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SUMMARY

Due to the massive integration of wind and solar energy using power electronic convert-
ers, High Voltage (HV) equipment in the electrical power system, such as switchgear,
cables, and transformers, are experiencing new and/or different electrical stresses. This
includes higher dV/dt stress and complex wave shapes due to the solid-state switching,
which can degrade the reliability of the grid by weakening the dielectric material of the
grid assets.

Additionally, existing HV test sources, i.e., transformers (cascaded and resonant), Marx
generators, and rectifier circuits, face many limitations. Firstly, they do not have the
flexibility to generate complex wave shapes. Secondly, the HV test sources have limited
current capability from a few hundred milliamperes to a few amperes. Lastly, building
a customized test setup is time-consuming when multiple HV test sources have to be
combined to generate complex waveforms.

To address the above-mentioned challenges, an Arbitrary Wave shape Generator (AWG)
for dielectric testing of HV grid assets is needed. A Modular Multilevel Converter (MMC)
topology is selected as a promising solution, considering its modular structure, low har-
monic content, and scalability to higher voltage levels. Dielectric testing of Medium Volt-
age (MV) class equipment is chosen as the first target for the MMC-based HV AWG, and
a modular prototype is considered the final goal of the PhD.

HV TEST REQUIREMENTS

HV test requirements and their procedures are compiled for the conventional tests of MV
class equipment. Moreover, requirements for non-standards wave shapes are summa-
rized considering the unconventional tests arising with the hybrid grid. This compilation
delivers specifications for the MMC-based HV AWG in terms of the required voltage rat-
ing, current rating, and the bandwidth. It is important to highlight that HV grid assets
behave electrically as a capacitance during the dielectric tests. Within this PhD thesis,
two main HV test requirements are addressed. The first requirement for the HV AWG is
the output voltage range of 10kV to 100kV, load capacitance range of 50 pF to 10 nF and
large-signal bandwidth up to 2.5kHz. The second requirement is about the generation
of steep pulses with a rise time of a few microseconds for a voltage magnitude of 250 kV
across the capacitive load of 10 nF.

DESIGN TRADE-OFFS OF MMC-BASED HV AWG

Although the MMC technology is well-maturated for HVDC transmission applications,
the HV test requirements pose different challenges, and this thesis identifies different
design trade-offs for the HV AWG application to generate accurate voltage waveforms.
These design trade-offs are about the main MMC parameters, such as the number of
Submodules (SMs) per arm, arm inductance, arm resistance, modulation technique, SM
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capacitance, and control system, and their design criteria are developed. The perfor-
mance of the proposed design guidelines is demonstrated with a simulation model and a
scaled-down prototype with a 300 V DC-link voltage, where bipolar, unipolar, and mixed
polarity waveforms are generated with a THD less than 3 %. Apart from the arm resistor-
based passive damping, active damping methodology is investigated for HV AWG appli-
cation to reduce the losses in the arm resistor. Additionally, the feasibility of the pro-
posed design guidelines is validated with the simulation model for the full-scale proto-
type of the MMC-based HV AWG.

CONTROL HARDWARE OF HV AWG

Though the modular structure of the MMC offers scalability with respect to its hardware
SM, the controller hardware can be a challenge to generate high-frequency waveforms
with arbitrary wave shapes. For this thesis, a commercially available Real Time Simulator
(RTS) named Typhoon-HIL is selected, considering its flexibility to program arbitrary
waveforms in the Field Programmable Gate Array (FPGA) without coding in any special
hardware description language. Its performance is demonstrated in the scaled-down
prototype where sinusoidal waveforms up to 5kHz reference frequency are generated
with THD less than 5 %.

STEEP PULSE GENERATION

The second HYV test requirement about the steep pulse generation is investigated with
the MMC topology, and it has found that the inherent nature of series-connected SMs of
MMC makes it very difficult to obtain such a short rise time across the large capacitive
load of 10 nF. Hence, an integrated hybrid circuit of MMC and Marx generator circuit is
proposed for the complex waveform with rise time faster than 100 ys. The finite output
impedance of the MMC interacts with the Marx generator circuit parameter and affects
the front time and tail time. This thesis provides proper guidelines about choosing cir-
cuit parameters to obtain accurate rise and tail time, and these are validated experimen-
tally with a scaled-down prototype.

DEMONSTRATION OF THE MV SM DESIGN

The important deliverable of this PhD thesis is the hardware design of a scalable MV
SM (up to 3kV) as a building block, to realize the 100 kV full-scale prototype of the HV
AWG from commercially available components. The scalable design of MMC SM re-
quires its Auxiliary Power Supply (APS) to be obtained from the SM capacitance. This
additional component creates severe challenges to the MV SM design implementation in
terms of its required SM capacitance value, start-up, steady-state, and shut-down proce-
dures based on the derived current model of the APS. Based on the detailed quantitative
analysis of the parameters mentioned above, the modular prototype of the MMC-based
HV AWG is realized using a single MV SM per arm for various wave shapes, with the re-
quired wide output range of 0.12kV to 1.2 kV, and frequency range of 1 Hz to 600 Hz with
THD within 5 %. The proposed design of the scalable MV SM satisfies the second HV test
requirement. Additionally, it can be used for performing dielectric tests such as partial
discharge measurements or aging tests of the HV insulation material.
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Als gevolg van de massale integratie van wind- en zonne-energie met behulp van vermo-
gens elektronische omvormers krijgt hoogspanningsapparatuur in het elektriciteitsnet,
zoals schakelapparatuur, kabels en transformatoren, nieuwe en/of andere elektrische
belasting. Dit omvat hogere dV/dt en complexe golfvormen als gevolg van het schakelen
van halfgeleiders, wat de betrouwbaarheid van het net negatief kan beinvloeden door
verzwakking van het isolatiemateriaal van de netcomponenten.

Bovendien hebben bestaande hoogspanningstestbronnen, zoals transformatoren (cas-
cade en resonant), impulsgeneratoren en gelijkrichterschakelingen, veel beperkingen.
Ten eerste hebben ze niet de flexibiliteit om complexe golfvormen te genereren. Ten
tweede hebben deze testbronnen een beperkte stroomcapaciteit in het bereik van een
paar honderd milliampére tot een paar ampere. Tot slot is het bouwen van een testop-
stelling tijdrovend wanneer meerdere bronnen gecombineerd moeten worden om com-
plexe golfvormen te genereren.

Een oplossing voor bovengenoemde uitdagingen is het gebruik van een Arbitrary Waves-
hape Generator (AWG) voor het dielektrisch testen van hoogspanningscomponenten.
De Modular Multilevel Converter (MMC) topologie is geselecteerd als veelbelovende op-
lossing op basis van de modulaire structuur, lage harmonische vervorming en schaal-
baarheid naar hogere spanningsniveaus. Het dielektrisch testen van middenspannings-
klasse apparatuur is gekozen als eerste doel voor de op een MMC-gebaseerde HV AWG,
waarbij het modulaire prototype beschouwd wordt als het einddoel van dit proefschrift.

HOOGSPANNINGSTESTEISEN

Voordat dieper wordt ingegaan op het ontwerp van de op een MMC-gebaseerde hoog-
spanningsgenerator Worden de testeisen en procedures voor conventionele midden-
spanningsapparatuur verzameld. Bovendien worden de vereisten voor niet-standaard
golfvormen samengevat, rekening houdend met de onconventionele tests die bij het hy-
bride net van de toekomst voorkomen. Dit overzicht levert specificaties op voor de op
een MMC-gebaseerde HV AWG in termen van de vereiste spanning, stroom en band-
breedte. Het is belangrijk om te benadrukken dat de testen componenten zich elektrisch
gedragen als een capaciteit tijdens dielektrische testen. In dit proefschrift worden twee
belangrijke eisen Behandeld voor de AWG. De eerste eis omvat spanningen in het bereik
van 10 kV tot 100 kV, belastingscapaciteiten tussen 50 pF tot 10 nF en een bandbreedte
tot 2,5 kHz. De tweede eis gaat over het genereren van steile pulsen met een stijgtijd van
enkele microseconden voor spanningen tot 250 kV over een capacitieve belasting van 10
nE
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ONTWERP KEUZES VAN OP EEN MM C-GEBASEERDE AWG

Hoewel de MMC-technologie geschikt is voor HVDC transmissietoepassingen, geven de
hoogspannignstesteisen andere uitdagingen. In dit proefschrift worden verschillende
ontwerp keuzes geanalyseerd voor de HV AWG-toepassing om nauwkeurige spannings-
golfvormen te genereren. Deze ontwerp keuzes omvatten de belangrijkste MMC pa-
rameters, zoals het aantal SMs per arm, de arminductie, de armweerstand, modulatie
techniek, SM capaciteit en het regelsysteem. De prestaties van het voorgestelde ontwerp
worden aangetoond met behulp van een simulatiemodel en een laagspanningsproto-
type met 300 V DC-bus, waarmee bipolaire, unipolaire en complexe golfvormen kunnen
worden gegenereerd met THD van minder dan 3 %. Naast de passieve demping geba-
seerd op de armweerstand, wordt de actieve dempingsmethodologie onderzocht voor
AWG-hoogspanningstoepassingen om de verliezen in de armweerstand te verminderen.
De haalbaarheid van het voorgestelde ontwerp wordt gevalideerd met een simulatiemo-
del voor een MMC AWG op ware grootte.

BESTURINGSHARDWARE VAN DE AWG

Hoewel de modulaire structuur van de MMC schaalbaarheid met betrekking tot de hard-
ware biedt, kan de besturingshardware een uitdaging zijn om hoogfrequente golfvormen
met willekeurige golfvormen te genereren. Voor dit proefschrift is een commercieel ver-
krijgbare Real Time Simulator (RTS) genaamd Typhoon-HIL geselecteerd vanwege de
flexibiliteit van Typhoon-HIL om willekeurige golfvormen in de veldprogrammeerbare
poortarray te programmeren zonder codering in Hardwarebeschrijvingstaal. De presta-
ties ervan zijn aangetoond door middel van een laagspanningsprototype waarmee sinu-
soidale golfvormen tot 5 kHz met een THD van minder dan 5 % zijn gegenereerd.

OPWEKKEN VAN STEILE PULSEN

De tweede eis over het genereren van steile pulsen is onderzocht voor MMC-topologie,
en het bleek dat de inherente eigenschappen van in serie geschakelde SMs het erg moei-
lijk maakt om pulsen met een korte stijgtijd te krijgen over een capacitieve belasting
van 10 nE Een geintegreerde hybride schakeling van een MMC en Marx generator wordt
voorgesteld voor complexe golfvormen met stijgtijden kleiner dan 100 ps. De interac-
tie van de eindige uitgangsimpedantie van de MMC met de parameters van het Marx
generatorcircuit beinvloedt de fronttijd en de rugtijd. Dit proefschrift geeft richtlijnen
voor het kiezen van de juiste circuitparameters om een nauwkeurige front- en rugtijd te
krijgen en wordt experimenteel gevalideerd met een prototype.

DEMOSTRATIE VAN HET ONTWERP VAN DE MIDDENSPANNINGS SM

Het belangrijke resultaat van dit proefschrift is het hardware ontwerp van een schaalbare
Middenspannings SM (tot 3 kV) die geschikt is om het een 100 kV prototype AWG op
ware grootte te realiseren met behulp van commercieel verkrijgbare componenten. Het
schaalbare ontwerp van De MMC SM vereist dat de hulpvoeding (APS) uit de condensa-
tor van de SM wordt verkregen. Deze hulpvoeding creéert enkele grote uitdagingen voor
de realisatie van het SM-ontwerp in termen van de vereiste grootte van de condensator,
opstart-, stationaire en uitschakelprocedures op basis van het stroommodel van de APS.
Gebaseerd op de gedetailleerde kwantitatieve analyse van bovengenoemde parameters,
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wordt het modulaire prototype van de op een MMC-gebaseerde AWG gerealiseerd met
een enkele middenspannings SM per arm die geschikt is voor verschillende golfvormen,
en het vereiste brede uitgangsbereik van 0,12 kV tot 1,2 kV, een frequentiebereik van 1
Hz tot 600 Hz en met maximaal 5 % THD. Het voorgestelde ontwerp van de schaalbare
middenspannings SM voldoet aan de hoogspanningstesteisen en kan bovendien worden
gebruikt bij het uitvoeren van dielektrische testen zoals partiele ontladingsmetingen of
verouderingstesten van isolatiemateriaal.






INTRODUCTION

1.1. MOTIVATION

Extensive use of fossil fuels for electricity, heat, and transportation has significantly in-
creased greenhouse gas emissions, impacting the Earth’s ecosystem. To restore climate
change and leave a safe space for future generations, the Paris Agreement was signed in
2015 by 196 parties to limit the temperature rise to 1.5 °C by the end of this century [1].
This has started extensive efforts to decarbonize the three sectors mentioned above with
more sustainable solutions such as renewable energy sources for electricity and elec-
trifying the other sectors. Hence, the electrical power network, the biggest man-made
structure, is experiencing massive changes in its components and working operations.
Earlier, the electricity used to flow in one direction from the generation centers to the
demand centers. Currently, the electricity flow is multi-directional, and users can par-
ticipate in supplying electricity with roof-top solar panels, electric vehicle batteries, or
bio-fuel sources [2]. The growth in the semiconductor industry has revolutionized the
electrical power network, where many variable energy sources generating DC or variable
frequency AC can be integrated into the AC network with Power Electronic (PE) conver-
ters.

Due to numerous distributed generation systems and massive integration of Renewa-
ble Energy Sources (RES) by PE converters, High Voltage (HV) equipment in the electri-
cal power system, such as switchgear, cables, and transformers, are experiencing new
and/or different electrical stresses [3][4]. Fig. 1.1 illustrates a few examples of the new
and/or different electrical stresses occurring in the hybrid electrical AC and DC power
network. For this reason, HV equipment must endure higher dV/dt stress due to faster
solid-state switching, which can degrade the grid’s reliability by weakening the dielec-
tric insulation of the HV grid assets. Conventional HV dielectric test sources, i.e., trans-
formers (cascaded and resonant), impulse generators, and DC generators, face many
limitations. Firstly, they do not have the flexibility to generate complex wave shapes.
Secondly, HV test sources often have limited current capability in the range of mA to
A. Lastly, building a customized test setup is time-consuming when multiple HV test
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sources have to be combined to generate complex waveforms. This emphasizes that a
universal HV test source is necessary to cope with all the above challenges and limita-
tions with the existing HV test sources and to facilitate the testing with the new future
stresses, which are often customer specific. Eventually, this will speed up the necessary
step-change needed for the energy transition. Since these new electrical stresses are
mainly generated by the switching mechanisms of the semiconductor devices, the same
ingredient is chosen to develop a programmable HV test source for future and advanced
dielectric tests of various grid assets.

Transients in AC system Transients in DC system
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Figuur 1.1: New electrical stresses occurring in the electrical power network.

Though PE converters have been developed for a long time, adapting them as an HV test
source for dielectric testing with arbitrary wave shape has many challenges. As the name
suggests, the HV testing application requires an HV PE converter, ideally with a modular
and scalable design to adapt to different voltage levels. The high voltage brings many
challenges in realizing such a PE-based HV AWG from commercially available compo-
nents. Next, it is important to highlight that the equivalent load during a dielectric test
is capacitive [5]. Hence, there will not be any intended active power transfer in the PE-
based HV Arbitrary Wave shape Generator (AWG). This significantly differs from the kW
to GW (HVDC converters) range of active power transfer occurring in the typical PE con-
verter. Lastly, the power efficiency of the converter is of utmost importance in energy
transmission, whereas voltage accuracy is paramount in HV testing. With the differen-
ces mentioned above, specifications will be voltage and current capability, slew rate (rate
of rise), and bandwidth.

1.2. SCOPE, OBJECTIVE AND RESEARCH QUESTIONS

Based on the motivations and research challenges mentioned above, the PhD objective
can be defined as follows:

"Design of a High Voltage Arbitrary Wave shape Generator for Dielectric Testing"
As a first attempt of the PE-based HV AWG, tests of Medium Voltage (MV) class equip-

ment are targeted within this PhD. The voltage rating of the MV equipment ranges bet-
ween 1kV and 36 kV [6]. They are tested at much higher voltage, mainly with power fre-



1.2. SCOPE, OBJECTIVE AND RESEARCH QUESTIONS 3

quency waveform and lightning impulse waveform at much higher voltage magnitude
than its rated voltage [7]. Hence, a modular prototype of the HV AWG will be designed
and realized in the ESP lab of TU Delft instead of moving directly to the full-scale pro-
totype, and it is defined as the final goal of the PhD. Based on the research objective,
the following research questions are formulated, which are investigated in detail in this
thesis.

Q1. What is HV testing/dielectric testing? How is it performed? (Chapter 2, Appen-
dix A & Appendix B)

This research question provides the foundation for designing the PE-based HV AWG by
compiling all test requirements and specifications. The conventional tests for MV equip-
ment are summarized as per IEC standards in Chapter 2 and Appendix A in consulting
with various test engineers from KEMA labs. Similar to Fig. 1.1, various unconventio-
nal test waveforms establish a concrete motivation for such a PE-based HV AWG, which
is enhanced by showcasing limitations with existing HV test sources. Additionally, a PD
measurement circuit is designed to study the effect of the switching waveform generated
by the PE converter on the applied dielectric stress, which provides a good indication of
choosing system parameters for the PE-based HV AWG.

Q2. What is a promising solution direction for HV AWG? How to design the selected
solution as a HV AWG? (Chapter 3 & Chapter 4)

Various possible solutions, such as Modular Multilevel Converter (MMC), Cascaded H
Bridge (CHB), and HV amplifier, are compared to choose a promising solution direction
for the HV AWG. Then, the design trade-offs of the selected topology are investigated
thoroughly with simplified equivalent circuits of the PE converter. The design trade-offs
are about the choice of implemented modulation technique, control methodology, and
passive elements. Then, the proposed design trade-offs are verified with the MATLAB-
Simulink simulations and a scaled-down experimental prototype. In the end, system
parameters for the full-scale prototype of the HV AWG are designed, and its performance
is demonstrated with MATLAB-Simulink simulations. Ultimately, this chapter delivers a
fundamental understanding and comprehensive design guidelines for realizing the HV
AWG using the selected PE converter topology.

Q3. How to design hardware and control of HV AWG? (Chapter 4 & Chapter 6)

This question dives deeper into two main challenges of the HV AWG, i.e., the hardware
and control design. Chapter 6 presents the innovative hardware design of an MV Sub-
module (SM) from the commercially available components that satisfy all HV testing
requirements. It is essential to highlight that the MV SM is scalable and can be stacked
together to realize the full-scale prototype. A proper operation of the MV SM is achieved
by formulating and designing precise start-up, steady-state, and shut-down procedures,
and its performance is demonstrated in Chapter 6. Moreover, a protection system is de-
signed in case a fault occurs in the part of the HV AWG or outside of the HV AWG when
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the test object breaks down. The second challenge about the control hardware that can
implement high-frequency gate pulse generation is discussed in Chapter 4, where an
optimal control hardware is chosen considering the accuracy of waveform generation at
high frequency with the ability to program different wave shapes and to withstand harsh
Electromagnetic Compatibility (EMC) environments during the HV tests.

Q4. How to generate steep pulses with rise time as few microseconds using HV AWG?
(Chapter 5)

Steep pulses with a rise time of as few ys, such as lightning impulse, can be challenging
for the PE-based HV AWG, and its feasibility is studied with the selected topology from
Chapter 3. Upon investigating the chosen topology, many challenges are observed con-
cerning the switch current capability, communication error, and stray elements. For the
PE-based HV AWG to be a universal test source, it has been integrated with the Marx ge-
nerator to generate steep pulses and complex waveforms. This unique combination of
two sources is studied analytically, and its performance is demonstrated with the simu-
lations model and experimental setup.
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MYV scalable module design
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Figuur 1.2: PhD scope.

Fig. 1.2 summarizes the scope of the PhD with the above-mentioned research questions.
Overall, the PhD research is divided into three aspects. The first aspect concerns gene-
rating arbitrary wave shapes up to a few kHz range. This research chooses a promising
PE solution direction, and its design trade-offs are investigated analytically with simu-
lation models and the experimental setup. With the help of these design trade-offs, an
innovative and scalable MV module is realized using off-the-shelf components. Consi-
dering the harsh EMC environment in the HV test labs, the appropriate control hardware
is chosen for the selected PE solution. The second research aspect is about performing
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the feasibility study for steep pulse generation from the PE-based HV test source, and a
novel hybrid solution is proposed to generate various complex waveforms that include
steep pulses. The third research direction is to understand the effect of the switching
waveform generated by the PE-based HV test source on the applied dielectric stress with
Partial Discharge (PD) measurement setup.

1.3. CONTRIBUTIONS

The main contributions from this PhD research are as follows:

Extensive summary of the conventional and unconventional HV test requirements
with acknowledging the limitations of the existing HV test sources (Chapter 2 &
Appendix A)

A newly developed PD measurement setup to understand the effect of the swit-
ching waveform generated by the PE-based HV AWG on the applied dielectric stress
(Appendix B)

Comprehensive design guidelines for adapting a PE converter as an HV AWG with
an analytical model, simulation model, and a scaled-down prototype (Chapter 3)

Investigations of various control methodologies for the PE-based HV AWG (Chap-
ter 3 & Chapter 4)

Selection of control hardware to generate accurate gate pulses at high switching
frequency (Chapter 4)

Innovative design of the MV scalable SM and its demonstration with a modular
prototype (Chapter 6)

Feasibility study of steep pulse generation from the PE-based HV test source and a
proposed novel solution is investigated to achieve it Chapter 5)

A future outlook of the PE-based HV AWG with a complete design guide for KEMA
Labs to further develop the HV test source (Chapter 7)
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1.4. OUTLINE OF THESIS

Based on the research questions and contributions, the outline of the PhD thesis can
be drawn, as shown in Fig. 1.3. The first line from the thesis outline contains Chap-
ter 2, Appendix A, and Appendix B, and this content creates a strong foundation of HV
testing application for designing the PE-based HV AWG. The second line is about the de-
tailed study of the PE converter, which contains the mathematical modelling, simulation
studies, and experimental results with the scaled-down prototype. Based on the design
trade-offs obtained previously, a scalable modular prototype of the HV AWG is designed,
and its performance is demonstrated in Chapter 6. From all the lessons learned while
realizing the modular prototype, a complete design guide is prepared for KEMA Labs to
actualize a full-scale prototype in their testing facility in Chapter 7.

Ef/f\p{Jel;(;ltx‘B: Chapter 2: Appendix A:
:/:w(e) fonzlf)c;lse HV Test Summary of HV Test
dielectric stress (Q1) Requirements (Q1) Requirements (Q1)
Chapter 3 Chapter 4: Chapter 5:
Promising solution of
AWG and its design Control of HV Steep Pulse
trade-offs (Q2) AWG (Q2 & Q3) Generation (Q4)
Chapter 6: Chapter 7:
Hardware Design of Future Outlook of the
HV AWG (Q3) HV AWG

Figuur 1.3: Thesis Outline.
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HV TEST REQUIREMENTS

Before diving into the details of designing a new power electronics-based HV test source,
this chapter gives an overview of the HV test requirement, including both conventional
and unconventional tests. The conventional tests summarize 1IEC standards for the four
most common MV grid assets: switchgear, power transformer, cable, and instrument trans-
former. Additionally, the simplified HV test circuit of the equipment mentioned above is
shown to clarify the test object and HV connections. Later, the unconventional test wave-
forms are summarized for various tests ranging from material tests to HVDC cables tests.
Furthermore, the characteristics of existing HV test sources are discussed, where their li-
mitations are highlighted to introduce the power electronics-based HYV test source. Since
the HV testing application is much different from the usual power transmission applica-
tion of power electronic converters, these differences are highlighted to help develop the
design criteria. Finally, the design requirements for the power electronics-based HV test
source are summarized.

2.1. INTRODUCTION

Before integrating the power grid equipment into the grid, sample items are tested to
determine the electric, mechanical, and thermal properties for reliable operation. HV
tests are used to determine the dielectric properties such as the dielectric strength, par-
tial discharges, and dielectric losses of MV and HV insulation materials [8]. During these
dielectric tests, the equipment insulation behaves electrically as a capacitance [5]. Power
grid equipment and their testing have a long history of more than one century [9]. These
test procedures are standardized for a particular voltage class by different standards or-
ganizations such as IEC and IEEE. They are called conventional HV tests for now on in
this thesis. In the following subsections, the conventional HV tests of MV equipment are
summarized, where the rating of the equipment ranges between 1 kV and 36 kV [6]. Note
that MV class grid equipment is prone to many critical operating conditions and thus
must withstand voltages above its rated values that reach HV levels (36 kV to 150kV [6]).
Similarly, HV equipment needs to be tested at extra-high voltage levels, which means
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much more than 150kV). As a first attempt of the PE-based HV AWG, tests of Medium
Voltage (MV) class equipment are targeted within this PhD.

2.2. CONVENTIONAL TESTS

Among many types of MV equipment, the four most common in commercial testing
are chosen, i.e., switchgear, transformers, cables, and instrument transformers. In the
EU, these types of equipment are tested according to the IEC standards [10][11][12][13],
mainly with sinusoidal and lightning impulse test waveforms [14]. Here, the sinusoi-
dal can be a power frequency waveform, or the frequency can vary between 10 Hz and
500 Hz for onsite testing [15]. To reduce the size of the onsite test equipment, a Very Low
Frequency (VLF) test is conducted for MV cables, where the frequency is reduced bet-
ween 0.01 Hz to 1 Hz [15]. The Lightning Impulse (LI) is a steep impulse with 1.2 s rise
time and 50 ys tail time. The power frequency tests and LI tests of MV class equipment
are conducted at a higher voltage than the rated voltage of the equipment due to the dif-
ferent switching transients [7]. For example, 3kV equipment will be tested with 10kV,
and a 36 kV rated equipment is tested at 70kV to 80kV [12]. Similarly, the LI test is per-
formed at a voltage that is 6 to 7 times higher than the rated voltage of the equipment,
depending on the voltage class of the equipment. For example, a 36 kV transformer will
be tested with 170kV to 220kV lightning impulse [12]. In some cases, the manufacturer
or owner of the Device Under Test (DUT) can customize a test that demands a higher
voltage than the standardized value to test the limits of their equipment. Apart from
these standard dielectric tests, some of the equipment needs additional tests, and they
are summarized in the following subsection with their particular test circuits. Moreover,
the conventional tests for different equipment are summarized in Appendix A with more
details, such as how long it takes to prepare and perform tests.

2.2.1. CIRCUIT BREAKER

The most commonly used MV switchgear is a vacuum circuit breaker, and Fig. 2.1 shows
the structure of the vacuum circuit breaker with its dielectric test circuit. The power
frequency and lightning impulse tests are performed to test two types of HV insulation
shown in Fig. 2.1(i). In the first test, HV insulation between two contacts of the circuit
breaker is tested, and it is represented by a capacitance of Ccp). The second type of HV
insulation is between the contact when shorted, and the metal enclosure of the circuit
breaker. The insulation under test is represented as Ccpp). The value of capacitance
Ccg(a) and Ccp(p) is taken to be the same as 50 pF [16]. Generally, many dielectric tests
need to be performed on different combinations of vacuum circuit breaker configura-
tions, and these configurations are summarized in IEC 62271-1 [10]. Additionally, Fig.
2.1(ii) shows the internal mechanical structure of an MV vacuum circuit breaker.

2.2.2. DISTRIBUTION TRANSFORMER

MV class transformers are generally distribution transformers, converting MV to LV to
distribute to consumers. Among many tests for the distribution transformer, the applied
voltage test is a power frequency test of one-minute duration to check the insulation
strength between the winding under test. In contrast, the other winding and tank are
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grounded. During the applied voltage test, approximately two times higher than the
maximum system voltage is applied. Insulation strength between two turns is investi-
gated using a voltage at LV winding at a higher frequency and for a shorter duration to
avoid core saturation. Details of this calculation are given in Appendix A. Since this is
a low-voltage test, it is excluded from the test list. During the LI test, a high-speed vol-
tage transient appears along the winding, which behaves as a transmission line, and an
uneven voltage distribution occurs in the winding [18]. Hence, performing the LI and
chopped LI tests is very critical. More details about the chopped LI waveform are given
in Appendix A. Two IEC standards are followed to perform these tests on the distribution
transformers, and these are IEC 60076-1, IEC 60076-3, and IEC 60076-11 [11][12][19].

During the applied voltage test, it is possible to measure capacitances (Cyr, and Cyg),
as shown in Fig. 2.2. Based on the real MV transformer test in KEMA Labs, the value of
low voltage winding capacitance to ground (Cg) is taken to be 19nF to 26 nF and the
value of high voltage winding capacitance to ground (Cyg) is taken to be 12 nF to 16 nF.
The relationship between total inter-turn capacitance (Ciym/Mgiscs — 1)) can be calcu-
lated from o= \/Chg (Ngiscs — 1)/ Crurn, Where ngiscs represents the number of discs in the
winding [21]. Since the value of a is always more than 1, the total inter-turn capacitance
(Cturn/ (Ngiges — 1)) is much smaller than the winding to ground capacitances [22]. For the
impulse test, the parallel combination of inter-turn and winding-to-ground capacitance




10 2. HV TEST REQUIREMENTS

Primary
Terminal —»

=

>

5

=N

=

2
o
g
E
5
T

HV to be
measured

JITY SN

Fuse o )
er Porcelain or —p-

composite insulator

Secondary ol
Terminal Box "% & i

(i) Simplified circuit (ii) Simplified HV test circuit (iii) Con

Secondary

Prims
ey Winding (LV)

Winding
(HV)

’ ‘ Core

Figuur 2.3: Potential Transformer (PT) [27].

will be dominated by the winding-to-ground capacitance. Hence, a rough value of 10 nF
is the maximum capacitance value to consider when generating LI waveforms.

2.2.3. INSTRUMENT TRANSFORMERS

Instrument transformers are step-down transformers with fixed low-voltage winding suit-
able for measurement. There is a significant difference between a distribution trans-

former and an instrument transformer regarding its construction and operation [23].

Hence, the dielectric tests performed on the distribution transformer and PT are diffe-

rent in their test circuit, as shown in Fig. 2.3 and 2.2. Though the test connections are the

same for the distribution transformer and CT, there is only a single turn in the primary
winding of a CT with a toroidal core [24] instead of a standard E core in the distribution
transformer [25]. Also, there is a particular test named multiple chopped impulse test
for CT where 600 consecutive pulses must be applied [26]. The equivalent test capaci-

tance for the voltage transformer and current transformer can be considered as 1 nF and
0.25nF, respectively [21].
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Figuur 2.4: Current Transformer (CT) [24].

2.2.4. AC CABLE

The list of tests for AC cables is similar to that of the transformers. But, there is an im-
portant difference in that the cable temperature needs to be maintained per the manu-
facturer’s design guidelines. Hence, even the dielectric tests are conducted while a rated
current flows through the conductor to maintain the temperature. Also, there is no need
to perform a chopped lightning impulse test on cables as done for transformers. Cables
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behave as capacitance, and the manufacturer gives the capacitance value per kilometer
or meter, or even when not given, it is possible to measure it easily. The voltage is ap-
plied across the power conductor and conducting shield to test insulation strength. Fig.
2.5 shows the cable’s construction details with its simplified HV test circuit diagram. The
capacitance of 10 m cable is roughly 2 nF [28].
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F: Jacket
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(i) Simplified HV test circuit (ii) Construction detail

Figuur 2.5: MV AC Cable [29].

2.2.5. TEST OBJECT BEHAVIOUR

As explained before, HV equipment predominantly behaves as an equivalent capaci-
tance. However, some of the test conditions change it, and they are summarized in this
subsection. When there is a breakdown in the test object, the breakdown path decides
the impedance of the test object, and it is represented as a variable impedance in Fig.
2.6(b). An external environment, such as a wet test, is created artificially for outdoor HV
equipment. This will increase the leakage current that the test source needs to supply,
and it can be modeled as a variable resistor parallel to the capacitor, as shown in Fig.
2.6(c). Additionally, one more phenomenon called non-disruptive discharge occurs in
the test object, where small cavities within the insulation break down. Fig. 2.6(d) shows
the test objects which can be used for such a phenomenon. For simplicity, only Fig.
2.6(a) is considered a load to the HV AWG, and all typical capacitances of mentioned HV
grid assets are summarized in Table 2.1.
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Figuur 2.6: Test Object Behaviour (a) Normal (b) During Breakdown (c) For Outdoor Equipment (d) For Partial
Discharges within the HV insulation.

2.3. UNCONVENTIONAL TESTS

Unconventional HV tests include material tests where non-sinusoidal waveforms such
as rectified sinusoidal or triangular or pulse are used to correlate the dielectric property
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Tabel 2.1: Typical Range of the Equivalent Capacitance of Dielectric Insulation Materials

Vacuum Circuit Power AC Cable [28] Instrument
Breaker [16] Transformer [16] (for L=10m) Transformer [21]

CcB(a) =50 PF CHg=12-16 nF - Cpr=1nF

CcB(p)=50pF CrG=19-26 nF Ceable=1-10 nF Ccr=0.25nF

to the condition of the MV or HV insulation, e.g., location of the defect, type of defect,
lifetime, etc.,[30][31]. These waveforms are shown in Fig. 2.7(a). These arbitrary wave-
forms are generated using a function generator and HV amplifier circuit [32]. However,
the HV amplifier limits the material thickness under test and can not be used for testing
MV equipment with few tens of nF. Additionally, unconventional tests include a harmo-
nic test of Low Power Instrument Transformer (LPIT). Here, the higher order harmonics
up to 40" or even 50" are needed to be generated to test the accuracy of the Potential
Transformer [26], and it is shown in Fig. 2.7(b). This testing is increasingly important,
considering higher harmonics are injected into the HV grid and must be measured ac-
curately. The waveform in Fig. 2.7(c) is a transient waveform experienced by the 380 kV
rated cable when a circuit breaker is operated in one of the sections of the Dutch trans-
mission network [33]. Besides the most common grid assets mentioned above, surge
arresters are heavily used in HVAC and HVDC systems for protection. Fig. 2.7(d) shows
voltage stress experienced by a valve arrester in an LCC converter station generated due
to a 12-pulse converter bridge [34]. For reliable operation of the HVDC converter station,
generating this voltage stress to test the valve arrester before deploying it in the field is
essential. However, creating such a test waveform with existing HV test sources is diffi-
cult.

