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Abstract

Title: Medium voltage power converters with SiC power devices

The thesis presents considerations regarding power electronic systems based on Sili-
con Carbide power devices dedicated to applications in the medium voltage range. More
specifically, the topics under consideration are modeling of medium voltage SiC power de-
vices, focusing on the characterization method for the transistor output capacitance, used
for accurate switching loss determination; a power loss estimation method for converters,
established on a simple experimental setup; a comprehensive study, founded on experimental
models, for various converter solutions dedicated for medium voltage power electronics with
SiC power devices, including two-level, multilevel, series connection, and quasi-two-level
methods; and novel approaches for dc-dc converters converging soft-switching techniques
with the quasi-two-level method, aiming at improving the efficiency and power density. The
dissertation consists of five core publications, which are preceded by an introduction briefly
describing the subjects, the primary motivation for the specific concepts, an overview of
the prior findings from the literature, as well as accentuating the contribution of the pa-
pers. Even though SiC power devices have been researched for several years, there are still
limitations to the proper utilization of Silicon Carbide power devices for medium voltage
applications, such as adequate semiconductor modeling, accurate power loss estimation, or
the choice of a suitable topology. Thus, these issues are addressed within the thesis. All in
all, it is shown that employing SiC-based power devices provides a myriad of opportunities
for medium voltage power electronics applications, such as improved efficiency or higher

power density, which surpasses the formerly-used Silicon-based power electronics.

Keywords: electric energy conversion, multilevel converters, power electronics, power con-

verters, SiC MOSFET, series connection of power transistors.



Streszczenie

Tytul: Przeksztattniki energoelektroniczne sredniego napiecia z przyrzadami mocy z weglika

krzemu

W rozprawie przedstawiono rozwaZania dotyczqce uktadow energoelektronicznych dedy-
kowanych do pracy w zakresie Srednich napigc¢ i wykonanych z wykorzystaniem potprzewod-
nikowych elementow mocy z weglika krzemu. Praca zawiera opis modelowania przyrzadow
mocy pracujqcych w przeksztattnikach Sredniego napigcia 7 elementami z weglika krzemu,
skupiajqc si¢ na metodzie charakteryzacji pojemnosci wyjsciowej tranzystora, wykorzysty-
wanej do doktadnego okreslania strat taczeniowych,; metodg estymacji strat mocy w elemen-
tach przeksztattnika opartej o prosty uktad eksperymentalny; studium poréwnawcze oparte
o modele eksperymentalne dla roznych rozwiqzan przeksztattnikowych dedykowanych dla
energoelektroniki Sredniego napiecia z uwzglednieniem wykorzystania tranzystorow mocy
obejmujqcych uktady dwupoziomowe, wielopoziomowe, a takze oparte o szeregowe tqczenie
i metodg quasi-dwupoziomowgq,; oraz nowatorskie rozwiqzania przeksztattnikow prqdu sta-
tego taczqce techniki migkkiego przetqczania i sterowania quasi-dwupoziomowego, majqce
na celu poprawe jego sprawnosci i gestosci mocy. Rozprawa sktada sig¢ z pieciu gtownych
publikacji, ktore poprzedzone sq wstepem krotko opisujacym tematyke, gtownq motywacjq
przedstawianych koncepcji, przegladem dotychczasowych dokonan z literatury naukowej, a
takze zaakcentowanie kluczowych osiqgnie¢ w artykutach. Mimo Ze elementy potprzewod-
nikowe z weglika krzemu sq badane juz od kilku lat, to nadal istniejq istotne ograniczenia,
takie jak nieprecyzyjne modelowanie potprzewodnikow, niedoktadne okreslanie strat mocy,
czy wybor odpowiedniej topologii przeksztattnika. Tym samym, kwestie te zostaly poruszone
w pracy. Podsumowujqc, wykazano, Ze zastosowanie przyrzadow mocy z SiC w zastosowa-
niach energoelektroniki sredniego napiecia umozliwia m.in.: poprawe sprawnosci i/lub uzy-
skanie wyzszej gestoSci mocy, przewyzszajqc parametry uzyskiwane przez uktady zbudowane

z elementow mocy wykonanych w technologii krzemowej.

