error = 2.70% Error = -4.35%
Dr7=0.459 Dr7=0.462 Dr7= 0.465
%ISSCRF using Dr7  %ISSCRF =31% %ISSCRF =38%  %ISSCRF =44%

Error =-6.90%

Error=-2.70%

Error =4.35%
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Fig. 9.9. Comparison of percentage errors
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To properly identify ISSCREF, a revised method has been presented here as follows:
a) Record the stator current.
b) Apply DWT to the acquired data.
c¢) Find Dxks.
d) Check for ISSCRF.

The Fig. 9.10 depicts this improved suggested method of ISSCRF detection.

l

[ Capture stator current ]

|

[ Perform DWT ]

U

[ Determine detailed coefficients ]

|

[ Find Kurtosis of detailed coefficient at DWT level 7 J

U

( Detect ISSCRE, if any J

l

Fig. 9.10. Improved suggested method of ISSCRF detection
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9.6 Comparative Assessment and Unique Contribution

In Chapter 3, the BLDC motor’s stator current was diagnosed using FFT, and the chapter
presents the results of studies on the different statistical characteristics of the motor’s stator
current under normal conditions and at various %ISSCREF. It was eventually discovered that
the FFT-based diagnosis utilized here for identifying ISSCRF has not produced any
insightful findings that can be applied to ISSCRF evaluation.

Furthermore, it was noted in this chapter that only the variables Dk7, Dk9, Drs, and
Dr7 yield satisfactory findings that may be utilized for ISSCRF identification based on
DWT-based statistical characteristics. In the end, however, it is evident from the
comparative analysis conducted in Table 9.2 and the percentage error comparisons shown

in Fig. 9.9 that the highest desirable outcome is only attained when D7 is consulted.

Therefore, following a comprehensive comparison of the outcomes from the DWT-
based analyses presented in this chapter and the FFT-based analyses in Chapter 3, it was
discovered that Dk7 has proven to be exceptionally efficient for ISSCRF detection based
on the findings derived through both simulation and real-world scenarios. Thus, this

detection method may be exploited to identify ISSCRF in a small microgrid inverter.

The literature review’s fault diagnostics mostly address open-circuit (OC) and
short-circuit (SC) problems in various inverter categories. In Table 9.3, a comparison

between this study and other comparable research has been conducted.
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Table 9.3. Comparative analysis

Observed Parameters

/ Fault Detection Identifying Faults in Percent of fault

Reference detection capacity

Method Inverters (%)
[4] Line and phase voltage 3-phase inverters (3Phls) No
deviation IGBT, and current sensor
defects
[5] Current signal-oriented OC faults in the dual- No
fault detection inverter drive
[6] Negative-sequence SC defects in islanded No
resistance inverters
[7], [8] Artificial Neural OC defects in cascaded H- No
Networks (ANN) bridge multilevel inverters
(CHMLIs)
[9] ANN OC in voltage source No
inverters (VSIs)
[10] ANN OC and SC failures in No
CHMLI
[11],12] Random-Forest (RF) OC failure in 3Phl No
[13] Support Vector OC failure in multilevel No
Machines (SVMs) inverters (MLIs)
[14] Decision Tree OC failures in VSI No
[15],[16] CNN OC fault in 3PhI No
[17] Clustering OC fault in 3PhI No
[18] Continuous Wavelet OC fault in CHMLI No
Transform (CWT)
[19] FFT IGBT switch issue No
[20] DWT IGBT switch issue Yes
Proposed DWT ISSCRF in SMGIs Yes
Method

Therefore, the unique accomplishment of this investigation involves the fact that it

exploits the statistical character of D7 to aid with ISSCRF identification extremely well.
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The investigation additionally indicated that the %ISSCRF in the SMGI could be obtained

using the approach proposed.

9.7 Conclusion

DWT-based statistical analysis was conducted in this chapter to overcome the limitations
of the FFT-based analysis covered in Chapter 3 to detect ISSCRF in SMGI. The values of
the pertinent parameters have been observed to be fluctuating throughout the fault detection
procedure. The data gathered from DWT-based diagnostics has been compared and
evaluated in an effort to determine the best reliable method for ISSCRF detection.
Furthermore, it was discovered that Dx7 has proven to be exceptionally efficient for
ISSCRF detection. Consequently, the ISSCRF within any SMGI may be detected by
applying the suggested approach by continual tracking of readings. Additionally, the
analysis confirmed that the suggested approach may be used to derive the %ISSCREF in the
SMGI.
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Chapter 10
DWT-based Rapid Detection of IGBT Switch Failure of

Voltage Source Converters in Microgrid

Abstract- In modern technology, the insulated gate bipolar transistor (IGBT) is a
cornerstone component. By employing a microgrid (MG), conventional distribution
networks may become more safe, stable, and dependable. Inverter-based MGs are a viable,

alluring, and practical choice for energy distribution networks.

A technique for determining the IGBT switches breakdown failures (IBDFs) in
three-phase voltage source converters (VSCs) connected to the photovoltaic (PV) system
is presented in this chapter. The discrete wavelet transform (DWT) approach was used to
analyze the VSC’s phase voltage output. The presented study includes the wavelet
coefficients of the VSC’s phase voltage output harmonic spectra’s skewness, kurtosis, and
root mean square (RMS) measurements to detect IBDF. Comparative analysis was
conducted for determining the most effective parameter for the identification of IBDF.
Furthermore, the investigation's contrasting findings and distinctive contributions are

presented.

Keywords: Discrete wavelet transform (DWT); microgrid, photovoltaic (PV); voltage

source converter (VSC).

10.1 Introduction

As the world’s power usage rises, it has become more imperative today to use renewable
forms of energy, like photovoltaic (PV) [1]. Considering their widespread availability and
minimal impact on the environment, PV energy systems are one of the most promising
forms of renewable energy [2]. Since the adoption of green energy has risen decisively,
power converters are extensively utilized [3], [4]. IGBTs facilitate electrical energy to be
efficiently converted and regulated in power electronic systems. VSCs may conveniently
connect to decentralized and variable sources of electricity. VSCs may handle electricity
from such sources without requiring synchronization since they frequently provide power

that is asynchronous in relation to the main grid. VSC technology makes it possible to
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connect autonomous grids [5]. VSCs have become prevalent in a growing range of power
system uses to increase power controllability and efficient use of energy [6]. IGBTs are
rated for high voltage and current. IGBTs can tolerate short-circuit situations for a
substantial period of time, which is typically exceeding 10 microseconds, without
experiencing catastrophic damage [7]. In VSCs, IGBTs are frequently used as power
devices [7]. Semiconductor devices are among the most susceptible parts of power
converters [8]. The primary reason for the shortened lifespans of power electronic devices
is thermal stress in switching elements such as IGBTs and MOSFETs, especially when
working at high switching frequencies [9]. It could lead to wear-out breakdowns that cause
inconsistent system functioning or the failure of such components, like an open-circuit

(OC) or short-circuit (SC) [9], [10].

The Fig. 10.1 illustrates that power equipment featuring IGBTs as well as
MOSFETs is responsible for about 21% of converters’ failures [9], [10], [11].

Capacitors uPCB = Power Devices
© Solder Joints ® Others = Connectors

Fig. 10.1. Rates of failure of a conventional converter’s major components

The authors propose [12] a rapid diagnostic method for nonsensical inverters OC
fault. In [13], the authors introduced a method for detecting OC faults in the voltage source
inverter (VSI) of drive systems. An intrinsic converter issue might lead to a rise in voltage
harmonics, waveform deformation, and a decline in power quality [14], [15]. J. Zhang et

al. proposed a novel method for determining OC defects in the IGBT modules of wind
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energy converters [16]. The identification of OC failures in three-phase VSI was proposed
by the authors [17]. The IGBT OC issue with the modular multilevel converter (MMC)
submodules was identified by Y. Shen et al. [18]. X. Sun et al. developed an error-
identifying approach for systems based on VSC-HVDC converters [19]. The primary
contributors to flaws in IGBT modules are OC or SC malfunctions [9]. M. Ma et al. devised
a technique for detecting SC malfunctions in inverters [20]. C. Sui et al. suggested a

strategy [21] to determine the OC issue in the VSC.

Additionally, there hasn’t been much focus on the importance of developing a rapid
and reliable IBDF detection technique for VSCs. A distinct technique for determining the
IBDF of the VSCs has been outlined in this chapter.

A wavelet-based statistical investigation was performed here to detect IBDF. To
identify IBDF, the VSC’s phase voltage output was monitored under normal conditions and
at various percentages of IBDF (%IBDF). While the voltage signal is unaffected by the
loads, the current signal is significantly affected. Hence, the voltage signal was captured

for the purpose of IBDF identification in this investigation.