Furthermore, these tests include future and advanced waveforms required to test MV/HV
equipment with real electric stress generated due to the inverter-dominated power grid.
One such complex waveform is the unipolar DC waveform explicitly caused in the sym-
metric monopole HVDC transmission system [4], as shown in Fig. 2.7(e). The mentioned
complex waveform consists of switching impulse and superposition of a 6" harmonic
component of the fundamental grid frequency of 50 Hz and a DC component value. The
specific waveform is generated when the cable experiences a pole-to-ground fault. In
this case, the voltage on another cable line can become two times higher than the rated
values. This is usually restricted to 1.5 times the rated value by installing surge arresters.
When the surge arrester reacts toward the fault, the control of the HVDC MMC protects
the solid-state switches, e.g., IGBTs, by going into a blocked state, and the converter acts
as a diode rectifier [35]. The AC side circuit breaker identifies this fault and disconnects
the converter from the grid after tens of ms. This waveform needs three different HV
test sources to generate DC, switching impulse, and 61" harmonic sinusoidal. Hence, it
is complicated to design such a circuit. Apart from this waveform, the HVDC cable has
to be tested with Temporary Over Voltage (TOV) [36]. One example of such a TOV is
shown in Fig. 2.7(f), and a resonant circuit is proposed in [37] to generate the waveform
for performing dielectric testing. However, the circuit faces issues in repeatability when
creating the waveform with the same parameters. Apart from the HVDC cable, the DC
circuit breaker needs to be tested with different TOVs, as described in [38]. In summary,
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more and more future dielectric tests, similar to Fig. 2.7, will be customized based on the
grid owner’s transient calculations for the specific installation.
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2.4. EXISTING HV TEST SOURCES

Conventional HV test sources include transformers (cascaded and resonant), impulse
generators, and rectifier circuits, which can generate 50 Hz/60 Hz sinusoidal, lightning,
and switching impulses, and DC respectively. It is possible to vary the sinusoidal fre-
quency using a resonant circuit, especially in onsite testing. These testing equipment
are well developed and optimized over time concerning efficiency, accuracy, size, and
cost. However, these test sources are not flexible to generate waveforms other than si-
nusoidal, impulses, or DC. Apart from these conventional test sources, there are a few
solutions to improve the flexibility of generated test waveforms. They are summarized
in the following subsections.

Additionally, reducing the test preparation time for commercial testing facilities like
KEMA laboratories is crucial. As described above in Section 2.2, a list of tests is to be
conducted on HV equipment. Generally, these test sources are stationary, and test ob-
jects are moved from one test source to another to perform testing. Preparation time for
a power frequency test of one minute can be half a working day. Preparing a LI test can
take half to a full working day to obtain the required wave shape across a transformer.
More information about the testing time for particular MV equipment is summarized in
Appendix A.

2.4.1. RESONANT CIRCUIT
The resonant circuit is commonly used in HV tests to enhance the capability of the input
test source. Such a resonant test circuit is handy during onsite testing since it is compact
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enough to fit in a truck. One typical example of the resonant circuit is shown in Fig.
2.8(a) onsite cable testing. Due to the long cable length, the capacitance of the cable
under test will be much larger than 10 nF. Hence, the resonant circuit is formed between
an inductor tank and the cable under the test. Thus, the output voltage and current of
the AC transformer can be enhanced [8]. With this circuit, it is also possible to generate
variable frequency ranging from 20 Hz to 300 Hz [39]. Fig. 2.8 shows a resonant test
circuit manufactured by HIGHVOLT [40] designed to generate hundreds of kilovolts. It
is important to note that such a resonant circuit is limited to generating the sinusoidal
wave shape.

HV Blocking
reactor impedance
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Figuur 2.8: (a) Resonant circuit (b) Commercial test device manufactured by HIGH VOLT for onsite testing
[40].

Similar to the resonant circuit shown above, the VLF test circuit shown in Fig. 2.9 is
standard to perform onsite testing of the MV cable, where the frequency is reduced
0.01Hz to 1Hz [41]. Megger developed this specific test circuit, and it has the advan-
tage of storing and recovering 90 percent of the energy within the charged cable via the
choke. Additionally, the same circuit can be used to generate a Damped Alternating Cur-
rent (DAC) using the HV switch 2.

2.4.2. SUPERIMPOSED WAVEFORM CIRCUIT

As the voltage rating of the equipment increases, stresses on HV equipment become se-
vere and need to be tested with superimposed waveforms [42]. It includes superim-
posing switching and lightning impulses on a sinusoidal or DC waveform. It involves
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Figuur 2.9: VLF test circuit

carefully designing a combination of two HV test sources with a decoupling circuit, as
shown in Fig. 2.10(a). Building such a setup and obtaining accurate results is a tedious
process. Also, this circuit design needs to be repeated for different test objects. However,
it is challenging to generate the unipolar test waveform shown in Fig. 2.7(c) from this
superimposed waveform circuit since it will need one more source in parallel, and it is
not realized yet in the literature. Fig. 2.10(b) shows the test circuit in the Mannheim lab
facility of KEMA labs, and it can generate voltage up to 800 kV.
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Figuur 2.10: (a) Test circuit for superimposed waveform generation [42] (b) Test setup from Mannheim KEMA
Lab [16].
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2.4.3. FUNCTION GENERATOR AND HV AMPLIFIER SETUP

Many HV researchers are working with non-conventional test waveforms such as tri-
angular, square, trapezoidal, and sinusoidal with variable frequency for measuring par-
tial discharge and space charge phenomenon as shown in Fig. 2.7(a) [30]. These non-
conventional test waveforms are generated using a function generator and HV amplifier
setup, as shown in Fig. 2.11. The function generator can be programmed to produce any
waveform mentioned above. The HV amplifier amplifies the LV signal to the desired high
voltage, and such an amplifier box is available up to 60 kV. However, the commercially
available HV amplifiers have limited bandwidth, slew rate, and current capability since
there are many challenges concerning designing HV amplifiers at higher voltage, with
more slew rate and larger bandwidth. The first major issue with the HV amplifier to in-
crease the current rating is the complexity of dissipating more heat in the transistor due
to the linear region of operation. The second major issue is that the HV DC Source supply
can provide a limited drain current, eventually reducing the amplifier’s bandwidth.

\i?i%’

Figuur 2.11: (a) Function Generator (b) Trek HV Amplifier [32].

2.4.4. H-BRIDGE AND PULSE TRANSFORMER

The power electronic converters generate switching waveforms, and these switching wa-
veforms are applied to the connected electrical machine or transformer insulation in ap-
plications in control drives [43] or in Solid State Transformer (SST) [44]. Hence, it is vital
to study the insulation properties and aging mechanisms of the connected MV/HV in-
sulation when subjected to such a switching waveform with high dv/dt. The switching
waveform at MV is generated using an H-bridge circuit and a pulse transformer circuit
to step it to a desired voltage, as shown in Fig. Fig. 2.12(a). One experimental setup
developed in the ESP Lab of TU Delft is demonstrated in Fig. 2.12(b)[45], which can go
up to 14 kV after the pulse transformer. Inherently, the test circuit is effective in mate-
rial testing to generate a switching frequency of a few hundreds of kHz and rise time of
hundreds of ns at MV range. It will be hard to scale up the voltage with the H-bridge and
Pulse transformer design to MV equipment testing since the blocking voltage rating of
available switches is limited.
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Figuur 2.12: H-Bridge and Pulse Transformer (a) Schematic (b) Experimental Setup [45].

2.4.5. LIMITATIONS OF THE EXISTING HV TEST SOURCES

From the discussion mentioned above about the existing HV test sources or newly devel-
oped test circuits, they face several limitations in four major dimensions, as summarized
in a Fig. 2.13. Not all test sources suffer from all restrictions. However, as discussed in
Section 2.3, it is increasingly important to solve all these challenges and provide a univer-
sal test circuit to test the HV grid assets with the actual voltage stresses to ensure the relia-
ble operation of future electric power grids. With the massive improvement in commer-
cial semiconductor devices, the same basic unit is used for developing a next-generation
HYV test source. The penetration of semiconductor devices is already visible with the last
two test circuits. Apart from generating various wave shapes with much higher current
capability, the power electronics-based test source can give better controllability during
the breakdown of the test object for faster fault detection and for switching off the supply
before the test object is completely destroyed. This helps greatly the failure investigation
and root-cause analysis. Though the first prototype of the power electronics-based test
source will be less efficient, accurate, and compact than conventional test sources, it will
evolve as the technology matures. The above-described comparison is summarized in
Table 2.2.

Tabel 2.2: Comparison of Conventional HV Test Sources versus Power Electronics-based Test Source

Conventional HV Power Electronics-
test sources based test sources
No flexibility to generate Programmable test source to
different waveforms generate arbitrary waveforms
Moving test object Idea of using single test

consumes time

source for multiple tests

Less controllability over breakdown

More controllability over breakdown

Already efficient, accurate, and compact
Hence, it is cost effective

It will require time to evolve
mature, Hence costly

Several years of experience to operate
Have proved reliable

Digital interface to operate
Limited years experience with such equipment




18

2. HV TEST REQUIREMENTS

Limited
current
capability

control &
build

& slew rate

Figuur 2.13: Limitations with the existing HV test source.

2.5. DIFFERENCE BETWEEN HV AWG AND ENERGY TRANS-

MISSION APPLICATION

The HV AWG application poses some unique requirements to a power electronic con-
verter compared to its usual power transmission application. The differences are sum-
marized in the following section with bullet points.

The magnitude of power transfer: For the AWG, the mentioned capacitive load will
require a relatively low output current requirement of up to a few A. This small
current constitutes the reactive power transfer to the equivalent capacitive load
to build up voltage stresses. Hence, the active power requirement is low and re-
presents only the losses within the converter and test object, which significantly
differs from the HVDC transmission application, where active power flows are in
the MW range [46].

Test object behaviour: During an HV test, the breakdown of the test object or flas-
hover is a likely phenomenon. Hence, the test source should supply sufficient
energy for the breakdown and protect itself rapidly (in several ys or few ms). In
power applications like renewable energy generation, it could be necessary that
the power electronics supply energy for a fault in a coordinated matter that can
last a relatively long time (several ms) without disconnection, e.g., Low Voltage
Ride Through [47].

Frequency of use: Generally, a power electronic converter integrated into the grid
is used for continuous operation. A test source is used only for a fixed amount of
time during working hours. The typical test duration for dielectric tests varies from
1 minute to 4 hours, except for long-term testing and pre-qualification tests.

Performance parameter: The power efficiency of the converter is of utmost im-
portance in energy transmission, but voltage accuracy is essential in HV testing.
Since there is no intentional, active power transfer, specifications will be voltage
and current capability, slew rate, and small- and large-signal bandwidth.

2.6. CONCLUSIONS OF HV TEST REQUIREMENTS WITH FU-

TURE OUTLOOK

Fig. 2.14 summarizes the HV test requirements, which show variable voltage and fre-
quency operation along with a typical value of the load capacitance. Generally, the po-
wer electronic converter is designed for fixed output voltage and frequency. In this fi-
gure, three boxes are visible, showing different HV test requirements. The outer box with
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alighter dotted line is for the lightning impulse with 1.2 ys rise time across 10 nF load ca-
pacitance with the peak of 250 kV. As discussed in Section 2.2, the required LI voltage for
36 kV class equipment is in the range of 180 kV to 220 kV and the choice of 250 kV is made
to keep a sufficient margin for future demands. Similarly, the second box with dark dots
contains a maximum voltage of 100 kV considering the margin from 80 kV requirement.
On the contrary to the LI tests, much less current, as little as 0.2 A, is sufficient for other
test requirements, as shown in the dark-dotted box. The dark-dotted box has one corner
missing to keep the DC source’s power rating within 10kW. The inner dark-dotted box
and outer lighter-dotted box are referred to as Box 1 and Box 2, respectively, and these
requirements are addressed separately in Chapters 3 and 5, respectively. The third box
with purple color dotted line is for material tests that require comparatively less voltage
(10kV to 50kV) and have low load capacitance (10 pF to 50 pF) and this is addressed in
Chapter 4 of this thesis. The feasibility of the power electronics-based HV AWG is inves-
tigated for generating all these different wave shapes.
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Figuur 2.14: Summary of HV test requirements for the power electronics-based HV AWG.

As the need for non-conventional and complex wave shape dielectric testing for the
“tailor-made fit-for-purpose solutions” increases, an HV test source addressing all HV
test requirements shown in Fig. 2.14 is of utmost importance for the electricity industry
to prepare to transition to a more sustainable grid with massive RES integration. This is
especially critical because the required level of investment is enormous, while the con-
struction rate in the power system is lagging behind.







PROMISING HV AWG SOLUTION
AND ITS DESIGN TRADE-OFFS

This chapter selects Modular Multilevel Converter (MMC) as most promising topology for
the High Voltage (HV) Arbitrary Wave shape Generator (AWG) considering various advan-
tageous offered by the topology. Hence, the main focus of this chapter is to investigate
various design trade-offs of the MMC-based HV AWG for dielectric testing of various grid
assets highlighted in Box 1 in Chapter 2. The HV AWG applications pose unique opera-
ting conditions to the MMC, which influences the selection of the various system parame-
ters. This influence of the MMC system parameters is studied in detail analytically, with
MATLAB-Simulink simulations and a down-scaled MMC prototype. Moreover, the chal-
lenges of realizing the full-scale MMC setup are discussed. The discussed design guidelines
are applied to simulate the full-scale prototype with 67 submodules per arm.

3.1. COMPARISON OF PROMISING SOLUTIONS

Based on the discussion in chapter 2, it follows that the semiconductor-based solutions
may hold promise for overcoming some of the challenges with conventional test me-
thods, and warrants a deeper feasibility analysis. Semiconductor devices can work ei-
ther in the ohmic region (MOSFET) or saturation region (IGBT) with varied impedance

This chapter is based on:
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or in the switching region where it conducts with a small resistance and blocks the vol-
tage with negligible no current flowing. This leads to two different solution directions
for Arbitrary Wave shape Generation (AWG). Based on the ohmic/saturation region of
operation of semiconductor devices, HV amplifiers are designed, and they are used with
a function generator as an AWG. The schematic of such an HV amplifier design is shown
in Fig. 3.1, which contains the class AB amplifier configuration with cascaded MOSFETs
[48]. In the ohmic/saturation region of operation, semiconductor devices exhibit relati-
vely high losses [49], restricting the current flowing due to the heat generated in the HV
amplifier. With an equivalent capacitive load, the bandwidth of the voltage waveform
obtained from such an amplifier is limited [32] since the current flowing through the ca-
pacitive load is directly proportional to the frequency of the voltage waveform applied to
it. Hence, this PhD thesis for the HV AWG investigates another solution direction of the
multilevel switching converters.

Class AB output stages

using cascoded MOSFETs .
Positive

Input
signal

g
2
=
S
=
2
a
o

Voltage Feedback

Figuur 3.1: Schematic of HV amplifier circuit [48].

The most matured multilevel converter topologies for HV application are Modular Mul-
tilevel Converter (MMC) and Cascaded H Bridge (CHB) topologies, and their schematics
are shown in Fig. 3.2. In the literature, there are few attempts to use multilevel converter
topologies for arbitrary wave shape generations in applications like dielectric barrier di-
scharge plasma actuator [50][51], HVDC valve testing [52], and HV testing [53]. Among
MMC and CHB, mostly, CHB topology or its variants with different DC source implemen-
tations are chosen to implement an AWG over MMC. Technically, MMC and CHB have
similar working principles since MMC has evolved from the CHB [54], and their quali-
tative comparison is presented in Table 3.1. A CHB converter has one converter arm,
where each H-bridge submodule has a dedicated DC source. An MMC can be seen as
two series-connected CHBs, without the distributed DC sources, and interconnected by
a single DC voltage source [55]. For the AWG application, the MMC can be implemented
using half-bridge submodules, unlike the intrinsic H-bridge circuit of the CHB.

Based on the comparison presented in the above Table 3.1, the primary difference lies
with the DC source requirement in both solutions. For generating positive and negative
waveforms, the MMC needs two isolated DC voltage sources or a single source with at
least two split capacitors, each rated for the maximum generated voltage. In compari-
son, the many distributed DC sources in the CHB are rated for submodule voltage level
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Figuur 3.2: Schematic of (a) MMC topology (b) CHB topology.

Tabel 3.1: Comparison of MMC and CHB Topology for the Same Output Voltage of Vpc /2 magnitude and for

N submodules per arm.

MMC with Half Bridge CHB with Full Bridge
T d mid-point of . . -
No of Arms o arms an m.1 point o Single arm with series output
the two arms is output
Switches Quantity=4N Quantity=4N
Iswitch=loutput/2 Lswitch=loutput
Vbi=Vpc/N Vbik=Vpc/2N
Pswitch=loutputVpc/2N Pswitch=loutputVpc/2N
1 switch is inserted 2 switches are inserted
Submodule Quantity=2N Quantity=N
capacitance Actively, submodule capacitor Individual DC sources can
voltage need to be balanced balance voltage
Arm Quantity=2 Quantity=1
inductance 2 times less energy content 2 times more energy content
1. Single i D ith ND i
Input DC Source Single m‘put C.source wit . C sour?es are re.qu1red
. . split capacitors with isolation required for
implementation . .
2. Two identical DC sources full output voltage
. Same voltage waveform capability | Same voltage waveform capability
AW il . . .
G Capability with complex converter control with complex DC Source design

and have a floating potential requiring insulation for the maximum generated voltage.
This isolation for the maximum generated voltage will be necessary because each DC
source is typically fed by a DC-DC isolated converter connected to the same low vol-
tage battery [50] or medium voltage grid [56]. Therefore, the design scalability of the
CHB becomes more challenging [50]. This design feature is crucial for customized tests
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at different voltage levels for the application at hand. Hence, the MMC is chosen as an
advantageous solution for an HV AWG.

3.2. SCHEMATIC OF MMC As HV AWG

Fig. 3.3(a) shows the schematic of the MMC-based HV test source, which has been adap-
ted from the original MMC topology for power transmission application[57][58]. It has a
single phase of an MMC, a split DC source, the AC filter comprising the upper and lower
arm inductance (Ly), and a capacitive load (Cjy,q) representing the equivalent electrical
model of the HV equipment. In the schematic, there is a series resistance (R;) along with
the arm inductance. This resistance helps to damp the oscillations generated due to the
resonance between the arm inductance and the load capacitance. As discussed earlier in
Section 2.6, the converter’s power efficiency is not an important performance parameter.
Hence, this passive damping methodology is chosen to control the MMC-based AWG in
this chapter to study the design trade-offs. However, the losses in the arm resistors are
closely monitored during the design process to ensure its practicability. Please note that
this methodology of using resistive-based damping is a common practice in conducting
HV tests [14].

+2,

= c/N

Figuur 3.3: (a) MMC Schematic for HV AWG application (b) Output current circuit (c) Circulating current cir-
cuit.

By applying Kirchhoff’s Voltage Law (KVL) in the upper and lower arm, dynamic equati-
ons of the MMC can be obtained, as shown in (3.1) and (3.2). Note that (3.3) can be ob-
tained by subtracting (3.2) from (3.1), whereas (3.4) is derived by adding (3.1) and (3.2).
Equations (3.3) and (3.4) are coupled equations with four variables vy, vj, iy, and i}, where
vy, is the sum of all submodule capacitor voltages in the upper and lower arm respec-
tively, iy, is the current flowing through the upper and lower arm respectively. By using
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the linear transformation shown in (3.5) and (3.6), (3.3) and (3.4) can be simplified [55].
In (3.5) and (3.6), is represents the output current, vg can be understood as the inner
electromotive force (emf) generated due to the switching of the submodule capacitors,
ic represents the circulating current, which is driven by the circulating voltage (v.). After
substituting (3.5) and (3.6) into (3.3) and (3.4), partially decoupled differential equations
can be obtained, as shown in (3.7) and (3.8):

Vbe , di
T—vu—Razu—Lad—:—vazo (3.1)
Vbe , di;
—2 —Vl—Rall—LaE+Va=0 3.2)
Raliy— i)+ La(HL _ iy 5y g (3.3)
UV —Uy+ ] —1y)+ —_— — —)—2UVg= .
1 u al\ll] u a dt dt a
Ve — 01— Uy — Raliy+ i) — Ly( L 4 Qg _g 3.4)
-V —UVy— + - —+—)= .
DC ! u al\ll] u a dt At
vVi—U
fomiy—i  pe= YTV (3.5)
2
iy+i
ic= (uz—l) Ve=UVyu+0 (3.6)
Rg ., Ladis
L Rl T | 3.7
Us le > dr Vg (3.7)
1% di
%—vc—Raic—Lad—;zo (3.8)

Equation (3.7) is a differential equation in terms of output current and inner emf. It can
be represented with the RLC circuit, as shown in Fig. 3.3(b). Similarly, (3.8) is a differen-
tial equation in terms of circulating current and circulating voltage. If (3.8) is multiplied
by two and the circulating voltage is represented by the voltage across the inserted sub-
module capacitance (Ceqv = Cs/N), it is possible to represent (3.8) with the RLC circuit,
as shown in Fig. 3.3(c). In the output current of the circuit, the passive network (L,, R,,
Cioad) acts as a filter to vg and attenuates the harmonics across the load capacitance. The
observation above is important with respect to defining design constraints on the arm
inductance and series resistance. The output current flowing through the arm induct-
ance and resistances is responsible for building the desired voltage stress across the load
capacitance. The upper and lower arm current charge or discharge the inserted submo-
dule capacitors over their average value. The change in the submodule capacitor voltage
will change the inner emf (v;) and, in turn, the output voltage. This is how the output
current circuit and the circulating current circuit are coupled with the submodule capa-
citor voltage feedback, and this partial coupling is shown with purple boxes in Fig 3.3.
Nevertheless, it is important to simplify the complex MMC structure into these simple
circuits to understand the design trade-offs and to provide an optimal design of the test
source, which is covered in the next section. Among the many complex waveforms il-
lustrated in Fig. 2.7 with Chapter 2, three waveforms are selected to demonstrate the
various design trade-offs. The selected waveforms are shown in Fig. 3.4 which covers
unipolar, bipolar and unbalanced waveforms.
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Complex Wavefomrs
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Figuur 3.4: Complex waveforms demonstrated in this Chapter.

3.3. DESIGN TRADE-OFFS IN THE CHOSEN SOLUTION

Based on two simplified circuits, design trade-offs of the MMC-based AWG are summa-
rized in Fig. 3.5, along with the specifications and the performance indicators. As dis-
cussed in the previous section, the output current circuit dictates the harmonic perfor-
mance of the output voltage waveforms. Hence, the small- and large-signal bandwidth
and slew rate will be determined by the component of the output current circuit, i.e.,
the number of submodules (N), Ly, Ry, and the modulation techniques. Moreover, the
submodule capacitor voltages are balanced by the circulating current circuit, which is
essential for the voltage magnitude accuracy. This section will analyze different design
trade-offs present with the choice of modulation technique, Ly, Ry, N, switches, submo-
dule capacitance, control system, control hardware, and overall control architecture.

Specifications of HV
test source

Voltage | |Current | Slew | |Small signal | |Large signal
rating rating | | rate | | Bandwidth Bandwidth

Design trade-offs

Performance
Output current indicators
circuit parameters
N, L,, R,, Modulation + Slew rate X
. « Both Bandwidths
technique .
« Harmonic
performance

Circulating current

circuit parameters
Cy, N, L, R, Modulation
technique

« Voltage efficiency

Figuur 3.5: Specifications and design trade-offs of MMC-based AWG.

3.3.1. MODULATION TECHNIQUES
There are a wide variety of modulation techniques available for the MMC in literature.
They can be broadly classified based on the switching frequency generated in v as high-
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frequency or low-frequency modulation techniques. High-frequency modulation tech-
niques generate Pulse Width Modulation (PWM) waveform, with the switching frequency
typically in kHz range. In contrast, low-frequency modulation techniques generate a
staircase signal with a switching frequency comparable to the fundamental frequency.
High-frequency modulation techniques can be further divided into carrier-based and
space vector modulation techniques. As the name suggests, carrier-based modulation
compares carrier waveforms with the reference waveform to control the switches. For
each submodule, carrier waveforms can be either phase-shifted in time or level-shifted
in amplitude. The phase-shifted carrier makes Phase Shift Carrier (PSC) modulation
[59], and it naturally utilizes all submodules evenly. The Level Shifted Carrier (LSC) mo-
dulation can be divided into three different types such as phase disposition, Phase Op-
position Disposition (POD), Alternate Phase Opposition Disposition (APOD) [60]. LSC
modulation has one remarkable disadvantage that it uses the submodule unevenly. To
reduce the computational efforts for the controller, [61] discusses the implementation
of phase disposition LSC PWM using single carrier waveform. The effect of variable
modulation index can be solved by adapting dynamic carrier overlapping modulation
techniques as implemented in [62]. In space vector modulation (SVM), gate pulses for
switches are calculated by representing the desired output voltage vector in a multiple
layered hexagon structure, as discussed in [58][63]. The computation efforts in SVM mo-
dulation are simplified in [64] to make it suitable for MMC. There are multiple publi-
cations available discussing novel updates to the above-mentioned techniques [65][66].
Among the various high-frequency modulation techniques, PSC is chosen to evaluate
for application of AWG due to its characteristics of even use of submodules. This spe-
cial characteristic can naturally balance the submodule capacitor voltage facilitating on
improving the active control for the HV AWG application [67]. For other techniques, an
external controller or sorting algorithms are required to balance the submodule capaci-
tor voltages [68][69].

Low-frequency modulation techniques includes the Selective Harmonic Elimination (SHE)
and Nearest Level Control (NLC). In SHE, the gate pulses are pre-programmed to obtain
the desired harmonic performance without comparing the carrier waveforms to the refe-
rence waveform [70]. NLC calculates the gate pulse by rounding off the reference wave-
form to the desired number of submodules [71]. This gives an easy and simple solution
for gate pulse calculations in the HV MMC applications where large number of submo-
dules are implemented. Hence, this is chosen in this chapter among the low-frequency
modulation techniques to verify the features of this technique for the HV AWG applica-
tion. It is important to note that NLC, similarly to LSC, requires either a controller or
sorting algorithm to balance the capacitor voltage.

NEAREST LEVEL CONTROL (NLC)

NLC calculates the number of submodules to be inserted using either equation (3.9) or
(3.10) and assign gate pulses accordingly. Equation (3.9) results in (N+1) number of
output voltage levels [71], whereas equation (3.10) generates (2N + 1) number of output
voltage levels [72].

N(VpcF2Vier)
ny=rounds DZV—DCref (3.9
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N(Vpe F2Viof)
Ny, = roundy s Tref (3.10)

Fig. 3.6 show the frequency domain analysis of the complex waveforms depicted in Fig.
3.4. Since the unbalanced sinusoidal waveform does not have a complex frequency spec-
trum, its frequency domain analysis is not elaborated here. They are generated with
N =12, and (2N + 1) NLC modulation technique. In Fig. 3.6, it can be observed that the
frequency domain waveform of reference and that of NLC modulated does not match
for both harmonic test and unipolar waveforms. The mismatch is more prominently vi-
sible in the zoomed picture of the harmonic test waveform. Please note that the y axis
scale used in Fig. 3.6 is logarithmic, and the small visible difference in this scale will al-
ready give an error in the range of 10 %. For the harmonic test, the error for up to the
third harmonics needs to be limited to 1%. Additionally, the harmonic test waveform
contains harmonics up to the 7" order, and the variable frequency operation nature of
NLC inserts relatively high magnitude of harmonics close to the reference value, e.g., the
8™ harmonic, which makes the filtering requirement significantly high. For the unipo-
lar complex waveform, the NLC modulated waveform has higher switching harmonics
present in the large baseband harmonics of the reference waveform. This makes it ex-
tremely difficult to remove the switching harmonics introduced by the NLC operation.
Harmonics introduced by NLC will reduce in magnitude as the number of submodules
is increased. Unfortunately, they are not considerably shifted too far on the right side
of the highest order of the reference harmonic, and hence they still can interfere with
the baseband harmonics. The switching harmonics present due to NLC is difficult to
remove for waveforms with a complex frequency spectrum, and one example is shown
in [73]. The Total Harmonic Distortion (THD) of these NLC modulated waveforms are
within 5 %, but it affects the type of electric stress applied to the insulation under stress,
as discussed in detail in Appendix B.
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Figuur 3.6: Frequency spectrum of NLC modulated waveforms which were shown in Fig. 3.4.
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PHASE SHIFT CARRIER (PSC)

In PSC, a traditional sine-triangle double edge modulation technique is used where each
submodule is assigned with a different carrier signal. They are phase-shifted between
them by 27/ N. These phase-shifted carrier signals move the carrier harmonics to the
N carrier frequency. The upper arm and lower arm can use the same carrier signals, or
they can be phase-shifted by #/N. With z/N phase difference in the case of N is even,
and 0 phase difference in the case of N is odd, generates (2N + 1) number of levels in the
output voltage of the converter [59]. This further improves the harmonic spectrum of
the output voltage, moving the first carrier frequency to 2N of the fundamental carrier
frequency. This specific phase difference between the upper and the lower arms ensures
that the upper and lower arm submodules switch at different time instant, generating a
higher number of levels and cancelling out more harmonics.

Fig. 3.7 shows the frequency domain analysis of the complex waveforms depicted in
Fig. 3.4. Since the unbalanced sinusoidal waveform does not have a complex frequency
spectrum, its frequency domain analysis is not elaborated here. They are generated with
N =12, PWM carrier frequency of 252 Hz, and (2N + 1) PSC modulation technique. In Fig.
3.7, it can be observed that the frequency domain waveform of the reference and that
of the PSC modulated match significantly for both harmonic test and unipolar complex
waveform. This means that the switching harmonics produced due to PSC do not inter-
fere with the baseband harmonics of the complex waveforms. The separation of swit-
ching harmonics from baseband harmonics is crucial for AWG application to generate
accurate output wave shapes. Hence, this modulation technique is more beneficial than
NLC, and it is chosen for the HV AWG studied through out this PhD thesis. The imple-
mentation of the PSC modulation technique is illustrated with a block diagram, as shown
in Fig. 3.8.
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Figuur 3.7: Frequency spectrum of PSC modulated waveforms which were shown in Fig. 3.4.
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Figuur 3.8: Block diagram of the PSC modulation techniques.

3.3.2. ARM INDUCTANCE AND SERIES RESISTANCE

Since the equivalent passive network load acts as a series RCL filter, it is possible to
choose the correct values of L, and R, to attenuate the unwanted high-frequency har-
monics from the output voltage waveform. This is important for the HV AWG applica-
tion because the waveform determines the electric stress applied to the DUT, and these
voltage harmonics may cause unwanted additional dielectric stress in the test subject
[3][74]. More sophisticated AC filter topologies commonly used in renewable energy ge-
neration such as the third-order LCL filter [75][76] add too many fully-rated components,
particularly the full-rated voltage filtering capacitors, leading to increased the system’s
complexity and cost. Hence, the transfer function of the selected equivalent second-
order RLC low-pass AC filter as necessary for the system design is shown in (3.11). The
condition to remove the unwanted voltage harmonics is shown in (3.13), and the sup-
pressing frequency (fsuppres) depends on the implemented modulation technique. For
example, in Fig. 3.7, the undesirable voltage harmonics starts in the frequency of about
3 kHz to 4kHz, and this frequency can be used as fsuppres. Additionally, L, and R, influ-
ence the small-signal bandwidth (f34p), large-signal bandwidth (foerr), and slew rate for
the given load capacitance Cjy,4. In an open loop operation of the MMC-based AWG,
both small- and large-signal bandwidths can be quantified, as shown in (3.12) and (3.15)
from (3.11). Additionally, (3.14) defines damping requirement [77] for the second-order
systems, which is important for the stable operation of the MMC with capacitive load.
The damping requirement is derived based on the critical damping condition on the
second-order control system. From the four established requirements in (3.12)-(3.15),
large-signal bandwidth (3.12) and suppressing frequency (3.13) can be used to choose
L, and R,. If the chosen resistance satisfies (3.14), then the choice of L, and R, can be
used. If these equations are analyzed, it can be understood that the magnitude of the
arm inductance and load capacitance should be lower to obtain larger signal bandwid-
ths and a higher slew rate. The value of the series resistor changes as the value of arm
inductance and load capacitance change as per (3.14). With lower values of arm induct-
ance and load capacitance, the suppressing frequency is increased. High suppressing
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frequency requires higher equivalent switching frequency and higher accuracy on the
controller. These trade-offs on the filter design and definition of the above-mentioned
terminologies are summarized in Fig. 3.9, where the series damping resistance for all 4
combinations of L, and Cjyaq is chosen as per (3.14).