Stowa kluczowe: energoelektronika, przeksztattniki energoelektroniczne, przetwarzanie ener-
gii elektrycznej, SiC MOSFET, szeregowe tqczenie tranzystorow mocy, przeksztattniki wielo-

poziomowe
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Chapter 1

Introduction

Medium voltage level has always been the most common choice for high-power power
electronics applications, which is mainly associated with reduced current levels compared to
low voltage systems. Smaller currents lead to significantly reduced conduction power losses,
leading to better efficiencies, and also decreased volume and weight of the conductors -
cables or busbars. The interest in MV power electronics has been gaining even more traction
lately, as the global aims for decarbonization of society and the industry are becoming more
important every year. To reduce the CO, emission levels, the one target is the successful
implementation of renewable energy sources, such as wind, solar, and hydropower plants,
as the core generation sources since conventional energy sources, such as coal plants, are a
source of extensive pollution, and do not correspond to the environment-friendly policies,
such as Fit For 55, currently considered in the European Union. Taking into account the
two most common RES - the wind and solar systems, the former has been mostly bound to
MV levels since its inception, and the latter has also recently been introduced into a higher
voltage range with PV strings rated at 1.5 kV and above. Moreover, the trend of reaching
for higher and higher voltages every year is a recurring theme also for other systems, e.g.,
battery energy storages.

However, renewable energy sources are not the only applications for MV power elec-
tronic converters. A large variety of other applications employ such a voltage range. To
name a few, e-mobility and electrical traction can be considered, as well as high-power mo-
tor drives, data centers, or smart grids. Considering the vast amount of power processed
through these applications, energy conservation via more efficient means of energy conver-
sion is also a focus to reduce the emission levels.

Therefore, there is a great need for efficient and reliable MV power electronics, prefer-
ably with limited volume and little effect on the surroundings, e.g., through electromagnetic

or acoustic interference. The conventional approach to constructing medium voltage power



CHAPTER 1. INTRODUCTION

electronic converters is to use power semiconductor devices based on well-known Silicon
technology, usually in the form of IGBTs, GTOs, or IGCTs. However, the advances in WBG
semiconductor technology, and especially Silicon Carbide, have brought the well-performing
MOSFET into the medium voltage range. While currently available devices are bound to up
to 3.3 kV breakdown voltage, the prototypes of devices rated at 10 kV and above have already
been presented. Even though higher voltages can already be reached with Si devices, SiC
brings many other advantages compared to standard Si-based semiconductors. Namely, they
are characterized by better switching capabilities, lower power losses, as well as higher sus-
tainable temperatures, which provide the possibility to construct MV power converters with
substantial power density and extremely high efficiencies. SiC-based power devices have al-
ready surpassed state-of-the-art Si-based counterparts in many ways, and it is predicted that
they will even become more auspicious in the future.

While plenty of MV SiC-based power converters have already been presented both in
academia and industry, there are still many issues to be resolved before the entirely appro-
priate employment of SiC semiconductors in MV power converters can be achieved. For
example, since the rapid switching of SiC devices induces much more severe issues with
parasitic components in the circuits, special care has to be given to the hardware design of
the system. Moreover, the more complex structure of the SiC chips requires the introduction
of new models and characterization methods. Furthermore, this can also be analyzed from
a more general perspective: What topologies and control methods would result in the most
efficient converters when SiC power devices are employed? Of course, this is just the tip of
the iceberg, and the possible research opportunities seem nearly endless.

Thus, there is still a need to investigate SiC-based MV power electronic systems fur-
ther so that full utilization of WBG power semiconductors can be achieved and sought-for,
highly-efficient and compact MV power converters can be constructed.