10.2 Grid-Linked IGBT-Based VSC

The grid-tied PV array-powered VSC is depicted schematically in Fig. 10.2. In Fig. 10.3,
the laboratory testing facility is illustrated.
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Fig. 10.2. Schematic of the PV array-powered VSC connected to the grid
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Fig. 10.3. Laboratory testing facility

10.2.1 PV System

A PNPN diode-based analogous PV module circuitry is used, as seen in Fig. 10.4.
R

se | 0

Irradiation

W

-

Fig. 10.4. PV module’s equivalent circuit

The following formula [22] can be used to calculate the PV module’s output current:
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where,
I,V =PV cell’s output current (A) and output voltage (V);
1 [ I,="PV cell’s photocurrent and diode saturation current (A);
R, = Solar cell series resistance (ohm);
R , = Solar cell parallel resistance (ohm);
g = electron charge (1.602x10™" coulomb);
A= P-N junction’s ideality factor;

K ;= Boltzmann’s constant (1.3806452 x 10 J/K);

T e operational temperature of PV cell (Kelvin)

A 100 kW PV array is included in the model for this investigation. It generates the
highest power when the module’s temperature is 25°C and the irradiance is 1000 W/m?.

The technical details of the PV system are listed in Table 10.1.

Table 10.1. Technical details of the PV system

Parameters Values
PV array count 1
Quantity of PV modules linked in series 5
Array Data with each string
Parallel string count 66
Maximum array power 100 kW
Module type SPR-305E-WHT-D
Cells in every module (N¢) 96
Maximum Power, Pmax (W) 305.226
Module SC current, Isc (A) 5.96
Data OC voltage, Voc (V) 64.2
Current during Pmax, Ipm (A) 5.58
Voltage during Pmax, Vpm (V) 54.7
Shunt resistance, Rsn (ohm) 269.60
Series Resistance, Rse (0ohm) 0.37
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10.2.2 Maximum Power Point Tracking (MPPT)-equipped Boost Converter

The PV array is linked to a 25 kV grid. A 3-phase VSC featuring a boost converter was
used to connect the PV array to the grid. The PV’s intrinsic voltage of 272 V is boosted to
500 V by means of the MPPT-enabled boost converter. The schematic of the boost converter

and the PV array is demonstrated in Fig. 10.5.

DC- D( Boost Converter

[ 1
PVPANEL | L L. Dout Tout
W"ﬂvﬁ—_m_’_ ”—; h—
- > , —L| ,
m T PV Cout™T—" [Vout
il |
L e e A __
D
NPPT
CONTROLLER

Fig. 10.5. MPPT boost converter’s equivalent circuit

The following mathematical formulas illustrate the converter’s topology according

to the state-space model [9], [22], [23]

Vi =1L Ly vy (1= D) (10.2)
dt
Cout dZ,;;ut + Iout = (1 - D)Izn (10-3)

where,

V., = Output of PV system and boost converter’s input voltage;

V

out = Intended output voltage of boost converter;

L, C,,,=boost converter inductance and output capacitance;

D =boost converter’s duty cycle;

I, = boost converter’s output current

., =boost converter’s input current.
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10.2.3 Overview of VSC
The equivalent circuit of the 3-phase inverter connected with an AC grid is illustrated in

[91, [24].

WM |V,

R
Wy
INVERTER s E ’
R
Wy

Fig. 10.6. AC grid-connected equivalent circuit of a 3-phase inverter

The representations for the grid’s corresponding per-phase inductance and
resistance are R, L. Vi, Vs, and V. are the voltages at the inverter’s output. 3-phase grid
voltages are E,, Ep, and E.. Three-phase currents, i, i5, and i, are injected into the grid.
The following equations are produced after applying KVL to the inverter’s output and
converting the equations from abc to dg values using the Park and Clark transforms [9],

[24]:

dﬁ——ﬁi +lu (10.4)
d L? L“ '
u,=V,-E, —La)iq (10.5)
diq_ R. 1

E———Zq'F—Mq (10.6)
u, =V, - E, +Loi, (10.7)

where,
iq, Ig= d-q axis currents (A) at the inverter output;
Va, Vg= d-q axis voltages (V) at the inverter output;
Eq4, Eq= d-q axis grid voltages (V) of 3-phases;
w= grid radial frequency in rad/s;

Ug, Ug= d-q axis steady-state control functions
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The process of inverter triggering is carried out via pulse-width modulation (PWM).
The modulation index (m), the DC link voltage (V4c), and the inverter’s voltage output are

related in the manner illustrated below [9], [25]:

V,=m, Vac (10.8)
2
Vdc

V,=m, 5 (10.9)

A consistent power factor is maintained since the VSC converts the DC link’s
voltage from 500 V to 440 V (phase to phase) AC. Two control loops are used by the VSC
controls. One is an internal control loop that controls the grid’s active and reactive currents,
while the other is an external control loop that maintains the DC link’s voltage to within

+/- 250 V.

The suggested method for identifying IBDF was validated using MATLAB.
Furthermore, the VSC’s IBDF was also determined by the use of real-world case studies.

To identify IBDF, the VSC’s phase voltage output was monitored under normal conditions

and at various %IBDF in the VSC.

10.3 Considered Fault and Problem Description

10.3.1 IGBT Failure
The grid-tied PV array-powered IGBT-oriented VSC’s IGBT failure is considered for

failure evaluation.

10.3.2 Causes of IGBT Failure

It may occur as a result of a disproportionate spike in current, that enhances the temperature
and burns off the IGBT. An increase in voltage may also be the reason, leading to insulation
breakdown. It causes the IGBT to malfunction in both cases by interfering with the circuitry
related to path openings. Additionally, IGBTs may gradually deteriorate under conditions

of sustained strain, leading to failure.

IGBT modules have complex assemblies composed of many material layers that
come together to form chips and packages [9]. Numerous failure situations are possible
with IGBT modules. Such forms of failure are primarily divided into two categories: chip

failures and package failures [9], [26]. Each of the kinds of faults could be subsequently
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segmented as wear-out faults (WOFs) and overstressed faults (OSFs). Table 10.2 shows an

array of IGBT failure types [9].

Table 10.2. IGBT failure types

Failure Types Causes Diverse Impacts upon the System
Gate overvoltage e Open circuit defects (OCD)
Overvoltage in e Short circuit defects (SCD)
OSF collector-emitter e Lift-off wire bonds
Overcurrent e Secondary breakdowns
Chip Burnouts due to cosmic
related rays
failure Time-varying e Switches and gate drivers’
dielectric’s failures malfunctions
WOF | Injection of hot carriers | o Leakage current increase
Electrochemical e Decline in the chip’s capacity to
migrations (ECMs) block voltage
Heat shocks e Wear-outs
Mechanical pressures | ® OCD or SCD
OSF and shocks e Package connectivity melting
Thermal runaway e Voltage breakdowns
Flashovers * Burnouts
Package Electromigration (EM) | e Bond-wire corrosion, Hot spots
related and ECM e Deterioration of the stiffness of
failure Thermal stresses (TSs) different packaging layers
WOF Thermal fatigues (TFs) | e Crack in bond-wires, solder defect
Insulation deterioration | ® Leakage current
e Decline in the module’s capacity
to block voltage
e Bond-wire’s corrosions
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10.3.3 Effects
Following the IBDF issue, it results in the circuitry path open. Table 10.2 shows the
numerous negative impacts that different kinds of IGBT malfunctions can have on the

system.

10.3.4 Problem Statement

IGBT shielding is quite difficult and complicated. When a defect appears, it will be
destroyed by heat buildup during the desaturation stage, and the fault’s increasing current
rate during the early stages of an IGBT malfunction is nearly absurd [9], [27]. Therefore,
speedy and accurate IBDF detection is indispensable. This analysis has attempted to

identify the continuous rise in VSC’s IBDF.

This chapter proposes a unique method for determining the IBDF of the VSCs. In
this study, a 100% defect indicates the IGBT switch’s total failure, while the modest defect

percentage indicates the fault’s onset affecting the IGBT's effective resistance

10.4 Approach for Fault Diagnosis

To identify IBDF, the VSC’s phase voltage output was monitored under normal conditions
and at various %IBDF. The discrete character of the voltage signals recorded makes DWT
appropriate for analysis [28]. Through the extraction of a few characteristics deemed

appropriate for defect diagnosis, statistical analysis was conducted.

10.4.1 Using DWT to Diagnose Faults

The computing unit is unable to instantly distinguish between the problems using the simple
Fourier transform approach because the collected signal in this case is erratic. The wavelet
transform constitutes a particularly useful technique for processing non-stationary data [9],
[28]. Wavelet coefficients of the VSC’s phase voltage output harmonic spectra's skewness,

kurtosis, and root mean square (RMS) measurements were monitored to detect IBDF.