Va(s) 1 (3.11)
Vs(s) SZ%Clgad"'S%Cload"'l .
v,
s( a(s) ) =0.99 (3.12)
‘/S(S) @f:fl%err
v,
abs (—“(s) ) 0.1 (3.13)
Vs(s) @f=fsuppres
8L
Ry = /(=) (3.14)
Cioad
v,
s(ﬂ =0.708 (3.15)
Vs(s))@f=faap
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Figuur 3.9: Effect of L, and Cjy,q variation on the filter profile.

3.3.3. NUMBER OF SUBMODULES AND SWITCHES

The influence of the number of submodules on the modulation technique and filtering
requirement is discussed in the previous two sections. However, the number of submo-
dules is designed based on the DC link voltage and blocking capability of the commer-
cially available switches. Table 3.2 shows the required blocking voltage capability for the
given number of submodules for the 200kV DC link. The DC link voltage is chosen so
that 100kV output voltage is produced. For the MMC with the half-bridge submodule
implementation and the mid-point connection, as shown in Fig. 3.3, the DC link voltage
must be twice the output voltage rating. In the Table 3.2, it is visible that the blocking vol-
tage capability needs to be higher. This requirement resembles that of the HVDC energy
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transmission application [78]. However, the power modules designed for the HVDC ap-
plication are rated for a very high current (kA range). Since the maximum current ra-
ting requirement for this new application is 0.2 A, discrete switches are preferred. Apart
from the high blocking capability, the switches should have high switching frequency
capability to get higher large-signal bandwidth. For 2.5 kHz large-signal bandwidth, the
switching frequency should be much higher than 2.5 kHz. Available discrete MV IGBTs
(2.5kV, 3.3kV, 4kV, 4.5kV) can operate efficiently less than 5kHz switching frequency
[79]. With the given constraints of voltage rating, switching frequency, and current requi-
rement, the choice of Silicon Carbide (SiC) MOSFETs is advantageous. These devices are
readily commercially available in TO-package for up to 3.3 kV rating, e.g., G2R120MT33]
from GeneSiC Semiconductor. Though MV SiC MOSFETs (10kV, 15kV) are pre-released
by CREE-WOLFSPEED [80], they are not yet ready commercially.

Tabel 3.2: Number of Submodule and Voltage Rating per Submodule

Number of submodules  Voltage rating per submodule (kV)

12 16.7
33 6
50 4
67 3
100 2
200 1

3.3.4. SUBMODULE CAPACITANCE AND ITS VOLTAGE BALANCING

Next to the switches, the choice of submodule capacitance is crucial in determining vol-
tage efficiency, size, and cost of the MMC-based AWG. Since the converter is not desig-
ned for active power transfer, the traditional condition of the total energy stored in all
submodule capacitance per MVA rating of the converter [81] might not be valid. Ano-
ther important usage of submodule capacitance is to keep its voltage ripple within a li-
mit such as 10 % of the average submodule capacitor voltage [82][83]. Many researchers
have worked on deriving the submodule capacitor voltage for MMC with HVDC power
transmission application [55][84][67]. However, the same ripple expression can not be
directly used for HV AWG application since hardly any active power is being transferred
to the the equivalent capacitive load. Hence, the voltage ripple expressions are derived in
the following section for the equivalent capacitive load and non-sinusoidal wave shape.
The partially coupled and complex dynamic model of MMC is simplified by averaging
principle [55]. With this principle, itis possible to simplify the product of two continuous
varying variables (n and v! ) using (3.16) into (3.17). In these equations, n ,1 is the mo-

dulation index of it submodule from the upper and lower arm. The averaging principle
is used to calculate continuous modulation indices for the upper and lower arm, which
is defined as n, ). Additionally, v! w1 is the 1nd1v1dua1 submodule capacitor voltage of i"

submodule from the upper and lower arm. V § is the average total submodule capacitor
voltage in the upper and lower arm. The same principle can be used to derive the capa-
citor voltage dynamic equations, as shown in (3.18). Equation (3.19) is derived for the
upper and lower arm capacitor voltage ripple by substituting the upper and lower arm
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current expressions from (3.5) and (3.6) in (3.18). Generally, in the HVDC transmission
application, the average circulating current magnitude I is determined by the input and
output power balance equation. If it is applied for HV testing application with capacitive
load Vpcle = Valscos(¢), the average circulating current is found to be zero since cos(¢)
is zero. Please note that the losses occurring in the arm resistors are neglected in this
mathematical derivation considering its small magnitude.

r
_ i i
nu’l_ﬁhz:‘in”’l vu,l_T (3.16)
N av
Uyl = Z n;,lv;l = nu,lvu,lg (3.17)
dv, Csd
u,l i . s AUyl .
Cs P =n;,ll;’l N ap - Mwtbul (3.18)
Cs dvy, ( s )
— = A e 3.19
N dt u,l 2 c ( )

Zero average circulating current can be interpreted as this current is present only to
charge or discharge the inserted submodule capacitor voltage without having a large
DC component, unlike the traditional application of MMC. As per the circulating cur-
rent circuit in Fig. 3.3(c), this circulating current balances the voltage between the DC
link and inserted submodules. Hence, it is possible to neglect the circulating current
from the ripple expression in (3.19). Assuming the output voltage is an arbitrary voltage
waveform, it is represented as Fourier series, as shown in (3.21) and (3.22), where the
modulation index is represented as m,. Additionally, the output current and insertion
indices are derived from (3.21) and (3.22) in (3.23) and (3.24), respectively. When equa-
tion (3.23) and (3.24) are substituted in (3.20), the time derivative of capacitor voltage is
derived and simplified in (3.25). For a sinusoidal waveform, it is possible to derive the
analytical equation of the total capacitor voltage, as shown in (3.26). For non-sinusoidal
waveforms, MATLAB or Maple software can solve the integration numerically.

Csdvy is
Noar -y (320
ag & ,
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h=1
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. Vbe S .
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h=1
mgf(t) 1
Ny == “5 +3 (3.24)
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From voltage ripple expression per submodule in (3.27), it is clear that the ripple mag-
nitude is independent of the frequency since the charge time product remains the same
for different frequencies. However, it is mainly dependant on the ratio of the load capa-
citance and submodule capacitance and the DC link voltage. The derived expression of
the ripple is verified in Sections 3.4 and 3.5 with the scaled-down prototype and the full-
scale simulation results. It is important to note that the capacitor voltage ripple is kept
within 1 % of the average capacitor voltage for more accurate output voltage waveforms.
This strict ripple restriction does not require a large value of submodule capacitance
since the HV AWG needs a low current magnitude. Hence, the full-scale prototype will
have submodule capacitance in yF range, which is proved to be feasible later in Section
3.5. With negligible circulating current, the submodule capacitor voltages are naturally
balanced within MMC without the strict requirement of an arm energy controller [69] or
sorting algorithm [68][85]. Because, the PSC modulation technique naturally distributes
submodule insertion and bypassing evenly [67]. Additionally, if the switching frequency
is chosen to be a non-integer multiple of the fundamental frequency [59] with proper
selection of the submodule capacitance, it is possible to have improved balanced ca-
pacitor voltages. However, the open-loop control of submodule capacitor voltage can
lead to slightly different average capacitor voltage values due to small variations in each
submodule hardware such as different delay in gate driver, tolerances in the submodule
capacitance value, etc. Hence, a combination of both techniques is recommended here
to improve the reliability of the HV AWG test source. In this chapter, a simple sorting
is implemented, where upper and lower arm capacitor voltages are sorted for desired
frequency, and the gate pulses are assigned based on the direction of arm current and
sorted capacitor voltages. The flowchart of the implemented sorting algorithm is illu-
strated in Fig. 3.10.

sin(wt) (3.27)

3.3.5. CONTROL SYSTEM

Since the HV AWG application does not need to control the power transfer, the control
system block for MMC is adapted for accurate voltage waveform generation, as shown
in Fig. 3.11. The feedback control of the voltage across the load ensures an acceptable
steady-state error, and the measurement of the output current can provide fast protec-
tion in case of faults, e.g., flashover. Fig. 3.11 presents a simplified control system im-
plemented and tested in the scaled-down prototype of the MMC-based AWG that will
be discussed in Section 3.4. The accuracy of the output voltage waveforms is improved
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Figuur 3.10: Flowchart of the implemented sorting algorithm.

with the reference voltage feedforward loop. This particular controller is chosen for its
simplicity and stable operation, and as it will be shown in the next session, it gives good
results. Additionally, the submodule capacitor voltages are balanced using a simple se-
lective sorting mechanism as discussed in Section 3.3.4.

Disable

nsertion
Insert
Error Voo ndice;

Kp Modul- »{ Sorting > MMC Vu, - Protec-

ation Vat tion
Gate
pulses

Feedback™=V,

Vet

Figuur 3.11: Control system of the MMC-based AWG.

Apart from the parameters discussed in Section 3.3.2, the available bandwidth for the
generated voltage waveform gets affected by the closed-loop control. Its effect can be
studied using the closed-loop block diagram of the MMC-based AWG in the continuous
time domain, as shown in Fig. 3.12. This block diagram consists of the computation
and communication delays named Peripheral Component Interconnect Express (PCle).
These delays are represented as exponential functions, and they depend upon the sam-
pling period (Ts) implemented in the controller. Equation (3.11) represents the plant’s
transfer function (Gy(s)). The generation of PWM in the continuous time domain can
be represented as shown in (3.28) [86]. The modulation index (mj) and the sampling
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period determine the magnitude of this transfer function. Additionally, the pulse width
modulator samples the data with Zero-Order Hold (ZOH) function. Hence, it is fully re-
presented in (3.28). The closed-loop transfer function of MMC is derived as shown in
(3.29). This transfer function gives the small- and large-signal bandwidth, including the
controller. It is visible that the sampling period plays an important role in determining
the final bandwidth of the test source and its effect on the scaled-down prototype, and
the full-scale prototype is studied in Section 3.4 and 3.5, respectively.

Error Vet

ref
V*ref ‘
L K, PlesTs PWM(s)F Gp(5) | T >
Computation PCle
delay alay
clay e—STS P delay
PCle

delay

Figuur 3.12: Block diagram of the control system of the MMC-based AWG.
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3.4. ANALYTICAL, SIMULATION AND HARDWARE RESULTS

The above-discussed design trade-offs of the MMC-based AWG are verified with the
MATLAB-Simulink simulation and the existing scaled-down MMC prototype. This scaled-
down MMC has 12 submodules where a half-bridge topology is implemented using the
IGBTs PS219B4-S/-AS/-CS. It is tested with 300V DC link voltage which can generate
peak output voltage of 150V. The load capacitance is chosen to be 6.8 uF to keep the
same current rating as that of the full-scale prototype where the output voltage is 100 kV,
and the load capacitance is 10nF. This hardware setup is controlled using the OPAL-
RT simulator (OP5600). Each submodule receives an enable and gate pulse signal and
sends back the measurements of the submodule capacitor voltage via a digital voltage
oscillator and fiber optics. The measurements of the output voltage across the load ca-
pacitance, the DC link voltage, and the arm currents are fed back to the OP5600. With the
existing scaled-down prototype of MMC, the design trade-offs of the MMC-based AWG
are demonstrated with 150V output voltage rating, 6.8 uF load capacitance, and 200 Hz
large-signal bandwidth. For these specifications, the value of L, and R, can be calcu-
lated to be 3mH and 60 (2, respectively, from equations (3.12) and (3.13). The above-
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Tabel 3.3: System Parameters of Scaled-down MMC Setup

No. Description Symbol  Values
1. DC-link voltage Vpc 300V
2. Maximum output voltage Va 150V
3. Modulation index mg 0.9
4. Number of submodules N 12

5. Switching frequency Fg 1002 Hz
6. Large-signal bandwidth (Open loop) floperr 200Hz
7. Submodule capacitance Cs 4 mF
8. Arm inductance La 3mH
9. Arm resistance Ra 60
10 Load capacitance Cioad 6.8 uF

mentioned system description is summarized in Table 3.3. Fig. 3.13 presents the experi-
mental hardware of the scaled-down MMC prototype.

Single submodule

Upper arm

and load
capacitance

Figuur 3.13: Experimental hardware setup.

The controller and various delays do impact the small- and large-signal bandwidth de-
pending upon the sampling period, as discussed in (3.29). For the scaled-down pro-
totype operated by OPAL-RT, the minimum obtained sampling period is 20 ys. Additi-
onally, the parameter variations on the controller stability are studied using gain and
phase margins, as shown in Fig. 3.14. From this figure, it is clear that the maximum
proportional gain possible is five, after which the control system is unstable with ne-
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gative gain and phase margin [87]. Hence, the small- and large-signal bandwidths are
calculated for the same gain and 4.04 kHz, and 4.49 kHz are the obtained values for both
bandwidths. These bandwidths are higher than the large-signal bandwidth calculated
for the open-loop. Hence, the closed-loop is not affecting the bandwidth for generating
accurate waveforms up to 200 Hz.
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Figuur 3.14: Variations of the proportional gain on controller/system stability.

The performance of the scaled-down MMC-based AWG is demonstrated with three wa-
veforms, i.e., harmonic test waveform, unipolar DC waveform, and unbalanced sinu-
soidal waveform, as discussed in Section 3.2. Other periodic and complex waveforms
are shown in the appendix A. First, the simulation results are compared with the scaled-
down prototype for the harmonic waveform in Fig. 3.15 for output voltage, output cur-
rent, and submodule capacitor voltages. For clarity in the waveforms, only 4 submodule
capacitor voltages are plotted i.e., Upper Arm 1 (UA;), Upper Arm 12 (UA;), Lower Arm
1 (LA;), Lower Arm 12 (LAjp). It is clear from Fig. 3.15 that the MATLAB-Simulink si-
mulations with ideal switches match well the experimental results. Small variations in
the average submodule capacitor voltages in both arms can be attributed to the small
tolerances present in the different submodules in terms of PWM delays in gate driver,
submodule capacitance values, etc. Please note that the difference in average value of
UA; and UA;; is only 0.33 %. These non-idealities present in different submodules can
be eliminated by implementing a sorting algorithm as discussed in Section 3.3.4, and
its performance is shown in Fig. 3.15(c). From this figure, it can be concluded that the
sorting algorithm removes the non-idealities present in each submodule and brings the
average values of all submodules together.

Furthermore, Fig. 3.16(b) shows the sorting algorithm working and how it brings the sub-
module capacitor voltage together dynamically. For simplicity, the submodule capacitor
voltages are sorted continuously equivalent to a simulation step of 20 us. Additionally,
Fig. 3.16(a) illustrates the performance of the proposed proportional controller. In this
figure, the closed-loop control is enabled at 40 ms. The error signal is normalized to 1
with a factor of 150V. When the control is enabled, the error is reduced significantly,
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Figuur 3.15: Comparison of simulation results with experimental results for Harmonic test waveform in time
domain (a) Output voltage and current, Submodule capacitor voltage (b) without sorting (c) with sorting.

correcting the output voltage waveform. Moreover, the performance of this waveform is
verified with the reference waveform in the frequency domain in Fig. 3.17. With correct
values of filter and closed-loop control, it is possible to keep the error in the inserted
harmonic magnitude around 1% for up to third harmonics and within 4 % for higher
harmonics. As per the design condition applied by (3.12), the error in the first three in-
serted harmonics remains around 1%. Though the condition of 1% error was applied
till 4 harmonic, the slightly higher error of 1.73 % is obtained in the 4™ harmonic due
to its small magnitude (0.5 % of fundamental magnitude).
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Figuur 3.16: Performance of (a) Proportional controller (b) Sorting algorithm implementation for Harmonic
test waveform.
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Frequency domain of Harmonic Test Waveform
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Figuur 3.17: Harmonic test waveform in frequency domain.
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Figuur 3.18: Unipolar complex waveform in (a) Time domain (b) Frequency domain.

Second, Fig. 3.18(a) presents an oscilloscope screenshot of the unipolar complex wa-
veform generated from the scaled-down prototype. The output current and voltage are
measured from external voltage and current probes. The pre-selected submodule capa-
citor voltages (UA;, UAj», LA;, LAy») are acquired in real time from the OPAL-RT me-
asurements. Hence, these waveforms are scaled down to stay within the limits of the
analog output ports of the OPAL-RT. The submodule capacitor voltages are normalized
to 10 with a factor of 2.5. The bottom waveforms are submodule capacitor voltages from
15t submodule from the upper arm and the 12 submodule from the lower arm. From
this screenshot, it is visible that the ripple of the upper and lower arm submodules are
different. It is because of the unipolar waveform. When an unipolar waveform is gene-
rated from the MMC, one of the arms (in this case: UA) is not get fully utilized, and only
a maximum of half of its number of submodules are inserted. However, this does not
affect the capacitor voltage balancing. Additionally, this waveform is not repetitive, and
voltage balancing is not at the most priority. After the first test is finished with this wa-
veform, the MMC will need to restart with all capacitor voltages charged to the average
values for the next test. Additionally, the full-scale simulation results show the capacitor
voltage ripple in detail. This complex waveform consists of a switching impulse that has
a rise time of 250 us which constitutes the peak magnitude of the waveform. The error
in this peak magnitude is kept to be 0.1 %, which is well within limits given in the IEC
standard [14]. Moreover, the performance of this waveform is verified with the reference
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waveform in the frequency domain in Fig. 3.18(b).

Similar to the unipolar complex waveform, Fig. 3.19 shows the performance of unba-
lanced sinusoidal waveform in the time domain. For even mixed polarity waveform, the
upper and lower arm voltage ripple has different values, as shown in Fig. 3.19(a). Howe-
ver, this does not affect the capacitor voltage balancing. The quality of the generated
waveform is illustrated in the frequency domain in Fig. 3.19(b), and they match well
for the DC component and 50 Hz component. With this waveform, mathematical rip-
ple expression derived in Section 3.3.4 is compared analytically, with simulations, and
with experiments. First, the ripple expression is plotted together with simulation and
experimental results in Fig. 3.20.

YOKOGAWA @ 19-us-21 141620
Stopped ©

Freq domain of Unabal. d Si idal Waveform
10°
:: ] —H&— Output
s
<
<
]
E
e E2N
= Qutput voltage Switching voltage = Output current =10°
=20 Vidiv =50 Vidiv =500 mA/div
UA12=10 V/div LA1=10:V/div UA1=50 mV/div LA12 =50 mV/div| qJ IF In| l? In|
UA ripple = 66.1 mV 0 100 200 300 400 500
P Frequency (Hz)
) (b)
LA ripple = 123.9 mV

(a)

Figuur 3.19: Unbalanced sinusoidal waveform in (a) Time domain (b) Frequency domain.

Additionally, the circulating current obtained from simulation and experimental results
is plotted together with the ripple expression. The simulation results match well with
the analytical results for capacitor voltage ripple. Even the experimental results match
well in the positive cycle of ripple. However, the experimental ripple is slightly higher on
negative peaks compared to analytical and simulation results. It could be because of the
low magnitude (110 mV) measured from a digital voltage oscillator designed to measure
relatively high voltage (200 V). Furthermore, the average circulating current with a simu-
lation model and experimental setup is relatively low, verifying the assumption of zero
average circulating current. Please note that the circulating current is switching positive
or negative depending upon the balance between the DC link and the total voltage of
the inserted submodule capacitors. If the total voltage of the inserted submodule capa-
citors is higher than the DC link, the circulating current will be negative and vice versa.
The average capacitor voltage ripple is compared for the harmonic test waveform and
unbalanced sinusoidal waveform in Table 3.4. Since the unipolar complex waveform
has a complex Fourier spectrum, it becomes computationally challenging to derive the
analytical expression even numerically. For the two waveforms, the analytically calcu-
lated voltage ripple matches the simulation results. However, a slightly higher value is
obtained experimentally due to measurement inaccuracies. With the load capacitance
of 6.8 uF and submodule capacitance of 4 mF, the ripple is kept within 1 % of the average
capacitor voltage, which satisfies the earlier condition decided in Section 3.3.4.

To analyse the quality of the obtained waveforms furthermore, the definition of THD is
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Figuur 3.20: Comparison of capacitor voltage ripple analytically, using simulations, and experimentally.
Tabel 3.4: Verification of SM Capacitor Ripple Calculations for Various Waveforms

Analytically Simulation Downscaled
calculated (mV) results (mV) prototype (mV)

1. Harmonic

110.2 111.3 131.8
test waveform
2. Unbalanced UA=53.5 UA =433 UA=40
sin waveform LA=99.4 LA=111.5 LA=110.5
3. Sinusoidal 114.7 115.6 127.7
4. Triangular 114.3 116.4 127.9
5. Trapezoidal 114.7 119.6 141.4

adapted for non-sinusoidal voltage waveforms, as shown in (3.30), to quantify the har-
monic performance of the MMC-based AWG. The obtained THD for the harmonic test
waveform, unipolar complex waveform, and unbalanced sinusoidal waveform is 0.34 %,
3.30%, and 3.66 % respectively. These THD values are well below 5% which is within
the industrial standard of the allowed distortion in the grid [88]. Apart from the quality
of the obtained voltage wave shape and balancing of the submodule capacitor voltages,
the losses in the added series resistance are less than 1 W for the shown wave shapes,
which justify the usage of the passive damping technique. The overall performance of
the AWG is summarised in Table 3.5.

VER o Virer = Viour)?
THDyonsin = (3.30)
Vl,out

Apart from the selected waveforms shown in Fig. 3.4, more periodic and complex wave-
forms are obtained from the scaled-down prototype and they are illustrated in Fig. 3.21
and Fig. 3.22. The performance of these waveforms are shown in time and frequency
domain. Additionally, all the other performance parameters are summarized in Table
3.5. The derived capacitor voltage expression is compared with the simulation and ex-
perimental results in Table 3.4. As observed earlier, the experimentally obtained voltage
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Tabel 3.5: Performance of Scaled-down MMC Setup for Waveforms Which Were Shown in Fig. 3.4

Magnitude error (%) THD (%) Losses (W)

1. Harmonic test 1 % till 3rd harmonic 0.34 0.89
waveform (Kp=5) up to 4 % in higher harmonic ’ ’
2. Unipolar complex 0.1 % error in the peak

e 1 . 3.30 0.3
waveform Kp=1) of switching impulse
3. Unbalanced Sine 2.9 % error in the positive

3.66 0.3

waveform (Kp=3) peak
4. Sinusoidal (Kp=3) 0.67 0.47 0.76
5. Triangular (Kp=2) 0.67 0.59 0.53
6. Trapezoidal (Kp:2) 2.22 0.38 1.07
7. Asymm. Triangular Kp=2) 2.22 1.07 1.45
8. Complex waveform 1 (Kp=2) 1.36 0.72 0.19
9. Complex waveform 2 (Kp:2) 3.79 1.10 0.17

ripple is slightly higher, especially for trapezoidal based waveform due to measurement
inaccuracies at low voltage. The negligible circulating current answers why the submo-
dule capacitor voltages get balanced even when higher harmonics are generated

3.5. RESULTS OF FULL-SCALE PROTOTYPE

The performance of the full-scale HV MMC-based AWG is verified with MATLAB-Simulink
simulations with 67 submodules per arm and the system parameters are summarized
in Table 3.6. The system can generate 100 kV with 10 nF load capacitance. The values
of L, and R, are designed as per the guideline discussed in Section 3.3.2. Additionally,
the closed-loop system discussed in Section 3.3.5 is designed for the full-scale prototype
with a proportional gain of 5 and a simple sorting algorithm with a sorting frequency
of 5kHz. From the transfer function derived in (3.29), small- and large-signal control-
ler bandwidth is calculated as 31.2 kHz and 35.3 kHz respectively with 200 ns sampling
period. These controller bandwidths show that they do not interfere with the designed
open-loop bandwidth of the voltage waveform.

Tabel 3.6: System Parameters of Full-scale HV MMC Setup

No. Description Symbol Values
1. DC-link voltage Vbc 200kV
2. Output voltage Va 100kV
3. Modulation index mg 0.9
4. Number of submodules N 67

5. Large-signal bandwidth (Open loop) floperr 500 Hz
6. Submodule capacitance Cs 10 uF
7. Arm inductance La 3.2mH
8. Arm resistance Ra 9.1 kQ2
9. Load capacitance Cioad 10nF

Similar to the down-scaled prototype, the performance of the full-scale AWG is showca-
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Figuur 3.21: Periodic waveforms generated from the small prototype of the MMC-based AWG [Blue: v4=50
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Figuur 3.22: Complex waveforms generated from the small prototype of the MMC-based AWG [Blue: v4=50
V/div, red: is=0.5 A/div, Yellow: vs=50 V/div, Pink & sky blue: UA1» & LA1=10 V/div, Orange & Green: UA; &
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sed with three wave shapes in Fig. 3.23, Fig. 3.24, and Fig. 3.25. These figures show the
performance of HV AWG in terms of output voltage, output current, and circulating cur-
rent with their zoomed pictures. Here, the dynamics of switching circulating current is
visible with the zoomed pictures for all three waveforms. This proves the assumption of
negligible circulating current with the simulations of the full-scale prototype. Especially
for the unipolar complex waveform in Fig. 3.24(a), the zoomed picture of a switching
impulse is shown. With the proper design of the MMC system parameters, the switching
impulse shows an expected rise time of 250 ys. Hence, the obtained THD of the wave-
form is less than 1 %. Similarly, the harmonic test waveform can generate much more
accurate harmonics. All these results are summarized in Table 3.7, along with losses that
occurred in the arm resistors. These losses are reasonable for the 10 kW full-scale sys-
tem, where these losses constitute only 2 % of the total power delivered from the input
side. Furthermore, these figures show the selected (1°¢, 27", 44™, 67™") submodule capa-
citor voltages from upper and lower arms along with their average values. For harmonic
test and unbalanced sinusoidal waveform, the analytically derived submodule capacitor
voltage is plotted along with the simulation results. The derived analytical expression
matches well with the simulation results of the full-scale prototype. Please note that the
chosen submodule capacitance of 10 uF is sufficient for the load capacitance of 10 nF,
keeping the ripple 1.5 % of the average capacitor voltage. For unipolar complex wave-
form, only one cycle is needed, and it is seen clearly that the upper and lower arm have
a different ripple.
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Tabel 3.7: Performance of Full-scale HV MMC Setup for Waveforms Which were Shown in Fig. 3.4

Magnitude error THD  Losses
(%) (%) (W)
1. Harmonic test Less than 1 %
waveform (Kp=5) for all harmonics 0.01 22352
2. Unipolar complex  Approx. 0 % error in the peak
e 0.2 163.53

waveform (Kp=5) of switching impulse
3. Unbalanced Sine Approx. 0 % error in 0.15 238.65
waveform (Kp=5) the positive peak

3.6. CONCLUSIONS FOR PROMISING HVAWG SOLUTIONS AND
DESIGN TRADE-OFFS

Considering the many advantages offered by the MMC converter topology, this chapter
selects it for HV AWG application to generate complex arbitrary waveforms with good
accuracy. Based on the design requirements presented in Chapter 2, the design trade-
offs of the MMC-based HV AWG are analyzed for Box 1 requirement highlighted in Fig.
2.14. The analytical modelling of MMC is performed by simplifying the complex struc-
ture of the MMC into two partially coupled circuits, i.e., output current and circulating
current circuit. The output current circuit determines the harmonic performance of the
AWG. Its parameters, i.e., modulation technique, Ly, Ra, N, semiconductor devices, sub-
module capacitance, and control system are studied in detail to obtain the accurate vol-
tage waveforms as per HV testing standards. The circulating current circuit balances the
inserted submodule capacitor voltages and the submodule capacitance plays an impor-
tant role here.

It is found that the PSC modulation technique provides additional advantages over NLC
by shifting the carrier harmonics to N of the switching frequency without changing
any baseband harmonics present due to non-sinusoidal wave shape. The arm induct-
ance and series resistance filter the undesirable voltage harmonics and determine the
available small- and large-signal bandwidth and slew rate. To obtain higher bandwidths
and slew rate, lower values of arm inductance should be used. However, it demands a
higher switching frequency to attenuate the carrier harmonics, and a higher switching
frequency needs higher accuracy from the controller hardware. Hence, SiC MOSFETs
seems to be the most suitable solution with the possibility of higher switching frequency.
Apart from this, the analytical expression of submodule capacitor voltage ripple is deri-
ved from selecting the value of submodule capacitance using the averaging principle.
This derivation is based on the fact that the HV AWG application does not need a large
circulating current. This is the reason why submodule capacitor voltages are well balan-
ced even when complex wave shapes are generated.

The discussed design trade-offs are demonstrated using MATLAB-Simulink simulations

and a down-scaled prototype of a MMC with 12 submodules. Firstly, an important ob-
servation is that the obtained simulations with MATLAB-Simulink match well with the
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experimental results. Secondly, the down-scaled prototype can already provide voltage
waveforms with reasonable accuracy for the design value of voltage, current, bandwidth,
and the control system. These waveforms include bipolar, unipolar, and mixed polar wa-
veforms to show the performance of MMC-based AWG. The THD of most waveforms is
less than or around 1 % except for unipolar complex waveform and unbalanced sinu-
soidal waveform where it is around 3 %. Thirdly, the theoretical assumption of negligi-
ble circulating current and the derived submodule capacitor voltage expression are pro-
ved with MATLAB-Simulink simulations and experimentally with the down-scaled pro-
totype. Additionally, the sorting algorithm is implemented to improve the submodule
capacitor voltage balancing by removing non-idealities in different submodules. On the
same topic, the ripple in the submodule capacitor voltages suggests that the submodule
capacitance requirement for HV AWG application is much smaller than that for the tra-
ditional energy transmission application of MMC. In the end, the performance of the
full-scale HV AWG is verified in MATLAB-Simulink with 67 submodules, especially for
the circulating current dynamics, submodule capacitance choice, and harmonic perfor-
mance of the output voltage. In summary, this chapter provides a complete analysis of
design guidelines for realizing an MMC-based HV AWG for performing dielectric testing
on grid assets.



CONTROL ASPECTS OF HV AWG

Chapter four of the thesis dives deeper into the control aspects of the HV AWG. First, the
active damping control methodology is explored for the MMC-based HV AWG in order to
eliminate losses in the arm resistor. Hence, detailed mathematical modeling is performed
to design the PI controller and tune the active bandpass filter for implementing the active
damping for the HV AWG application. The performance of the developed active damping
control methodology and the PI controller have been demonstrated with a 50 Hz sinu-
soidal waveform and arbitrary waveforms such as triangular, trapezoidal, and complex
waveforms with MATLAB-Simulink simulations. The second part of the Chapter deals
with the selection of the controller hardware for the HV AWG application based on the
two main requirements of accurate gate pulse generation at the high-frequency waveform
and the required robustness against the harsh EMC environment during the HV tests. The
performance of the selected controller is demonstrated with a scaled-down prototype of
MMC-based AWG, where sinusoidal and other arbitrary waveforms are generated up to
5kHz with a THD less than 5 %.

This chapter is based on following research articles:

e X. Zhou, D. A. Ganeshpure, T. B. Soeiro, M. G. Niasar, Y. Wu, and P. Vaessen, "Implementation of Active
Damping Control Methodology on Modular Multilevel Converter(MMC)-Based Arbitrary Wave Shape
Generator Used for High Voltage Testing", in 2023 25th European Conference on Power Electronics and
Applications (EPE’'23 ECCE Europe), Aalborg, Denmark, 2023

* D.A. Ganeshpure, T. B. Soeiro, M. G. Niasar, and P. Vaessen, "The Control Stage of a Modular Multilevel
Converter-based Arbitrary Wave shape Generator for Dielectric Testing of High Voltage Grid Assets", in
2023 11th International Conference on Power Electronics and ECCE Asia (ICPE-ECCE Asia), Jeju, Korea
(South), 2023
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4.1. ACTIVE DAMPING CONTROL METHODOLOGY

Although passive damping with the arm resistor simplifies the control architecture and
provides satisfactory results in the Chapter 3, the losses in the arm resistor can become
significant as the DC link voltage increases. Furthermore, the resistance of the arm limits
the maximum magnitude of the circulating current flowing through the circuit, limiting
the voltage balancing capability of the submodule capacitor of the MMC. Therefore, ac-
tive damping control methodology can be advantageous for the MMC-based AWG and it
is investigated further in this section. The active damping techniques have been exten-
sively researched and developed based on the conventional three-phase, two-level, and
three-level (NPC and T-type) topologies [89]-[90]. It can generally be categorized into
filter-based [89]-[91] and loop-feedback-based methods [92]-[90]. The filter-based ac-
tive damping is realized by cascading the designed filter, for instance, the notch filter in
the current control loop. Loop-feedback-based active damping measures the capacitor
voltage or current and feedback to the controller output. The filter-based active dam-
ping methodology is chosen to attenuate resonance without adding a large lossy arm re-
sistor. The active damping control methodology has been implemented in MMC control
to suppress unwanted high-frequency, as discussed in [93]-[94]. However, all the existing
literature studies it for sinusoidal reference. Hence, it is important to examine the capa-
bilities of the active damping methodology when non-sinusoidal waveforms need to be
generated. Fig. 4.1 shows the proposed closed-loop control configuration for the MMC-
based AWG. The voltage feedback ensures the minimal steady-state error. The band pass
filter measures the output current waveform to identify the resonance frequency in the
MMC circuit and it is critical to tune the filter appropriately to the resonant frequency.
Considering the two control loops present in the proposed control configuration, it is
important to study the stability of the proposed control system, as it will be shown in the
upcoming sections.