The thesis outline is as follows. After a brief introduction showcasing the importance
of MV power converters in today’s society, a more thorough overview of power electronic
applications is presented. It starts with the presentation of a plethora of MV systems that
employ power converters. Then, the significance of the emerging Silicon Carbide semicon-
ductor technology in MV is shown, especially considering the possible advancements over
conventional Silicon-based power devices and the SiC-specific issues that are still to be re-
solved to utilize the technology fully. Further, the possible approaches to construct power
converters employing SiC power devices are analyzed, focusing on different topologies. At
last, the first part of the dissertation is finalized with the motivation behind the thesis and its

aims.
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1.1. POWER ELECTRONIC APPLICATIONS IN MEDIUM VOLTAGE RANGE

In the second part of the dissertation, the contribution of the author within specific sub-
topics on MV SiC-based power converters is presented based on publications included in
the thesis. The first area of interest is the modeling of medium voltage SiC power devices
and converters, including the power loss estimation, where two papers are shown and briefly
described. Further, the topic of topology concepts for MV power converters is considered
and shown based on a publication considering several different approaches. In the next part,
an exemplary MV dc-dc converter is exhibited, employing a novel topology and control
scheme, utilizing the many advantages of SiC power semiconductor devices. This area is
supported by two papers.

In the end, the thesis is concluded, showcasing that employing SiC-based power semi-
conductor devices helps to construct highly-performant MV power electronic systems, espe-

cially in terms of efficiency and power density, that easily surpass their Si counterparts.

1.1 Power electronic applications in medium voltage range

Global energy consumption is rising every year, with a rate of roughly 4% increase annu-
ally [1]. As can be seen in Fig. 1.1, a significant part of the share at 45% is due to industrial
and transportation uses, which often employ MV systems.

At the same time, environmental concerns necessitate serious alterations in the global
energy system, for example, through the shift of the energy sources from fossil fuel-based
systems to RES or in the form of preserving the energy through more efficient conversion.

While the current RES share in the global energy production is just slightly above 10%,
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o T T T T T T
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Figure 1.1: World electricity consumption by sector, 1974-2019 [1].
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"global renewable capacity is expected to increase by almost 2 400 GW (almost 75%) be-
tween 2022 and 2027 in the IEA main-case forecast” (Fig. 1.2) [2]. Thus, the constantly
increasing worldwide interest in RES requires more sophisticated power conversion sys-
tems, as well as a more decentralized approach to power systems, which also need to consist
of distribution means based on power electronics, such as smart grids that usually favor MV
instead of HV.

Furthermore, nowadays, almost every newly installed power system facilitates some kind
of power electronics, either to increase their performance or to enable higher flexibility.
Hence, there is a vast area for MV power converter applications, ranging from industry
applications through e-mobility and transportation, RES, distribution and generation, and
many, many more (see Fig. 1.3); which are addressed in the following in more detail.

Starting off, RES systems are considered an emerging topology for MV power electron-
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Figure 1.2: Renewable power generation by technology in the Net Zero Scenario, 2010-2030
[2].
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Figure 1.3: A vast application range for MV power electronics.

ics. Wind energy harvesting employs MV levels for the wind turbines almost exclusively
because of the expedited power levels, ranging from several hundred kW up to single MW
[3]. Nowadays, the most common solution is a full-scale converter paired with either DFIG
or PMSG so that a frequency decoupling between the motor and the grid is ensured, along
with an extra opportunity for THD improvement. The dominant converter topologies cur-
rently include multilevel approaches, usually in ac-dc-ac configuration [4].

Recently, PV systems are also under consideration for MV expansion. Taking into ac-
count substantial PV power plants, MV collector grids are often considered for multi-string
connection and grid integration [5, 6]. In this case, large-power SST systems are of interest,
aiming at efficiency and mains current quality. On the other hand, MV is also introduced into
single PV strings, with voltages as high as 1.5 kV already established [7]. However, for this
kind of application, dc-dc non-isolated converters capable of managing the high PV voltage

fluctuation are being considered.
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CHAPTER 1. INTRODUCTION

With the introduction of more and more RES into the electric power systems of the future,
which can be quite unpredictable in regard to providing a reliable power supply, and moving
further away from conventional, stable fossil-based power plants, the mismatch between the
power demand and availability may become higher every year. Already today, there are
often fluctuations ranging from too much generation (e.g., from PV systems that have to be
shut down to not exceed the grid voltage) to insufficient power that could potentially lead to
blackouts. Therefore, MV ESS has to be included in power systems of the future [8], while
these are also already considered for other applications, for example traction grid support
[9, 10] or to supply the energy for heavy-duty electric vehicles [11]. In general, ESS can be
categorized into two groups: those that require high power capability in a short span of time,
e.g., employing battery stacks or supercapacitors for either load leveling or peak shaving
applications, and the less frequent solution of long-term energy storage by means of, for
example, pumped-storage hydroelectric systems. Depending on the type of the ESS and the
grid connection, both dc-dc and ac-dc systems are considered.