The amount of wavelet coefficients that DWT provides is defined according to the
integers of discrete steps in scale and translation, indicated by m and n. For RMS, the scale
and translation will be a = ay* and b = nbyag*. if the segmentation's step size of the scale
and translation be a, and by, accordingly. The coefficients of the discrete wavelet are

therefore expressed as following [9], [28]:
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=1
DWT(m,n) = j — 1 (t)g(a,™t —nby)d(t) (10.1)
—00 aom

where g(ay,™t — nb,) represents the translated and scaled discrete wavelet.

For the IBDF investigation, the VSC’s output phase voltage was recorded. The
acquired voltage was decomposed till DWT 9th level. The Daubechies wavelet’s mother
wavelet in this instance is identified as “db4”. For both normal and defective circumstances
(up to 10%) of IBDF, approximated and detail coefficients were calculated through DWT
level 9.

A few of the findings from the overall outcome are illustrated in Fig. 10.7. It is
difficult to discern between varying IBDF percentages utilizing the graphical evaluation
method demonstrated in Fig. 10.7, since all of the graphical findings seem to imply the

same.

Therefore, it is impossible to derive an exact finding from the data that may be
utilized to identify the IBDF. Skewness, kurtosis, and RMS values of the VSC’s voltage
harmonic spectra through DWT 9 levels were further calculated for the intent of detecting

IBDF.
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10.4.2 Considered Statistical Parameters
The coefficients of wavelet decomposition are represented as follows:

The approximated and detail coefficients’ kurtosis, skewness, and RMS values are
represented as Ka, Kp, Sa, Sp, Ra, and Rp, respectively. For both approximate and detail
coefficients till the DWT level 9, the skewness, kurtosis, and RMS values may be written
as follows [9]:

SA1 SAZ SA3 SA4 SAS SA6 SA7 SAS SA9

s| = 10.2
Ls] SD]] [Sm Spz Spz Spa Sps Spe Sp7  Sps 509] ( )

k] = KA]] [KAl Kap Kazs Kas Kas Kae Kaz  Kag KA9] (10.3)
Kpi Kpy, Kps Kps Kps Kps Kp; Kpg

[R]= ] [RA1 Riz Raz Raa Ras Rus Raz  Rug RA9] (10.4)
RD] Rpi Rpz Rps Rps Rps Rps Rp7 Rpg

In acquired voltage signal examination and assessment of IBDF, which generate

non-stationary signals, statistical factors are proven to be useful.

10.4.3 Evaluation of Statistical Factors for Approximation Coefficients

The Ka, Ra, and Sa were computed for standard and various %IBDF circumstances, and
they are illustrated in Fig. 10.8, Fig. 10.9, Fig. 10.10. It is noticeable in Fig. 10.8 that till
3% of IBDF, the Ka values for the 1*! to 3" levels are quite similar, following then, these
numbers grew till IBDF became 5%. From the 4™ to 6™ decomposition levels, Ka readings
rose until the IBDF reached 4%. At the 7" DWT level, Ka readings rose until the IBDF
reached 3%. Also, the Ka readings for the 8™ and 9" levels are highly erratic and do not

yield any beneficial outcomes for problem identification.

As the %IBDF climbs to 4%, the graphical representation in Fig. 10.8 illustrates
how the Ra readings from the 1° through 4™ and 6 stages of DWT display an exponentially
expanding aspect. The visual examination of Fig. 10.9 additionally demonstrates that the
RA readings for the 5™, and 7" to 9" DWT levels do not effectively rise or fall exponentially
as the %IBDF increases and that hinders the ability to identify IBDF.

Kas to Ka7, Ra1 to Rag, and Rae values will therefore be useful for IBDF evaluation.
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Furthermore, as the Sa values in Fig. 10.10 are meandering in form, a graphic

evaluation of these data likewise does not offer compelling evidence for problem

identification.
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10.4.4 Evaluation of Statistical Factors for Detail Coefficients

The Kp, Rp, and Sp were computed for standard and various %IBDF circumstances, and
they are illustrated in Fig. 10.11, Fig. 10.12, and Fig. 10.13. The Kp readings are displayed
in Fig. 10.11, which indicates that no specific hypotheses could be made using this

information for defect detection.

According to a graphical study of Fig. 10.12, Rp1, Rp2, Rps4to Rps, and Rpo readings
lack a proper pattern of gradual growth or decline. So, that could not be helpful for the
IBDF detection study. It is noticeable that till 5% of IBDF, the Rps values rise exponentially,
following then, these readings decrease as the %IBDF grows. Furthermore, the Rp7 value
rises exponentially till 4% and then these readings decrease as %IBDF evolves. Whereas,
the Rpsg value grows exponentially till 3%, following which these readings also decrease as

%IBDF increases.

Sp1to Sps, and Spo in Fig. 10.13 demonstrates that the majority of the outcomes are
in a fairly erratic pattern and that no useful inference can be drawn from them for the
detection of IBDF. The remaining, Spsto Spg values, also hinder the ability to evaluate

IBDF.

Therefore, for IBDF analysis, only the Rp3, Rp7, and Rpg are likely to be helpful.
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10.5 Discussing Preferable Optimal Parameter and Precise Qutcome

The likely effective curves for diagnosing IBDF were chosen from Fig. 10.8, Fig. 10.9, Fig.
10.10, Fig. 10.11, Fig. 10.12, Fig. 10.13, as seen in Fig. 10.14.

Based on the analysis of Fig. 10.14, it is noted that the curves of Ka4, Kas, Kas are
increasingly pronounced until the IBDF reached 4%, and Ka7 readings rose until the IBDF
reached 3%.

Additionally, it appears that the characteristics of the curves of Rai1 to Ra4, Ras, and
Rp7 continue to rise exponentially until 4% of IBDF, and then these readings decrease as
%IBDF evolves. Whereas the Rpg value grows exponentially till 3% of IBDF. Besides, till
5% of IBDF, the Rp;3 value rises exponentially, following then, these readings decrease as

%IBDF grows.

Here, Fig. 10.14 illustrates the exponential changes of Rps, with less non-linear
variations until 3% than between 3% and 5% IBDF. To optimize the calculation within a
linear scale, two fault ranges- 0% to 3% along with 3% to 5%, have been examined using
logarithmic readings of Rps. Table 10.3 makes it evident that the logarithmic scale curves,
especially for the 3% to 5% range, have a greater linearity. This implies that IBDF fault

diagnosis may be accomplished efficiently with the Rps logarithmic scale.

145



Switching Device Fault Analysis for Low Voltage Inverters Used in Microgrid, 2025

-+KA6
5

w ~ v - w <

& - S
$)UIYJ0d Newrxosdde jo sisopany

“+-KAS

w ~ w - w; L)

~ - S
$HuAIdLII0d dyewixosdde jo sisopiny

-+-KA4

w ~ w - w o
~ - s
$HUAPYI0d Newixosdde jo sisopany

11

10

11

10

<

11

10

% IBDF
“-RA2

% IBDF
“+-RAl

% IBDF
“+-KA7

i
=
@
o
=
e
N
£
~
[
e a2
=]
°
w R
-
-
~
¢ =
s 2 2 2 2 ¢ o
= 2 & & & & o
AR A A a a &
SHuARYI0d Newxoadde jo SINY
]
E
£
~
° =
2
=
w
B
-
-
~
$ o
NxeTHN—Re TN
—_———— S =SS
SHuaRYJ0d Newxosdde jo sisopany

“+-RA6

-=RA4

“-RA3

w 2 w2 w2
NN e © w w
LT IS S R

SHuARYI0d Newxosdde Jo SN

wowoswowg e
SSLIEELESER
AJZER/SSALE

$HURYIA0d Newixosdde jo SINY

$HUAIRLFI0d euwxosdde jo SR

% IBDF

% IBDF

% IBDF

-+RD8

“-RD7

~-RD3

=
=

2 2 2 2 2 o o
T n F om oa =

SIIYIP0D IEIIP 0 SN

s
98765432]

SIUALJ0D 119D JO SN

g

gesggsssges-=
® = wOF oM oa =

SR [FEIIP JO SWAH

11

10

9 10 11

8

11

% IBDF

% IBDF

% IBDF

Fig. 10.14. Preferred curves for IBDF analysis

146



DWT-based Rapid Detection of IGBT Switch Failure of Voltage Source Converters in Microgrid

Table 10.3. The characteristics of Rps, log (Rp3)

Fault
Rps log (Rp3)
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10.6 Algorithm for Detecting IBDF
The Fig. 10.15 depicts the suggested method of IBDF detection.

Capture the output phase voltage of the voltage source
converter (VSC)

X

-
Digitize the collected voltage signal using sampling
technique

G

{ Perform DWT

-

[ Determine detailed coefficients

G

P

To make computation fit in linear scale compute logarithmic
values of Rps

=

Analyse the Rpzlogarithmic scale values

a5 O\

!

Detect the IBDF, if it exists

L Find RMS of detailed coefficient at DWT level 3 (Rp3) }

Fig. 10.15. IBDF identification algorithm

The following algorithm was suggested for IBDF detection:

a)
b)
©)
d)
e)
f)

Acquire the VSC’s phase voltage output.