Insertion

Error ndices

Viier °. | Modul-

. —» MMC Load i
ation
Output
current
Bandpass feedback
filter
Output voltage feedback

Figuur 4.1: Closed loop system of the MMC-based AWG.

4.1.1. CONTROL SYSTEM IN TIME DOMAIN

The detailed block diagram of the control system in the continuous-time domain is
shown in Fig. 4.2. To study the stability of the closed-loop control, the transfer func-
tions of each block are needed, such as the controller (G (s)), the plant (G (s)), the band
pass filter (Gp(s)), and the load (Gjpaq(s)) and they are derived in the following sections.
Additionally, there are several system delays to consider in studying the stability of the
control system. First, the computational delay represents the amount of time between
the sampling instant and the duty cycle updating instant [95]. Second, the PCle (Periphe-
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ral Component Interconnect Express) delay in the forward and feedback paths is present
due to the architecture of the real-time simulator, where Ty is the simulation step of the
real-time simulator.

Error

"
Vet

Gi(s)P>» 5T

PWM(s) [P Gp(8) [ T8 >

Computation

delay i

a

&5Ts [ Gy (s) [€ Gload(s)

PCle
delay

Output voltage feedback

e-sTs <€

Figuur 4.2: Block diagram of the control system of the MMC-based AWG as a continuous equivalent.

PI CONTROLLER (G (s))

The Proportional-Integral (PI) controller is one of the most widely used controllers in all
converter topologies due to its simplicity and effective performance. It is chosen as a
next step from the proportional controller from the last Chapter 2. An ideal represen-
tation of the PI controller is defined in (4.1). Here, K, corresponds to the proportional
gain, and K; represents the integral gain. Additionally, the controller computation delay
must be included since it impacts the stability of the closed-loop system. The combined
transfer is shown in (4.2).

1
G (s) =Kp(1+K,-§) 4.1)

) 1
G(s)= er_ST5(1+Kl-;) (4.2)

PLANT (G (9))

The output current circuit shown in Fig. 3.3(b) dictates the dynamics of the MMC. Hence,
the plant transfer function is derived from it in the following equations, where V,(s) and
Vs(s) are variables representing the output voltage and the switching voltage in the Lap-
lace domain. The transfer function representing the PWM process is shown in (4.6) [96].

: L, R, 1 I(s)
Vi(s)=s > 1(s)+ > Is(s)+ s Crond 4.3)
Va(s) _ 1L (4.4)
S Cloaa
Gp(s) = Yal9) 2 (4.5)

Vs (s) N $2LaCioad + SRaCloaa +2

An equivalent transfer function could be represented by a sampler with a gain of 1/Ts,
followed by a zero order hold (ZOH) that compares the sampled input data with the car-
rier wave input data. m, represents the ratio of the modulation amplitude to the carrier
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Figuur 4.3: Series band pass filter.

amplitude. Furthermore, (4.7) shows the combined transfer function for the plant in the
forward path.

mpwmGoon(s) m (1-e5T)
GPWM(S) — PWMYzoh - PWM (4.6)
T sTs
G,(8) = Gp()Gpwm(s)e™*"* 4.7)

BAND PASS FILTER (Gb(s))

As mentioned in the introduction, a filter-based active damping controller is propo-
sed to suppress the resonance present in the MMC-based AWG. To do so, it is impor-
tant to identify the resonant frequency in the output characteristics of the MMC-based
HV AWG, and the band pass filter is selected by choosing particular band frequencies
around the resonance (wc) [94]. The filter operates between frequencies w1 and w2, and
its transfer function is derived based on a typical RLC band pass filter. The physical im-
plementation of such a series band pass filter is shown in Fig. 4.3 [97], and its transfer
function is derived from (4.8). Depending on the resonant frequency, the band pass filter
can be altered by changing the values of w1 and w2 .

Gb(s) = 1—
—+SL+R
sC (4.8)
S(wz —w1)

T 24+ 5(wy —wy) +wiwa

1 1 1
PR DY L S 4.9
L2="5rc "V 2R2C2 " IC 4.9)

In this control system, the resonance is measured from the output current. Therefore,
the output current is obtained from the output voltage considering the capacitive load.
On the basis of this relationship, the transfer of the band-pass filter is altered, including
the PCle delay, as shown in (4.11).

I,(s)
Gload(s) = V) =sC (4.10)
a
G'b(s) = %Gload(s)e_sn (4.11)
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4.1.2. DISCRETIZATION OF THE CLOSED LooP

As the real-time simulator works with a fixed time step, studying the stability of the con-
trol implemented in the continuous domain may not provide an exact answer to the
question. It is necessary to discretize the transfer functions from (4.2), (4.7), and (4.11).
The discretization of the PI controller in (4.2) is shown in (4.12) by placing 1/s=z/(z—1)
for the integral gain and e™$7* =1/ z.

’ ' kp z
Gk(z)zZ{Gk(s)}z—(l+k,-—) (4.12)
z z—1

For plant discretization, the modulation index in the PWM transfer function is assumed
to be 1 to simplify the process (m, = 1). It should be noted that Gy, (s) need to be
multiplied by T to compensate the 1/ T in (4.6). Combining the plant transfer function
and converting it into the z domain results in a discrete plant transfer function, as shown
in (4.13). Similarly, the band-pass filter is converted from the Laplace domain to the Z
domain. Therefore, the whole discretization system can be simplified and represented
as shown in the block diagram in Fig. 4.4.

Gy (2) = Z(G,y(5)}
= Z{Gpum(9) TsGp(s)e "%}

1-e 5T T
=Z{———TGp(s)e *"*
{ ST, s p(S) }
z2(-1+B)e Y- (1+Ce X —B-C) (e XYLy Be VT CeXTs)
= +
(z—e XTs)(z—e ¥Ts) (z—e XTs)(z—e Y Ts)
Y X
B = —— = ——
X-Y Y-X
X RaCloaa + \/Rczzclzoad —8L4Cioaa v RaCloaa — \/Réclzoad —8L4Cloaa
- 2L4Cioaa - 2L4Cioaa
(4.13)
Gy (2) = Z{G,(s)}
N2(e*M~N — ™) N(e*MN —2zeM+e™N)

= +
M(ZeZM—N) —z2eM _ eM—2N+Ze—N) (ZeZM—N) —z2eM _ eM‘2N+ze‘N)

w2 — 2
W] —6w1wz + W, N @20

2 2

M=

(4.14)

4.1.3. STABILITY ANALYSIS OF THE PROPOSED CONTROL SYSTEM
To ensure the safe operation of the hardware, it is essential to analyze the stability of
the system. The stability criteria is studied with the gain margin and phase margin of
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Figuur 4.4: Simplified discretization system.

an open-loop transfer function, and it is derived in (4.15). In addition, the closed-loop

m transfer function of the system is derived in (4.16).

G;,(z)
G,(2)G,(2)+1 (4.15)
Go1(2) = 1+ G(2)G p(2)

Gprp(?) =

G (2

Gei(2)=(1+G,
D=0+ G (2)G, (22 1 +1

GpFB

(4.16)

Similar to Chapter 3 in Section 3.4, the load capacitance is chosen to be 6.8 uF. Howe-
ver, the arm inductor is further reduced to 1.32 mH from 3 mH to increase the resonant
frequency. Thus, the expected resonant frequency is:

1
we= ————=14927rads ! =2375Hz (4.17)
%Cload

Hence, the band pass filter is designed based on (4.11), where wl = 14327 rads™! and
w2 = 15527rads™! are chosen to ensure that the bandwidth is wide enough. For a PI
controller, the transient response of the regulation system is mostly determined by the
proportional term, while the integral term impacts the steady-state response. There-
fore, the two can be analyzed separately. Bode plots based on open-loop system transfer
functions are shown in Fig. 4.5.

Fig. 4.5 illustrates some common observations. On the one hand, when Kp increases,
the magnitude of the PI controller increases. On the other hand, a lower Kp keeps the
system stable, but might provide a poor transient response to the system. The influence
of Ki values on the stability is significantly less compared to Kp. Hence, the bode plot
of much higher values of Ki are plotted in Fig. 4.5(b). Additionally, sample time affects
delays in the discrete-time domain. After analyzing the influence of Kp and Ki, the PI
controller is built with Kp = 0.001 and Ki = 0.01, since it offers a safe gain margin of 10.9
dB and a phase margin of 27.8 deg. The pzmap of the closed-loop system is drawn in Fig.
4.6. According to the Jury stability criterion [98], the closed-loop system is stable.
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Figuur 4.5: Discrete domain (a) Variable Kp while Ki=0 (b) Variable Ki while Kp=0.01.
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4.1.4. SIMULATION RESULTS OF THE PROPOSED CONTROL SYSTEM

The analysis of the proposed active damping control methodology is demonstrated using
MATLAB-Simulink simulations of an MMC-based AWG with 12 submodules per arm. Si-
milar to in Chapter 3, the DC-link voltage of 300V is chosen, and the value of load ca-
pacitance is selected to be 6.8 uF to keep the current rating the same as the full-scale
prototype. The arm resistance of 10 €2 is simulated considering stray resistance and con-
sidering a minimum value required for the active damping. Later, the arm inductance
is chosen to be 1.32mH, where the resonant frequency is calculated to be 2376.9 Hz.
Hence, the switching frequency is chosen higher than the resonant frequency, and the
selected value of switching frequency is 3770 Hz, which is a non-integer multiple of 50 Hz
fundamental frequency of various waveforms [59]. Additionally, the bandpass filer re-
quired is designed considering the resonant frequency in the middle, and the system
parameters for the simulation model are summarized in Table 4.1.4.
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As discussed earlier, the performance of two chosen modulation methods, PSC and NLC,
is first compared in Fig. 4.7. This figure shows that the PSC offers more accurate tracking
of the reference voltage in the time domain and generates fewer base band harmonics
in the frequency domain. It is observed that there is a significant difference in the qua-
lity of the waveforms obtained. Although PSC modulation can accurately track the refe-
rence voltage, NLC modulation results in distortion, leading to a gap between the output
voltage and the reference. This inaccuracy with NLC is due to the switching frequency
being lower than that of PSC. This makes it difficult for the controller to correct the er-
ror. Therefore, the PSC modulation is chosen to generate the rest of the arbitrary voltage
waveforms.

Tabel 4.1: System Parameters of the MMC Setup

No. Description Symbol Values
1. DC-link voltage Vpc 300V
2. Modulation index mg 0.8
3. Number of submodules N 12
4. Switching frequency Fs 3770Hz
5. Arm resistance Ra 1022
6. Arm inductance La 1.32mH
7. Load capacitance Cload 6.8 uF
8. Resonance frequency ) 14927 rad/s
9. Low cut-off frequency wl 14327 rad/s
10.  High cut-off frequency w?2 15527 rad/s
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Figuur 4.7: Comparison between NLC and PSC with active damping control (a): Time domain (b) Frequency
domain.

Fig. 4.8 and Fig. 4.9 illustrate the output results with active damping in both the time
and frequency domains. As can be seen from Fig. 4.8(a), the output voltage is sinusoi-
dal when active damping is applied, whereas, without active damping, the output vol-
tage has distortion, demonstrating that the proposed active damping method is effec-
tive. One of the most important performance parameters of an MMC is the submodule
capacitor voltages, shown in Fig. 4.8(b), which are well balanced. Additionally, the fre-
quency domain analysis is conducted on the output voltage waveforms and reference
waveforms, which shows that the generated output voltage waveforms match well with
the reference waveform in Fig. 4.8(c). Moreover, Fig. 4.9 illustrates the performance
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of the active damping control methodology when applied to more arbitrary waveforms,
even when the complex waveform is generated with a combination of 10 Hz trapezoidal
waveform and 100 Hz sinusoidal waveform. Furthermore, the quality of the obtained
waveforms is analyzed with the Total Harmonic Distortion (THD), and its definition is
adapted for the non-sinusoidal voltage waveforms, as shown in (3.30) [99]. The obtained
THD of the waveforms is less than 1 % summarized in Table 4.2.
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g 100 I I I W/o active damping — E//\\l] 2
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(a) Output Characteristics in time domain. (c) Output Characteristics in frequency domain.

Figuur 4.8: Performance of active damping control methodology for 50 Hz sinusoidal waveform.

Tabel 4.2: THD of MMC-Based AWG with PSC for Periodic Waveforms

No. Waveforms THD(%) Losses (W)
1. Sinusoidal 0.02 0.09
2. triangular 0.194 0.22
3. Asymmetric triangular 0.645 0.07
4. Complex 0.500 0.06

Apart from the THD and the SM capacitor voltages, it is important to check the losses in
the relatively tiny arm resistor of 10 Q2and compare it to the passive damping. These re-
sults show that the proposed active damping methodology for MMC-based AWG works
well to suppress the oscillations in the converter and generate accurate voltage wave-
forms. Moreover, the losses have been reduced significantly by the factor of 6, similar
to the reduction in the arm resistor. Please note that the losses occurring in the scaled-
down prototype are not significant. However, they will increase significantly for the full-
scale prototype. This is achieved with the double control loop proposed in the above
sections, which can add significant challenges for the control hardware implementation,
restricting the obtained bandwidth of the waveform HV AWG. Hence, this method is not
implemented in the further Chapters of the thesis.
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4.2, CONTROL HARDWARE

Though the modular structure of the MMC offers scalability with respect to its hardware
submodule, the controller hardware can create challenges for the scalability of the MMC
with a large number of submodules. For the HVDC transmission application, the num-
ber of submodules per arm is in the range of 300 to 400, which makes a total of 1800
to 2400 submodules for 3-phase operation [100][101][102]. Such a structure requires a
smaller sampling period, higher computing power, and bigger communication burden
for the centralized controller implementation [103]. The MMC-based AWG with a sub-
module voltage rating above 3 kV will have 67 submodules or less, as shown in Table
3.2. It is important to note that the MMC-based AWG is a single phase implementa-
tion. Hence, the total number of submodules are 134 or less, which is roughly 5% of
the total submodules required for a HVDC application. Hence, it is possible to have
the centralized controller implemented in the FPGA in a single master control strategy
[104]. The second reason for choosing the centralized controller is robustness. If the test
object experiences a flashover and partial discharges, it can affect the distributed con-
troller present on each submodule [105]. Considering the centralized controller and PSC
modulation technique, the MMC-based AWG will need several FPGAs to implement the
control. Programming different complex wave shapes in FPGA using VHDL or Verilog
can be tedious for the test engineer. Therefore, to simplify the system operation, Real-
Time Simulators (RTSs) are chosen to implement the controller of the HV AWG, where
the programming for different waveforms can be done using a MATLAB-Simulink inter-
face or similar software.

4.2.1. REAL TIME SIMULATOR AS A CONTROLLER

RTSs are becoming popular in power electronics since they can implement switches and
other topologies accurately in the FPGA. Additionally, RTSs are used as a controller to
test the power electronics hardware. They can be a suitable solution for MMC since they
have many IO ports for controlling many submodules and the availability of an FPGA.
Commercially, RTSs are developed by Typhoon HIL, OPAL-RT, dSpace, RT Box and RTDS
Simulators. Generally, all these RTSs have a CPU core to process the software interface
and multiple CPU and FPGA cores to implement the desired model of a controller, a
converter system, or an entire power system. Additionally, FPGA cards are installed at all
IO ports to achieve fast communication with external hardware or another RTS. OPAL-
RT and dSpace use the MATLAB-Simulink interface, and RTDS uses the RSCAD interface
to program the model. However, Typhoon HIL has developed a Python-based software
interface to program the CPU and FPGA cores. All the available RTSs have advantages
for the particular application.

The modulation technique presented in Fig. 3.8 will be implemented in the RTS, and the
generated gate pulses will be communicated to the actual hardware via the fibre optic
cables. Additionally, the RTS receives the data from the MMC hardware, such as sub-
module capacitor voltages, arm currents, and hardware health information through a
fault signal, for implementing closed-loop control and protecting the MMC hardware.
The critical element of the controller implementation is the accuracy of the reference
waveform, carrier waveforms, and the generated gate pulses, especially when the refe-
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rence waveform has a high frequency, such as 5kHz. The controller needs to operate at
a very small simulation step to generate such a high fundamental frequency. Since the
Typhoon HIL devices can go to the simulation step of 200 ns [106], this chapter explores
it as a controller for the MMC-based AWG. It includes the theoretical understanding of
the RTS architecture, the implementation of the discussed modulation technique, and
the effect of the simulation step.

4.2.2. TYPHOON-HIL AS A CONTROLLER

The Typhoon HIL architecture is shown in Fig. 4.10, which consists of User CPUs, System
CPUs, and FPGA with multiple Standard Processing Cores (SPCs) to process different as-
pects of the electrical circuits. The System CPUs deal with the low dynamics phenomena
such as Voltage RMS calculation or handle the system communication protocol. The
User CPUs are under direct user control, and the minimum possible simulation step is
200ns [106]. Depending upon the complexity of the model, the simulation step needs
to be altered so that the implemented model does not have an overrun error. Overrun
means the simulation step is insufficient for the RTS to perform all the computations in-
volved within that step [107]. Hence, overruns must be avoided at all costs for the proper
operation of the implemented model.

FPGA Solver
SPC Array

(s rJorea]sees] - foc]

Low latency interconnect

Signal LUT Machine PWM
Generator solver Modulator

Figuur 4.10: Typhoon HIL architecture.

The internal PWM modulator block in the FPGA solver can generate accurate gate pulses.
This block can configure the carrier waveforms generation in the FPGA for the required
switching frequency, the phase shifts, and the dead time. After the generation of these
carrier waveforms in the FPGA, they are compared with the reference waveform from the
User CPU to generate the gate pulses in the FPGA. The Typhoon HIL devices can generate
accurate carrier waveforms with frequencies as high as 500 kHz [108]. It is important to
verify if the User CPU can generate accurate reference waveform up to 5kHz frequency.
Hence, the reference waveforms from the HIL-404 device are plotted on an oscilloscope
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Figuur 4.11: Performance of RTS for generating high-frequency reference waveform (a) 1 kHz (b) 5kHz.

using an analog output port for two different simulation steps. These waveforms are
plotted for two frequencies in Fig. 4.11. From these figures, it is clear that the 20 us
simulation step is not enough to generate a high-frequency reference waveform, and a
lower simulation step is required, which is offered by the HIL-404 device.

Moreover, these SPCs in the FPGA solver have dedicated resources for converter mode-
ling, non-ideal switch implementation, etc., as shown in Fig. 4.10. Different configu-
rations of these SPCs give an optimized performance for a particular application. For
example, configuration 3 of the HIL-404 device allows 32 non-ideal switches, which can
be implemented in the FPGA, and this number is double when compared to the other
SPCs configurations [109].

4.2.3. EXPERIMENTAL SETUP AND RESULTS

The performance of the HIL-404 device as a controller for the MMC-based AWG is de-
monstrated with a scaled-down prototype. As discussed in Chapter 2 in Fig. 2.14, the
MMC-based HV AWG is aimed to be designed for the output voltage of 100 kV with a ca-
pacitive load up to 10 nF [99]. However, to test the controller performance, the output
voltage is scaled down to 150V, and it is tested with a higher capacitive load of 100 nF.
The arm inductance and arm resistance is designed to obtain the large signal bandwidth
of 27.4kHz and the small signal bandwidth of 49.3 kHz considering the goal of generating
5 kHz waveform. The scaled-down prototype is shown in Fig. 4.12 with two submodules,
and these system parameters of the scaled-down MMC hardware setup are summarized
in Table 4.3.

The performance of the scaled-down prototype is demonstrated with sinusoidal wave-
forms with different frequencies, such as 1kHz, 3kHz, and 5kHz in Fig. 4.13. These
figures show the output characteristics, such as the voltage and current of the MMC-
based AWG. Additionally, it is important to verify that the submodule capacitor voltages
are well-balanced. Hence, they are displayed for a long duration of 1s. The submodule
capacitor voltages are balanced to a particular average value for all three waveforms and
are not deviating away. However, the average value of submodule capacitor voltages is
different for higher switching frequency waveforms. Please note that the implemented
control system for the MMC-based AWG is an open loop. Generally, the open loop con-
trol is sufficient for the MMC-based AWG at lower frequency waveforms, as shown in Fig.
4.13(a), with a proper choice of switching frequency. Chapter 3 in Section 3.3.4 explains
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Tabel 4.3: System Parameters of Down-Scaled MMC Setup

No. Description Label Value
1. DC link Voltage Ve 300V
2. Output Voltage Va 150V
3. Number of Submodules N 2
3. Modulation Index mgy 0.9
4.  Submodule Capacitance Cs 75uF
5. Load Capacitor Cload 100 nF
6. Arm Inductor La 247uH
7. Arm Resistor Ra 90 Q2
8. Large Signal Bandwidth ~ fjoey 27.4kHz
9. Small Signal Bandwidth ~ f345  49.3kHz

DC Source DC Link Typhoon HIL

Capacitor—@ Isolated Aux.
Power Supply

Figuur 4.12: Scaled-down hardware prototype of the MMC-based AWG with Typhoon HIL as a
controller.

that the the switching frequency should be a non-integer multiple of fundamental fre-
quency. However, when the fundamental frequency is higher than 1kHz, an additional
criteria needs to be considered which is that the sideband frequency 2NF; should be an
integer multiple of the fundamental frequency to balance the submodule capacitor vol-
tages [59]. Moreover, the quality of the obtained waveforms is shown in the Frequency
domain, and the THD values are summarized in Table 4.4, along with the selected value
of switching frequencies. It is essential to highlight that the THD of all three sinusoidal
waveforms is roughly around 1 %.

Additionally, the performance of the MMC-based AWG is shown with other arbitrary

Tabel 4.4: Performance of the MMC-based AWG for High Frequency Generation

Waveform Switching Frequency = THD

Sin with 1 kHz 100.750 kHz 0.4 %

Sin with 3 kHz 144.750kHz 0.9 %

Sin with 5 kHz 144.750kHz 1.2%
Tri with 5 kHz (Filter 1) 144.750 kHz 411 %
Tri with 5 kHz (Filter 2) 178.750kHz 3.62 %

Square with 50 kHz 100.750 kHz 2.01 %
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Figuur 4.14: Triangular waveform with 5 kHz Frequency (a) Filter 1 and switching frequency of 144.750 kHz (b)
Filter 2 and switching frequency of 178.750 kHz

wave shapes, such as triangular and square waveforms. First, the triangular waveform is
generated at a high frequency of 5kHz, as shown in Fig. 4.14(a). Apart from the output
characteristics and submodule capacitor voltages, frequency domain analysis is perfor-
med to verify the quality of the waveforms. It is visible that the output waveform is not
following the reference waveform well after 5t harmonics (25 kHz) since the designed
filter has a large signal bandwidth around the same frequency. Hence, another filter is
designed by reducing the load capacitance to more realistic values to 6 nF and increasing
the arm resistance to 256 (2, while the value of arm inductance is kept the same. This fil-
ter has large signal bandwidth of 200 kHz and small signal bandwidth of 631 kHz. The
effect of the new filter is shown in Fig. 4.14(b). Here, the frequency domain harmonics
are improved. However, the output voltage waveform has more switching harmonics
since the suppressing frequency is farther away with the new filter. This problem can
be solved by having higher number of submodules and by having a closed-loop control.
Additionally, the submodule capacitor voltages are well balanced since the large-signal
bandwidth is far from the fundamental harmonics. The quality of these arbitrary wave
shapes is calculated by adapting the definition of THD as follows in (3.30). The values
of THD for two high-frequency waveforms are 4.1 % and 3.6 % with Filter 1 and Filter 2.
Due to a larger bandwidth, Filter 2 improves the THD better.

Apart from the triangular waveform, a square waveform is generated from the MMC-
based AWG since this is a typical voltage stress experienced by the HV equipment in the
inverter-dominated electrical network. The main focus of the test is to check the slope.
Hence, a nominal frequency of 50 Hz is chosen with Filter 1 and switching frequency of
100.750kHz. Its performance is shown in Fig. 4.15. The submodule capacitor voltages
are balanced with a slightly different average value. It could be because of the DC part
present in the square waveform. Additionally, the frequency domain waveform resem-
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frequency.

bles the output waveform and the reference waveform, and the obtained THD value is
2.01 %. Moreover, the zoomed version of the slope of the square waveform is shown
in Fig. 4.15(b). Based on the output current circuit shown in Fig. 3.3, the slope can
be theoretically calculated as five times the R,Cjoaq time constant. The slope of 20 us is
obtained, which can be further improved with a more realistic load capacitances and a
smaller value of arm inductor.

In summary, the MMC-based AWG can generate arbitrary wave shapes up to 5 kHz with
THD less than 5 %, matching the industrial standard for voltage quality [88]. Apart from
the controller accuracy, other factors such as the filter design (Ry,La, Cjpad), choice of
switching frequency, and the number of submodules play a crucial role in obtaining a

good quality of voltage waveform. A closed-loop control can improve the accuracy of
the generated waveforms.

4.3. CONCLUSIONS FOR CONTROL ASPECTS OF THE HV AWG

Among many possible control methodologies available for the MMC topology, active
damping control methodology is investigated in the first half of the chapter to eliminate
the losses occurring in the arm resistor. Even though active damping methodologies
have been implemented for converter topologies, it is verified that the bandpass filter-
based active damping methodology can be implemented when non-sinusoidal complex
waveforms are generated from the MMC. Since there are two closed loops present in
the proposed system, studying the stability criteria is necessary, and it is done using
the bode plot and the pole-zero plot. With the designed gains for the PI controller, the
performance of the implemented closed-loop control system is verified with MATLAB-
Simulink simulations with scaled-down parameters of the HV AWG, and it is important
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to highlight that the THD of the obtained waveform is within 1 %. Moreover, it is obser-
ved that the losses have been significantly reduced by implementing the active damping
methodology. However, considering the involved computation cost and accuracy of me-
asurement, passive damping methodology is implemented in further work of HV AWG.

Since the RTS can have many FPGAs in parallel and offer a simpler way to configure the
FPGA without knowing the VHDL language, one of the commercially available RTS is se-
lected considering the minimum possible simulation step offered in the second half of
the chapter. Since the HV AWG application have reference waveform at high-frequency
in the kHz range, it is crucial to have the simulation step in hundreds of nanoseconds.
The selected commercial device is Typhoon-HIL 404, and it can withstand the harsh
EMC environment in the HV testing facility. The performance of the Typhoon HIL is
demonstrated with the scaled-down prototype, where large-signal bandwidth of 5kHz
is achieved with THD within 5 %. Here, the importance of filter design and choice of
frequency is showcased, and how it is critical when the frequency of the reference wave-
form increases in the kHz range. These experimental results prove that the MMC-based
AWG can go up to 5 kHz to generate accurate waveforms, fulfilling the Box 1 requirement
of the HV AWG.



STEEP PULSE GENERATION

As described in Chapter 2, the HV test requirement includes steep pulse generation like the
Lightning Impulse (LI) waveform, and it is defined by Box 2 in Fig. 2.14. This chapter aims
to understand the challenges present with the MMC topology to generate fast-rising wa-
veforms, where one of the significant challenges is the current capability of the switches.
To obtain a steep pulse across the capacitive test object, fast rising current waveform must
flow in the MMC. Hence, the pulse current capability of various discrete switch technolo-
gies is compared experimentally to check if it can reach the requirement posed in Chapter
2. Since it turns out to be a very complex design using a MMC to generate steep pulses,
Marx generator circuits are chosen to create waveforms that have a rise time faster than
100 us. Additionally, for complex waveforms, an integrated hybrid circuit of MMC and
Marx generator is designed. This chapter studies the coupled circuit in detail to find out
that the MMC circuit influences the impulse generation and it interferes with the impulse
formation if the time constants formed by the MMC output circuit are close to one of the
time constants of the impulse waveform. However, with the MMC parameters carefully
designed, it is possible to generate complex waveforms from the integrated hybrid circuit,
and its performance is demonstrated with the scaled-down prototype and HV Simulati-
ons.

This chapter is based on following research articles:

* D. A. Ganeshpure, A. P. Soundararajan, T. B. Soeiro, M. G. Niasar, P. Vaessen and P. Bauer, "Compari-
son of Pulse Current Capability of Different Switches for Modular Multilevel Converter-based Arbitrary
Wave shape Generator used for Dielectric Testing of High Voltage Grid Assets,"2022 24th European
Conference on Power Electronics and Applications (EPE’22 ECCE Europe), Hanover, Germany, 2022,

pp. 1-11
* D.A.Ganeshpure, T. B. Soeiro, M. G. Niasar, N. Kulkarni, Pavol Bauer, and P. Vaessen, "Design of Integra-
ted Hybrid Configuration of Modular Multilevel Converter and Marx Generator to Generate Complex

Waveforms for Dielectric Testing of MV and HV Grid Assets", Revision is submitted, IEEE Open Journal
of the Industrial Electronics Society - July 2023
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5.1. INTRODUCTION

This chapter performs a feasibility study if it is possible to generate steep pulses such as
LI waveforms from the MMC-based HV AWG. Chapter 2 has introduced many complex
arbitrary wave shapes, and Fig. 5.1 shows specific waveforms, which include SI and LI
waveforms. As described earlier, Fig. 5.1(c) and Fig. 5.1(d) can be generated using the
superimposed circuit described in Fig. 2.10. However, Fig. 5.1(a) and Fig. 5.1(b) can not
be generated by conventional HV test sources or test circuits. Hence, this chapter dives
deeper into the feasibility study of the steep pulse generation and finds an integrated
hybrid circuit to expand the capability of the MMC-based HV AWG.
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Figuur 5.1: Typical complex voltage waveforms required for the dielectric tests of grid assets
[110][111][99][112].

5.2. CHALLENGES GENERATING STEEP PULSES FROM MMC

There are several challenges for generating LI from an MMC, and they can be summari-
zed as follows:

* A pulse current with large magnitude and fast rise
* Compensation of jitter in several series-connected switches
e Large stray inductance in the circuit

As discussed in Chapter 2, the typical value of dielectric capacitance found in MV and
HV grid equipment ranges from 50 pF to 10 nF [16]. Considering the worst-case scenario
that the LI waveform with 250kV is applied across a capacitive load of 10 nF, it creates a
pulse with large magnitude. From the schematic of MMC-based HV AWG in Fig. 5.2(a),
itis possible to derive the equivalent circuit to calculate the exact current required to ge-
nerate LI in Fig. 5.2(b). Based on this equivalent circuit, the submodule current required
to generate LI waveform for the worst case scenario is shown in Fig. 5.3. The rise of 0.2 us
is calculated as the difference of time instants when the current magnitude is 10 % and
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Tabel 5.1: Application Requirement on Pulse Current

Pulse Current (A)  Rise time (us)  Slew rate (A/us)
1685 0.2 8425

90 % of the peak current. Table 5.1 summarizes the pulse current required for generating
LI Suppose the high current-rated IGBT modules are chosen to be incorporated into the
MMC considering the generation of short impulses. In that case, the MMC-based HV
test source will be bulky and costly. Moreover, other low-frequency waveform tests do
not need a high current. Therefore, this chapter investigates the pulse current capabi-
lity of commercially available TO-packaged discrete switches instead of modules, which
could be suited for the LI tests of grid assets.

Apart from the pulse current capability, the MMC structure has several SMs in series,
which creates two more problems, as summarized above. To generate the steep pulse in
the range of few of ys across the capacitive load, all switches have to be fired together,
and it needs a dedicated control and communication architecture, as discussed in [113].
Direct fiber optic to trigger all multi-stages of MMC is proposed to limit the jitter with
distributed control on each stage. The next problem is the stray inductance present in
the series-connected large SMs, and it can limit the rise time generated across the capa-
citive load. In this chapter, the pulse current capability of the TO-packaged switches is
studied experimentally to check if they are suitable for the steep pulse generation from
MMC.

Lﬂ Ra

T Lower arm Test object  UPPeT Arm
Vd/z"'

a R a Vll L/2

Figuur 5.2: (a) Schematic of the MMC-based HV AWG (b) Equivalent circuit of MMC for LI operation.

5.3. PULSE CURRENT CAPABILITY

All switch manufacturers mention pulse current capability with other electrical proper-
ties in their datasheets. However, the single pulse current amplitude mentioned in these
data sheets is rather limited to 2 to 3 times the rated continuous current at 25 °C junc-
tion temperature. Additionally, the short circuit test results on different semiconductor
devices indicate that these devices can withstand much higher pulse current for short
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Figuur 5.3: LI voltage waveform and the required current provided by the MMC.

duration [114] [115] [116] [117]. However, these studies have analysed only the pulse
current capability of a single switch technology, and benchmarking among other tech-
nologies is missing. In [117], pulse current capability of Silicon Carbide (SiC) MOSFET
is compared with Field Stop (FS) IGBT. This section presents a comparison of 8 switches
with different switch technologies and manufacturers to obtain the highest peak current
with a fast rise time. The categories of different comparison is as follows:

* Comparison among Non-Punch Through (NPT) IGBT technology, Si Cool MOSFET
technology, and SiC MOSFET technology

+ Comparison between 2"4 and 3™ generation SiC MOSFET technology
 Comparison between FS IGBT technology and 3™ SiC MOSFET technology

* Investigation of the NPT IGBTs with a different blocking voltage rating

5.3.1. THEORETICAL BACKGROUND AND ADOPTED METHODOLOGY

The current capability of a particular switch is limited by various factors such as its on-
state resistance, thermal stability limit, and package limit [118]. Fig. 5.4(b) shows these
factors for a CREE-Wolfspeed device named C2M0160120D. Fig. 5.4(a) shows the ther-
mal impedance of the same switch for a single pulse with variable duty (0.01 to 0.5). As
it is visible, the thermal impedance drops significantly as the pulse length is shortened,
and thus this property enables the switch to safely conduct pulse currents of magnitu-
des much greater than its own rated current. As highlighted in Fig. 5.4(b), this chapter
aims to find a safe operating point outside the typical SOA given in the switch datasheets
for a single pulse application without damaging the device. The idea is to perform the
pulse current tests in an MMC submodule prototype especially designed for the AWG
application where TO-packaged switches can be implemented. Therein, various switch
technologies are tested, and later their performances are benchmarked to find the most
suitable switch technologies for the MMC-based HV AWG.
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Figuur 5.4: C2M0160120D (a) Transient Thermal Impedances (Junction - Case) (b) Safe Operating Area.

