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Insulated gate bipolar transistor IGBT) is a work element in modern power electronics converters. The
ability of the IGBT transistor, which is utilised in power converter circuits, to block high voltages, is one of
its most crucial features. Large-scale solar power generations are incorporated into the AC grid via
voltage-source converters (VSC). Many other applications also utilise voltage-source converters (VSCs).
IGBTSs are an integral part of voltage-source converters. Fault in IGBT-based VSCs has an impact on the
functionality of all VSC-based systems. So, the fault-proof operation of IGBT is highly desirable. This
article presents a methodology to detect the premature IGBT breakdown fault (PIBDF) in a photovoltaic
(PV)-grid-connected three-phase three-level Voltage Source Converter (VSC). The work has been done
using an analysis that is based on the Fast Fourier Transform (FFT) technique applied to the output phase
voltage of VSC. Then for different fault percentage values, the effects on the DC as well as the
fundamental frequency component and harmonic distortions have been investigated. Some specific
features of the subharmonic components have been studied under the normal and faulty conditions of the
IGBT. Further study shows that there are few features suitable for fault identification.
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1. INTRODUCTION

PV systems are an easily accessible sustained
technology that can be wused for electric power
generation and their demand is gradually increasing [1].
Many power devices for both small and substantial
usage can obtain the power that is generated from the
solar cell using solar energy which is the planet's
wealthiest and most environmentally friendly source of
renewable energy [1]. Voltage Source Converters (VSCs)
are being used in more and more power system
applications to increase energy efficiency and power
controllability [2-3]. In modern power electronics, IGBT
is essential. Because of the involvement of various
timeframe dynamics by the VSC's dc-link voltage
regulation, the current control loops, and the
synchronization of the grid, the stability of VSCs is
gaining much attention [2, 4]. In recent days, due to the
advances in power semiconductor devices, they are
currently a crucial component of contemporary power
electronic circuits [5]. Due to the low-current gain of
bipolar transistors, the intended circuit's dimensions
and weight containing the bipolar transistors
significantly increased while placing these in high-
voltage fields, therefore the overall system cost also
increases [5]. In recent years in many HVDC systems
VSCs have been employed [6-8]. In 2019, D. Lu et al.
presented different stability problems due to the grid-
connected VSCs' dc-link voltage regulation in the article
[2]. Sun Xiaoyun et al. in 2016 showed a dissection of
the VSC-HVDC converter's fault characteristics [9]. In
2020, X. Sun et al. proposed a fault detection technique
for VSC-HVDC converter-based applications [10]. D. K.
Ray et al. in 2020 presented a fault detection technique

* ssghosh732103@gmail.com

2077-6772/2023/15(3)03016(5)

03016-1

PACS numbers: 84.70. + p, 88.80.h;j

to detect the Line-to-Ground Fault Utilizing Multi-
Resolution Analysis in a VSC-Based HVDC System [11].
In 2021, C. Sui et al. [12] proposed the post-fault
current model for the detection of the fault of VSC.
Quick, accurate fault location determination of a VSC-
based distribution network is very important which
ensures the operation of the power system is safe and
reliable [13]. System faults cause the current to rise
rapidly and it also results in a voltage drop suddenly
[13]. Generation systems that are VSC based are very
much vulnerable to dc faults [14]. In 2021, D. Li et al.
proposed a technique for fault detection in DC systems
with VSC interfaces based on the S transform (ST) [14].
But no significant attempts were made to detect the
IGBT breakdown fault (PIBDF) in Voltage Source
Converters (VSCs).

This has motivated authors to diagnose the IGBT-
based breakdown fault (PIBDF) in Voltage Source
Converters (VSCs). Fast Fourier transform (FFT) is a
type of frequency-domain analysis. To distinguish
between different transitory kinds the frequency-
domain analysis provides better accuracy than the
time-domain analysis [14]. Therefore, in this work, FFT
has been implemented to detect the PIBDF.