Digitize the recorded voltage signal using the sampling procedure.
Apply DWT to the recorded data.

Compute Rps.

Analyse logarithmic readings of Rps.

Check for IBDF.
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10.7 Comparative Assessment and Unique Contribution

Table 10.4 summarizes the findings of comparisons among the suggested study alongside
additional comparable IGBT problem identification research approaches. For failure
recognition [29], [30], [31], [32], the current signal had been exploited. A voltage signal
analysis-oriented failure identification technique was introduced by Y. Shen et al. [18]. In
[33], [34], [35], a few additional IGBT failure detection techniques using various

parameters were proposed.

Table 10.4. Comparative analysis

Predictive %IBDF Computing

Ref. Variable(s) Assessed
Method? Possibility
71, [14], [29],
L7}, [14], [29] Current Yes No
[30], [31], [32]
[18] Voltage Yes No
Each submodule’s capacitor
[33] Yes No
voltages
[34] DC current signal Yes No

Capacitor voltage and
[35] , Yes No
circulatory current

Proposed

Voltage Yes Yes
Method

10.8 Conclusion

In this work, a DWT-based analytical study of the VSC’s output phase voltage has been
performed in an attempt to diagnose IBDF. For the purpose of identifying IBDF, many
statistical metrics have been observed. The values of the pertinent parameters have been
observed to be fluctuating throughout the fault detection procedure. Furthermore, it was
discovered that Rp3 has proven to be exceptionally efficient for IBDF detection. The data
gathered from DWT-based diagnostics has been compared and evaluated in an effort to
determine the best reliable method for IBDF detection. Therefore, by using the
recommended method, the VSC’s IBDF may be found by continual tracking of readings.
The investigation additionally indicated that the %IBDF in the VSC could be obtained

using the approach suggested.
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Chapter 11
DWT-based Investigation of an Incipient Snubber Fault
in Solid Oxide Fuel Cell (SOFC)-Powered Microgrid

Inverter

Abstract- This chapter presents an innovative strategy for detecting initial snubber circuitry
failure (ISCF) detection method in microgrid’s (MG’s) insulated gate bipolar transistor
(IGBT)- based 3-phase inverters (3Phls) that is linked to the solid-oxide fuel cell (SOFC).
A study has been carried out to detect ISCF by applying the discrete wavelet transform
(DWT) on the 3PhI’s output current waveform. The presented study includes the wavelet
coefficients of the 3PhI’s output current harmonic spectra’s kurtosis and skewness
measurements to detect ISCF. Comparative analysis was conducted for determining the
most effective parameter for the identification of ISCF. An ISCF identifying algorithm has
been recommended. Moreover, the study’s contrasting findings and distinctive

contributions are presented.

Keywords: Discrete wavelet transform (DWT), fault detection, microgrid inverter, snubber

fault.

11.1 Introduction

The majority of renewable energy facilities use grid-tied 3Phls. MGs are replacing distant
power plants with distributed, local power generation [1]. MGs exhibit high durability and
can operate in islanded, autonomous, or grid-connected modes [2]. Ecosystems are
suffering as a result of the growing need for power [3]. A worldwide agreement and
concerted effort to embrace alternative forms of energy in response to environmental issues
has emerged in recent years [4]. One of the newest innovations in sustainable energy
production is SOFCs [3], [5]. SOFCs provide numerous benefits such as quiet operation,
reduced carbon emissions, substantial cogeneration capability, absence of mechanical
motion, and elevated power density [6], [7]. By directly converting chemical energies,

SOFC stacks generate electrical power [8].
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Grid-tied inverters are an integral component of dispersed power-generating
systems used by MGs [9] along with being the most important component of a grid-linked
system [10]. Meanwhile, one of the parts that fails the most frequently is the inverter [11].
IGBT is a widely employed switch in a microgrid inverter (MGI) [12]. IGBTs facilitate
electrical energy to be efficiently converted and regulated in power electronic systems.
IGBTs are rated for high current and voltage. In MGs, inverters typically incorporate IGBTs
[7]. Because of quick fluctuations in current and voltage, IGBT turn-off procedures may
result in voltage surges that harm the IGBT along with other circuitry parts. Switches’

voltage surges are mitigated by means of snubber circuits [13].

Power equipment featuring IGBTs as well as MOSFETs is responsible for about
21% of converters’ failures [14], [15]. The primary reason for the shortened lifespans of
power electronic devices is thermal stress in switching elements such as IGBTs and
MOSFETs, especially when working at high switching frequencies. It could lead to wear-
out breakdowns that cause inconsistent system functioning or the failure of such
components, like an open-circuit (OC) or short-circuit (SC) [7], [14], [15]. To increase the

dependability of inverters, a method for identifying and diagnosing problems is necessary.

S. F. Zarei et al. proposed a malfunction identification method for islanded inverters
[16]. Authors [17] identified the MGI switch’s OC issue. S.S. Moosavi et al. devised
methods for identifying open circuit (OC) issues in the inverter of a battery-powered
vehicle [18]. The authors provided an evaluation approach for inverters’ IGBT/Diode
failures [19]. For modular multilevel converter (MMC), the researchers [20] proposed a

way to identify OC problems.

Numerous methods have been proposed for identifying defects in the MMC
submodule, including the Filippov methodology [21], neural networks [22], Park transform
[23], machine learning (ML) [24], and Fourier and wavelet transforms [25], [26]. For
cascaded H-bridge multi-level inverters (CHMLIs), a means for identifying open circuit
malfunctions [27] was presented by M. Ali et al. The artificial neural network (ANN)-based
methods for identifying OC and SC breakdowns for CHMLIs [28], [29], [30], [31] were
demonstrated. Additionally, using convolutional neural networks (CNNs), researchers
illustrated OC detection methods [32], [33] for 3-phase H-bridge inverter (TPHBI). The
researchers have presented an additional ISCF identification technique for a 3Phl [34]. The
method tracks ISCF to a level of 10%. Nevertheless, neither article [13] nor [34] can give
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details on the accuracy rates (ARs) or defect detection duration (DD). J. Fan et al. proposed
a CNN-based ISCF detection technique [35]. The AR of the proposed method for detecting
ISCF is 95%. However, the DD is not disclosed by this study either.

Nonetheless, there hasn’t been any substantial research on 3Phl ISCF detection in
microgrid. A distinct technique for determining the ISCF has been outlined in this chapter.
A wavelet-based statistical investigation was performed here to detect ISCF. To identify
ISCF, the 3PhI’s output current harmonic spectra were monitored under normal conditions

and at various percentages of ISCF (%ISCF) (0 to 85%).

11.2 Grid-Linked IGBT-Based Inverter
The grid-tied SOFC-powered IGBT-based inverter is depicted schematically in Fig. 11.1.

It illustrates a schematic representation of the grid-linked SOFC stacks, voltage regulator

(DC-DC), and 3Phl.

DC-DC Boost DC-AC Inverter
Interconnection: Converter
° Grid
SOFC Stack

Fig. 11.1. Schematic of the SOFC-powered IGBT-based inverter linked to the grid

11.2.1 SOFC Stack

In this section, SOFCs are undoubtedly serving as a clean, efficient power source in the
microgrid. It generates energy via an electrochemical process. It uses chemical processes
inside the cell to produce dc electricity. The three forms of losses occurring in SOFC are
ohmic, concentration, and activation losses. Nernst equation [36] may be used to calculate

the voltage output of the SOFC while accounting for all of the fuel cells’ losses as below:
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E.,=N [Et + 205y, (pHZVpOZ)] (11.1)
2F¢ szO
Vsofco = Ero - Vact - Vconc - Vohm (11-2)

Although if the fuel cell’s ohmic loss is the sole factor considered, the SOFC’s

output voltage could be computed as below:

Vsofco = Ero - rsofclsofco (11-3)

where, E,,= OC reversible voltage (V);
Vsorco= SOFC voltage output (V);
E= reversible cell potential (V) at standard conditions;
T,= temperature of the fuel stack (K);
R4= ideal gas constant, (8.314 kJ/kmol K);
F.= Faraday’s constant, (96487 C/mol);
N= stack’s cell count;
Po,= partial Oxygen pressure (Pa);
pu,= partial Hydrogen pressure (Pa);
Pu,o= partial water pressure (Pa);
Vonm Vacts Veone = voltage drops in (V) due to ohmic loss, activation loss,
and concentration loss;
Isoco= SOFC’s current output (A)

Tsorc= SOFC internal resistance (ohms);

11.2.2 Boost Converter

The boost converter is implemented to enhance the SOFC’s lower-voltage output to an
elevated voltage suitable to feed the inverter. Fig. 11.2 demonstrates their connectivity. It
makes sure that the inverter’s dc input is consistent and properly controlled. This ensures
the inverter operates in the optimum efficiency range and minimizes energy loss while

converting.