Since the requirements of the HV AWG application demands high pulse currents si-
milar to the short circuit tests, switches are tested by discharging the charge stored in
the capacitor into the Device Under Test (DUT) via an auxiliary loop that has minimal
stray inductance and resistance to obtain the highest peak pulse current with the fas-
test rise time. Various external electrical factors determine the magnitude and rise time
of the peak pulse current. The factors that affect magnitude of peak pulse current are
Gate to Source/Emitter voltage (Vgs/Vge) and Drain/Collector to Source/Emitter voltage
(Vps/VcE). Vgs/ Ve determines the thickness of the conduction channel and hence hig-
her values of Vgs/Vgg results in a thicker conduction channel. Hence more electrons can
pass through the channel. Vpg/Vcg determines the potential difference applied across
the bulk of the switch. Higher values of Vpg/Vcg results in higher potential difference
applied across the bulk during the linear region of conduction and hence higher drain
current. The gate resistance (Rg) determines the rise time directly as the time constant
of the conduction channel is directly proportional to Rg [115]. Lower value of gate re-
sistance results in a faster turn-on of the DUT. Thus, the lowest value of Rg is preferred.
At high values of Vpg/Vcg, all DUTs undergo saturation because of pinch-off, limiting
the peak pulse current magnitude to its final value [119]. Additionally, such a high mag-
nitude of current heats up the DUT, resulting in increased bulk resistance of the DUT,
reducing the peak magnitude of the current even further [120]. Therefore, first, the ef-
fect of the above-mentioned electrical parameters is studied experimentally using single
switch technology. Later, the electrical behavior of different switch technologies with
the same aforementioned electrical parameters are compared to one another to find out
the most suitable technology that could satisfy the high current demand of the HV AWG
application.

To study the pulse current capability, multiple switches are chosen, and their details
are summarized in Fig. 5.5. First, Cree-Wolfspeed C2M0160120D device is selected
to test the experimental setup for constant Vgs while applying variable Vpg and vice-
versa. Additionally, the same tests are repeated on three different devices to understand
their behavior statistically. The three boxes in Fig. 5.5 represent different groups for
comparing the pulse current behaviors of various switch technologies. IGBTs are clas-
sified into NPT, Punch Through (PT), and Trench Gate Field Stop (FS) based on the
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presence of an n+ buffer layer. Among these, NPT IGBT (SGW25N120) and FS IGBT
(IHW40N120R5) from Infineon are selected to investigate their pulse current capabili-
ties. Additionally, more NPT IGBTs from IXYS with higher blocking voltage capability,
such as 1.7 kV (IXGH24N170) and 3.0 kV (IXBH20N300), are added to the list. MOSFETSs
are inherently famous for their faster switching characteristics over current carrying ca-
pacity. Therefore, Cool Si MOSFET (IPW90R120C3) from Infineon is selected to obtain a
faster rise time. Since SiC MOSFET combines higher current carrying capability and fast
switching characteristics, multiple devices from CREE-Wolfspeed with different current
capabilities are selected to compare with other technologies.

No. Device name Manufacturer \(f‘F;r)t 25 I? é1€ A) l(l'x!ic f(gpvl(':n(g‘(;)
N Y Py R R e
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Figuur 5.5: Details of the tested switches.

5.3.2. EXPERIMENTAL SETUP AND RESULTS

Fig. 5.6(a) shows the schematic of the test circuit to characterize the selected switches
with an installed capacitance of 198 uF. In the actual test setup, the circuit is realized
using a half-bridge submodule of an MMC where the high side switch is shorted using
a wire for current measurement, and the low side switch acts as a DUT. Indeed, even if
the submodule PCB design is optimized, some stray inductance and stray resistance are
added to the auxiliary loop. Their respective values are measured from the setup when
the DUT is not inserted in the DUT holder. Hence, the stray inductances and resistances
are measured with an impedance analyzer (Agilent 4294 A) in two steps. Firstly, these
values are measured from the positive DC voltage to the Drain of the DUT. Secondly,
these values are measured from the Source of the DUT to the negative DC voltage. By
adding these values, the loop inductance and resistance can be calculated as 120 nH and
160 mS2. This means that the different switching technologies from different manufac-
turers can add different inductance and resistance to the auxiliary loop. The packaging
of these discrete switches can add significant inductance to the loop, as illustrated in
[121]{122]. That is why it is crucial to investigate the pulse current capability of diffe-
rent switches experimentally. Furthermore, the test circuit is studied in the LTspice with
a SiC MOSFET from Cree-Wolfspeed (C2M0160120D) with its actual spice model, and
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the simulation results are compared with the experimental setup in Fig. 5.6(b). If the
stray inductance and resistance are reduced from 120 nH and 160 m{2 to 30 nH and 40
m{? in the spice model, the peak pulse current and the rise time of current waveform do
not change. That means the DUT is saturating and limiting the pulse current over the
stray inductance and resistance. The drain/collector current flowing through the DUT
is measured using a Panasonic current sensor model 411. The Vps/Vcg and Vgg/ Vg are
measured using a differential probe from Keysight N2791A.
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Figuur 5.6: (a) Schematic of the test setup (b) Comparison of LT-spice simulation and experimental results of
C2M0160120D .
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Figuur 5.7: Experimental setup for pulse current test of various switch technologies.

The experimental setup is shown in Fig. 5.7. As discussed in the previous section, several
circuit parameters affect the pulse current characteristic of the DUT, such as Vgs/Vgg,
Vps/VcE, and the turn-on gate resistance (Rgon). To obtain the fastest rise time from
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the DUT, the external turn-on gate resistance is set to 0 € for testing limits of all DUTs.
Please note that the discrete switches have an internal gate resistance that limits the
current rise time. However, the turn-off transient of the switch is limited by a much
higher turn-off gate resistance (Rg,off), and the selected value is 10 €2 for all DUTs. The
effect of Vgs/Vgg and Vps/ Vg are studied with a SiC MOSFET (C2M0160120D), as shown
in Fig. 5.8. With higher values of Vgs/Vge and Vps/Vcg, higher peak pulse currents are
obtained with a faster rise time. However, the peak pulse current is more sensitive to
Vgs/VgE since it directly affects the thickness of the conduction channel that carries the
current. Moreover, for the same Vgs/VgE, the peak current capability is saturated for
higher values of Vpg/Vcg, as it is visible in Fig. 5.8(b). These findings complement the
theoretical understanding of these external electrical factors affecting the pulse current
magnitude. Additionally, these tests are performed on multiple devices, their peak pulse
currents are almost the same, and a maximum difference of 1.2 % is found. Hence, for
other DUTS, statistical analyses are not performed.
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Figuur 5.8: C2M0160120D (a) Effect of the turn-on-gate-to-source voltage for constant Vpg = 400V (b) Effect
of applied drain-to-source voltage Vgg =20 V.

The first box from the list of tested switches consists of the NPT IGBT, Si Cool MOSFET,
and SiC MOSFETs from 2" and 3'9 Generation with roughly the same rated current ca-
pability. The pulse current obtained from these four different technologies are compared
at Fig. 5.9(a) for Vgs = 20'V. Since Vgg/Vgs and Vg /Vps waveforms follow a similar pro-
file as shown in Fig. 5.8, they are excluded in Fig. 5.9 and further figures. It is visible that
the NPT IGBT conducts a much higher magnitude of pulse current than all three techno-
logies. However, Table 5.2 presented the rise time and obtained a slew rate, where NPT
IGBT has the slowest rise time. Whereas the tested Si Cool MOSFET delivers the fastest
rise time of 0.450 us considering its superior switching performance. However, Si Cool
MOSFET has an almost flat current profile compared to SiC MOSFET and Si IGBT, where
higher Vs values does not increase the peak current but only reduce the rise time. In the
case of SiC MOSFETs, the current profile is significantly different at the peak and at the
end of 4 us. The 3" generation SiC MOSFET performs better than the 2°¢ generation for
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Figuur 5.9: Vgg =20V and Vpg = 300V: Comparison of (a) SiC MOSFETs, Si MOSFET, and NPT IGBT (b) ond
and 3" generation SiC MOSFETs.

Vs =20V both in terms of the peak current and the rise time. However, this behaviour
has changed at Vgg = 24V in terms of the peak current obtained, as shown in Fig. 5.9(b).
This change can be attributed to the difference in the operating range of Vgs of 24 and
3'd Generation SiC MOSFETs.

Tabel 5.2: Comparison Among 20d and 3" Generation SiC MOSFETs, Si MOSFET, and NPT IGBT

C3M0075120D C2M0080120D
Gen SiC MOSFET | Gen SiC MOSFET
1.=32A,1,=80A I.=36A, [,=80A

Vgs (V) 15 20 24 15 20 24
Pulse current obtained (A) | 191 | 286 | 307 | 163 | 271 | 314
Times the rated current 6 8.9 9.6 45 | 753 | 8.7

Rise time (us) 1.01 | 0.57 | 0.46 | 1.43 | 0.73 | 0.55
Slew rate (A/us) 189 | 502 | 667 | 114 | 371 | 634
IPW90R120C3 SGW25N120

Cool Si MOSFET NPT IGBT

1.=36A, [,=96 A I.=46 A, [,=84 A

Vgs (V) 15 | 20 [ 24 | 15 [ 20 | 24

Pulse current obtained (A) | 297 | 296 | 295 | 281 | 476 | 570
Times the rated current 8.2 8.2 8.2 6.1 | 103 | 12.4
Rise time (us) 0.53 | 0.42 | 0.44 | 1.06 | 1.04 | 1.04

Slew rate (A/us) 560 705 670 265 458 548

Fig. 5.10(a) compares the pulse current capability of NPT IGBTs with different break-
down voltage ratings. The peak current obtained from 1.7 kV rated switch is the highest.
However, the rise time to reach the peak current increases as the blocking voltage ra-
ting of the devices increases since their switching performances are poorer with a higher
blocking voltage rating. Fig. 5.10(b) compares the performance of the 3™ Generation
SiC MOSFET and FS IGBT at Vg = 24 V. SiC MOSFET performs much better with respect
to both the peak current capability and the rise time, and it is summarized in Table 5.3,
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Figuur 5.10: Vgg = 24V and Vpg = 300V: (a) Effect of blocking voltage for NPT IGBTs (b) Comparison of SiC
MOSFETs and FS IGBT.

which was also observed in [117].

Tabel 5.3: Comparison between 3" Generation SiC MOSFET and FS IGBT

C3M0016120D ITHW40N120R5
3'd Gen SiC MOSFET FSIGBT

[c=81A, [,=200A 1c=80A, Ip:ZOOA
VGS (V) 15 20 24 15 20 24
Pulse current obtained (A) | 579 809 905 287 554 697
Times the rated current 7.2 10 11.2 4.5 6.9 8.7
Rise time (us) 247 | 1.24 1.06 1.27 | 1.32 | 1.36
Slew rate (A/ us) 234 652 854 226 420 521

5.3.3. DISCUSSION OF EXPERIMENTAL RESULTS

The quantitative comparison from the last section shows that the 3™ generation SiC
MOSFET with 30A current rating has a comparable rise time as the Si Cool MOSFET
(0.040 us faster). Additionally, the amplification factor of the peak current with respect
to the rated current for the same SiC MOSFET is 9.6, which is 9.3 % higher than the Cool
MOSEFET but 30 % lower than the NPT IGBT. However, the slew rate obtained from SiC
MOSFET is higher than the NPT IGBT by 17.8 %. In Table 5.2, Cool Si MOS delivered
the highest slew rate of 705 A/us, which is 5.6 % higher than the SiC MOSFET. When the
30 A rated SiC MOSFET is compared with the 81 A rated SiC MOSFET, the latter delivers a
much higher peak current, however, with a slower rise time. Additionally, the 81 A rated
SiC MOSFET has achieved the highest slew rate among all tested switches, which is 17.5
% higher than the Si Cool MOSFET.

Apart from the quantitative comparison, it is important to understand qualitatively why
different switch technologies behave differently in Fig. 5.9 and Fig. 5.10. The Si MOSFET
has the flattest current profile, whereas the drain current of SiC MOSFETs rises to a peak
and reduces to a lower value at the end of 4 ys. Compared to these two technologies, Si
IGBTs exhibit similar behavior of flat current profile with the Si MOSFET, with a much
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slower rise time. In all three device technologies, the DUT is saturated, and the conduc-
tion channel is pinched off considering the high value of the applied Vps/Vcg [119]. The
pinched-off state of the conduction channel adds significantly higher resistance for the
drain/collector current to flow, and hence the peak value of the drain/collector current
is limited. Additionally, when such a high current flows in the device, the temperature
inside the substrate increases, and hence the overall bulk resistance increases. This rela-
tionship is linear in Si MOSFET and Si IGBT [123]. Hence, they have a flat pulse current
profile in Fig. 5.9 and Fig. 5.10. However, SiC MOSFETs exhibit unique behaviour. When
the temperature of the SiC device rises, the conduction channel exhibits a negative tem-
perature coefficient. That is, the conduction channel resistance drops significantly, and
charge carrier mobility increases in the conduction channel leading to the conduction
of higher current magnitudes at the beginning of the current profile. But later, the re-
sistance of the drift region dominates the overall resistance of the device as it starts to
increase as the temperature increases leading to low values of drain current at the end of
the current profile [115][123]. Due to these two effects, the current in SiC MOSFETs rises
to a higher value and starts reducing to a lower value.

Apart from these dynamic factors, the obtained pulse current from various switches ge-
nerally depends on the thickness of the device since the on-state resistance or bulk re-
sistance directly depends on it. Among the different types of IGBTs, FS IGBT has the
smallest thickness compared to NPT and PT IGBTs [124]. Therefore, it gives a compara-
ble performance to a SiC MOSFET. With superior SiC material properties, the thickness
of SiC MOSFET is significantly lowered [125]. Combining this property with the positive
coefficient of channel mobility with temperature, SiC MOSFETs have superior perfor-
mance. Among the Si MOSFET and IGBT which have flat profiles, the IGBT allows a
higher peak pulse current considering its lower on-state resistance [119]. Nevertheless,
this highest slew rate obtained from the 81 A SiC MOSFET is ten times smaller than the
requirement of the application. Additionally, the obtained peak current and rise time
are two times lower and five times slower than the requirement. Hence, it can be conclu-
ded that the SiC MOSFET with a lower current rating and lower voltage rating will have
superior switching performance, which may give the fast rise time of 0.2 us. However,
multiple lower current rated SiC MOSFETs need to be connected in parallel to meet the
requirement of the peak current, similar to discussed in [126]. This makes the switch im-
plementation complex to generate such a severe dv/dt stress across the capacitive load.

5.4. MOTIVATION FOR THE HYBRID CIRCUIT

Even though the parallel operation of several low current rated SiC MOSFETs may sa-
tisfy the necessary peak pulse current capability, it is not ideal for the MMC-based HV
AWG to increase the complexity even further. Hence, another solution direction of hy-
brid circuit is explored in the following sections to satisfy the steep pulse requirement.
The hybrid circuit of an MMC and Marx generator combines the capability of these two
sources, making the complex waveforms with steep impulses possible. Fig. 5.11 sum-
marizes the additional capabilities offered by this hybrid HV test circuit compared to the
conventional HV test source circuit.
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Figuur 5.11: Summary of additional capabilities offered by the MMC-based HV AWG.

The traditional superimposed circuit in Fig. 2.10 can add an impulse waveform on a si-
nusoidal or DC waveform. However, the MMC-based HV AWG can generate other high-
frequency harmonics in the transient voltage stresses experienced by different HV equip-
ment with the limited rise time possible up to 100 us. This limit is set considering the arm
current flowing through the switches during steep rising impulses. However, when the
rise time is increased from 1.2 us to 100 s, the current peak shown in Fig. 5.3 is reduced
100 times. With the current peak reduced to roughly around 17 A, discrete switches with
5A to 9A can be chosen since they can withstand 2-3 times higher current than rated
values.

This chapter focuses on the hybrid circuit design and generation of the complex wave
shapes from Fig. 5.1(a) and (b) with LI and the two conventional test waveforms shown
in Fig. 5.1(c) and (d). Moreover, the capability of the MMC-based AWG is showcased
with 100kV output voltage in the MATLAB-Simulink simulation, and the test object is
kept the same as MV equipment (10 nF).

5.5. SCHEMATIC OF THE PROPOSED HYBRID CIRCUIT

Fig. 2.10 from Chapter 2 shows the IEC-recommended circuit for generating the wave-
forms which include DC or sinusoidal with steep impulses. Similarly, the MMC and Marx
generator circuit can be connected in parallel across the load capacitor, as shown in Fig.
5.12(a). It includes the complete schematic of the MMC-based HV AWG and a single
stage of the impulse generator. Additionally, some coupling elements are necessary to
protect two different circuits from each other, and their design is discussed in later sec-
tions. From the schematic of this hybrid circuit, it is clear that both test sources need
capacitor-based DC input sources. Considering the high cost and large sizes of the HV
DC sources and the capacitors, two possible integrated hybrid circuits are proposed in
Fig. 5.12(b) and 5.12(c) which combines the DC input side of these sources. Additionally,
the integrated circuit can reduce the preparation time for the superimposed test because
it removes the need to move different equipment and test objects from one lab section
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to another, which can be crucial in commercial testing.
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Figuur 5.12: MMC-based HV AWG to generate LI waveform.

The two proposed integrated hybrid circuits are pretty similar, except Fig. 5.12(c) has an
additional capacitor (Cg). From the basic understanding of the Marx generator circuit,
the input capacitor gets entirely discharged into the test object [127]. It means that the
DC link capacitance (Cpc) from Fig. 5.12(b) will be discharged after one impulse, which
is not suitable for the proper operation of the MMC-based HV AWG. Hence, Fig. 5.12(c)
has an additional capacitor Cse which does not allow the Cp¢ capacitor discharge during
the impulses by charging up the Cse capacitor negatively. This means that the voltage
combined from Cpc and Cg will be zero, keeping the working principle of the Marx ge-
nerator circuit intact. Additionally it is essential to highlight that the design of the hybrid
circuit in Fig. 5.12(a) and Fig. 5.12(c) is the same except for the additional design re-
quirement for the DC side in case of the later circuit. Please note that all sub-figures in
Fig. 5.12 contain single stage of Marx generator. To obtain higher voltage than the DC
source, multi-stage Marx generator circuit need to be used and its schematic is shown in
Fig. 5.13. However, the feasibility of the integrated hybrid circuit is conducted with the
single stage Marx generator and their design guidelines are discusses in the following
section.
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Figuur 5.13: Cascaded Marx generator circuit.

5.5.1. DESIGN GUIDELINES

Though the design guidelines of the MMC-based HV AWG and Marx generator are known,
the two test circuits are coupled with each other using two coupling elements. The first
one is the parallel resistor (Rp) connected just before the load capacitor, and it protects
the HV AWG during the impulse formation from high currents. The second element
is the coupling capacitor (Cy) which protects the impulse generator from the HV AWG
test source by blocking low-frequency waveforms. It is possible to use a capacitor or a
spark gap as a protective element. However, a capacitor offers more reliable operation
compared to the spark gap [128]. Please note that the design recommendations of the
above-mentioned two additional parameters are common for both the traditional and
integrated hybrid circuits. Moreover, the source capacitor (Cse) is added in the integra-
ted hybrid circuit, which helps to maintain the voltage across the split DC link capacitor
(Cpc) during the impulse formation. The design of the source capacitor can be derived
from the Marx generator design guidelines. However, it affects the DC side input of the
MMC-based HV AWG. Hence, it is essential to study its effect on the regular operation of
the MMC-based HV AWG. With these additional elements and the involved coupling of
two circuits, the design of such an integrated hybrid circuit needs to be carefully done
analytically, with a simulation model and experimental setup. For simplicity, the analy-
tical study of the integrated hybrid circuit is divided into three parts, i.e., Marx generator
side, MMC side, and the coupled circuits, and each part is elaborated in the following
subsections.

FROM MARX GENERATOR SIDE

Fig. 5.14(a) shows the schematic of the equivalent Marx generator circuit adapted from
the integrated hybrid circuit. Here, the DC side input capacitor (C;) is a series combina-
tion of two capacitors Cse and Cpc and the load capacitor (C,) is also a series combina-
tion of two capacitors Cp and Cjpaq. In this circuit, the impulse waveform is formed by
subtracting one exponential function from another, as shown in Fig. 5.14(b). Mathema-
tically, the impulse waveform is represented in (5.1), where the relationship of the circuit
parameters (R¢, Ry, C; and C;) to the time constants (@; and a») is shown from (5.2)
to (5.5) [7]. The first exponential function (e~*1?) dictates the tail time of the impulse,
and the second exponential function (e”%2!) decides the front time of the impulse. The
rise time and the tail time of the impulse can be altered using the front resistor (Rf) and
the tail resistor (Ry,), respectively. Here, Vi, is the magnitude of both of the exponential
functions, and the V;, is the peak amplitude of the obtained impulse waveform.
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Figuur 5.14: (a) Equivalent Marx generator circuit (b) Impulse formation.

Tabel 5.4: Relationship of Time Constants of Impulse Waveforms to a1 and a»

Impulse Waveform 1/a; (us) 1/az (us)
Lightning Impulse (1.2 us/50 us) 68.2 0.405
Switching Impulse (250 us/2500 us) 3155 62.5
vi(1) = Vip(e™ ™' —e™%20) (5.1)
a_ [a,
ay,a2==—F1/(=)"-b 5.2
LA2=7 (2) (5.2)
1 1 1
a= + + (5.3)
RfCl Rng R, C;
1
b= —— — (5.4)
Rthcl C2
k= Rsz (5.5)
V= — 10 (5.6)
"7 klaz—ay) '

Though it is evident that the time constants (a; and a») in the exponential functions
dictate the rise time and tail time of the impulse waveforms, the relationship is irrational,
and it must be computed numerically as done in [7]. Table 5.4 shows the relationship for
the most common impulse waveforms in the HV testing. Based on these values, the
front resistor and tail resistor can be calculated from (5.7) and (5.8) for the given value
of capacitances (C; and C). The square-root term must exceed zero to obtain real front
and tail resistor values. Hence, this puts a maximum condition on the ratio of C; and C,
capacitors for real values of front and tail resistors, and it is shown in (5.9).

1 1 1 1 1 4(Cq + C:
__[(_+_)_\/(_+_)2_M] (5.7)
aq a)

ay ar1axCy

1 1 1 1 1, 4C+G)
Rp=co——l(—+)+/(—+—)" —————1 (5.8)
aq (4% alaZCZ
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G _ (a1 -a)?

< (5.9)
Cg daias

The following important criterion for creating design guidelines for the Marx generator
is the voltage efficiency () of the impulse waveform. Fig. 5.14(b) makes it clear that
the peak of the impulse waveform (Vp) will always be less than the charged voltage (Vi)
of the input capacitor. However, it is possible to obtain higher voltage by having Marx
generator with multiple stages, as shown in Fig. 5.13. Here, for the single stage Marx
generator, the voltage efficiency (1) is defined as the ratio of V, to Vi, and the magnitude
of V}, can be obtained by finding the maxima of expression (5.1), and this leads to the
efficiency expressions, as shown in (5.10)[7]. If C; > C; and a» >> a, the efficiency ex-
pression can be simplified, and it is shown in (5.11). This means that the ratio of C; and
C, should be as large as possible to obtain high voltage efficiency. However, it should be
less than the value calculated in (5.9) to obtain real values of front and tail resistors for
the given impulse waveform.

_ (az/a) " [az/ (a1 —a2)] — (a2/a1) " [/ (@2 — a1)]
k(az—ay)
1

1+ GUCh

(5.10)

n (5.11)

From MMC SIDE

Fig. 5.15 shows the equivalent circuit of the MMC when integrated with the Marx gene-
rator. It has three additional elements which are the parallel resistor (Rp), the coupling
capacitor Cy, and the tail resistor Ry,. All three are affecting the normal operation of the
MMC-based AWG. Hence, their selection must consider the following three conditions:

e The transient current is limited within the permitted range of the switches and
other passive elements during the superposition of impulse waveform

e The continuous arm current values need to be less than 5 A considering the rating
of the designed switches

* The output voltage should not be dropped more than 1 % due to the increased
load to the MMC.

e The normal operation of MMC needs to be restored, like balancing SM capacitor
voltages and quality of output voltage waveform.

As explained earlier, the parallel resistor (Rp) is added before the load capacitor to pro-
tect the MMC from high transient currents generated when the impulse is superimposed
on the arbitrary waveform. However, the equivalent circuit from Fig. 5.15 shows that the
parallel resistor is in series with the arm resistor (Ry), and it can protect the MMC from
transients generated during the impulse formation. This will reduce the requirement for
an additional HV resistor. Hence, the arm resistor, apart from damping the resonance
in the MMC-based AWG between the load capacitor and arm inductor, is designed to
limit the arm current transient occurred due to the sudden change in the output voltage
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R2 Lg2 R, |
a

Figuur 5.15: MMC Side.

(va) during the superposition of LI. As per the transfer function of the output current
circuit of the MMC from Fig. 5.15, the minimum value of R, to avoid undesired oscil-
lations is defined in (5.12) [99]. It considers only the load capacitance instead of the
series connection of two capacitances since the coupling capacitor is connected to the
Marx generator, and a higher value of R, is needed to avoid oscillations during the im-
pulse formation. Secondly, the resistance limits the peak current, and its magnitude can
be estimated using the following expression (5.13). Additionally, the large arm inductor
value reduces the di/dt on the switches, as shown in (5.14).

8L
Ry=1/(—%) (5.12)
Cload

Vp
I,;=— 5.13
u,l R, ( )

di
Lazvp/(d—”t") (5.14)

The effect of the added load (Cy, & Ry) to the MMC can be studied by finding its trans-
fer function, and it is shown in (5.15) to (5.17). This transfer function clearly shows that
the load has changed the typical second-order low-pass filter with two poles to a system
with three poles and one zero. From the bode plot of this transfer function, the magni-
tude at the reference frequency of the MMC should be checked so that the voltage drop
across the load of the MMC can be determined. Moreover, this added load affects the
continuous arm current flowing through the MMC. The value of the coupling capacitor
should be much higher than the load capacitor to obtain a higher voltage drop across
Cioad compared to Cy,. However, it can overload the MMC, affecting the output voltage
peak and drawing excessive current from the MMC. Assuming the value of Cy, is much
larger than Cjoyq, the value of the coupling capacitor dictates the current flowing from
the arm current (I,,; = V,wCp/2). This current consumption should be kept within 54,
considering the design specification of the test source. Generally, the chosen value of R,
is significantly less compared to the impedance of the capacitor.
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Vals) 2(CpRps+1)
- (5.15)
Vsls]  CpCroadLaRps3 + psz +gs+2
p=CioadaRaRn+La)Cp+ CiogaLa) (5.16)
q=((Rs+2Rp)Cp+CioaaRa) (5.17)

The equivalent load of the MMC-based HV AWG is capacitive. Hence, there is no signi-
ficant active power transfer in the MMC, with the average circulating current being zero
[99]. Additionally, the output current requirement is not high (less than 5A). Hence, the
SM capacitor voltage balancing can be maintained with Phase Shift Carrier (PSC) mo-
dulation technique since it inherently uses the SMs evenly [67]. A similar principle is
applied in this case since the value of the tail resistor is low.

CouPLED CIRCUIT

Fig. 5.16 shows the equivalent circuit of MMC together with the Marx generator circuit
and the coupling capacitor. In the following subsections, the coupled circuit is analysed
from the DC side, and the Marx generator circuit design is revisited with considering the
influence of the MMC branch (L,/2 and R,/2).

R,
CS e

=i ti/2

lll(l c s

Figuur 5.16: Coupling with integrated hybrid circuit.

INPUT DC SIDE

The input DC side is the same for the two test sources for the integrated hybrid circuit.
Hence, it is essential to look into the design of the DC link capacitors (Cpc) and the
source capacitor (Cge) while considering the coupling of two test circuits, as shown in
Fig. 5.16. The DC link capacitance value should be as large as possible since it main-
tains the DC link voltage and generate proper bipolar waveforms without any offset in
the MMC output voltage. However, as the DC link voltage increases, finding capacitors
commercially available for more than a few hundred nanofarads is more problematic.
This capacitor provides the continuous arm currents (i, =ic +is/2) for the MMC, and it
acts as a DC source to charge the Marx generator capacitor (Cge) with the impulse cur-
rent (i;). The value of this DC link capacitor can be decided based on the allowed voltage
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rippled due to the continuous MMC arm current (dv;) and due to the short and very
steep impulse (dvy). The value of Cge should be chosen based on the ratio required for
the better efficiency of the Marx generator, as shown in (5.9).

1 I

Cpc= 5.18
DC afdn 2 (5.18)
Is=myVpen fCy (5.19)
1 500us
CDc=—f i;dt (5.20)
duvs Jo

MARX GENERATOR WITH MMC

Fig. 5.16 shows the complete coupled circuit where the MMC branch (L,/2 and R,/2) is
connected parallel to the load capacitor (Cjaq). This inductive load changes the beha-
vior of impulses generated with the hybrid circuit of the MMC and the Marx generator.
Generally, the superimposed circuit discussed in [110] and [111] does not have this effect
since the transformer or HV DC source has a large impedance, reducing its effect on the
Marx generator. However, the arm inductor present in the MMC is finite, and it can not
be increased infinitely since it decides the output voltage characteristics of the MMC.
Though the equations from (5.1) to (5.11) give an excellent understanding of the Marx
generator, it is important to analyse the updated circuit with the influence of the MMC
branch, as shown in Fig. 5.17. The influence of the added MMC branch can be studied
by calculating the equivalent parallel resistor (Req) and equivalent load capacitor (Ceq)
for a particular frequency considering the impulse rise time or tail time from (5.21) and
(5.22). The equivalent circuit can allow using the same equations to determine the front
and tail resistors, as shown in (5.12) and (5.13) with updated Marx generator parameters.

Figuur 5.17: Updated Marx generator circuit with MMC.

Reg = (CIZJLfl wh + ZCbCloadLi w + Clzoadez w + CIZJRZ w? +

(5.21)
2CpCloaaRow?® + C7,  Row? — 4CyLaw? — 4C paqLaw® +4)/2C5 R w?

Ceq = (Cp(CuCroqaliw® + C}, L2 w* + CpCloqaRow* + C7,  REw* — 2CpLaw*
= 4CpgaLaw? + D) (CELEW* + 2C,Croqa 5w + CF, LA w* + CERZW®  (5.22)
+2CpCroaaRow? + C2,  Row? — 4CpLaw? — 4CjpaqLaw® +4)
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The equivalent circuit mentioned above gives the correct impulse waveform across the
equivalent load (Req & Ceq) and not across the actual load. Hence, the voltage across
the actual load (v,) needs to be derived from the voltage across the equivalent load (v;).
The voltage across the actual load is derived first in the Laplace domain and then in
the time domain from (5.23) to (5.27). Here, it is important to highlight that the time
domain equation in (5.26) has another exponential term with a3 time constant, and its
value is dictated by the MMC parameters (R, and L,) and load parameters (Cjpaq and Cp).
Hence, the relation between time constants and impulse parameters shown in Table 5.4
is not valid anymore. Depending upon the MMC parameters and load parameters, the
required a; and a; will differ, ultimately changing the choice of Rf and Ry,.

(Batslay) (L)

$Cloaa
Vulsl = Vils]
B T e
load sCp
2
sc+sd 5.23
= ——V;ls] ( )
2+ sax + by
sSc+sd  Vm Vm
== ( - )
st+sar+by s+a;  s+as
R, 2
ar=""bp=—————— (5.24)
L, La(Cp+Cioaa)
C R,C
= b___.4- a~b (5.25)
(Cp+Cioaa) Ls(Cp+Cioaa)
2
_ scc+sd Vm Vm
va(t) =L - )]
s+sax+by s+a; s+ap (5.26)
— lee—alt _ sze—agt _ Vm3e—a3t
ay ap 2
az=—— —)“—=>b 5.27
3= ( 2 ) 2 (5.27)
—(arc—d)ay (a2c—d)ay
Vmi=———F——Vme=——75—— (5.28)
aay—ai—b aaz — a; — by
a;—az)(maiarc—arasd—aibac—azbyc+brd
Vm3=(1 2aarar 1a2 1b2 202 o d) (5.29)

(azaz — a3 — by) (aza) — af — by)

Fig. 5.18 shows the influence of the third exponential function on LI generation with
circuit parameters as R, =700, L, = 6mH, Cp = 1 uF and Cjpaq = 100nF. Though the mag-
nitude of the exponential term with a3 time constant is not high, it impacts the tail time
of the LI by reducing its value, and it adds a slight negative overshoot to the LI. Since the
time constant of the third exponential function is much higher than the rise time of the
impulse, it does not affect it. Hence, it is crucial to choose the MMC and load parameters
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so that rise time is not affected. Additionally, this third exponential limits how much tail
time one can obtain with the given MMC and load parameters. For example, the time
constant of the third exponential with the above-mentioned circuit parameters is 376 us,
and it is already not possible to obtain a tail time of more than 130yus. The increase in
the Ry, has little influence on the tail time after this limit. It is important to choose the
arm resistor that damps the resonance properly as per (5.12) for the above-derived equa-
tions to be valid. Fig. 5.19 summarizes a step-wise procedure for choosing the system
parameters of the integrated hybrid circuit.