In this work, during PIBDF the VSC's output phase
voltage is analysed. Here the voltage signal has been
captured for the fault detection purpose because the
current signal is greatly affected by the loads but the
voltage signal does not have a significant effect due to
the loads. Different parameters like the DC component,
fundamental component, total harmonic distortion
(THD), and sub-harmonic elements of the output phase-
voltage of the VSC have been monitored based on the
Fast Fourier transform (FFT) to diagnose the fault.
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2. PV-ARRAY DRIVEN IGBT-BASED VOLTAGE
SOURCE CONVERTER

A schematic diagram of the grid-connected
photovoltaic (PV) array; DC-DC Boost Converter;
Maximum power point tracking (MPPT); DC-link;
voltage source converter (VSC) has been shown in
Fig.1. For modelling purposes, A 100 kW PV array is
considered here. The PV array has been connected to a
25 kV grid. A three-phase three-level VSC with a DC-
DC boost converter has been used to connect the PV
array to the grid. The boost converter employs
Maximum Power Point Tracking (MPPT) [15]. To
generate the required voltage for the extraction of
maximum power the duty cycle can be changed
automatically through MPPT system. The harmonics
caused by VSC are filtered here using the capacitor
bank. Besides the real case study, a MATLAB
simulation of the identical Simulink® model was also
performed to obtain the PIBDF of VSC.
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Fig. 1 - Schematic diagram of the grid-connected photovoltaic
(PV) array; DC-DC Boost Converter; MPPT controller; DC-
link; voltage source converter (VSC), grid.

The photovoltaic array includes a total of 66 parallel
strands of 5 series-connected panels, which together
generate 100.7 kW of power.

The features of one PV panel are as follows:

A total of 96 cells are connected in series. The open-
circuit voltage and short-circuit current of the PV panel
are, respectively, 64.2 V and 5.96 A. The PV panel is
capable of producing a voltage of 54.7V and 5.58 A
current at maximum power capacity.

For normal conditions and different fault
percentage values of the PIBDF in VSC, the phase
voltage of VSC has been monitored.

3. PROBLEM STATEMENT

In this work, the IGBT-based VSC is PV-array-driven
and utility grid connected. For the fault analysis, the
breakdown of the IGBT in VSC is considered. IGBT
breakdown is a very unpredictable fault. This fault
refers to a breakdown fault and that makes the path
open after the fault. It may occur due to an excessive
increase of current leading to an increase of heat and
burnout of the IGBT or it may occur due increase of
voltage leading to insulation breakdown. In both ways, it
breaks the circuit that refers to making the path open.
In Multi-Terminal DC links during the issue with the
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DC side, the value of the DC current increases to a very
high value, due to this reason the equipment connected
across it can be damaged, and the linked VSC systems
with it at a common dc terminal, the performance of
these also get affected [16]. IGBT loses its control when
the VSC HVDC system's dc side fault occurred and as a
bridge rectifier, the free-wheeling diodes feed the fault
[17]. The protection for IGBTS is excessively complex and
difficult, and as a result, they will be destroyed by the
heat buildup during the desaturation period when a
fault arises and the increasing fault current rate is
practically limitless in the early stages of an IGBT fault
[6]. Therefore, quick and effective detection of PIBDF is
very much required. Hence, an effort has been
undertaken in this work to identify the gradual increase
in the IGBT breakdown of VSC. It is to be noted that the
designer's decision will determine the level of fault and
also the system specifications. To prevent the system
from being damaged PIBDF detection is very much
important.

4. FAULT DIAGNOSIS BASED ON FFT

Fourier Transform (FT), is a useful technique for
the analysis of periodic waveforms [18]. In both FT and
FFT, the signal is transposed from the time domain to
the frequency domain. Also, the FFT is faster than FT
[19]. FFT analysis is a very effective tool for
determining the precise degree of faults and related
frequencies [20]. In this work, during PIBDF in VSC,
the VSC's output phase voltage is analysed thoroughly
for the detection of PIBDF. Different parameters like
the DC element, fundamental element, total harmonic
distortion (THD), and sub-harmonic elements of the
VSC's output phase voltage have been monitored based
on the FFT to diagnose the fault.

4.1 FFT-Based Pattern Generation

FFT analysis has been done on the captured signal
of VSC phase voltage under typical circumstances and
also during the different percentage values of PIBDF in
VSC. Fig. 2 and 3 show the captured signal of VSC
phase voltage and the FFT window of the captured
signal of VSC phase voltage respectively which are
used for the analysis to detect the PIBDF in VSC.
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Fig. 4 shows the spectrum during normal condition
with respect to the fundamental component which has
been monitored and analysed for the detection of
PIBDF in VSC.
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Fig. 2 — Captured signal of VSC phase voltage
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Fig. 3 - FFT window of VSC phase voltage
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Fig. 4 — Spectrum during normal condition
4.2 Low-Frequency Feature Extractions

4.2.1 DC Component Analysis

The signal of the VSC phase voltage collected has
undergone FFT-based analysis so that the DC
component can be extracted for different percentage
fault values of the PIBDF. From Fig. 5 it can be
concluded that the DC components and PIBDF are not
directly related.
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Fig. 5 - DC component versus percentage of PIBDF