With the rapid increase of EVs on the global market, a requirement for fast and reliable
charging stations arises. In order to have EVs fully replace conventional internal combustion
engine-based vehicles, there is a need for ultra-fast charging stations, which are capable of
charging the batteries to 90% of SOC in about 10-15 minutes [12]. To achieve such results,
a power of several hundreds of kW per vehicle is required. Thus, since the whole charging
station power range resides in MW, a direct connection to the MV grid is a common choice
[13]. Therefore, grid MV converters are a necessity, often also with bidirectional capability
supporting vehicle-to-grid operation or in an SST topology. Moreover, MV level is also
considered for the DC distribution grids for EV charging stations [14], with the mentioned
requirements for MV dc-dc converters as well.

Supplying the power to the rolling stock is also a domain of MV. The traction grid voltage
levels and type can vary; 1.5 and 3 kV DC lines are used in certain countries such as Poland,
Italy, or France, while AC systems with 15 and 25 kV are commonly used in Switzerland
or Germany. Furthermore, MV is also sometimes adopted for metro or tram lines, e.g.,
metro lines in China with 1.5 kV DC. Therefore, both ac-dc and dc-dc power converters are
employed as the front-end for supplying the power. Furthermore, considering that trains use
several types of power electronic applications, such as power drives, auxiliary converters,
and ESS, a wide variety of power converters are required.

Amidst the e-mobility applications, aircraft seems to be far from all-electric implementa-
tion. This is sourced in the serious concern for the weight and volume of the system, which

is currently highly limited because of heavy batteries, power electronics, as well as electric
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1.1. POWER ELECTRONIC APPLICATIONS IN MEDIUM VOLTAGE RANGE

machines [15]. However, there are concepts for all-electric aircraft, and these use MVdc
grids as a core with voltages as high as 10 kV [16, 17], requiring formidable support from
dc-dc and dc-ac power converters. Nevertheless, either in current, jet engine-based, or fu-
ture, all-electric aircraft applications, the use of MV power inverters for electric drives is a
necessity.

Similarly, as in the aircraft applications, marine power electronics are also bound to MV
voltage levels due to very high power ratings of megawatts and higher. Again, MVdc grids
for energy distribution are considered, with voltage reaching 20 kV [18]. MV power inverters
are also employed for variable frequency drives used in marine vessels [19]. All in all,
even though the base characteristics and converter types are akin to the aircraft applications,
because of the weight constraints, the end-product power electronics systems will vary vastly
and require an individual approach.

Besides transportation uses, such as in the aforementioned aircraft and marine appli-
cations, MV motor drives are also vastly employed throughout the industry, with different
power, torque, and speed requirements. To name a few, the mining, metal, oil, and gas indus-
tries can be distinguished, as well as water and chemical applications [20]. Therefore, there
is a great emphasis on the MV power converters for electric drives.

Currently, over 1% of global energy is used in data centers [21]. This number is growing
every year, especially with rapidly growing computational requirements, e.g., due to the em-
ployment of artificial-intelligence-driven applications throughout many aspects of our lives,
starting from research, through industry, and up to personal use for entertainment. Even
though at an end-level, these type of applications uses thousands of LV small-scale convert-
ers, the foundation of the system is a front-end grid converter, usually interfacing an MVac
grid with voltages of around 10-20 kV, with an LVdc grid at the level of 400-800V [22].
Thus, MV SST ac-dc converters are of great interest.