Impulse Generation

Normal LI
LI from Integrated
= 05 Hybrid Circuit
) Exp3
=
]
=
=
> 0
\ Third exponential
influencing the LI
-0.5 - - L -
0 0.2 0.4 0.6 0.8 1
Time (ms)

Figuur 5.18: LI when generated from Integrated Hybrid Circuit.

Given: Load Capacitor
(Cloaq) and impulse

information

Decide DC link Capacitor
(As high as possible>Cpc>Cpc i, from Eq. 18 to 20)
Decide the Source Capacitor
(Cye from Eq. 10 to 11 to get high voltage efficiency)

v

Decide MMC parameters
(L, fromEq. 14 & R, fromEq. 12 & 13) Yes

(Check the transfer function from Eq. 15)

Decide ay, a;, a3 to obtain if the a3 is closed

to the tail time
of impulse

desired impulse
shape from Eq. 26 numerically’

Calculate R¢ from Eq. 7 with
chosen ay, 0, Cy = Cg. series
Cpc and Cy= Cy, series Cgaq

Calculate (Ry, || Regy) from Eq. 8 with
chosen ay, ,, C| = Cg, series Cp,
Cr=Ceqy (Eq. 22)
Calculate Ry, based on Reqy (Eq. 21)

Figuur 5.19: Parameter design procedure for the integrated hybrid circuit.
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NEGATIVE IMPULSE

Generally, the negative impulse is generated by charging the input side capacitor to a
negative voltage [127]. The negative impulse is generated using the bottom DC link ca-
pacitor with the integrated hybrid circuit since it is negatively charged. The schematic of
an integrated hybrid with negative impulse capability is shown in Fig. 5.20. Physically,
the power connection of the source capacitor has to be changed from the +DC side to
the -DC side capacitor. Additionally, the current direction is reversed since the nega-
tive impulse will generate current to flow from the load to the source. The other working
principle of the integrated hybrid circuit remains the same as the positive impulse circuit
with the current reversal.

Cpe N
= .
u
—>
DC 000 i‘_
. L, R, _ > v
Source 1 “ “ 4
- L ——1—-
= '
11 H .
L, R, ' !
¢ \ o
Cpc

Figuur 5.20: Integrated hybrid circuit for negative impulse generation.

5.5.2. SIMULATION AND EXPERIMENTAL RESULTS

The concept of the integrated hybrid circuit and the above-discussed analysis are valida-
ted with MATLAB-Simulink simulations and experimental results, where the prototype is
built for a scaled-down voltage level. The output voltage of 100 kV is scaled down to 150 V
where the DC link voltage is 300 V with 2 submodules per arm. The 10 nF load capacitor
is a worst-case scenario for the LI waveform generation. However, for the scaled-down
prototype, a higher value of the load capacitor of 100 nF is chosen to demonstrate the
design of the integrated hybrid circuit since few submodules are present. For the given
load capacitor, a coupling capacitor of 1pF is used to get 90 % of the impulse voltage
across the load. The DC link capacitors for the Marx generator circuit are fixed to be
significantly high value of 220 uF. For the source capacitor, 1.1 uF is chosen to obtain
the voltage efficiency as high as 92 % as per (5.11). Since there is a voltage drop across
the coupling capacitor, the obtained efficiency will be around 82 %. For the MMC, the
arm inductance of 6 mH is selected, which imposes the arm resistor to be more than
698 (2. With the availability of a resistor in the ESP lab of TU Delft, an arm resistor of
750 € is added in the MMC to damp oscillations and to limit the transient in the arm
current. By following the procedure summarized in Fig. 5.19, the front resistor and tail
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Tabel 5.5: System Parameters of the Scaled-down Prototype

No. Description Label  Value
1. DC link Voltage Vpc 300V
2. Output Voltage Va 150V
3. Number of Submodules N 2
4. Modulation Index mgy 0.9
5. Submodule Capacitance Cg 75uF
6. Arm Resistor Ra 750 Q
7. Arm Inductor La 6 mH
8. Load Capacitor Cload 100nF
9. Coupling Capacitor Cp 1uF
10. DC link Capacitor Cpc  220uF
11. Source Capacitor Cse 1.1uF
12. Front Resistor R¢ 5.45Q
13. Tail Resistor Ry 76.7 Q

resistor are calculated to be 5.1 {2 and 79.7 (), respectively. However, based on the avai-
lability of resistors, the closest values of 5.45 2 and 76.7 QQare prepared for the hardware.
These system parameters are summarized in Table 5.5. Additionally, Fig. 5.21 shows the
scaled-down prototype used for demonstrating the experimental results. It is essential to
highlight that the Marx generator circuit is made compact with the least possible wiring
to avoid stray inductance, limiting the overshoot in the LI [8]. Also, a discrete TO-247 SiC
MOSFET (H090) is implemented instead of a spark gap to demonstrate the idea of the
integrated hybrid circuit.

DC Source e}

Impulse

clrcuit Isolated Auxiliary

Power Supply Typhoon HIL
PRy HIL-404

Current L}
Probe

Figuur 5.21: Scaled-down experimental setup.

Fig. 5.22 showcases the LI superimposed on a 50 Hz sinusoidal waveform where the
MATLAB-Simulink simulation results match well with the experimental results. Here,
Fig. 5.22(a) displays the output voltage and current. The LI is superimposed on the si-
nusoidal waveform at 0.01 s, where the current through the test object is raised as high
as 17 A in the experimental work to 22 A in the simulation results. The amount of current
is reduced in the experiment considering the higher resistance and non-ideal nature of
switching. The rise time and tail time of the obtained LI are 1.0 us and 48 us, respecti-
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vely. The rise time and tail time are calculated based on the IEC standard (IEC60060-1)
[14], and the obtained values are within the tolerances mentioned in the standard. Since
the implemented tail resistor is slightly less than the designed values, the obtained tail
time has a small error. Additionally, the magnitude of LI is 115V, which gives the vol-
tage efficiency of 77 %. This value is less than the designed value of 82 %, considering
the estimation of the efficiency is done with an approximate formula. Fig. 5.22(b) shows
the arm currents and the transient current occurring at the superposition of impulse is
well within the limit of the switches, and the peak of the transient current is the same as
that of the estimate in (5.13). Lastly, Fig. 5.22(c) shows the average submodule capacitor
voltages, and the ripple waveform matches well from the simulation to the experimen-
tal results with an offset in their average voltages. It can be attributed to the higher arm
resistor in the experiments. In this figure, the LI is superimposed on the positive peak
of the sinusoidal. However, the time instant where the impulse is superimposed can be
varied by changing the offset of the gate pulse sent to the switch.
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Figuur 5.22: Positive LI superimposed on 50 Hz sinusoidal waveform.

Fig. 5.23 shows the positive LI superimposed on three other arbitrary wave shapes,
where the output voltage, output current, and the submodule capacitor voltages are
shown. First, Fig. 5.23(a) displays the superposition of positive LI on the negative DC
waveform for the duration of 2 ms. The second waveform in Fig. 5.23(b) is the transient
waveform containing 50 Hz sinusoidal and higher harmonics. At last, Fig. 5.23(c) shows
the unipolar complex waveform with LI at the 0.02 s time instant. For the unipolar wa-
veform like in Fig. 5.23(a) and Fig. 5.23(c), the submodule capacitor voltages are shown
only for the time interval of the output voltage waveform. These waveforms are not con-
tinuously generated like sinusoidal, but they are generated as a single shot. Because the
submodule capacitor voltages start to get unbalanced with its continuous generation,
especially due to just 2 submodules per arm. Generation of unipolar waveform needs
further work to invent proper control methodology using Full Bridge topology and is out
of scope of this PhD thesis. Fig. 5.24 displays the results when negative LI is superim-
posed on sinusoidal and DC waveform. As discussed in the last section, the working
principle of the negative impulse generation is the same where the current direction is
reversed.
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Figuur 5.23: Positive LI superimposed on (a) Negative DC (b) 50 Hz Sinusoidal and higher harmonics (c) Uni-
polar complex waveform.
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Figuur 5.24: Negative LI superimposed on (a) 50 Hz sinusoidal (b) Negative DC waveform.

5.5.3. HV SIMULATION RESULTS

This section demonstrates the performance of the integrated hybrid circuit with 200 kV
DClink voltage and 10 nF ofload capacitor. This study is important to verify if it is possi-
ble to choose system parameters at high voltage and achieve the superposition of LI wit-
hout affecting the MMC. Similar to the scaled-down prototype, the coupling capacitor is
first chosen to be 100 nF considering the 90 % voltage drop across the load capacitor. The
DC link capacitor at HV can not be very high, and it is chosen based on the Equations
from 5.18 to 5.20 to keep the voltage ripple within a limit. Hence, the DC link capacitor
is chosen to be 5 yF so that the continuous voltage ripple is kept to be around 2 %, and
the LI drops the voltage by the same amount. The additional source capacitor is chosen
to be 500 nF to obtain the voltage efficiency high in the range of 95 %. For HV MMC, the
arm inductance and the arm resistor are chosen to be 9mH and 5 k2. For the LI gene-
ration, the front and tail resistors are calculated by following the flowchart summarized
in Fig. 5.19, and they are 51 {2 and 1318 (2. The above-mentioned system parameters for
the HV simulation is summarized in Table 5.6.

The MATLAB-Simulink simulation results with the above-mentioned parameters are shown
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Tabel 5.6: System Parameters of the HV Simulation Model

No. Description Label  Value
1. DC link Voltage Vbc 200kV
2. Output Voltage Va 100kV
3. Number of Submodules N 67
4. Modulation Index mg 0.9
5.  Submodule Capacitance Cs 75uF
6. Arm Resistor Ra 5k
7. Arm Inductor La 9mH
6. Load Capacitor Cioad 10nF
8. Coupling Capacitor Cp 100 nF
9. DC link Capacitor Cpc 5uF
10. Source Capacitor Cse 100 nF
11. Front Resistor R¢ 51 Q2
12. Tail Resistor Ry 13182

in Fig. 5.25 to Fig. 5.30 with positive and negative impulse generation. These figures in-
clude information about the output voltage, output current, arm currents, submodule
capacitor voltages from the selected submodules (UA1, UA22, UA44, UA67, LA1, LA22,
LA44, and LA67), and the voltage across the DC link capacitor voltage. It is important to
highlight that the choice of arm resistor is sufficient, and it limits the transient arm cur-
rent to 13 A. Most semiconductor devices can handle a pulse current of 2-3 times higher
than its rated values as discussed in first section of this chapter. Since the arm currents
are limited during the superposition, their effect on the submodule capacitor voltages
is limited for all wave shapes. However, the coupling capacitor and the tail resistor add
load to the MMC and draw significant arm current, resulting in a kW level of losses. This
can be reduced by reducing the load or coupling capacitor to reduce steady-state cur-
rent. Additionally, the submodule capacitor voltages are better balanced with DC and
unipolar waveform with 67 submodules than 2 submodules. The generated LI has rise
and fall time of 1.2 ys and 50 yus since ideal switches and resistors are used. The obtained
voltage efficiency is 77.2 %, which is the typical efficiency value with the Marx generator
circuit.
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Figuur 5.26: Positive LI superimposed on negative DC waveform.
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Figuur 5.27: Positive LI superimposed on 50 Hz sinusoidal and higher harmonics waveform.
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Figuur 5.30: Negative LI superimposed on positive DC waveform.
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5.6. CONCLUSIONS FOR STEEP PULSE GENERATION

This chapter begins with summarizing challenges for generating steep impulses from the
MMC-based HV AWG. Among all the challenges described in Section 5.2, the pulse cur-
rent capability is crucial in the determining size and cost of the MMC design. Hence, it
is investigated experimentally to find the most suitable SM device technology which can
satisfy requirement for generating steep impulses like LI that demands a high peak cur-
rent for a relatively short time. The first comparison is made among Non-Punch Through
(NPT) Si IGBT, Field Stop (FS) Si IGBT, Si MOSFET, and SiC MOSFETs with roughly the
same current rating of 40 A. It is found that the Si MOSFET gives the fastest rise time of
0.42 us and the NPT IGBT gives the highest current amplification factor of almost 12 ti-
mes greater than its own rated current. However, 3" Generation SiC MOSFET combines
Si MOSFET and NPT IGBT capabilities to generate a fast rise time and high peak pulse
current. Additionally, the FS IGBT is compared with the SiC MOSFET. The SiC MOSFET
performs better in peak current capability and the obtained rise time. All in all, the re-
search results and the stringent HV AWG requirements for LI show that the application
requires a relatively complex switch implementation with far superior current capability
than during normal operation. Therefore, a parallel connection of several TO-packaged
devices is necessary to generate LI from MMC-based HV AWG. Parallel connection will
increase the complexity of the MMC-based HV AWG even further. Hence, a more prac-
tical approach is chosen where the MMC-based HV AWG will generate steep impulse
waveform up to 100 us, which includes SI waveform. However, for waveforms which
are steeper than 100 ys, this chapter introduces a new hybrid configuration combining
MMC and the Marx generator.

Of the three proposed configurations, the chosen integrated hybrid circuit is studied
analytically with respect to the Marx generator circuit, from the MMC side, and when
they are coupled together. Interestingly, the finite values of the MMC arm inductor and
arm resistor affect the Marx generator circuit and influence impulse formation by ad-
ding a third exponential function. This influence of the MMC circuit is significant when
the time constant of rise time or tail time is comparable to that of the MMC circuit. This
chapter provides an exhaustive summary of how to choose the front resistor and tail
resistor and its limitation of impulse formation. All discussed design guidelines are ve-
rified with a scaled-down hardware prototype and HV simulation results with full-scale
voltage. It demonstrates that the designed system works well, giving a time-controllable
LI waveform superimposed on different arbitrary wave shapes without the MMC being
affected by the impulse formation. For the full-scale prototype, a multi-stage Marx ge-
nerator will be needed to fulfill the voltage magnitude of LI and it will be critical to coor-
dinate the control of MMC and Marx generator.







HARDWARE DESIGN OF HV AWG

This chapter demonstrates a hardware implementation of a Medium Voltage (MV) Sub-
module (SM) to be used in a Modular Multilevel Converter (MMC)-based High Voltage
(HV) Arbitrary Wave shape Generator (AWG). The MV SM is scalable with its own onboard
Auxiliary Power Supply (APS), and it is constructed by connecting 3 Full-Bridge SMs in
series from the commercially available component. The designed MV SM can be opera-
ted for a wide voltage range of 0.8 KV to 2.7kV to incorporate different test objects ranging
from HV insulation material to MV equipment and generate wide output range of0.12kV
to 1.2kV. Considering the hardware non-idealities in the APS, gate driver, and switches,
the series operation of three SMs is ensured using an arm energy controller. Based on the
current-based model of APS, SM capacitance design criteria are updated for variable fre-
quency output waveform, and the minimum DC-link voltage is calculated for the proper
start-up of this scalable MMC module. Apart from the variable voltage per SM, the HV
AWG application poses different conditions, such as a low value of SM capacitance va-
lue and the HV DC sources with a current rating of a few tens of milliamperes. Hence,
this chapter proposes exclusive design guidelines for the proper start-up, steady-state and
shut-down operation of the MMC-based AWG. Additionally, this chapter dives deeper ana-
lytically into the soft start-up algorithm to understand its working principle and to design
the average charging current within the limit for any number of submodules of the arm.
In the end, their performance is showcased with a single MV SM per arm, operating at
a different voltage (0.8kV to 2.7kV) and frequency levels (1 Hz to 600 Hz) and generating
different wave shapes, such as triangular, sinusoidal with different harmonics and pulse
waveforms. Additionally, the Fault Ride Through (FRT) capability is verified for the MMC-
based HV AWG.

This chapter is based on following research article:

* D. A. Ganeshpure, T. B. Soeiro, M. Gagic, M. G. Niasar, P. Bauer and P. Vaessen, "Demonstration of
Scalable Series-Connected Submodule of Modular-Multilevel-Converter- Based Arbitrary Wave Shape
Generator Used for High-Voltage Testing From Off-the-Shelf Component,in IEEE Open Journal of the
Industrial Electronics Society, vol. 4, pp. 371-386, 2023
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6.1. INTRODUCTION TO HARDWARE DESIGN

This section summarizes challenges concerning realizing the full-scale prototype that
can deliver a peak voltage of 100 kV with a Fig. 6.1. As discussed in Chapter 3, switches
are the centrepiece in determining the voltage rating of the submodule. With the sug-
gested solution of selecting SiC MOSFETs, the protection design becomes more challen-
ging [129]. Apart from that, the auxiliary power supply design is critical for the scalability
of the SM design. Generally, this auxiliary power is obtained from the submodule capa-
citance [130]. However, the large range of output voltage ratings of the MMC requires a
variable DC link voltage. It is more advantageous to change the DC link voltage instead of
reducing the number of levels, affecting the harmonic performance. As per the HV test
requirements in Chapter 2, the output voltage needs to vary between 10kV to 100kV,
which needs the DC link voltage to vary from 20kV to 200kV for a constant modulation
index in MMC implemented with Half-Bridge (HB) SM topology. This is especially an
issue for the onboard APS. Because the APS needs to convert a wide range of voltage to
12V, 15V, or 24 V.

Full-scale module

PCB power
Submodule configuration supply
Gate driver . Communication
K Protection
design
EMI proof
Cooling Submodule
requirement capacitance Insulation
design
Submodule Switch
topology implementation Low loop
inductance

Figuur 6.1: Challenging elements in the full-scale submodule.

Additionally, the PCB design for the submodule has other challenges of insulation de-
sign, cooling system design, and low loop and stray inductance [131]. Apart from the
challenges within the submodule, a MMC-based HV AWG needs two full-rated DC vol-
tage sources as the input or one full-rated DC source with two capacitors to make a mid-
point connection for bipolar waveforms. As explained earlier, the dielectric tests do not
require high currents. Hence, the current rating of available HV DC sources is low, in the
approximate range of tens of milliamperes. This condition gives additional challenges in
the start-up procedure of the MMC-based HV AWG.

6.2. MV SM DESIGN DETAILS

Two essential constraints which dictate the MV submodule design are available switches
and the APS, and their choices are discussed below to create the MV SM structure.
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Tabel 6.1: Switches Considered

Switches Blocking | Continuous Current
Voltage Id@25°C
G2R120MT33] 3300 35A
G3R450MT17] 1700 9A
G3R350MT12] 1200 11A

6.2.1. SWITCHES

A very high switching frequency is critical to generate accurate voltage waveforms from
MMC-based HV AWG. Hence, Silicon Carbide (SiC) MOSFET is an ideal choice over Si-
based MOSFETs, or IGBTs [99]. Though CREE-Wolfspeed has developed a pre-developed
version of 6.5kV, 10kV, and 15 kV SiC MOSFETs [80], they are not commercially available
as of the writing of this thesis. Some interesting commercially available SiC MOSFETs are
summarized in Table 6.1, which are more cost-effective solutions compared to MV SiC
MOSFETs even when they become available in the future. The highest voltage blocking
capability of these commercially available SiC MOSFETs is 3.3 kV. The TO-263-7 package
is chosen considering the advantages of the Surface Mount Technology, such as high-
density packaging and lower parasitics. SiC MOSFETs with 1.2kV and 1.7 kV are available
for a wide current range, and the devices in Table 6.1 are chosen based on the current
required for this application.

6.2.2. AUXILIARY POWER SUPPLY

For the HV application, drawing the auxiliary power for the PCB from the onboard SM
capacitance is expedient. Otherwise, the APS of the topmost SM will need isolation from
the total DC link voltage. This limits the output voltage as discussed in [50][53] and ma-
kes the converter design non-scalable. Hence, the implementation of APS becomes cri-
tical, especially when the power supply needs to convert a wide range of SM voltage to a
relatively small voltage of 12V. For this requirement of APS, many converter topologies
are studied in the literature, such as flyback [132], Input Series Output Parallel (ISOP)
[133], or other variants [134][135]. As discussed in many of these publications, imple-
menting such an APS is challenging due to isolation requirements, series operation of
switches, etc. Since the APS of the SM impacts critical factors such as reliability, safety,
and cost-effectiveness, it has been decided to go with the commercially available soluti-
ons for the MMC-based HV AWG.

Two isolated DC-to-DC converters are found that satisfy the application criteria com-
mercially. The first converter named PV15-27B12R3 from Mornsun Power has input
voltage range of 0.1kV to 1kV and it step-downs it to 12V. The other converter na-
med AE15-EW-S12 from CUI Inc has a wider input range from 0.2kV to 1.5kV. Addi-
tionally, Mornsun is developing a converter with an even wider input range converter
from 0.25kV to 3.3kV. It is called PV75-36D15400-01, and a sample of this product is
available for research. The photos of all three auxiliary power supplies are shown in Fig.
6.2, and their description is compared in Table 6.2.




100 6. HARDWARE DESIGN OF HV AWG

(c) PV75-36D15400-01

(b) AE15-EW-S12

(a) PV15-27B12R3

Figuur 6.2: Commercially available auxiliary power supplies.

Tabel 6.2: Details of Commercially Available Auxiliary Power Supplies

Manufacturer | Power | Efficiency (Typ.)
Moo | power | SW | o
RIS UW 812 Cullnc | 15W 71%
isaeision0n | power | ZW | 0%

6.2.3. STRUCTURE OF MV SUBMODULE

Based on the current availability of the switches and the APS, the highest voltage per SM
can be 1.5kV with 3.3kV SiC MOSFETs switches and AE15-UW-S12 APS. However, this
low voltage per SM creates a challenge for the controller and communication since it
means one needs a minimum of 134 SMs per arm without considering redundancy. As
discussed in [99], the minimum of 67 SMs with 3kV can be an optimum solution. The
3kV switch can be realized either using series combination of three 1.7 kV or series com-
bination of two 3.3 kV. Since the current rating requirement of the HV testing application
is quite less than 35 A, stray capacitances in the 3.3 kV switches, will not give optimum
switching performance at the current level such as 1A. Since the high-switching fre-
quency is crucial to the application, low current-rated 1.7kV are chosen, which is also
much cheaper solution compared to 3.3kV switches. Though it is possible to connect
1.7kV switches in series to create a 3kV switch, the APS is not available commercially,
which converts 3kV to low voltage. Even if the PV75-36D15400-01 APS gets available
commercially, the APS is much larger and will consume more space than the SM capa-
citance on the MMC module. Hence, it is not an optimal solution for the application.
Hence, a 3kV MV SM is realized using three 1kV SMs connected in series as shown in
Fig. 6.3.

Fig. 6.3(b) is a zoomed picture of a single SM that can operate between 0.1kV to 1kV
rating, and it is called the basic fundamental block in the further part of the thesis. The
basic fundamental block is realized using a 1.7 kV rated SiC MOSFET and PV15-27B12R3
APS. The structure of the single SM in Fig. 6.3(b) consists of a Full-Bridge (FB) SM topo-
logy, SM capacitance (Cs), parallel resistor (Rper), PV15-27B12R3 APS, and varistor. Note
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Tabel 6.3: Comparison of Different Submodule Topology with Constant Voltage per Submodule (1 kV) and
Output Voltage (100 kV)

Parameters MMC with MMC with MMC with CHB with
HB FB Hybrid FB

1. Switch states 0, Vc 0, Vg, -Vc 0, Vg, -Vc 0, Vg, -Vc

2. DClink voltage 200 kv 100 kv 100 kV -
N=Vdc/Vc | N=3Vdc/2Vc N_HB=100 N=Vout/Vc

3. No of SM (N) =200 =150 N_FB=50, N=150 =100

4. Total switches 4N =800 8N=1200 16N/3=800 4N=400

5. Arm Current io/2 io/2 io/2 io

that the isolation capability of this APS is 4 kV, which ensures that the proposed MV SM
design can be stacked on each other to build a 100 kV MMC-based HV AWG. The FB to-
pology is chosen for the HV AWG application since it gives more flexibility to control the
SM capacitance voltages and offers the advantage of obtaining the peak output voltage
the same as the DC link voltage compared to HB topology [136]. It means that the DC
link voltage requirement is reduced by half, which is a great advantage, especially for
this HV application. The FB MMC requires twice the number of submodules compared
to the HB MMC. However, it is possible to use both HB and FB in the same arm to keep
the number of submodules same as HB, while the DC-link voltage is reduced by half.
The FB topology share is shown in Table 6.3.
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Figuur 6.3: MV SM structure.

The last column of Table 6.3 compares CHB to MMC with different SM topologies. For
the same output voltage and blocking voltage per SM, CHB with FB requires half of the
SMs per arm, with the current requirement to be doubled. However, considering the
challenges with scaling the design to higher voltage levels, FB SM topology is selected
with MMC. However, in this thesis, the FB is operated as HB to demonstrate this MV
SM design. Hence, when all SMs in series connection are counted as N in each arm,

the number of levels obtained in the output voltage will be 2(N/3) + 1 since N/3 SMs are
operated as one MV SM.
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6.3. HARDWARE AND CONTROL CHALLENGES

There were four significant challenges faced in realizing this scalable MV SM design. The
first challenge is creating equal voltage sharing among the series operation of 3 SMs due
to the hardware’s non-idealities. The second is about the start-up issues faced due to
the installed APS and the low current rating HV DC source. The third is about the SM
capacitance design considering the effect of the installed APS. The last discussed part is
about the protection design for the HV AWG in case of any fault within or outside the
converter.

6.3.1. HARDWARE NON-IDEALITIES

There are three SMs connected in series, and they must share the voltage equally, which
can be disturbed by either of the following four factors. They are discussed in detail with
possible solutions to ensure equal voltage sharing.

GATE PULSES

Though gate pulses of all SMs are controlled synchronously, 3 SMs connected in series
can have different time delays. The delay can be attributed to the controller, the commu-
nication hardware, and/or to the gate driver design. A real-time simulator from OPAL-RT
OP5600 is used as a controller and sends synchronized gate pulse signals. Additionally,
the fibre optic connection keeps the delay to a few nanoseconds. All four switches are
controlled independently using an ACPL-344]T gate driver IC with a typical value of the
propagation delay as 100 ns.

SWITCHES
Switches in different SMs can have different parasitic capacitances that take different
times to turn on and off even though they receive the gate pulses simultaneously.

AUXILIARY POWER SUPPLY (APS)

This isolated DC-to-DC converter is connected parallel to the SM capacitance. It can
greatly influence the voltage sharing of the series connection. The current consumption
by the APS (ism) can be calculated from the following Equation (6.1):

Paps=vsmismnaprs 6.1

Here, Ppps is the power consumption of APS for that SM PCB board, and vsy is the vol-
tage across the SM capacitance. Additionally, 17 4ps is the efficiency of the APS. The mul-
tiple APSs connected to three SMs in series can have different 1 4ps and different Ppg.
Hence, even if they start with the same initial voltage vsum initial, €ventually, they will start
deviating from the vsy initial Since the isy will be different which will deplete the SM vol-
tage differently. Since igy increases as vsy reduces, there is a positive feedback loop. It
means that the SM which has lower SM voltage consumes higher igy, leading to a fas-
ter reduction in the vsy;. Hence, without any control, the unequal voltage sharing will
worsen faster.

Fig. 6.4 shows the efficiency of the converter as per the Paps and vsy. The load of the
onboard APS is the PCB consumption around 3.6 W. This amount is 24 % of the 15W,
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which is the full power capability of the APS. Fig. 6.4(a) highlights the operating point
as per the percentage of full load, and it is clear that the efficiency is less than 80 %. As
per the voltage graph in Fig. 6.4(b), the highest efficiency is achieved at the 50 % of the
highest possible voltage. Lower efficiencies at higher voltages are not a problem since the
current consumption will be drastically reduced, making it easier to balance the series
operation.

Among the three discussed non-idealities in the hardware, the difference in the APS con-
sumption (igy) affects the equal voltage sharing the most since the APS consumption
can be different dynamically and during steady state since the vgy; vary as per the out-
put voltage to be produced. It is possible to use a parallel resistor (Rpe;) to assist in equal
voltage sharing among series-connected SMs. However, the value of this Rye; needs to
be tuned as per the APS consumption. igy. Since this consumption varies by so many
factors, as mentioned above, it is tedious to tune Rpe, for different cases. Additionally, it
is more beneficial to utilize the control rather than the power connection for safety and
reliability. Hence, the individual SM-based arm energy controller is proposed to ensure
equal voltage sharing among series-connected SMs.
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Figuur 6.4: APS - PV15-27B12R3 (a) Efficiency vs Output Load (b) Efficiency vs Input Voltage.

A simple proportional controller is designed for equal voltage sharing during the steady
state operation, and its implementation for a single SM is shown in Fig. 6.5. All SM ca-
pacitor voltages are measured and compared with the reference value. The output of
the proportional controller is added or subtracted from the DC voltage. The decision
of addition or subtraction is made based on the arm’s current direction. Since the aver-
age circulating current in the steady-state operation of the MMC-based HV AWG is zero,
the effect of the circulating current is taken into the arm energy controller by changing
the sign. The sign of the arm current decides whether the controller output is added or
subtracted from the DC link voltage. This variation in the DC link voltage changes the re-
ference waveform, which changes, in turn, the gate pulses. This adjustment counteracts
the APS current consumption and other hardware non-idealities, resulting in equal vol-
tage sharing among the SMs. As discussed in [99], Phase Shift Carrier (PSC) modulation
technique is used to generate gate pulses from the reference waveform with a switching
frequency as a non-integer multiple of the fundamental frequency.
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Figuur 6.5: Arm energy controller per SM.

6.3.2. START-UP PROCEDURE

The MMC-based HV AWG needs a black-start capability since SMs do not have auxiliary
power until the voltage per SM reaches roughly 100 V. Using the anti-parallel diodes of
the MOSFETSs, it is possible to charge the SM capacitor voltages to 100 V. However, the
series operation of APS has the following major issues:

1. The voltage at which different APS turns on is quite wide and varies between 60V
to 85V [137].

2. The inrush current drawn by the APS can be as high as 200 mA when the input
voltage is 100V and SM capacitance (Cs) is 75 uF, as shown in Fig. 6.6.

3. Different APS have a different delay to start-up even when the SM capacitor voltage
is the same in all SMs.
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Figuur 6.6: Start up behaviour of auxiliary power supply with V=100V and Cs=75 uF.

These issues combined create problems in the start-up as shown in Fig. 6.7 for one SM in
each arm and two SMs connected in series in each arm with SM capacitance of 75 uF and
Vs, initial Of roughly 100V. Fig. 6.7(a) shows the SM capacitor voltage and the output of
the APS for the Upper Arm (UA) and Lower Arm (LA). The APS from UA turns on at 0.23 s.
However, it experiences a considerable voltage drop due to the in-rush current of the
APS. Hence, when LA gets its auxiliary power, the APS from UA turns off. A similar pro-
blem occurs for two SMs in each arm, as shown in Fig. 6.7(b) with the four SM capacitor
voltages. It is important to point out that the second SM from UA (UA2) gets its auxiliary
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Figuur 6.7: Issue with the auxiliary power supply at Cs=75 uF.

power last, which is 50 ms after the first SM gets its auxiliary power supply. This time
difference in receiving the auxiliary power for different SMs can be different depending
on many system parameters such as SM capacitance value, the current capability of the
DC source, etc. The solution to this problem is multi-fold. First of all, it needs to have a
proper start-up procedure. Secondly, the choice of SM capacitance and initial SM capa-
citor voltage (Vsm,initial) N€€ds to be done properly considering all the above-mentioned
non-idealities in the APS. The following section addresses all these challenges to ensure
a proper start-up and steady-state operation of the MMC-based HV AWG.

START-UP GUIDELINE
To avoid the issues shown in Fig. 6.7, the following guidelines are important to follow:

e To directly apply the DC link voltage with current controlled mode to charge the
SMs to a minimum voltage of 100V fast and simultaneously.

e As discussed earlier, most HV DC sources can supply only up to a few tens of mA.
Hence, it is important to implement a soft start-up to charge the SM capacitor
voltages from Vpc/2N to Vpc/N without requiring large inrush current.

* The SM which gets the APS first is kept inserted, so the SM capacitor voltage is
maintained even after the transient and steady current drawn by the APS.

To be on the safe side, gate pulses as per particular reference waveform are inserted after
5ms to 20 ms after all SMs receive auxiliary power. This methodology of insertion of SMs
ensures that the circulating current maintains the SM capacitor voltage while the APS is
draining the current (isp). The path for charging the SMs is shown with a schematic in
Fig. 6.8. Also, it limits the SM capacitor voltages whose APSs are not turned on, unlike in
Fig. 6.7(b).