The following mathematical formulas [7], [37] illustrate the converter’s topology

according to the state-space model:

dlpin
Vpin = Lp d—bt + Vpout (1 — Dp) (11.4)
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av
Cbout% + Iyout = (1 — Dp)lpin (11.5)
where, Vyin, Ipin=Input voltage and current to the boost converter;
Vyout> Inout= Voltage and current at boost converter output terminal;
Ly, Cpoue= boost converter inductance and output capacitance;

Dy, = boost converter’s duty cycle;

DC-DC Boost Converter

| el e Hro vt U Vet el it it el ittt o |

: L. D |

! b 'hin out ' "hout

T "y
SOF(C 4y ) i s
Stack vbin."-(' bin —K ('bout . bout

; |

Ay WP |

Dy,

Fig. 11.2. Boost converter’s equivalent circuit

11.2.3 Overview of DC-AC Inverter
The equivalent circuit of the 3Phl connected with an AC grid is illustrated in Fig. 11.3.

The representations for the grid’s corresponding per-phase inductance and
resistance are R, L. V,,V,, and V. are the voltages at the inverter’s output side. The 3-phase
grid voltages are E,, Ep, E. respectively. Three-phase currents, i, ip, i, are injected into
the grid. The following equations are produced after applying KVL to the inverter's output
and converting the equations from abc to dg values using the Park and Clark transforms

[14], [38]:

Va = Eq + LZ% — wliq + Rig (11.6)

di . .
Vq=Eq+Ld—Z+wLLd+qu (11.7)
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Va— Eq + wlig = LS2 + Rig = ug (11.8)

, di ,
I/;I—Eq—led=Ld—;’+qu=uq (11.9)

where, iy, i,= d-q axis currents (A) at the inverter output;
Va, Vz= d-q axis voltages (V) at the inverter output;
Eq4, Eq= d-q axis grid voltages (V) of 3-phases;
w= grid radial frequency (rad/s);

Ug, Ug= d-q axis steady-state control functions

R
vam b
M (v, R L b oE

b
wmm M —=01—|

Fig. 11.3. AC grid-connected equivalent circuit of a 3-phase inverter

The process of inverter triggering is carried out via pulse-width modulation
(PWM). To identify ISCF, the 3PhI’s output current harmonic spectra were monitored under

normal conditions and at various %ISCF.

11.3 Fault in Snubber Circuitry

This chapter addresses fault diagnosis of resistance-capacitance (RC) snubber circuits. A
small resistor and capacitor in series are frequently employed as RC snubber circuits for
inductive loads. Snubbers restrict the rate of voltage increase (dV/dt), also limit di/dt,
ripples, when employed with devices such as thyristors, IGBTs, MOSFETs, and other

switching components.

The snubber resistance defect, referred to here as ISCF, can be caused by aging,

temperature, and different variables. ISCF arises when the snubber resistor's effective
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resistance’s value gradually drops. In severe circumstances, it drops to zero, short-circuiting
the snubber path. Here, an effort was made to identify a little and steady drop in the snubber

resistance’s value.

Simple snubber circuits consist of a resistor linked in series with a capacitor
attached in parallel to the semiconductor switches. In Fig. 11.4, the RC snubber circuitry

utilized in the 3Phl circuit is displayed.

.—
IGBT \© >R
Switch
il
[ —
RC
Snubber

Fig. 11.4. Inverter’s RC snubber circuit

These formulae [13] outlined below can be used to calculate the values of the

snubber resistance and snubber capacitance:

Rey = 2.6d\/2:z (11.10)
Irs )2
Con = L, (W) (11.11)

where, Rgy, Csy= snubber’s resistance and capacitance value;
K;, 64 = optimum current and optimum damping factor;
Vs= source voltage;
I.s= recovery current of semiconductor switch;

C., L= circuit capacitance and inductance, respectively
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11.4 Approach for Fault Diagnosis

To identify ISCF, the 3PhI’s output current harmonic spectra were monitored under normal
conditions and at various %ISCF. The discrete character of the current signals recorded
makes DWT appropriate for analysis [13]. Through the extraction of a few characteristics
deemed appropriate for defect diagnosis, statistical analysis was conducted. The

investigation’s time frame is 1 second, and the sample frequency is 25 kHz.

11.4.1 Using DWT to Diagnose Faults

The computing unit is unable to instantly distinguish between the problems using the simple
Fourier transform approach because the collected signal in this case is erratic. The wavelet
transform constitutes a particularly useful technique for processing non-stationary data
[13], [14]. Wavelet coefficients of the acquired current’s harmonic spectra's kurtosis and

skewness measurements were monitored to detect ISCF.

The amount of wavelet coefficients that DWT provides is defined according to the
integers of discrete steps in scale and translation, indicated by m and n. For RMS, the scale
and translation will be a = a{* and b = nbyag'. if the segmentation’s step size of the scale
and translation be a, and by, accordingly. The coefficients of the discrete wavelet are

therefore expressed as following [13], [14]:

|
DWT(m,n)= | ——f(Og(a, "t—nb)d(t)  (11.12)
—00 aol’n

where g(a,™t — nb,) represents the translated and scaled discrete wavelet.

For ISCF investigation, the inverter’s output current was recorded. The acquired
current was decomposed till DWT 9% level. The Daubechies wavelet's mother wavelet in
this instance is identified as “db4”. For both normal and defective circumstances (up to

85%) of ISCF, approximated and detail coefficients were calculated through DWT level 9.

Kurtosis and skewness values of the 3PhI’s output current harmonic spectra through

DWT 9 levels were further calculated for the intent of detecting ISCF.

11.4.2 Considered Statistical Parameters
The coefficients of wavelet decomposition are represented as follows:
The approximated and detail coefficients’ kurtosis and skewness values are

represented as Ka, Kp, Sa, and Sp, respectively. For both approximate and detail
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coefficients till the DWT level 9, the kurtosis, skewness values may be written as follows

[7]:

[ ] [KAl Kaz Kaz Kas Kas Kae Kaz  Kys KA9] (11.13)
[Kp] Kp1 Kpz Kps Kps Kps Kpe Kp; Kpg Kpo '

[SA]] [SAl Saz Saz Sas Sas  Sae Saz Sas Sao
Sp1 Spz Spz Spa Sps Spe Sp7 Sps Spo

] (11.14)

In acquired current signal examination and assessment of ISCF, which generate

non-stationary signals, statistical factors are proven to be useful.

11.4.3 Evaluation of Statistical Factors for Approximation Coefficients
The Ka and Sa were computed for standard and various %ISCF circumstances, and they

are illustrated in Fig. 11.5, and Fig. 11.6.

The Ka readings are displayed in Fig. 11.5, which indicates that no specific
hypotheses could be made using this information for defect detection. The graphical
representation in Fig. 11.6 illustrates how the Sa readings at all stages of DWT display an
exponentially expanding aspect until the ISCF reaches 5% and following then, these
readings decrease as the %ISCF grows. Furthermore, the graphic evaluation of Sa data does

not offer compelling evidence for problem identification.
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11.4.4 Evaluation of Statistical Factors for Detail Coefficients
The Kp and Sp were computed for standard and various %ISCF circumstances, and they

are illustrated in Fig. 11.7, and Fig. 11.8.

The Kp readings are displayed in Fig. 11.7, which indicates that no specific

hypotheses could be made using this information for defect detection.

According to a graphical study of Fig. 11.7, Kpi to Kpo readings lack a proper
pattern of gradual growth or decline. So, that could not be helpful for the ISCF detection
study.

Furthermore, Spi, Sp4, Sps, Sps, Sps, and Spo in Fig. 11.8 demonstrates that the
majority of the outcomes are in a fairly erratic pattern and that no useful inference can be
drawn from them for the detection of ISCF. It is noticeable that till 25% of ISCF, the Sp2
value rises. Whereas, at the 3™ and 7™ decomposition levels, Sp readings rose until the ISCF

reached 15%.

Therefore, only the Sp2, Sp3, and Sp7 values only hinder the ability to evaluate ISCF.
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11.4.5 Discussing Preferable Optimal Parameter and Precise Outcome
The likely effective curves for diagnosing ISCF are chosen from Fig. 11.5, Fig. 11.6, Fig.
11.7, and Fig. 11.8, as seen in Fig. 11.9, Fig. 11.10, and Fig. 11.11.

Based on the analyses of Fig. 11.9, Fig. 11.10, and Fig. 11.11, it is noted that the
curve of Spz values grows exponentially till 25% of ISCF. Following then, these readings
decrease as %ISCF grows more. Whereas, Sp3 and Sp7 both values grow exponentially till

15% of ISCF, and following then, both these readings decrease as %ISCF grows further.

Finally, Fig. 11.9 makes it clear that using Sp> values is the only way to adequately

conduct ISCF detection.
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11.5 Algorithm for Detecting ISCF
The Fig. 11.12 depicts the suggested method of ISCF detection.