4.2.2 Fundamental Voltage Component (FVC)

Fundamental frequency calculation is done here to
analyze the frequency distribution of the VSC phase
voltage. From the VSC phase voltage for different fault
percentage values of the PIBDF, the fundamental
component has been extracted and shown in Fig. 6, but
it is not providing any proper relationship pattern
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between the primary frequency of the VSC phase
voltage and different fault percentage values of PIBDF.
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Fig. 6 - FVC versus percentage of PIBDF

4.2.3 Total Harmonic Distortion Analysis

THD of the captured signal determines how much a
voltage or current has been distorted by the harmonics
within the signal. Expression for THD [19] can be
written as follows:

x 2
§2 'n_rms
THD = Y= ) 1

' fund _rms

Here, In_rms is the root-mean-square value (RMS) of
the harmonic n, and Ifund rms is the RMS value of the
fundamental frequency. For different percentages of
PIBDF in VSC, here the THD values have been
extracted for the analysis of PIBDF and illustrated in
Fig. 7. It demonstrates that as there are changes in the
percentage fault values of PIBDF, the THD values also
vary. A further observation from Fig. 7 reveals that as
the percentage of PIBDF in VSC increases up to 3%,
the THD(%) value also increases but after 3% of
PIBDF, the THD(%) value gradually decreases.
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Fig. 7 - Total harmonic distortion (%) versus percentage of PIBDF

4.2.4 Sub-harmonic Voltage Component (SVC)

Sub-harmonic components also have been extracted
from the captured VSC output phase voltage signal. All
the sub-harmonic components from the captured signal
have been thoroughly monitored for different fault
percentage values of PIBDF. Fig. 8 shows that as the
percentage of PIBDF increases the values of all the
values of sub-harmonic components also change.
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Fig. 8 - SVC versus different percentage fault values of PIBDF

5. SPECIAL FEATURES

In the early section of this work FFT-based signal
monitoring has been presented for different parameters
like the DC component, FVC, THD, and SVC of the
VSC's output phase-voltage but no significant outcome
can be obtained which can be used for the detection of
PIBDF in VSC.

Further for the analysis of PIBDF, the mean values
and the standard deviation values for the change in
values of all the sub-harmonic components for different
fault percentages of PIBDF have been obtained and
presented in Fig. 9. It has been observed that these
parameters are changing differently for normal and
faulty conditions which can be applied successfully for
the detection of PIBDF in VSC up to the 5% of PIBDF.
So, it can be inferred that the early detection of PIBDF
in VSC is possible with this technique.

6. CONCLUSION

In this article, for the diagnosis of PIBDF, the
statistical analysis using FFT has been performed on the
output phase voltage of VSC connected with the PV array
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Fig. 9—-Mean and the standard deviation values of the sub-
harmonic components vs different percentage fault values of PIBDF

and grid. It has been observed that the parameter values
differ between them at normal and faulty conditions. With
an increase in the PIBDF percentage value, the values of
all the parameters change.
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Moreover, it was noticed that this flaw detection

method based on FFT is efficiently capable of detecting
PIBDF early on in VSC. In the future, the DWT-based
flaw recognition system may be used may be applied for
the fault detection of PIBDF in VSC.
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IlepenuacHa ineuTudikamia moJOMKH B IIepeTBOPIOBaYi m:xepesa Hanpyru Ha ocuoBi IGBT 3
(poTOEIIEKTPUIHOIO MATPUILEIO

S.S. Ghoshl, S. Mukherjee?, S. Chattopadhyay3, A. Das!

L Department of Electrical Engineering, Jadavpur University, Kolkata, West Bengal, India
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Binonsipamit Tpamsucrop 3 isoimpoBaHmM 3atBopoM (IGBT) e poboumm esmemeHTOM B CydacHHUX
epeTBOPIBAYAX CHUJIOBOI eJIeKTpOoHIKu. 3maTtHicTs Tpanaucrtopa IGBT, sxwuit BuKkopucTOByeTHCS B cXxeMax
IepeTBOPIBAaYA MOTYXKHOCTI, 6JIOKYBATH BHCOKI HAIIPYTH, € OJHICI 3 MOr0 HAWBAKJIUBIIINX OCOOJIMBOCTEI.
Besmke BUpPOOHUIITBO COHAYHOI €Heprii BKJOUYAETHCA B MEpeXKy 3MIHHOTO CTPyMy 3a JIOIIOMOTOIO
nepersopioBauis mrepesa Hanpyru (VSC). Bararo iHIImMX mporpaM Tako BUKOPHCTOBYIOTH IIE€PETBOPIOBAYL

mxepesra  manpyru  (VSC).