SOFT START-UP IMPLEMENTATION

The SM capacitor voltages are charged to Vpc/2N with current limiting mode on the
HV DC source where the anti-parallel diodes are conducting the charging current. It is
assumed that the APSs of all SMs are turned on before implementing the soft start-up
algorithm, and this stage is considered Stage 0. At the instant of soft start-up algorithms
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Figuur 6.8: Schematic of MMC during the start-up.

begins (Ts;), all N SMs are inserted. The soft start-up algorithm charges the SM capacitor
voltages to Vpc/N by changing the inserted SMs per arm from N to N/2, as described in
[138]. This soft start-up algorithm differs from using a PI controller to keep the charging
current constant in [139](140]. However, the former start-up algorithm is chosen, con-
sidering it does not produce any output voltage or current during the soft start-up. It is
ideal to apply the desired dielectric voltage stress directly. The charging algorithm can
be achieved in two stages for N = 3. In the first stage, two SMs from each arm are always
inserted, and single SM from each arm are switching with varying duty ratios from 1 to
0 in Tsp duration. During this first stage, the total inserted SMs from both arms chan-
ges from six to four. In the second stage, one SM from each arm are always inserted,
one SM from each arm are always bypassed and one SM from each arm are switching
with varying duty ratios from 1 to 0.5 in Ts»/2 duration. During both stages, SMs are
sorted to decide which one to be inserted based on the SM capacitor voltages. Hence,
any variations present in the SM capacitor voltages at Ts; time instant are disappeared,
and equal voltages are obtained among series-connected SMs when the reference wave-
form is being generated, which helps the arm energy controller. Fig. 6.9 shows the exact
soft-start algorithm for N=3.

The basic working principle of this soft start-up algorithm is shown in Fig. 6.10 when
N can be any number more than three. From the circulating current circuit shown in
Fig. 6.10(a) [99], it is clear that the soft start-up algorithm is influenced by the passive
element values such as the arm inductance, the arm resistance, and the SM capacitance.
Additionally, Fig. 6.10(b) shows the overall dynamics of the SM insertion in both arms
and how the SM capacitor voltages are charged from Vpc/2N to Vpc/N. The dynamic of
the SM insertion is linear with a negative slope of ’a, and it can be represented in (6.2),
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Figuur 6.9: Soft start-up algorithm for N =3.

assuming Ts; = 0. Another equation can represent the same equation, where the integer
part of n,) is 'n’ and its decimal part is 'd. The desired rise in the SM capacitor voltages
for three submodules is obtained in two stages, as explained above. In the first stage, n
equals 2, and d varies from 1 to 0. In the second stage, n is reduced to 1, and d varies
from 1 to 0.5, where n, is reached to 1.5. More stages would be needed to reduce the
inserted submodules from N to N/2 for a higher number of submodules.

nyj=—at+N=n+d (6.2)
2R, 2L , . ny, = -at+N %
ViISM.u = =
C @ Ey >
T TE g
. 2 2

:2NtoN g gN =
-
o A =
__r Cs < <

vWear 1 S Time .+

Figuur 6.10: Working principle of soft start-up algorithm (a) Circulating current circuit (b) Insertion index.

Fig. 6.11 shows the detailed switching behavior of all SMs from both arms with varia-
ble duty and how the charging current is generated. Here, the switching frequency is
Tsw, and the duty ratio 'd’ is the same as the decimal part mentioned above. As soon as
the inserted SM is reduced from 2N to 2N — 2, a positive voltage is built across the arm
inductance and arm resistance, resulting in a positive charging current i.,. When the
n,, reaches to N/2, then the algorithm stops. The dynamics behind this soft start-up al-
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gorithm can be understood analytically with equations shown below from (6.3) to (6.7).
First, it is important to find the relation between the average instantaneous voltage of
SM capacitor voltage and DC-link voltage, and it is shown in (6.3). For any integer value
of n, (n), it is possible to write two equations for charging current and for discharging
current, as shown in (6.4) and (6.5) respectively. Since the dynamics of charging current
are linear, it is possible to derive the peak charging current using (6.6), and it is simplified
in (6.7).

Vbc Vbc
Vs =—= 6.3
SM.avg,t 2ny,; 2n+2d 6.3)
. dip,
ZRalch +2LQW =Vpc—02n+2) VSM,aUg (6.4)
. dich
2Ralch+2La dr =Vpc—2nVSM',,wg (6.5)
I Vi
pp DC
2R 15, +2Lg—————=Vpc—2n 6.6
“rrTE e —ayr, T P¢T T an+2d 60
dl-ad)TsV,
Iyy= ( )TsVpe 6.7)
4n+d)(Lg+R,(1—-aA)Ty)

2N Tm m “
2N-2
dew
«—>
2N-4

<> Time
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A ”

-
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Figuur 6.11: Waveforms during the soft start-up.

The maximum peak current for this charging can be derived when the integer part (n) is
the lowest, and the minimum value of n can be calculated for any number of submodules
as shown in (6.9). Additionally, it is possible to derive the maximum value of I, with
respect to the decimal part (d), and its value is derived as shown in (6.10). Hence, the
maximum value of Ipp can be calculated from (6.8). Note that this instantaneous peak
current is supplied by the DC-link capacitors (Cq.), and the average charging current is
provided by the DC source. Calculating the average current drawn by the DC source is
possible, assuming the energy conservation principle. Additionally, when the capacitors
are charged through a resistor, it is well known that the energy supplied by the DC source
is split equally between the resistor and capacitor. With this assumption, it is possible to
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calculate the average charging current (I.,) using the equation shown in (6.11). Here, T,
is the time to charge the SM capacitors. It is related to the slope of the insertion index
as T¢ = a/ N. Depending upon the current capability of the HV DC source, the time for
charging should be calculated from (6.12).

dm(l - dm) TSVDC
I — (6.8)
PP 4 + dm) (La + Ra (1 — dpy) T)

N-1

nm=floor( ) 6.9)

~(RaqTs * N + Lanm + V(LaRa Tsn?, + L2102, + LRy Tsnyy + LA 1,))

d,, = 6.10
" (=RgTsnm + Lg) ( )
1 Vbc.o Vbc.o
Vpcl.nTe=2—02N — ) = (—= 11
pclende 2( )Cs[( N) (ZN)] (6.11)
2NCs  Vpc.o Vbc.o
T.= — % (222 (== 6.12
¢ VDCIch[( N) (ZN)] (6.12)

6.3.3. SM CAPACITANCE CHOICE

SM capacitance value is one of the most critical parameters in determining voltage effi-
ciency, size, and cost of the MMC-based HV AWG. All advantages offered by MMC come
with the challenge of balancing SM capacitance voltages. Generally, the SM capacitance
value is designed according to the total energy stored in all SM capacitance per MVA ra-
ting of the converter or to keep the capacitor voltage ripple within a limit. In [99], the
capacitor voltage ripple is derived for HV AWG application, and it has been proven that
10 uF is enough to generate accurate voltages. However, that design guideline did not
include the series operation of SMs or the effect of the onboard APS. Additionally, the
start-up issues shown in Section 6.3.1 can be solved with the right design of the SM ca-
pacitance value and the initial voltage of the SM. These issues are not seen in typical HV
MMC hardware since the SM capacitance lies in mF range. As described in [141], the
SM capacitance takes 50 % of the total volume of the SM. Hence, for this HV AWG appli-
cation, it is not wise to increase the SM capacitance to mF range since it can drastically
increase the size and cost of the MMC-based HV AWG. Additionally, a larger SM capa-
citance value requires a longer time to charge the SM to Vs, initial, Which is especially
problematic since most HV DC sources can not provide current more than a few tens of
mA.

The APS current consumption affects both the start-up and steady-state operation of the
MMC-based HV AWG if the SM capacitance value is not large enough. During the start-
up, APS draws an inrush current of 200 mA, which creates the first voltage drop (Avsm,1)
in the SM capacitor voltage. Secondly, the SM capacitor voltage needs to be maintained
until all SMs get the APS working, creating a second voltage drop of Avsy 2. Combining
both voltage drops, the SM capacitor voltage should not drop less than 75V, where the
APS turns off [137]. In Fig. 6.7(a), the SM capacitor voltage drop from 100V to 50 Vin the
first 20 ms and the APS turns off. This clearly shows that the Avgy,; itself is 50 V. This
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should be reduced to 12.5V so that Avgy 2 can be 12.5V and the SM capacitor voltage
will not drop below 75V. Since the Avgy;; needs to be reduced from 50V to 12.5V, the
SM capacitance value needs to be increased roughly four times from 75 uF to 310 uF as
per (6.13). With the higher value of SM capacitance, the APS has a different dynamic
performance, as shown in Fig. 6.12. It draws less peak current with a relatively smoother
current wave shape compared to the 75 uF capacitance. Also, it is important to note that
the in-rush peak current reduces as the Vg initial i increased.

Current drawn by APS
0.12¢ — Vmnisa 100V
0.17 = VoMnitia 200 Y

0.1 0.2 0.3 0.4 0.5
Time (s)

Figuur 6.12: SM capacitance design.

In the experiments, it has been observed that the mismatch in start-up delay of different
APSs can be as high as 300 ms to 450 ms when 6 SMs are present with 310 uF capacitance
and a HV DC source with limited current capability. Instead of increasing the SM capaci-
tance further, the Vgy initial Voltage is varied from 100V to 300V to find an optimum point
where the total SM capacitor voltage drop is not below 75V. Using (6.13) and (6.14), the
minimum value of Vg initial is calculated to be 130V for 310 uF with 450 ms delay bet-
ween first and last APS to turn-on. The integration in (6.14) is obtained from the area
under the curve from Fig. 6.12.

. dv
zSM:CS% (6.13)
1 [t=045
AVSM:E]; ismdt (6.14)
S

Apart from the start-up, the APS consumption disturbs the charge time product during
the steady state, creating a larger SM capacitor voltage ripple for lower frequency wave-
form. Hence, it is important to have enough SM capacitance for lower frequency wa-
veform to keep the voltage ripple around 10 % of the average SM voltage value [82][84].
The ripple is largest when the SM capacitor voltage is lowest since the APS consumption
is highest. For Vg initial = 130V, the steady state SM capacitor voltage is 260 V. Hence,
the Igy is calculated to be 17.8 mA from (6.1), considering 78 % efficiency. Considering
10 % of 260V, the allowed capacitor voltage ripple is 26 V. It is possible to calculate the
minimum possible frequency from (6.15). The At in (6.15) is half of the period. The mi-
nimum possible frequency is 1.1 Hz. The MMC-based AWG can go low frequency since
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there is almost negligible active power transfer to the load, and the transferred reactive
power is also low, drawing only a few amperes of arm current and zero average circula-
ting current.

AVsyCs  26x310x 1076
= = 20.428 (6.15)
Isyr 0.0178

At

6.3.4. PROTECTION DESIGN

Apart from proper start-up, steady state, and shutdown operation of the HV AWG, it is
essential to protect the converter from undesired fault scenarios. Among many possible
failures in the converter, the breakdown of the inductor can create extremely severe di/dt
and peak amplitude of the current in the particular arm since there is no limiting induc-
tor. Hence, it is crucial to protect the switches and other components on the SMs from
these extreme currents and voltages. The installed gate driver (ACPL-344JT) can detect
the high current magnitudes and di/dt flowing through switches. Apart from that, each
SM PCB has over-voltage protection. One SM among each arm has the current sensor
and can detect over-current scenarios. The fault signal from the gate driver, over-voltage
fault signal, and over-current fault signal are sent to an AND gate on each SM to generate
a fault signal which is sent to the central controller. In case of any fault on any SM, all
SMs will be disabled together to avoid any damage. The controller is implemented in the
real-time simulator (OPAL-RT), and it can disable the switches as fast as 20 us. Hence,
the Fault-Ride Through (FRT) capability is not present in the implemented protection
system design since the switches are blocked right after the fault occurs. Additionally, it
is essential to discharge the DC link in case of a fault condition and turned-off the DC
source. Hence, an HV relay is installed to discharge the DC link capacitance through the
fault resistor and disable the HV power supply. This relay can be operated manually. Fig.
6.13 shows the updated schematic of MMC-based HV AWG with the implemented pro-
tection. Additionally, the overall timeline of operation of the MMC-based with a single
MV SM is shown in Fig. 6.14.

6.4. HARDWARE SETUP AND RESULTS

The design of this series-connected MV SM is verified with the experimental setup as
shown in Fig. 6.15 with one MV SM in each arm. This MV SM is scalable in the sense that
they can be stacked on top of each other to build the HV AWG with an output voltage
rating of 100 kV. For testing a single MV SM to its maximum rating of 3kV, the load capa-
citance is down-scaled from 10 nF to 680 nF to keep the same current rating. The design
of the arm inductance (L,) and arm resistance (R,) is determined as per the design gui-
delines discussed above and their values are 27 mH and 150 €2, respectively. The value of
arm inductance is higher since there is only one SMs per arm in the current experimen-
tal setup, which needs higher inductance to filter the voltage harmonics. Additionally,
the value of arm resistance is reduced lower than the over-damped system discussed in
(3.14) to limit the losses in the lab-scale setup to 40 W.

This hardware setup is controlled using the OPAL-RT simulator (OP5600). Each SM re-
ceives an enable and four gate pulse signals and transmits back the SM capacitor vol-
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Figuur 6.13: Protection circuit of MMC-based AWG with single MV SM.
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Figuur 6.15: Experimental setup

tage, fault signal, and arm current measurements via a digital voltage oscillator and fi-
ber optics. The output voltage and arm currents are measured using the HV differential
probe (CT4072) and current probes (N2782B). The above-discussed system parameters
are summarized in Table 6.4. In this table, the switching frequency (F;) is chosen as
7011 Hz or 9011 Hz for balancing the SM capacitor voltage naturally. Additionally, Fig.
6.15(a) shows the basic fundamental block of the MV SM, which is SM PCB, and Fig.
6.15(b) displays the experimental setup of HV AWG.

First, the dynamic performance of the MMC-based AWG with a single MV SM has show-
cased in Fig. 6.16 with 1.55kV DC link voltage. Hence, the steady state SM capacitor vol-
tages are properly balanced between 500 V to 520 V, which concludes that the implemen-
ted arm energy controller is working correctly. Additionally, the soft start-up algorithm
discussed in Section 6.3.2 is working properly that the SM capacitor voltages are slowly
rising from (Vpc/2N) to (Vpc/N) without drawing large charging current. The model de-
veloped in Section 6.3.2 is verified with the experimental results shown in Fig. 6.16. A
sufficient large charging time (T¢) of 3 s is chosen so that the average current drawn from
the HV DC source is limited to 80 mA which is almost the same as the experimentally ob-
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Tabel 6.4: System Parameters of the MMC-based AWG with single MV SM

No Description Symbol Values

1. DC-link voltage Vbc 0.8kV-2.7kV
2. Output voltage Va 0.2kV-1.2kV
3. Modulation index mg 0.3-0.9

4, Number of SMs N 3

5.  Switching frequency Fg 7011 Hz/9011 Hz
6. SM capacitance Cs 310uF

7. Arm inductance La 27mH

8. Arm resistance Ra 150 2

9. Load capacitance Cload 680 nF

tained value of 78 mA. Moreover, the detailed model of maximum peak-to-peak charging
current is found to be 420 mA, while the model predicted it to be 480 mA. Additionally,
the zoomed picture of the start-up shows that the delay between the first APS and the
last APS turning on is 300 ms. Fig. 6.17 shows the output voltage, output current, and
circulating current during steady state operation at 1.555 kV with 0.9 modulation index,
which generates 700V peak sinusoidal. The higher values of steady-state arm currents
are supplied by the DC link capacitors with a small voltage ripple as shown in Fig. 6.17
with green Vpc; and orange waveform Vpcp.
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Figuur 6.16: Soft start-up and soft shut-down of the MMC-based AWG with single MV SM.

Secondly, the performance of the MMC-based AWG with a single MV SM per arm is
showcased for the wide output voltage range. Though the MV SM was aimed to operate
from 0.3kV to 3kV, the issues with lower voltage are discussed in Section 6.3 in detail,
and those issues can be solved with a larger minimum voltage of 0.8kV (3 x 0.267kV).
Earlier, when the minimum voltage per SM could go to as small as 0.3kV, the MMC-
based AWG with a single MV SM could have an output voltage from 0.135kV to 1.35kV
considering a 0.9 modulation index. Since the minimum operable voltage of the MMC is
elevated to 0.8kV, the lower voltages are obtained with a 0.3 modulation index. Hence,
the minimum obtained output voltage is 0.12kV, and the performance of the MMC-
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Figuur 6.17: Steady state performance the MMC-based AWG with single MV SM.
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Figuur 6.19: Experimental results with wide output frequency range.
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based AWG at this output voltage for different wave shapes is shown in Fig. 6.18(a) to
(c). Additionally, a mid-range of 0.7kV is chosen with 1.55kV DC link voltage and 0.9
modulation index. The highest voltage is chosen to be 1.2kV, operating at 88 % of the
full-rated MV SM for safety reasons. Each figure displays the output voltage and the SM
capacitor voltages at different operating conditions. It can be observed that the series
operation of the 3 SMs is working properly for different wave shapes at different opera-
ting voltages as required. Additionally, though the obtained waveforms are only with a
single MV SM without any output voltage control, their quality is acceptable with THD
around 5 %. The THD for the non-sinusoidal waveform is obtained from 3.30.
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Figuur 6.20: Square pulse waveform.

Apart from the wide voltage range, Fig. 6.19(a) and (f) shows the operation of MMC-
based AWG when the reference waveform is varying from 1 Hz to 600 Hz. As discussed
in Section 6.3, the large ripple of roughly 30V is visible in Fig. 6.19(a). The large ca-
pacitor voltage ripple of 30V exists only because of the APS consumption, as per the
calculations from (6.15). The capacitor voltage ripple is reducing from 10 Hz to 600 Hz
waveform since the APS consumption is negligible due to the minimum period with high
frequency. Note that the SM capacitor voltages are shown for 1s irrespective of the fre-
quency of the waveform, and all SM capacitors are balanced well. With only a single SM
per arm, the current harmonics are not filtered in any of the waveforms shown, and the
switching harmonics are distinctively visible in 600 Hz since the ratio of switching fre-
quency to reference waveform is lowered. Additionally, the THD of all waveforms shown
in Fig. 6.19 are within 5 %. The fastest rise obtained from the MMC-based HV AWG is
found to be 170 yus when 800V DC voltage is applied with a modulation index of 0.9. Its
performance is shown in Fig. 6.20, and the obtained slew rate is 2.35V/us. The rise time
generated from the MMC-based HV AWG is limited since the arm inductor is present,
and switches have limited current capability [142]. After verifying the start-up, steady-
state and shut-down operation of the MMC-based HV AWG, the FRT capability of the
test source is verified in Fig. 6.21. Here, the load capacitor is shorted using an HV relay
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Figuur 6.21: Fault Ride Through (FRT) performance (a) Output characteristics (b) SM Capacitor Voltages.

with a small resistance of 40 2. When such an event occurs, the arm current increases,
and the over-current protection operates when the current crosses the set point of 1 A.
As discussed in Section 6.3.4, the fault protection operates within 40 us and protects the
MMC hardware.

6.5. CONCLUSIONS FOR HARDWARE DESIGN OF THE HVAWG

To test HV equipment with increasingly complex transients obtained from various po-
wer system studies, this chapter demonstrates the performance of the scalable series
connected MV SM design for the MMC-based HV AWG. The proposed MV SM genera-
tes a wide output voltage range of 0.12kV to 1.2kV to satisfy the requirement posed by
the HV AWG application. Additionally, the proposed design of SM capacitance works
for different arbitrary wave shapes with a wide output frequency range from 1Hz to
600 Hz. With the extensive quantitative analysis of the system parameters affecting the
start-up behaviour, a new and comprehensive start-up procedure is formulated for the
proper operation of the MMC-based HV AWG. During the steady state operation, the se-
ries connection of 3 SMs works as expected with the designed control system for a wide
SM voltage range and different wave shapes with different frequencies. Overall, this MV
SM fulfills HV test requirements, and the design behaves as expected and can generate
bipolar voltage waveforms for dielectric testing of various insulating materials and HV
equipment. With the MV SM realized using the off-the-shelf component, the proposed
design is recommended to develop the MMC-based HV AWG for testing for MV class
equipment.







FUTURE OUTLOOK OF THE HV
AWG

This chapter presents the current status of the MMC-based HV AWG and discusses what
further steps to be followed. Based on the lesson learnt during the PhD thesis, a detailed
design flow and required verification tests are prepared to proceed further to realize the
full-scale prototype of the MMC-based HV AWG.

7.1. INTRODUCTION

With this PhD thesis, the research in the MMC-based HV AWG reaches the Technology
Readiness Level (TRL) of 4, where the MMC prototype is validated in the lab environ-
ment in Chapter 6. Earlier, TRL 1 was achieved with the preliminary analytical and si-
mulation studies of the MMC-based HV AWG [73]. The next step of TRL 2 and 3 was
achieved where exhaustive design trade-offs were discussed analytically, with MATLAB-
Simulink simulations and scaled-down MMC prototype in Chapter 3 [99]. Fig. 7.1 shows
the overall status of the development of the MMC-based HV AWG using TRL levels, as
discussed in [143].
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Figuur 7.1: Current status of the MMC-based HV AWG.

Moreover, Fig. 7.2 compiles all the technical challenges to realize a PE-based HV AWG.
As per the figure, the challenges are divided into five parts, which are investigated in de-

119
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tail in this thesis to realize the full-scale prototype of the MMC-based HV AWG. Within
the PhD time frame, PD measurement or dielectric breakdown tests could not be per-
formed with the newly designed test source. Based on the lessons learned during this
PhD thesis, this chapter provides essential guidelines for realizing the full-scale proto-
type of the MMC-based HV AWG. Firstly, guidelines are given specific to the hardware
and control development with a design flow for further development of the test source.
Secondly, various verification tests are summarized for building the full-scale prototype.
Lastly, some guidance is given to identify what is the root cause of the most common
issues faced in the complex MMC topology.
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Figuur 7.2: Involved challenges in the PE-based HV AWG

7.2. DESIGN FLOw FOR MMC HARDWARE AND CONTROL

The experimental results from Chapter 6 prove the feasibility of the series operation of
3 SMs to create an MV SM, and this MV SM is scalable to stack more of these to create
the 100kV rated MMC-based HV AWG. Since the MV SM is realized using commercially
available component, producing the MMC-based HV AWG is possible and cost-effective.
One of the significant challenges faced was the APS and its mismatch during the start-up.
A hardware solution to control the start of all APSs together will be helpful. Secondly, the
demonstration of the MV SM is done with a central controller where all data of the SM
capacitor voltage, fault, enable, and gate pulse data is exchanged with the central con-
troller. Moving to a distributed controller for the full-scale prototype will be necessary,
as shown in Fig. 7.3. The arm energy controller shown in Fig. 6.5 should be implemen-
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ted in the local DSP to reduce the total required fiber optic communication units. In the
current system, each SM has 7 to 8 fiber optics; the total fiber optic elements for the MV
SM will be 23 to 24 fiber optic elements. The distributed control system will reduce the
number of fiber optic elements to 4 per HV module.

MV SM Cap Volt M1 «—]
Arm Current «<—— Submodule 1

_ FaultSMI<—o{  (SM 1)
V'f' '-"1"'“ GP for SM1——>|

fe—— Vrer
je——Enable
F—> vavg
—> Fault_Total

Cap Volt SM1 —>|  Distributed
Cap Volt SM2 —>{  Control / DSP |—> GP for SM1 Cap Volt SM2d——r ¢ |10 1
) 3 . ;> GPforSM2  Fault sM2<—]

Cap Volt SM3 —>| Present in MV = S| ul

— GPforsM3 ... (SM2)
Arm Current ——>{ SM > Fault Total  GP for SM2—>
Fault SM1 —>| > Vavg
Fault SM2 —>|
Fault SM3 —>|

To and From
Central
Controller

Cap Volt SM3 «——
Fault SM3 «——|
GP for SM3 ——>|

Submodule 3
(SM 3)

Figuur 7.3: Overall control architecture for MV SM

Currently, the input of the MMC-based HV AWG is implemented using a Glassman High
Voltage source (EQ series with 10kV voltage rating and 120 mA current rating) and two
split capacitors of 50 uF. A similar structure is proposed for the full-scale prototype of
the HV AWG, where the split capacitors are reduced to lower values, as low as a few mi-
crofarads. However, HV DC source with a variable voltage range from 20kV to 200kV
is needed. For such an implementation, there is a traditional cascaded rectifier design
[127] or transformer with diode rectifier-based design [144]. To realize the MMC-based
HV AWG, the following design flow is suggested in Fig. 7.4, including both research and
engineering activities.
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Figuur 7.4: Design flow for further development of the MMC-based HV AWG.
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7.3. TESTS FOR FINAL VERIFICATION

Based on the design flow, a V model diagram is prepared in Fig. 7.5 for the overall de-
velopment and realization of the MMC-based HV AWG. One of the critical subsequent
tests in the system verification will be control hardware in the loop to test the capabi-
lity to generate high-frequency waveforms when a high number of SMs are needed to be
controlled. Later, the proposed hardware design of MV SM from Chapter 6 should be op-
timized from the prototype design to the HV testing requirements, as discussed above,
to perform the system integration.
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requirement | requirement available component

Tmplementation

Single cell PCB design

Controller implementation

Figuur 7.5: Vmodel of the PE-based HV AWG.

The system integration starts by preparing many single SMs, and Fig. 7.6 shows the step-
wise tests required to prepare a single SM. As per Fig. 7.6, the gate driver board must be
tested to get the proper gate signal for the MOSFET. Secondly, the switching performance
and the onboard APS verification must be verified. Next, a critical step of calibrating the
voltage and current sensor must be performed. The current sensor is absent in all SMs
except two SMs from each arm to measure arm current. Additionally, the fault signal
generation must be tested for overvoltage and overcurrent conditions. The system in-
tegration will be performed with the tested many individual SMs and passives involved
with the HV DC source.

1. Gate Driver Test: 2. Switching 3. Calibration:
performance:
* Aux. power test * Voltage sensor (voltage|
* Gate pulse signal o APS test to frequency)
* Output of gate driver ¢ No load-switching  Current sensor (voltage|
* Output of isolated operation with HB and to frequency)
power supply FB topology o Fault signal generation

wn

4. Design of Passives: . System integration:

* Arm inductance Stack more SMs

* Arm resistance Balancing of SMs in

* DC link capacitance series

* HV DC source Arbitrary wave shape
arrangement generation

Figuur 7.6: Tests to be performed at SM level.

One of the significant challenges in system integration with such a complex converter
topology is to perform the root-cause analysis when the converter is not working. Hence,
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Figuur 7.7: Most common issues that can happen in system integration of the MMC-based HV AWG.

it is advisable to know what to expect with the critical system parameters of the MMC,
such as output voltage, SM capacitor voltages, modulation indices, and arm currents
using the theoretical understanding and simulation model. Fig. 7.7 shows the miniature
circuit diagram of the MMC-based HV AWG, including its connection to the controller
hardware, with the most common issues faced, which are discussed below:

1. Controller model: The first issue can happen in designing and building the con-
troller model, and this issue can be studied using the simulation model. Here, it
is crucial to know the ideal behavior of most of the components in the simulation
and understand its effects on the system’s performance. For example, each APS
has different current consumption and efficiency, making it hard to tune the con-
troller parameters directly from the simulation model.

2. 10 port configuration: Connecting the correct model output to the correct 10 port
is essential. This can be ensured by following proper labeling, and any changes in
the IO use should be updated. For example, during the soft start-up implementa-
tion, the UA and LA gate pulses were altered in the IO configuration, creating the
wrong output voltage.

3. Output connections: MMC topology has many outputs for centralized and distri-
buted control. Hence, it is important to follow an SM-based approach. It means
that the fiber optic connection should not be changed once the particular SM is
tested for its basic functionalities and calibrated for the voltage and current sensor
data.

4. Input connections: The input connection to the controller with its correct calibra-
tion is crucial for the closed-loop control.

5. Open circuit in power loop: While preparing the experimental setup, one of the
connections in the power loop may be missed. This can be identified by obser-
ving no current drawn from the DC source, and the SM capacitor voltages are not
charged.
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7.4. CONCLUSIONS FOR FUTURE OUTLOOK OF THE HV AWG

This chapter has provided an overview of the present state of the MMC-based HV AWG
technology while also delving into the forthcoming stages of development. Drawing in-
sights from the lessons learned throughout the course of the PhD thesis, a detailed de-
sign methodology has been outlined, accompanied by essential validation procedures.
By diligently following this strategic road map, tangible and impactful outcomes in the
realization of an HV AWG can be assured.







CONCLUSIONS AND FUTURE
RECOMMENDATIONS

8.1. CONCLUSIONS

This PhD thesis investigates the MMC-based solution to fulfill the upcoming customized
dielectric test requirements for various HV grid assets and provide additional capabilities
during conventional tests, such as faster isolation of the device under a test set-up in case
of breakdown or reducing the test preparation time. The most preeminent conclusions
from this PhD thesis are as follows:

1. The MMC solution is chosen over CHB and HV amplifiers since it offers the requi-
red scalability to higher voltages and current ratings despite its complex control.
Its capabilities are showcased analytically with a simulation model and a scaled-
down prototype with a DC-link voltage of 300 V.

2. Generating steep pulses in the us range from series-connected SMs in MMC to-
pology becomes increasingly difficult. Hence, a unique integrated hybrid solution
is proposed, which combines the MMC and Marx generator to generate complex
waveforms with steep impulses. A similar analytical study approach, with a simu-
lation model and a scaled-down prototype, is used to prove its feasibility.

3. Asuitable controller hardware is selected for the HV AWG application considering
the requirement of the high-frequency reference waveform generation and the ca-
pability to program various complex wave shapes easily

4. Apart from these studies, this PhD thesis provides a scalable MV SM design for
the MMC-based HV AWG from commercially available components. The perfor-
mance of the proposed design is demonstrated with a DC-link voltage of 2.7kV
with proper start-up, steady-state and shut-down behaviour.
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5. Based on lessons learned during the PhD thesis, clear guidance is formulated for
further developments of the MMC-based HV AWG.

Apart from these highlighted conclusions, the following section dives deeper into con-
cluding the PhD research as per research questions discussed in the Introduction Chap-
ter.

Q1. What is HV testing/dielectric testing? How is it performed?

Dielectric tests of HV grid assets such as cables, transformers (distribution and instru-
ment), and switchgear have a long history, and they are standardized in terms of IEC or
IEEE standards for particular voltage classes. As this PhD aims to target dielectric tests of
MV class equipment, required tests are compiled for the grid assets mentioned in Chap-
ter 2 and Appendix A. The most common tests are power frequency and LI with 1.2 us
rise time with much higher voltage magnitude than the rating of the equipment, taking
into account the transient voltages in the electrical grid. All equipment mentioned above
has a particular structure and needs dedicated dielectric tests to test all configurations.
Hence, the test circuit is studied in detail for all equipment mentioned above, and some
of the instrument transformers need particular types of tests.

However, the massive integration of renewable energy sources using PE converters is
creating new and/or different electric stresses for these HV grid assets. Chapter 2 sum-
marizes them for studying dielectric properties at the material, HVAC, and HVDC le-
vels. These waveforms are not standard and need a programmable HV test source with
bandwidth in the range of kHz. Additionally, Chapter 2 identifies limitations with the
existing HV test sources and test circuits to generate the new electric stresses, which un-
derpins the motivation for the PE-based HV AWG. Since the HV testing application is
significantly different from the PE converter’s usual power transmission application, key
differences are highlighted to identify design trade-offs for the PE-based HV AWG.

This research question delivers HV test requirements with a 3D diagram of output vol-
tage, load capacitance, and frequency as given in Fig. 2.14. The test requirements are
divided into three boxes depending on the current required and different converter ope-
rations. Box 1 is limited by the power rating of the DC source to be 10kW. Box 2 is
mainly about generating steep pulses such as LI, and its feasibility is performed for the
outermost point in the 3D diagram in Fig. 2.14. Box 3 covers generating high-frequency
waveforms across HV insulation material to perform PD measurements or ageing tests.

Q2. What is a promising solution direction for HV AWG? How to design the selected
solution as a HV AWG?

Among the HV amplifier and multilevel PE converter topologies, the MMC converter to-
pology is considered the most promising solution for HV AWG applications, considering
the various benefits offered to achieve precise arbitrary waveform generation. Different
design trade-offs of MMC-based HV AWG are studied in detail in Chapter 3, considering
multiple challenges posed by the HV testing requirements. The harmonic performance
of the AWG is predominantly influenced by the choice of modulation technique, arm in-
ductance (L,), arm resistance (R,), number of SMs (N), semiconductor devices, submo-
dule capacitance, and control systems. The relationship between the above-mentioned
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parameters is well elaborated in Chapter 3 to obtain accurate voltage waveforms. Addi-
tionally, the circulating current is almost negligible in the HV AWG application, which
makes it possible to balance the SM capacitor voltages even when higher harmonics are
generated from the MMC-based AWG. Based on the negligible circulating current ob-
servation, SM capacitor voltage ripple expression is derived, which proves that the SM
capacitance in the yF range is sufficient to generate an accurate waveform. This analyti-
cal understanding has been developed for the first time and proves to be the foundation
of further work on the MMC-based HV AWG.

The design trade-offs discussed in this study are validated with MATLAB-Simulink simu-
lations and a scaled-down prototype of a 12-submodule MMC. A significant observation
is that the simulations conducted in MATLAB-Simulink closely match the experimen-
tal outcomes from the scaled-down prototype. Moreover, the scaled-down prototype
already demonstrates a reasonable level of accuracy in generating voltage waveforms,
and these generated waveforms encompass bipolar, unipolar, and mixed polarity wa-
veforms, effectively showcasing the MMC-based AWG’s performance. The Total Har-
monic Distortion (THD) for most waveforms is either around or below 1 %, except for
the unipolar complex waveform and unbalanced sinusoidal waveform, where it reaches
around 3 %. Furthermore, the theoretical assumption of negligible circulating current
and the derived expression for submodule capacitor voltage are substantiated through
MATLAB-Simulink simulations and experimental observations using the scaled-down
prototype. The validated design guidelines prepared are applied for the full-scale proto-
type of the MMC-based HV AWG, and its performance is examined in MATLAB-Simulink
with 67 submodules in each arm. Like the scaled-down studies, the assessment encom-
passes aspects such as circulating current dynamics, submodule capacitance selection,
and harmonic output voltage characteristics. In essence, this chapter offers comprehen-
sive design guidelines for realizing an MMC-based HV AWG tailored to the requirements
for the dielectric testing of grid assets.