Collect the inverter output currenD

Digitize the obtained current signal
using the sampling procedure

Execution of DWT )
Compute detail co-efficients )
Calculate Sp values at DWT level 2
(Sb2)

U

Analyze the Spz Data

Find any ISCF that may exist >

Fig. 11.12. ISCF identification algorithm

J

The following algorithm was suggested for ISCF detection:
g) Acquire the current at the inverter output.
h) Digitize the recorded current signal using the sampling procedure.
1) Apply DWT to the recorded data.
j) Calculate detail coefficients after DWT.
k) Compute Sp;.
1) Analyse the readings of Sp; and check for ISCF.
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11.6 Validation at Laboratory Testing Facility
The technical details of the system are listed in Table 11.1. Case studies carried out at the
testing facility system, as seen in Fig. 11.13, have been used to validate the suggested
approach.

Table 11.1. Modelling specification

Parameter Value
Ideal gas constant 8314 Kl kmol K
Absolutely temperature 1273 K
Faraday’s constant 96487 C/mol
stack's cell count 384
SOFC stack voltage 438V
SOFC stack power S0 KW
Ohmic loss 0.126 ohm
Boost converter's inductance 1 mH
Boost converter's capacitance 3000 pF
Equivalent value of load resistance 8.712 ochm
Eeference voltage for the boost converter 660 V

3Phl’s output voltage

440 V (phase to phase) AC

Inverter

Fig. 11.13. Lab testing workbench
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Three numbers of hall sensors (HSs) were installed at the three output terminals of
3Phl to record current. The Fig. 11.13 illustrates just one of these HSs. The current has been
recorded through the DAS utilizing these hall probes. The technical details of the DAS and
probes are listed in Table 11.2.

Table 11.2. Specification of the Hall probe and DAS

Devices Specifications
Hall Probe LEM PR30 ACWV 600V CAT III, 304, 100 kH=z
DAS OROS OF35, Speed- 100 kS/s per channel, Channels- 8

Comparative analyses of the lab results from three separate instances that were
examined with varying %ISCF are shown in Table 11.3. In this specific scenario, the error

rate in percent was computed employing the formula [34] outlined below:

Error = | (HS2=L15E) 5 1009 (11.15)

f1scF

where,
Fiscr= %ISCF value (known);

fiscr= %ISCF calculated using values of either Sp2, Sps or Sp7

Table 11.3. Comparative analysis of experimental results

Types of Data Case 1l Case 2 Case 3
%ISCF (known) 7% 10% 14%

So2 0.0019 0.0027 0.0051

%ISCF acquired by Sm 6.91% 9.92% 13.78%

Error 1.30% 0.81% 1.60%

Sp3 0.0122 0.0129 0.0152

%ISCF acquired by Spz 7.18% 9.73% 13.76%

Error 2.51% 277% 1.74%

SD7 -0.0073 -0.0038 0.0179

%ISCF acquired by Sp7 6.89% 10.11% 13.75%

Error 1.60% 1.09% 1.82%
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The comparative study in Table 11.3 exhibits that analyzing the Sp> values may
yield the most substantially feasible outcomes for the %ISCF evaluation, with up to a
99.19% accuracy. Thus, this detection method may be exploited to identify ISCF in MG’s
3Phls.

The confusion matrix presented in Table 11.4 illustrates the effectiveness of the
proposed ISCF detection method. It predicts the presence of ISCF with great accuracy.
Lower rates of false positives and false negatives, however, indicate fewer false detections
and false alarms; higher true positive and negative percentages are indicative of more
accurate defect detection. In conclusion, the findings confirm that the recommended

method can correctly detect ISCF.

Table 11.4. Confusion matrix

Actual Fault

Positive Negative

Positive  True Positive (94%) False Positive (6%0)
Predicted Fault

L

Negative False Negative (6%) True Negative (94%)

11.7 Comparative Assessment and Unique Contribution
In this section, Table 11.5 summarizes the findings of comparisons among the suggested
study alongside additional comparable approaches. The literature review’s fault diagnostics

mostly address OC, SC, and other problems in 3Phls; however, very few attempts are made

to identify ISCF.

The following are the unique contributions established by the investigation:

a) This investigation involves the fact that it exploits the statistical character
of Spa to aid with ISCF identification extremely well.

b) It additionally indicated that the %ISCF in the 3PhlI could be obtained using
the approach proposed.

c) It has been demonstrated that the recommended ISCF detection method has
a defect DD of 0.04s and that the maximum AR of 99.19% may be achieved
when the optimal parameter is chosen for detecting faults.

d) The method reduces the number of pertinent factors that may be used to

determine ISCF.
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e) Implementing the recommended ISCF detection approach requires a DAS

and the soft computing device.

As a result, the proposed technique may be applied in practical situations with ease

and at a reasonable cost.

Table 11.5. Comparative analysis

Ref. Failure types Fault recognition DT and AR
(in %)
[13] ISCF in converter circuit of Yes DT= Not available,
brushless DC motor’s drive AR= Not available
(BLDCMD)
[19] Switch faults in inverter No DT=0.02 s,
AR=97.4%
[27] OC defect in CHMLI No DT=3.80 ms,
AR=98.88%
[28] CHMLI OC defect No DT= Not available,
AR=99.9%
[29] CHMLI OC defect No DT= 10 ms,
AR=100%
[30] Voltage source inverter’s No DT=15.47ms,
OC defect AR= Not available
[31] OC and SC in CHMLI No DT= Not available,
AR=97.5%
[32] TPHBI’s OC defect No DT=0.25 ms,
AR=100%
[33] TPHBI’s OC defect No DT= Not available,
AR=99.95%
[34] ISCF in 3Phl Yes DT= Not available,
AR= Not available
[35] ISCF in BLDCMD No DT= Not available,
AR=95%
Proposed MG inverter’s ISCF Yes DT=0.04s,
method AR=99.19%
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11.8 Conclusion

In this work, a DWT-based analytical study of the 3PhI’s output current has been performed
in an attempt to diagnose ISCF. For the purpose of identifying ISCF, many statistical
metrics have been observed. The values of the pertinent parameters have been observed to
be fluctuating throughout the fault detection procedure. The data gathered from DWT-based
diagnostics has been compared and evaluated in an effort to determine the best reliable

method for ISCF detection.

Furthermore, it was discovered that Sp> has proven to be exceptionally efficient for
ISCF detection. Consequently, the ISCF within any 3Phl may be detected by applying the
suggested approach by continual tracking of readings. Additionally, the analysis confirmed

that the suggested approach may be used to derive the %ISCF in the 3Phl.
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Chapter 12

Conclusion and Future Scope

This thesis provides and validates new approaches for the early and precise identification
of impending faults, addressing the crucial problem of switching device fault analysis in

low-voltage inverters (LVIs) used in microgrid (MG) applications.

12.1 Work Summary

A comprehensive overview of the literature on defect detection techniques for AC
microgrid power converters (MPCs) has been presented in Chapter 2. This study
established the stage for the next research contributions by demonstrating the several ways
that MPCs might fail and stressing the need for reliable monitoring systems to facilitate

quick fault identification.

An attempt has been made to examine the identification of inverter switch’s snubber
circuit resistance failure (ISSCRF) in brushless DC (BLDC) motors, an increasingly

prevalent robotics application, in Chapter 3.

Chapter 4 discussed the crucial problem of prematurely IGBT breakdown failure
(PIBDF) in voltage source converters (VSCs) coupled to photovoltaic (PV) grids. The
investigation was conducted utilizing the fast Fourier transform (FFT) approach performed
to the VSC’s output phase voltage. The impacts on the DC, and fundamental components,
as well as harmonic distortions of the acquired signal, have then been examined for varying
faulty percentage amounts. This study offered substantial new details about trustworthy

PIBDF indicators.

Chapter 5 focused on identifying quick IGBT switch fault (ISF) in MG bidirectional
inverters (BDIs) connected to distributed sources of energy. To determine ISF, a statistical
analysis using FFT on the BDI’s output current has been carried out. It was noted that the
parameter readings varied under both ideal and substandard conditions. Using the most
favourable characteristics, an attempt has been performed to effectively identify the ISF.
Additionally, a process enabling ISF detection is suggested. It has been shown that the FFT-

based flaw detection approach is an effective way to find ISF in advance in BDIL.

183



Switching Device Fault Analysis for Low Voltage Inverters Used in Microgrid, 2025

In Chapter 6, an FFT-based methodology for measuring minute changes in the
effective resistance of MOSFET (ERM) in single-phase H-bridge inverters (1phHBIs) was
proposed. This chapter made a substantial addition to the quick fault identification
technique for MOSFET switch fault (MSF) by applying statistical evaluation of the FFT
spectra of the inverter’s output current. A successful recognition of the MSF has been
accomplished relying on the best-fit features. Furthermore, ERM measurement during MSF

is made possible by the approach. A method for identifying MSF has also been suggested.