IGBT e HeBiZ'eMHO YACTHHOIO IIEPETBOPIOBAYIB J[pKepesia HAIPYTH.

Hecmnpagnicts y VSC Ha ocuosi IGBT BmmBae nHa dyHKiioHanbHICTh yeix cucrem Ha ocHoBl VSC. Taxum
unHoM, 6esBimmoBHA pobora IGBT e myske Gasxanomo. ¥V IIiil cTaTTi IPEICTABICHO METOMOJIOTII0 BHABJICHHS

nepernuacuoi Hecmpapaocti IGBT (PIBDF) y doroenexkrpuurnomy (PV)

TprudasHOMy TpPUPIBHEBOMY

neperBopooBadl mrepesna Hanpyru (VSC), nigriaroueHomy g0 mepeski. Pobory 6ys10 BHKOHAHO 3a JIOIIOMOTO0
aHa3dy, sKuil 0asyerbcs Ha Meroni mBuakoro meperBopenHs Dyp’e (FFT), sacrocoBanomy mo BuximHOI
dasuoi manpyru VSC. IloTiMm myis pisHHX 3HAYeHb BIJCOTKA HECIPABHOCTI OyJIO JOCIIKEHO BILIUB HA
TOCTIMHUN CTPYM, & TAKO KOMIIOHEHT OCHOBHOI YaCTOTH Ta TapMOHIUHI cmoTBopenHs. JlocmimxeHo mgesxi
0cobIMBOCTI CyOrapMOHIYHUX KOMIIOHEHTIB y HOpMasbHuX 1 HecrnpaBHux ymoBax I[GBT. Ilogmamwine
JIOCJTITKEHHS TIOKA3Ye, M0 € KIJTbKA (DYHKITIH, IIPUIATHUX JJIA 11eHTU(IKAI] HeCIpaBHOCTI.

Kmiouosi ciosa: IIsuake meperBopenns ®yp’e, Jiarmocrura mecrnpasHocreir, IGBT, ®@oroenerrpuuna

matpuiis, [lepersoproBau mxepena sanpyru (VSC).

03016-5


https://doi.org/10.1680/jnaen.19.00029
https://doi.org/10.1109/TPEL.2018.2856745
https://doi.org/10.1109/TPEL.2018.2856745
https://doi.org/10.1109/TPEL.2012.2199334
https://doi.org/10.1109/TPEL.2012.2199334
https://doi.org/10.1109/JESTPE.2015.2490549
https://doi.org/10.1109/JESTPE.2015.2490549
https://doi.org/10.3390/electronics10172095
https://doi.org/10.1109/TPEL.2020.2996504
https://doi.org/10.1109/TPEL.2020.2996504
https://doi.org/10.1109/PTC.2003.1304403
https://doi.org/10.1109/PTC.2003.1304403
https://doi.org/10.1109/TPEL.2008.2008441
https://doi.org/10.1109/TPEL.2008.2008441
https://doi.org/10.1109/IPMHVC.2016.8012872
https://doi.org/10.1109/IPMHVC.2016.8012872
https://doi.org/10.1109/IPMHVC.2016.8012872
https://doi.org/10.1109/HVDC50696.2020.9292759
https://doi.org/10.1109/HVDC50696.2020.9292759
https://doi.org/10.1080/03772063.2018.1502626
https://doi.org/10.1080/03772063.2018.1502626
https://doi.org/10.1109/TPEL.2020.3007586
https://doi.org/10.1109/TPEL.2020.3007586
https://doi.org/10.1109/TPWRD.2020.2966267
https://doi.org/10.1109/TPWRD.2020.2966267
https://doi.org/10.1109/TIE.2020.2988193
https://doi.org/10.1109/TIE.2020.2988193
https://doi.org/10.1049/PBPO208E
https://doi.org/10.1049/PBPO208E
https://doi.org/10.1109/ICEAS.2011.6147204
https://doi.org/10.1109/ICEAS.2011.6147204
https://doi.org/10.1109/TPWRD.2006.877086
https://doi.org/10.1109/TPWRD.2006.877086
https://doi.org/10.1007/978-94-007-0635-4_2
https://doi.org/10.1007/978-94-007-0635-4_2
https://doi.org/10.1049/ccs2.12041
https://doi.org/10.1049/ccs2.12041
https://doi.org/10.1007/978-981-10-0624-1_2
https://doi.org/10.1007/978-981-10-0624-1_2