Even though the arm resistance-based passive damping methodology presents satisfac-
tory results in damping the resonance between arm inductance and load capacitance, it
creates losses in the arm resistor as the DC link voltage increases. Hence, a filter-based
active damping methodology is implemented using a bandpass filter, which measures
the resonance, and PI-based control removes the resonance. The performance of the
designed control loops is shown with the MATLAB-Simulink MMC model with 12 sub-
modules per arm, where various waveforms such as triangular, trapezoidal, and a com-
bination of trapezoidal and sinusoidal waveforms are generated from the MMC-based
AWG with THD less than 1 %. Even though the active damping methodology reduces
losses in the arm resistor, the involved control loops can limit the possible large-signal
bandwidth with the MMC-based HV AWG. Hence, passive damping control methodo-
logy is preferred over active damping.

Q3. How to design hardware and control of HV AWG?

Chapter 6 of this thesis proposes an innovative structure of a scalable MV SM design of
the HV AWG. It consists of 3 Full-Bridge (FB) SMs, each rated for 1kV, connected in se-
ries, and it is a scalable design with its own onboard APS with a wide input range to satisfy
the HV test requirement in Box 1. The onboard APS consumption puts additional criteria
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on the SM capacitance design, eventually affecting the minimum possible frequency ob-
tainable from the output waveform. Additionally, the onboard APS creates challenges for
a proper start-up procedure and steady-state operation, considering the non-idealities
present in individual SMs. Hence, a special start-up algorithm is formulated and studied
analytically for N SMs per arm. Also, an arm energy controller ensures equal voltage
sharing for the series-connected SMs in the steady-state operation. The performance of
the proposed design is demonstrated with a single SM per arm where the DC link vol-
tage is varied from 0.8kV to 2.7kV. In order to get the required ten times wide output
range (0.12kV to 1.2kV), the modulation index is reduced from 0.9 to 0.3 without affec-
ting the THD of the obtained waveforms to get a lower output voltage. Now, different
bipolar wave shapes, such as triangular and sinusoidal, with different harmonics, can be
generated with the above-mentioned wide output voltage range. Additionally, various
sinusoidal waveforms with frequencies ranging from 1 Hz to 600 Hz are demonstrated
with the modular prototype of MMC. Moreover, the Fault Ride Through (FRT) capabi-
lity is verified with the modular prototype of the MMC-based HV AWG, providing fast
isolation from any breakdown of the device under test.

Though the modular structure of the MMC offers scalability concerning its hardware
submodule, the controller hardware can create challenges for the scalability of the MMC
with many submodules. With a large number of submodules, the MMC-based HV AWG
will need several FPGAs to implement the control. Since programming different complex
wave shapes in FPGA using VHDL or Verilog can be tedious for the test engineer, a com-
mercially available Real Time Simulator (RTS) with multiple FPGAs included can be a so-
lution. Among various commercially available options, Typhoon HIL satisfies the criteria
of the small simulation step and can generate accurate high-frequency reference wave-
forms, carrier waveforms, and gate pulses. Its performance is demonstrated in Chapter
4 with a scaled-down prototype of the MMC-based AWG with two submodules per arm,
and arbitrary high-frequency waveforms up to 5 kHz (large-signal bandwidth) are gene-
rated accurately with THD less than 5 %. This satisfies the bandwidth requirement of
Box 1 from Chapter 2.

Q4. How to generate steep pulses with rise time as few ys using MMC-based HV AWG?

The series connections of many SMs create severe challenges for the MMC to generate
steep pulses such as the LI waveform. As discussed in Chapter 5 of this thesis, it is clear
that the low current-rated discrete switches can not fulfill the required pulse current spe-
cifications to generate the LI waveform due to the presence of stray inductance in the
loop. Even when high current-rated switches are used, the stray inductance in the path
and jittering effect in the MMC topology makes it impractical to obtain rise times in the
range of us when a capacitive load of 10nF is connected. To solve this challenge and
meet the Box 2 requirements from Chapter 2, a novel concept of an integrated hybrid
test circuit of MMC and the Marx generator is proposed and investigated further analyti-
cally with a simulation model and the scaled-down prototype. It has been identified that
the finite output impedance of the MMC interferes with the Marx generator circuit, af-
fecting the rise or tail time of the waveform. The interference is minimal when the time
constant of the MMC circuit is much higher than both time constants involved in the
generated impulse, and this impact of the MMC circuit parameter on the Marx genera-
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tor circuit design can be derived from the proposed analytical model. With the design
flow prepared in Chapter 5, proper rise time and tail time are obtained in the simulation
model, and the scaled-down prototype confirms the validity of the design flow.

8.2. FUTURE RECOMMENDATIONS

Based on the the discussion in Chapter 7, following recommendations for further devel-
opment of the MMC-based HV AWG are formulated:

 Effect of MMC-based HV AWG on Dielectric Testing: This PhD thesis has delivered
a modular prototype of the MMC-based HV AWG, which can go up to 3kV. It will
be valuable to perform a PD measurement and dielectric strength tests with oil
paper or epoxy material insulation as aload. This will be an important verification
considering the inherent switching behaviour of the MMC as an HV test source,
which may interfere with the dielectric testing and affect the measurements.

* MMC with FB Topology: Most studies within this PhD are performed with Half-
Bridge (HB) topology. However, as highlighted in Chapter 6, using the FB topo-
logy to reduce the DC-link voltage requirement by half is possible. Additionally,
the flexibility offered by the FB MMC can support to generate unipolar and DC
waveforms continuously when the onboard APS is connected parallel to the SM
capacitance.

* Integrated Hybrid Circuit with MMC and multi-stage Marx Generator: Chapter 5
has proposed the integrated hybrid circuit of MMC with a single-stage Marx gene-
rator for the initial proof of concept study to superimpose LI waveform with higher
voltage magnitude than the DC link voltage. However, the magnitude of the LI im-
pulse or any fast-rising impulse can be much higher than the DC link capability of
the MMC. Hence, it is crucial to study the multi-stage Marx generator to configure
it with the MMC.

* Demonstration of Box 3 requirements: The test requirements summarized in Chap-
ter 2 are named Box 1, 2, and 3. This PhD thesis has answered Box 1 requirements
in detail and Box 2 requirements up to the scaled-down prototype level. Howe-
ver, Box 3 requirements are not explicitly demonstrated in the prototype, especi-
ally the low capacitance and high bandwidth. It is essential to mention that the
SiC MOSFETs can be operated with 250 kHz switching frequency. With the correct
design of the filter, it is possible to generate high-frequency pulse-modulated wa-
veforms for low capacitive load at a relatively low voltage range of 10 kV to 50 kV.






SUMMARY OF HV TEST
REQUIREMENT

This Appendix is prepared in-consultation with the HV test engineers from the KEMA
Labs which summarized dielectric test requirement as per IEC standards. In the first
tabular format, general dielectric test requirements are summarized with the details
about the various test waveforms such as sinusoidal, DC, and various impulse wave-
forms. Fig. A.1 show various impulse waveforms and how the rise time and tail times
are defined as per IEC standards [14]. Additionally, it consists testing procedure and vol-
tage measuring system for the particular test waveform [127]. The next tabular format
reviews all dielectric test requirements for the selected MV equipment for their type tests
(10][11][12][26][13]. Additionally, the IEC standards for the HVDC cable testing is sum-
marized since it requires additional challenging superimposed test waveforms [111].

This Appendix is based on a report written in collaboration with various test engineers from KEMA Labs
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General dielectric testing procedures (IEC 60060-1 and IEC 60060-2)

DC signal

Types of DC signal

Voltage wave shape

Current requirement

Testing procedure

Voltage generation and
measurement

Switching
behaviour
Square waveform
Trapezoidal
waveform
Constant DC part

Ripple factor should be
less than 3% (half the
difference between the
max and min)

Test duration less than
60s, +1% in peak voltage
Test duration more than
60s, £3% in peak voltage
For wet and pollution
tests, voltage drop <10% is
acceptable

Capacitive current
(largest component)
Dielectric absorption
current

Continuous leakage
current

PD current

Assuming voltage slew
rate as 200 kV/us and
max load capacitance
as 10 nF, charging
current peak required
is 2kA

Voltage should be
increased with 2% of U
per second when the
applied voltage is
above 75% of U

Voltage generation:
Cascaded rectifier
Voltage
measurement:
arithmetic mean value,
ripple factor and any
transient

Converting device:
Resistive (High) divider
or universal divider

Sinusoidal signal

Frequency range

Voltage wave shape

Current requirement

Testing procedure

Voltage generation and

requirement measurement
Lab tests: 45 to 65 Difference in +ve and -ve Dry tests below 100 Application of test Voltage generation:
Hz peak <2% kV:>100 mA voltage: Raised slowly Trafo, cascaded trafo,

Onsite tests: 10 to
500 Hz (optional)
VLF: 0.01to 1 Hz
(optional)

Ratio of peak to RMS =

V2 +5%

THD used in PD pattern
recognition

For short tests < 60s, +1%
of the specified level

For long tests > 60s, +3%
of the specified level

Wet tests below 100
kV:>1A

Artificial pollution: 1
to5A

(2% of U per sec for
voltage above 75%),
maintained at rated
voltage for 60 s, and
rapidly decreased (not
interrupted)

Withstand test
Disruptive discharge
test

resonance circuit
Converting device:
capacitive divider or
universal divider

¥el
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Rated frequency variation
should be less than 1%
For wet and pollution
tests, <20%

No significant effect on
disruptive discharge
voltage with Non-
disruptive discharge
voltage

Assured disruptive
discharge test

Lightning impulse (LI}

Types of LI

Voltage wave shape
requirement

Current requirement

Testing procedure

Voltage generation and
measurement

Standard: Full wave
(Figure A-1(a))

Tail chopped
(Figure A-1(b))
Front chopped
(Figure A-1(c))

- only there for
insulators

Linearly rising front
chopped

(Figure A-1(d))

Rise time = 1.2 pus+30%,
Fall time = 50 ps+20%
Voltage peak = Vp+3%
Time to chop ~ 2 psto 5
us. Time to chop should be
faster than front time.

Cmax= 10 nF
dv=200kV
dt=1.2us

Maximum current
required to charge this
capacitor is 2 kA

Proc A: 3 impulses and
no failure

Proc B: 15 impulses
and less than 2 failures
Proc C: 3 impulses and
additional 9 more if
more 2 are failed

First positive polarity
and later negative
polarity. 2 min
between each polarity

Voltage generation:
Marx generator with
variable resistors
Converting device:
Resistive (low) divider
or capacitive damped
divider

Switching impulse (SI)

Types of SI Voltage wave shape Current requirement Testing procedure Voltage generation and
requirement measurement
Standard SI Rise time = 250 ps + 20% ¢ Cnax=10nF e Similar to LI Voltage generation:
(Figure A-1(e)) Fall time = 2500 us £+ 60% | o dv=200KkV Marx generator with
Peak value of voltage =Vp | e dt=250us variable resistors

+3%

Maximum current
required to charge this

capacitor is 8 A

Converting device:
Capacitive divider or

>

Gel



>

capacitive damped
divider

Composite signal (2 terminal devices)

Types

Voltage wave shape
requirement

Current requirement

Testing procedure

Voltage generation and
measurement

Combination of
power frequency
and impulses
Combination of DC
and impulses

Voltage value (voltage
variation < £5 %)

Time delay (+0.05Tp,
where Tp is time to peak of
an impulse)

For single test source
to generate two wave
shapes, it will be
addition of currents
required by two wave
shapes

Specific to test object

Superimposition of two
test sources

9¢I
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36 kV class switchgear and control gear (IEC 62271-1)

No

Type of test

Details

Time taken to prepare
and perform test

Test object
modelling

Power frequency
withstand test

70 kV (common value) and 80 kV (across isolating
distance) for 1 min
Routine and type test

For 3 phase switchgear
(panel)

0.5 day - for 1 min test it
takes 4 hours to prepare

Lightning impulse test

145 / 170 kV (common value) and 165 / 195 kV
(across isolating distance) with Procedure B
Type test

3 days - different cases to
be tested
Total impulses = 600

e Load capacitance for
both types of test is
considered to be in
the range of 50 pF.

° Rleakage in parallel to
load capacitance is
considered in the
range 0.2Voupue and

Voutput-
36 KV class power transformer (IEC 60076-1 and IEC 60076-3)
No | Type of test Details Time taken to Test object modelling
prepare and
perform test
.| Applied voltage test 70 kV for 1 min Power rating <4 MVA | ¢ Applied voltage test:
Routine test ~ 0.5 hour Load capacitance
.| Induced voltage 2U,/V3, higher frequency with less duration to avoid core | ~ 0.5 hour (LV) =19-26 nF
withstand test (IVW) saturation. Load capacitance
. rated frequency (HV) =12-16 nF
Duration = 120XW not less than 15 s o Induced voltage test:
.| Induced voltage test with | Test circuit is similar as IVW test 0.5 day Load capacitance is
PD measurement (IVPD) less than applied
.| Lightning impulse test e 170 /200 kV with Procedure B 0.5 day voltage test since

e Usually negative polarity

Cg

generally a (a = ol

The values of waveshape specified may not always be
obtainable. In the impulse testing of large power
transformers and reactors, of low winding inductance

>1)

LET



>

and/or high surge capacitance, wider tolerances may
have to be accepted.

Type test
5.| Chopped wave lightning 187 kV /220 kV 1 day
impulse test for the line Special test

terminals (LIC)

e Impulse test: Parallel
combination of C; and
Cs per turn will also
be less than Cg value.

i Rleakage in parallel to
load capacitance is
considered in the
range 0.2Vougpu and

Voutput-
36 kV class instrument transformer (IEC 61869-1)
No Type of test Details Time taken to Test object modelling
prepare and
perform test
1. | Power frequency Primary terminal - 70 kV for 1 min ~ 0.5 hour Load capacitance for PT =
withstand test Secondary terminal - 3 kV for 1 min 1 nF for 36 kV
Routine test
2. | PD measurement Um (36 kV) / 0.693Un, (25 kV) / 1.732 Un (62 kV) 0.5 day Load capacitance for CT =
(based on earthing) maintained for 30 s 0.25 nF for 36 kV
Routine test
3. | Lightning impulse test | e Primary terminals 145 kV/170 kV 0.5 day Rleakage in parallel to
e Procedure B, 15 impulses of each polarity load capacitance is
Type test considered in the range
4. | Measurement of tan Rated frequency and voltage Um/V3 0.4 day 0.2Voutput and Voutput.
delta Special test
5. | Chopped impulse test e Primary terminal, only negative polarity (2 chopped 0.4 day
impulses between 1 FL and 14 FL)
e Instant of chopping =2 to 5 ps
e Opposite polarity overshoot should be less than 30 %
Special test
6. | Multiple chopped e The testvoltage shall be applied between the primary | 2 days

impulse test

terminals (connected together) and earth for CT’s,

8¢I

LNEWHYINOHY 1S9 AH 40 AdVNINNS 'V



and between the primary high voltage terminals
and the primary earth terminals for earthed voltage
transformers

e The prescribed peak value of the test voltage shall be
70 % of the rated lightning impulse withstand
voltage. The impulse front of the test voltage should be
1,2/50 ps wave.

e The virtual duration of voltage collapse, measured
according to IEC 60060-1, shall not exceed 0,5 ps and
the circuit shall be so arranged that the over swing to
opposite polarity of the impulse shall be approximately
30 % of the prescribed peak voltage.

e 600 consecutive impulses shall be applied,
approximately at a rate of 1 impulse/min.

Special test

36 KkV class AC cable (IEC 60502)

No

Type of test

Details

Time taken to
prepare and
perform test

Test object modelling

Power frequency
withstand test

63 KV for 5 min (1 hour)

Routine test

70 kV for 4 hours (5 hours)

Sample test

70 kV for 4 hours with maintained conductor temperature (1

day)
Type test

Routine test - 1 hour
Sample test - 5 hours
Type test - 1 day

PD measurement

Raised to 36 kV gradually and maintained for 10 s and reduced to
31.14 kV.
Routine test

(depends upon
background noise -
0.5-1 day)

Sample test: Length =5 m
Type test: Length = 10-15
m

Range of capacitance =
0.2-0.7 nF/m

Rieakage in parallel to load
capacitance is considered
in the range 0.2Voupu and
Voutput-

6€1



Lightning e 170kV 1 day Length = 10-15m
impulse test e This test shall be performed on the sample at a conductor
temperature 5 K to 10 K above the max conductor temp
e 10 Positive and 10 Negative. Sequence given in IEC 60230
e 15 min power frequency voltage test should be performed
Type test
Measurement of | e This test shall be performed on the sample at a conductor | 1 day Length =10-15m

tan delta

temperature 5 K to 10 K above the max conductor temp
The tan § shall be measured with an alternating voltage of at
least 2 KV at the temperature specified above.

Type test
HVDC cable (IEC 62895)
No Type of test Details Time taken to Test object modelling
prepare and
perform test
DC withstand test | Ur = 1.85U, for 1 hour 0.5 day Cable length = at least 30
An AC test combined with PD measurement is recommended - m
where suitable. Test parameters shall be agreed between 0.25 nF/m.
manufacturer and customer
Routine test
Polarity reversal | Polarity reversals within two minutes at voltage of 1.45U, 0.5 day

test

(Type test) or 1.25 U, (Prequalification test - PQ test) - only
present for LCC technology

Prep time 2-3 hours

Lightning impulse
with DC

(] Upl = 115 Uo
Teona>Tcondmax by 0 to 5 K higher for minimum 10 hours

before test and maintained during the test

The cable shall withstand without failure 10 positive and

10 negative voltage impulses of the appropriate value.
Rest period between two polarity of 24 hours with

constant DC applied

e Preparation time

few days to
weeks. It depends
upon test object

height and
required
structure to

(141
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Switching
impulse with DC

Upz,s =1.15Upand Upz_g =1.15U,

Teond>Tcondmax by 0 to 5 K higher for minimum 10 hours
before test and maintained during the test

The cable shall withstand without failure 10 positive and 10
negative voltage impulses of the appropriate value. Rest
period between two polarity of 24 hours with constant DC
applied

mount
everything.
Operation  and
maintenance  of
water resistor
consume time
Calibration of
graphs consumes
time

For SI, front and
tail resistor needs
to be changed and
calibration of the
graph needed

1541



A. SUMMARY OF HV TEST REQUIREMENT
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EFFECT OF STAIRCASE WAVEFORM
ON APPLIED DIELECTRIC STRESSS

This appendix presents a comparison in Partial Discharge (PD) behaviour when an air
corona setup is subjected to different waveforms, namely an idealized 50 Hz sinusoidal
and staircase-based sinusoidal waveforms near inception voltage and at a higher voltage.
In this study, it has been observed that the PD repetition rate and the Phase-Resolved PD
(PRPD) pattern with the staircase waveform better resemble that of a pure sinusoidal wa-
veform if the number of voltage levels of the staircase waveform is sufficiently increased.
When observed more closely at the PRPD pattern near inception voltage, PDs tend to occur
near the slope of the staircase waveform, even when the step voltage is small.

The evaluation of insulation stresses in grid assets can be conducted by examining Par-
tial Discharges (PD), dielectric losses, breakdown strength, and electric field distribu-
tion. Since there is extensive knowledge about PD behaviour in 50 Hz sinusoidal wa-
veform, this is selected as a bench-marking case to study the effect of the staircase wa-
veform. Hence, this paper compares PD behaviour under pure sinusoidal and staircase
waveform made of different voltage levels. It is important to point out that the maximum
number of levels generated from an MMC is a design constraint which strongly affects
the cost and complexity of the system. Thus, to identify the minimum number of levels
and suitable step response of the generated voltage waveform that produces acceptable
performance closer to the desired (ideal) reference is of paramount importance for the
optimal design of the test source.

[145][146] studied the effect of a 2 level Pulse Width Modulated (PWM) waveform on
the HV insulation system of electrical machines. It was found that the features of the

This chapter is based on:

¢ D.A. Ganeshpure, L. C. C. Heredia, M. G. Niasar, P. Vaessen, T. B. Soeiro and P. Bauer, "Analysis of Partial
Discharge Behaviour under Staircase-based Sinusoidal Voltage Waveforms,"2020 IEEE 3rd Internatio-
nal Conference on Dielectrics (ICD), 2020, pp. 894-897, doi: 10.1109/ICD46958.2020.9342005.
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Multilevel PWM
3 level PWM
e S tairc ase
Staircase with
e finite step
response

Time (ms)

Figuur B.1: Different wave shapes as the output of the PE converters

PWM waveform, i.e. switching frequency, duty ratio, and voltage magnitude have a deep
impact on the PD magnitude, repetition rate, phase and time-resolved pattern. Ref.
[147][148] suggested that the higher the number of levels in the PWM waveform, the
lesser is the PD magnitude and inception voltage. Also, it is concluded in [147] that the
multilevel PWM applies a new type of stress, which is a combination of AC, DC, and
chopped waveforms.

For a better understanding of different wave shapes mentioned above, the typical volta-
ges generated by power electronic systems operating with 3-, and 9-levels are shown in
Fig. B.1. Note that the graphs in pink and blue are generated by voltage source converters
operated with PWM modulation logics, while the voltage generated in green and brown
are created by a multilevel converter operated with NLC. 3-levels PWM waveforms are
quite critical with respect to both magnitude and frequency of dV/dt application when
compared to the staircase waveform. Multilevel PWM waveforms are mainly critical with
respect to frequency of dV/dt application when compared to the staircase waveform with
the same number of levels. This paper offers a comparison in PD behaviour when an air
corona setup is subjected to a pure 50 Hz sinusoidal and staircase waveform with a dif-
ferent number of voltage levels and different step responses for each voltage level.

B.1. EXPERIMENTAL SETUP

Since the MMC-based HV test source is not yet ready in our laboratory, an arbitrary wa-
veform generator and a Trek 30/20A HV amplifier setup are used to generate the desi-
red staircase waveform with different number of levels. The test object is a traditional
air corona with a needle length of 3.2 cm with a diameter of 0.3 mm. PD measurements
are performed using two identical High-Frequency Current Transformers (HFCTs), along
with a high-end oscilloscope, Tektronix DPO 7354C. Each HFCT has a gain of 9.1 mV/mA
and bandwidth of 40 kHz to 130 MHz. A coupling capacitor is used to provide a low im-
pedance and high-frequency path for the PD signal. In addition, a blocking inductor is
installed to limit the noise from the amplifier. The schematic and the actual PD mea-
surement setup are shown in Fig. B.2. After the HFCTs, band-pass filters (1.37 MHz - 90
MHz) are installed to filter the capacitive current present when the staircase waveform
is applied.

The polarities of the two installed HFCTs are in the same direction so that it is possi-
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Figuur B.2: (a) Schematic (b) Actual PD Measurement Setup

ble to check if the measured signals are PDs or electrical disturbances by comparing the
polarity of signals obtained from both HFCTs. Before the actual PD measurement, the
setup is checked to be PD free by measuring PDs without the corona needle. After pre-
paring the setup, PDs are captured using a single HFCT, which is below the test object to
showecase the results. The methodology used is as listed in the following:

e Apply different wave shapes such as sinusoidal and staircase waveforms with 3-,
5-, 7-, 13-, and 41-levels to observe the trend. Also, the step response in staircase
waveforms has finite delay as defined by the slew rate of the HV amplifier and
the impedance of the circuit. This delay is made longer by adding a resistor and
the performance of sinusoidal and staircase waveforms with 41-, and 68-levels are
compared with and without the resistor.

¢ Due to the presence of an overshoot in the staircase waveforms, the inception vol-
tage changes slightly for different staircase waveforms as a function of the overs-
hoot. To avoid this effect, the performance of different waveforms is compared at
a voltage slightly higher than the inception voltage i.e. 5.6 kV and a voltage of 8 kV,
some 40 % higher than the 5.6 kV.

¢ Fixed number of PD events (1000) are captured for each measurement, and the re-
petition rate is calculated based on the timestamp of the last PD. Each wave shape
is not tested repetitively. Hence, the showcased results don’t analyze the pseudo-
stochastic behaviour of PD.
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Tabel B.1: Trend in the PD Repetition Rate with Sinusoidal and Staircase Waveform with a Different Number
of Voltage Levels

No of Levels Vp=5.6 kV Vp=8kV
Avg. repetition rate | Avg. repetition rate | Voltage at which first
(PD k.pulses/s) (PD k.pulses/s) PD observed (kV)
3 levels 0.4 6.2 -5.5
5 levels 0.3 4.1 -5.4
7 levels 0.2 3.8 -5.3
13 levels 0.2 3.1 -5.2
41 levels 0.1 2.9 -5.0
Pure Sine 0.1 2.7 -5.0

B.2. RESULTS

This section presents the obtained experimental results in four subsections, each showing
the effect of the staircase waveform with a different number of voltage levels and with the
different step response, on repetition rate, and Phase-Resolved PD (PRPD) pattern.

B.2.1. EFFECT OF THE STAIRCASE WAVEFORM WITH A DIFFERENT NUMBER

OF VOLTAGE LEVELS ON THE PD REPETITION RATE
The average repetition rate for sinusoidal and staircase waveforms with different voltage
levels are summarized in Table B.1 at the peak voltage of 5.6 kV and 8 kV. The voltage at
which the first PD occurs at the higher voltage is also represented along with the repeti-
tion rate in Table B.1.

B.2.2. EFFECT OF THE STAIRCASE WAVEFORM WITH A DIFFERENT NUMBER

OF VOLTAGE LEVELS ON THE PRPD PATTERN
The PRPD patterns of sinusoidal and staircase waveforms with a different number of
voltage levels are shown in Fig. B.3 at peak voltage of 5.6 kV. The PRPD pattern at higher
voltage of 8 kV is shown for the pure sinusoidal and staircase waveform with 41 levels in
Fig. B.3 since this gives a response closer to the pure sinusoidal.
When further zoomed into Fig. B.3(e), three different stages of PD patterns are observed
as shown in Fig. B.3. In stage I, PDs occurs just after the slope. In stage II, PDs occur
on the slope. Stage III shows random behaviour of PDs as seen in DC. In this case, the
magnitude of voltage step is 280 V.
Fig. B.5 shows the PRPD pattern for 41 level staircase waveform and sinusoidal waveform
with a zoomed picture. In this case, the magnitude of voltage step is 400 V.

B.2.3. EFFECT OF THE STAIRCASE WAVEFORM WITH A DIFFERENT STEP RES-
PONSE ON THE PD REPETITION RATE

The step response of the staircase waveform is changed by adding a resistor of 100k" in

series with the blocking inductor. By adding such a resistor, the step response is changed

from 10 ps to 50 us. The obtained results are compared for 41 levels, 68 levels, and pure



B.2. RESULTS 147

8 g = o= oy o
: 10 E é 2 05 Z 05
4 35 84 YE B s £
z 63 £3 63 Fd4 6 §
2 £ 2 5 C £
-4 3 T Ry s £ TRl st B
- = A 6 ol 2 sl 7 E
-8 0 = g 28 0= o = ,E
0 90 180 270 360 < B 0 = 0 90 180 270 360 26 [
Phase (*) Phase (") Phase (*) Phase (°)
(a) Staircase waveform with 3 levels (d) Staircase waveform with 13 levels
=8 ws = o = g e =
g = B 10 £ g3 10 g =
54 B3 & = %4 8 % =
s 2 63 = X #: = 2
Zap 2 s 2 =3 o —= 2
2 j -—!‘h—:. £ Za2 v 4 & £
= 2 5 T s £4 g
£ s = gE T " |2 E £
& 0 EE 8 =3 finie =
o -
0 90 180 270 360 -6 .. ~ 0 90 180 270 360 ) 270
Phase (*) Phase () Phase (°) Phase ()
(b) Staircase waveform with 5 levels (e) Staircase waveform with 41 levels
g4 S & B35 21 B by 5
2o —— 2 | E 2o a8 2 ‘&
z 4 g g
24 2 § 3 ¥ 24 2 B 2 ]
%7; a g 2 LA o Goe- B 0 2
< -l P (1]
0 90 180 270 360 2l vE = 80 90 180 270 30 A
Phase () Phase (") Phase () Phase ()
(c) Staircase waveform with 7 levels (f) Pure Sinusoidal

Figuur B.3: Comparison of sinusoidal and staircase waveform with a different number of voltage levels on the
PRPD pattern at Vp = 5.6 kV

Ist  2nd 3rd
stage stage  stage

= = o - o - : e
% £z T 2 i 3 £
g £ & z & = & ]
- = = - = - = a3
z : o=z = 3 = I E
< > [=E N = 270
Phase ( o, Phase (") Phase (7 ) Phase ( o)
(a) Zoomed Version (b) Stage I (c) Stage I (d) Stage I1I
Figuur B.4: PRPD pattern for staircase waveform with 41 level at Vp = 5.6 kV
& ~ o~ i s < o
g °g g z cEE :
% 4 wE R < 2 5 =
LR &5 & E g £ E
B o 2 485 E
=6 i .E = E i B & a
- B 0~ o I
0 %0 180 270 360 * iR 3 2 80, 20 el Phase (*)
Phase () Phase ()
(a) Staircase waveform with 41 levels (b) Pure Sinusoidal

Figuur B.5: Comparison of sinusoidal and staircase waveform with 41 levels on the PRPD pattern at Vp = 8 kV



148 B. EFFECT OF STAIRCASE WAVEFORM ON APPLIED DIELECTRIC STRESSS

Tabel B.2: Trend in the PD Repetition Rate with Sinusoidal and Staircase Waveform with a Different Step
Response

No of Avg. repetition rate @ Vp=5.6 kV | Avg. repetition rate @ Vp=8 kV

levels (PD k.pulses/s) (PD k.pulses/s)
Without Res With Res Without Res With Res
41 levels 0.1 0.1 2.6 2.6
68 levels
Pure Sine
|

Applied voleage (kV)

PD magni

270 270 Phase (°) Phase (")
Phase (°) Phase () . . ) .
(a) 41 levels: without resistor (b) 41 levels: with resistor (e) 41 levels: without resistor (f) 41 levels: with resistor
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Figuur B.6: PRPD pattern (a) to (d): Vp=5.6 kV & (e) to (h): Vp=8kV

sinusoidal in Table B.1.

B.2.4. EFFECT OF THE STAIRCASE WAVEFORM WITH A DIFFERENT STEP RES-
PONSE ON THE PRPD PATTERN

The effect of different step response of the staircase waveform is shown in Fig. B.6 with

zoomed pictures since the full cycle PRPD pattern is not changing drastically.

B.3. DISCUSSION OF RESULTS

The observations made from the obtained results are summarized below:

* The average PD repetition rate of the staircase waveform at Vp = 5.6 kV and Vp =
8 kV resembles one of the pure sinusoidal as the number of levels is increased, as
shown in Table B.1.

* At Vp = 8 kV with the staircase waveforms, the voltage at which the first PD obser-
ved changes due to involved voltage steps. As the magnitude of the voltage step
is reduced in the staircase waveform, the voltage at which the first PD observed
becomes the same as pure sinusoidal.

e PRPD pattern of staircase waveform changes near inception voltage when com-
pared to the sinusoidal case. There are bulk of PDs occurring near the slope even
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though the magnitude of the voltage step is relatively small (= 230 — 400 V).

* When zoomed into the performance of 41 levels near inception voltage in Fig. B.4,
three stages are observed as described below:

— Stage I - PDs occur just after the slope, as shown in Fig. B.4(b).
- Stage II - PDs occur on the slope in Fig. B.4(c)

— Stage III — PDs occur randomly, as shown in Fig. B.4(d). There is a gap bet-
ween PD occurring on the slope and the subsequent constant (DC) part.

This behaviour suggests that the electric stress applied is a combination of AC, DC,
and transient.

» The average PD repetition rate of staircase waveforms with different step respon-
ses is almost the same, as shown in Table B.2.

* For the staircase waveform with a slower step response, the concentrated bulk of
PDs move to the subsequent constant (DC) part in the case of a staircase waveform
with 41 levels near inception and higher voltage. However, this is not distinctly
visible for the staircase waveform with 68 levels with the PRPD pattern shown in
Fig. B.6.

B.4. CONCLUSIONS

For the corona discharges in air, the PD performance of the staircase waveform resem-
bles the pure sinusoidal as the number of voltage levels is increased. However, a signifi-
cant difference has been observed with the PRPD pattern near inception voltage with the
staircase waveform. A staircase waveform with a slower step response did not conclusi-
vely shift the bulk of PDs away from the voltage steps near inception voltage. Primary
analysis suggests that the applied electric stress with the staircase waveform is a combi-
nation of AC, DC, and transient. Nevertheless, further investigations and measurements
are needed to find out why the PRPD pattern changes near the inception and how the
step response affects it. In summary, the change in PRPD pattern near inception voltage
with staircase waveforms indicates different electrical stress compared to pure sinusoi-
dal, and therefore the MMC based HV test source rated for 100 kV should generate with
at least 68 levels with a rather slow step response.
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