In Chapter 7, the detection of GTO switch failures (GSF) in PV integrated
microgrids’ three-phase (3Ph) voltage source inverters (VSIs) has been investigated. An
investigation on the 3-Phase VSI's current at the output terminal using the FFT was carried
out in order to identify GSF. The effects of GSF on different parameters of the acquired
current have been investigated at different GSF levels. Here, an attempt has been made to
successfully detect the GSF using the most suitable attribute. Furthermore, a method for
recognizing GSF has been suggested.

Chapter 8 focused on detecting emerging snubber quality issues, notably nascent
snubber-resistance failures (NSFs), in MG’s 3-phase inverters (3Phls) powered by SOFCs.
The study examined the impact of snubber resistance failures on different current
components using FFT analysis of the inverter output current, leading to a suggested NSF

detection technique.

Chapter 9 presents an attempt to use a DWT-based method to identify the ISSCRF
in robotic BLDC motors. By using DWT on the stator current, the study successfully
illustrated how statistical calculations, such as the values of wavelet coefficients’ kurtosis,
skewness, and root mean square (RMS), can accurately detect ISSCRF. The effectiveness
of the suggested fault identification algorithm for precise diagnosis was demonstrated by
validation. This method provides a sensitive diagnostic tool to supplement the earlier FFT-

based techniques discussed in Chapter 3.

Chapter 10 demonstrates a method for identifying the breakdown failures of IGBT
switches in PV-coupled 3-phase VSCs. The DWT approach was used to analyze the VSC’s
phase voltage output. In order to determine the ideal parameters for quick defect
identification, this study carefully examined the wavelet coefficients’ kurtosis, skewness,

and RMS values.
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Lastly, employing DWT on the inverter’s output current, Chapter 11 concentrated
on identifying initial snubber circuitry failure (ISCF) in IGBT-based MG inverters
connected to SOFCs. The study developed a comprehensive flaw identification system by

comparing the wavelet coefficients’ kurtosis and skewness values.

12.2 Outcomes

An in-depth overview of the several ways that the AC MPC modules might malfunction is
presented in Chapter 2. A variety of failure detection methods (FDMs) are covered here. It
describes several kinds of MPC faults, their causes, and effects. A review of existing
methods for various MPC switching element fault diagnosis is conducted. The power
electronic switches (PESs) and capacitor issues with MPCs are reviewed in this chapter.
The findings showed that every contemporary techniques offer reliable defect diagnosis
and converter protection. But because of their very short reaction times, some of the
techniques are incapable of preventing the system from failing soon after the problem
arises. By outlining the various ways that MPCs may malfunction and emphasizing the
necessity of dependable monitoring systems to enable prompt fault diagnosis, this study set

up the foundation for future research contributions.

Chapter 3 examines the fast Fourier transform (FFT)-based identification of
ISSCRF in a small MG inverter linked to robotic BLDC motors. The investigation
examines how various ISSCRF percentages (%ISSCRF) affect the DC component (DCC),
the fundamental component of current (FCC), and the total harmonic distortion (THD) of
the BLDC motor’s stator current. It presents the results of studies on the DCC, THD, and
FCC of the motor’s stator current under normal conditions and at various %ISSCREF.
However, no distinct association between the DCC, FCC, and THD of the stator’s current
and various ISSCRF percentages could be identified. But this FFT-based diagnostic
employed for diagnosing ISSCRF ultimately yielded no significant findings applicable to
ISSCRF assessment. Since stator current is transitory in nature, it has been discovered that
FFT-based fault detection is an inappropriate approach for detecting ISSCRF in a BLDC
motor. To overcome the limitations of this FFT-based diagnosis, Chapter 9 explores wavelet

transform-based fault evaluation.

The critical issue of PIBDF in VSCs connected to PV grids was covered in Chapter
4. The FFT method applied to the output phase voltage of the VSC was used to carry out

the research. The effects on the obtained signal’s DC, fundamental components, and
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harmonic distortions have then been analyzed for various percentage values of the PIBDF
(%PIBDF). Certain subharmonic component characteristics have been examined in both
the IGBT’s normal and malfunctioning states. FFT has been performed on the recorded
VSC’s output voltage to extract the DCC, fundamental component of voltage (FCV), THD,
and sub-harmonic components of voltage (SCV) for various %PIBDF in VSC. Although
there is no discernible result that can be implemented to the identification of VSC’s PIBDF.
Further, for PIBDF identification, the standard deviation and mean values (SDMVs) for the
change in the value of all the SCVs for different %PIBDFs have been computed, and it has
been discovered that these values change under normal and defective conditions. Therefore,
this approach may be used to identify VSC’s PIBDF up to 5%. We can also determine the
VSC’s %PIBDF with the help of the proposed work, according to further investigation.

Chapter 5 illustrated a rapid detection method for identifying the ISF in MG’s BDI
that is coupled to distributed sources of energy. The FFT has been used to analyze the output
current of the BDI in order to determine ISF. The impacts on the collected BDI’s output
current quality characteristics, such as fundamental current component (FCC), THD, and
subharmonics (SHCs) at various ISF percentage levels (%ISFs) have been investigated.
Yet, these tests are unable to yield any insightful results that might be exploited to identify
ISF in BDI. Furthermore, the SDMVs for the variance in all SHC values for different %ISF
have been measured. It shows that the standard deviation value (SDV) of the SHCs
continues to increase until it reaches 3% of ISF. It then declines as long as the ISF reaches
10%. Thus, it can be concluded that regularly monitoring the SDV of the SHCs is the most
efficient method of rapidly detecting ISF (up to an ISF of 3% in BDI). The following
analysis shows that the suggested work also makes it easier for us to determine the BDI's
%ISF. An ISF detection technique has also been suggested. A comparison study comparing
the approach suggested and several different inverter failure diagnostic methods has also
been provided. It was additionally determined through comparison assessment that the

technique proposed makes it feasible for calculating the %ISF of the BDI.

In Chapter 6, a methodology based on FFT was presented to measure minute
variations in ERM in 1phHBIs. The rapid fault diagnosis method for MOSFET switch fault
(MSF) was investigated in this chapter by using statistical analysis of the FFT spectra of
the inverter’s output current. The effects of MSF on the FCC, DCC, total harmonic
distortion of current (THDC), and SHCs have been investigated at different MSF
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percentage (%MSF) levels. The DCC, FCC, THDC, and SHCs of the captured current that
was evaluated through FFT-based assessment for different %MSF. However, these
assessments have failed to yield any crucial details that might be applicable towards the
identification of MSF in 1phHBI. Additionally, each SHC values associated with various
%MSFs have had their variance’s SDMVs assessed. According to the analysis, only the
SDVs for the SHCs steadily increase as MSF climbs to 15%. Therefore, it is clear that by
continuously examining the SDVs of the SHCs, MSF (up to 15%) in 1phHBI may be
detected. An MSF detection technique has been devised. Following a comparison of the
suggested methodology with other kinds of inverter fault identification systems have been

presented. Additionally, the technique makes ERM computation possible during MSF.

The identification of GSF in the 3Ph VSIs of PV integrated MGs has been addressed
in Chapter 7. An investigation on the 3Ph VSI’s current at the output terminal using the
FFT was carried out in order to identify GSF. The FCC, DCC, THDC, and SHCs of VSI
output currents over various percents of GSF (%GSFs) have been retrieved and have been
investigated using the FFT. Finally, the study showed that only the SHC at 40 Hz, which is
expressed as I at 40 Hz, gradually drops until the %GSF hits 20%. By continuously
monitoring the SHC at 40 Hz (I at 40 Hz), it is thus shown that VSI’s GSF up to 20% may
be identified. A method for detecting GSF has been suggested. A comparison of the
proposed approach in relation to existing types of inverter fault detecting systems has been
provided. The proposed technique may also be used to the estimation of the %GSF in the
VSI.

Chapter 8 focused on identifying emergent snubber quality problems in 3-phase
MG inverters driven by SOFCs, particularly nascent snubber-resistance failures (NSFs).
An investigation has been conducted to identify NSF by using the FFT on the output current
waveform of the 3Phl. Investigations have been conducted on how NSF affects the inverter
current’s zero-frequency component (ZFC), FCC, THDC, and sub-harmonic current
(SCC). The study demonstrated that there are no statistically significant correlations
between the ZFC, FCC, THDC, and SCCs with %NSF. As an outcome, NSF within the
3PhI could not be revealed utilizing this feature. Furthermore, the mean and standard
deviation (MSD) values were computed for each SCC at varying %NSF. Furthermore, by
continuously monitoring MSD values, it was discovered that the proposed method could

also be used to estimate the NSF up to 10% inside the 3Phl. A method for detecting GSF
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has been suggested. The real-world cases executed on the testing facility have also been
used to validate the proposed method. The purpose of the study was to identify the best
technique for detecting NSF. The statistical comparisons and the error rate comparisons
make it evident that by utilizing the MSD data of SCCs is the only viable method of
achieving the most optimal outcome in %NSF investigation. The proposed NSF
identification method has also been used to identify NSF in GTOs, MOSFETs, and
thyristor-based inverters. The findings demonstrate that NSF’s statistical properties have
remained relatively constant. Therefore, the suggested method may be used for NSF

identification in the event of an NSF, irrespective of the MG inverter.