The emerging technology concepts in the form of smart grids, fulfilling the roles of dis-
tribution and collector grids, interfacing RES and ESS, and many more, also favor MV levels
due to increased flexibility compared to HV grids [23, 24]. Furthermore, constant progress
in power electronics and semiconductor devices helps accentuate the advantages of MV over
HV. An MVdc system can be employed as an interfacing grid between the HV transmission
system and the many applications from its surroundings, e.g., RES, ESS, active compen-
sation systems, as well as industry and residential loads [25]. The shift from an ac grid
to a dc system leads to a more straightforward integration of generation and load systems,
employing power converters without frequency synchronization and/or reactive power com-

pensation. Furthermore, a lower number of conversion levels can also be achieved, leading
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CHAPTER 1. INTRODUCTION

to increased efficiency. However, the installation cost of such a smart grid is high compared
to a conventional approach.

As mentioned previously, MVdc grid applications have a wider variety of uses, for both
on-shore, e.g., dedicated PV or wind DC grids, and off-shore applications, such as sub-sea
power distribution systems. These types of smart grids require many power electronic con-
verters for proper operation, grid converters from basic rectifiers to inverters; dc-dc convert-
ers, non-isolated and isolated, bi- and unidirectional; more sophisticated SST, and various
protection and auxiliary systems.

Historically, DC grids were limited in voltage, which can be observed using the traction
grid as an example, where the highest common voltages for AC and DC-type traction are 25
kV and 3 kV, respectively. The most visible bottleneck causing the limit in voltage for DC
systems is the fact that natural zero crossing of the fault current in DC grids does not occur.
This has drastically limited the interest in MVdc systems as conventional circuit breakers
employed in ac systems are based on that phenomenon. However, with the advances in CB
concepts, WBG semiconductor technology, fault detection in MVdc systems is becoming
possible [26]. Therefore, as also mentioned before, MVdc grids are gaining more traction
throughout many applications.

In order to sustain constantly increasing influence of distributed generation, as well as
to counteract the negative influence of applications with noisy current draw, active compen-
sation of harmonics of the grid currents is required [27]. In contrast to large-scale FACTS
systems employed in HV transmission and distribution grids, lower-scale MV systems will
have to be employed in MV grids. These applications support the grid, for example, by
increasing the voltage quality through reactive power compensation or harmonic distortion
minimization. These systems can take form in various ways, e.g., series, shunt, back-to-back,
or multi-terminal configurations [28]. However, each system is still based on some kind of a
power electronic system rated at MV.

Thus, as discussed, there is a plethora of MV power electronics applications for nearly
every conversion type: isolated and non-isolated, bidirectional, and unidirectional; ac-ac,
ac-dc, dc-ac, and dc-dc, with various and often distant requirements and characteristics.
However, employing SiC-based power semiconductor devices instead of conventional Sili-

con counterparts may be deemed beneficial for each and one of them.
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1.2. SILICON CARBIDE POWER DEVICES ADVANCING MEDIUM VOLTAGE
POWER ELECTRONICS

1.2 Silicon Carbide power devices advancing medium volt-
age power electronics

Inevitably, considering the vast application range of power electronics at medium voltage
level, the requirements for the power converters, and specifically power semiconductor de-
vices, can also vary intensively from application to application. However, the most common
requirements for power switches employed in medium voltage converters can still be easily

named and are depicted below:

* High breakdown voltage,

* Fast switching — low switching energy
* Low conduction power losses,

* High-temperature capability,

* High reliability,

* Low cost.

Even though a specific set of preferred characteristics cannot be defined in general, one
trait is vital for each application in the medium voltage range — high voltage blocking ca-
pability. Even with power semiconductor devices able to block several kilovolts, building
two-level converters for the whole voltage range is impossible — converter topologies em-
ploying several power switches are needed. Thus, the higher the breakdown voltage, the
lower the number of devices in a stack and the lower the system’s complexity. Therefore,
this characteristic is beneficial for all types of converters, from conventional topologies to
advanced MMC systems.