An effort to find the ISSCRF in robotic BLDC motors using a DWT-based
technique is presented in Chapter 9. The presented study includes the wavelet coefficients
of the stator current harmonic spectra’s skewness, kurtosis, and root mean square (RMS)
measurements to identify ISSCRF. In order to detect ISSCRF, the stator current of the
BLDC motor was tracked both under normal operating circumstances and at different
%ISSCRFs, up to 50%. The Ak, As, and Ar were computed for standard and various
%ISSCRF circumstances. Based on the evaluation of statistical factors for approximation
coefficients, Ako, Aso, and Aro are possibly helpful in evaluating ISSCRF. The Dk, Ds, and
Dr were also computed for standard and various %ISSCRF circumstances. Based on the
evaluation of statistical factors for detailed coefficients, only the Dx7, Dxog, Drs, and Dr7
are likely to be helpful. Based on the further analysis, it is noted that while both the curves
of Ako and Asy are increasingly pronounced, the curve of Aro is decreasingly pronounced
as the %ISSCRF develops further. Additionally, it was perceived that when the %ISSCRF
rises, the curves of Dre and Dr7 are rising while those of Dk7 and Do are falling. In
addition, these curves’ shapes have a smaller irregular characteristic than those of the
remaining curves. Three case studies and a percentage error comparison analysis between
the findings were carried out to obtain the best-fit parameter for ISSCRF detection. Lastly,
the highest desirable outcome is only attained when Dk7 is consulted. The investigation
additionally indicated that the %ISSCRF in the inverter could be obtained using the
approach proposed.

A technique for determining the IGBT switches’ breakdown failures (IBDFs) in
three-phase VSCs connected to the PV system is presented in Chapter 10. The DWT
approach was used to analyze the VSC’s phase voltage output. This study carefully
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examined the wavelet coefficients’ kurtosis, skewness, and RMS values to detect IBDF.
The acquired voltage was decomposed till the DWT 9'" level. The Daubechies wavelet’s
mother wavelet in this instance is identified as “db4”. For both normal and defective
circumstances (up to 10%) of IBDF, approximated and detail coefficients were calculated
through DWT level 9. It is difficult to discern between varying percentages of IBDF
(%IBDF) utilizing the graphical evaluation method demonstrated, since all of the graphical
findings seem to imply the same. Skewness, kurtosis, and RMS values of the VSC’s voltage
harmonic spectra through DWT 9 levels were further calculated for the intent of detecting
IBDF. The Ka, Ra, and Sa were computed for standard and various %IBDF circumstances.
Further analyses revealed that the Ka4 to Ka7, Ra1 to Ra4, and Rae values may be useful for
IBDF evaluation. Similarly, the Kp, Rp, and Sp were also computed for standard and
various %IBDF circumstances and it was discovered that only the Rp3, Rp7, and Rpsg are
likely to be helpful. The likely effective curves for diagnosing IBDF were chosen for further
evaluation. The evaluation illustrates that the exponential changes of Rps, with less non-
linear variations from 0% to 3% than between 3% and 5% IBDF. To optimize the
calculation within a linear scale, two fault ranges- 0% to 3% along with 3% to 5%, have
been examined using logarithmic readings of Rps. It shows clearly that the curves in the
logarithmic scale are more linear, particularly for 3% to 5%. This suggests that fault
diagnosis of IBDF can be effectively done using the logarithmic scale of Rps. Further, based
on the analyses IBDF detection algorithm is suggested. Furthermore, the investigation’s

contrasting findings and distinctive contributions are also presented.

Chapter 11 demonstrated a 3-phase inverter’s (3Phl) initial snubber circuitry failure
(ISCF) recognition approach for IGBT inverters coupled to SOFCs employed in microgrid
systems. Investigative work has been carried out on the inverter’s current output using
DWT to identify snubber defects. During the analysis, wavelet coefficients of the output
current of the inverter are taken into account together with their kurtosis and skewness
values. This study examined the DWT decomposition at 9 levels. The “Daubechies”
wavelet’s mother wavelet in this instance is identified as “db4”. Several parameters have
been computed to evaluate the typical and atypical circumstances (for 0% to 85% ISCF)
after detail and approximation coefficients were determined. The Ka and Sa were computed
for standard and various percentages of ISCF (%ISCF). Furthermore, the graphic
evaluations of Ka and Sa data do not offer compelling evidence for problem identification.

Moreover, the Kp and Sp were also computed for standard and various %ISCF
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circumstances. The graphic evaluations of these data illustrate that only the Sp2, Sp3, and
Sp7 values hinder the ability to evaluate ISCF. The likely effective curves for diagnosing
ISCF are chosen for further analysis. Finally, it was demonstrated that using Sp> values is
the only way to adequately conduct ISCF detection. The algorithmic proposal for detecting
ISCF is presented and has been validated using case studies conducted on the lab testing
platform. The comparative study is done, and it exhibits that analyzing the Sp> values may
yield the most substantially feasible outcomes for the %ISCF evaluation, with up to a
99.19% accuracy. The efficacy of the suggested ISCF detection technique is shown by the
confusion matrix, and it shows high accuracy in predicting the existence of ISCF. In
summary, the findings indicate that the suggested approach can accurately identify ISCF in
3PhI.

12.3 General Conclusion

This thesis proposes and validates an array of effective fault analysis methodologies for
switching devices used in LVIs, which significantly advances the fields of power
electronics and microgrid dependability. These include a set of sophisticated signal
processing and statistical techniques for the fault analysis of different switching devices
(IGBTs, MOSFETs, and GTOs) and related components (snubber circuits) across a range
of LVI applications in microgrids. These parts are essential to the functioning of MPCs,
and their failure might result in decreased efficiency, worse power quality, or possibly the
system shutting down entirely. As a result, prompt and precise defect detection is crucial.
These suggested FDMs are very appropriate for real-time applications in real-world settings
since they were created with a focus on simplicity, quick reaction times, and low computing
burden. The suggested techniques may be readily integrated into existing systems without
requiring significant hardware modifications, in contrast to intricate or resource-intensive

alternatives.

The results of this work provide a viable and effective solution to increase the
resilience, operational lifespan, and dependability of microgrid systems by improving the
fault detection capabilities of LV MPCs. The suggested methods provide early
identification, reducing maintenance expenses and preventing significant equipment
failures. In light of rising energy needs and system complexity, the thesis lays the
groundwork for future studies in intelligent and adaptive diagnostic systems, opening the

door to more intelligent and sustainable MG operations.
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12.3 Future Scope
The study described in this thesis provides a number of exciting directions for further
research that might enhance the fields of microgrid reliability and switching device failure

analysis:

12.3.1 Artificial Intelligence and Advanced Machine Learning Integration

Using the existing signal processing techniques in conjunction with cutting-edge machine
learning (ML) and artificial intelligence (Al) approaches like deep learning neural networks
or reinforcement learning might result in defect diagnostic systems that are more intelligent
and adaptable. This may improve fault detection's precision, speed, and predictive power,

particularly in complicated or multi-fault situations.

12.3.2 Forecasting and Estimating Remaining Usable Life (RUL)

It would be a major improvement to extend the present fault identification abilities to
prognostics, which entails forecasting the RUL of switching devices. This might provide
genuine predictive maintenance, reducing microgrid interruptions and operating costs by

enabling component replacements prior to catastrophic failures.

12.3.3 Considering Fault-Tolerant Control Methods

Future studies might concentrate on creating and putting into practice fault-tolerant control
techniques for LVIs, relying on failure detection systems. To improve overall system
resiliency and power supply continuity, this would enable the microgrid system to continue
functioning even after a malfunction has been identified, although with reduced

performance.

12.3.4 Diagnosing and Isolating Multiple Faults

Future research might investigate thorough techniques for identifying, differentiating, and
isolating several concurrent failures in the same inverter or across several microgrid
components. In order to do this, more advanced algorithms that can handle intricate fault

signatures would be needed.

12.3.5 Effects of Cyber-Physical Security on the Identification of Faults
It is essential to look at how cyber-physical assaults affect the dependability and integrity

of fault diagnostic systems as microgrids become more digitally integrated. Future studies
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could concentrate on creating robust and safe fault detection systems that can withstand

cyberattacks.

The insights and techniques established in this thesis can be improved and extended
by following these research possibilities, which will help create microgrid systems that are

incredibly dependable, effective, and resilient for a sustainable energy future.
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