Considering MOSFETs, the high current capability is not a precisely defined parameter
of the device but rather is decided considering power loss and dissipation characteristics.
Furthermore, parallel connection is generally seen as easy to implement in this case. Thus,
to reach higher currents, simply the chip area of the power device is increased. Hence, the
power losses are an important factor for the power devices. These are generally split into
conduction losses associated with on-state voltage drop and switching losses depending on
the turn-on and turn-off switching energy and the operating frequency. While minimizing
power losses is an aim for most systems, the choice of a specific device varies depending
on the application characteristics. For example, inherently soft-switching converters usually

favor devices with minimized conduction losses, while the switching loss is not essential, as
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CHAPTER 1. INTRODUCTION

these are vastly minimized anyway. Similarly, circuit breaker applications are not concerned
about the switching loss since switching is not apparent during most of the operation.

Another trait strictly connected with the losses is the switching speed of a device. From
one point of view, a higher switching speed results in a smaller overlap of voltage and current
and leads to lowered power losses. Furthermore, shorter switching time allows for higher
operating frequencies, which may lead to smaller passive components and enhanced system
power density. On the other hand, higher switching speed may lead to issues with EMI, as
the parasitic components become more crucial. Thus, this aspect also depends mainly on the
type of application.

While the size of the chip is relatively small compared to other components of medium
voltage power converters, it can still be important performance-wise, especially considering
the aforementioned impact of parasitics. Moreover, the device’s volume is often also directly
connected with the power dissipation capabilities and the connections, which is especially
vital for power modules that contain several chips within its structure, often employed in the
medium voltage range. Overall, a small footprint and size of the device may be an important
factor for certain applications.

Several medium voltage applications need to operate within harsh environments, e.g., in
underground conditions, as in mining, or some automotive applications. In such cases, the
temperature capability of the power devices can be a defining factor.

All the applications ideally should operate as reliably as possible. However, for some
systems, it is more important than others. While a failure of part of a data center or one
charger in a big EV station is not preferable, it does not lead to a crisis. On the other hand,
a breakdown of an electric drive in a factory causes notable financial repercussions, while a
malfunction of the electric system in an aircraft may even lead to catastrophic results with
the cost of human lives.

Eventually, financial concerns are obviously an important aspect as well. Again, while
in general, the lower the cost, the better, some applications may favor price over every other
trait, while a different one would not consider price as a crucial factor.

All in all, each power device requirement can be considered more or less important for
each system. Therefore, the choice of a specific power device for a defined application
should be performed in accordance with its benefits and deficiencies. As an example, high-
power applications favor the use of thyristors, as these are characterized by high voltage
blocking levels and current capabilities. On the other hand, MOSFETSs have relatively low
voltage blocking proficiency, but they exhibit superior switching performance, while IGBTs

are a middle ground between these two options. Finally, the introduction of the WBG power
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semiconductor technology, specifically SiC for medium voltage converters, allows for the
construction of devices with higher blocking voltage capabilities and introduces the afore-
mentioned MOSFETsS into medium voltage range.

When most of the aforementioned requirements are concerned, the emerging silicon car-
bide technology seems to be a superior option compared to conventional silicon-based power
devices - see Fig. 1.4. While Si technology has been well-established since the inception
of power electronics in the 1960s, it simply cannot compete with SiC-based devices when
medium voltage is considered, as the performance of the WBG counterparts is far ahead of
the state-of-the-art Si power semiconductor devices in almost every aspect [29, 30], such as
lower power losses, higher operating frequencies, and better temperature capabilities, while
lagging behind primarily because of the relative immaturity of the technology — thus the cost
is much higher, and the reliability is still a concern. However, as the technology improves,
the drawbacks become less severe year-by-year [31], and thus SiC is the power device of
choice for power electronics today, and even more so in the future [32, 33, 34, 31, 35] — see
Fig. 1.4.

The story of power devices in Silicon Carbide technology begins in the 1990s when first
analyses and concepts were shown [36], exhibiting the material’s potential. However, it took
many years from the concept level to actual device prototypes, and the first SiC devices
were available on the market in the 2000s, namely SiC diodes and JFETSs as the transistors
[32]. However, because of the normally-on behavior of the JFETs, these have been quickly
surpassed by MOSFETs, which have become the most popular SiC device to date, as they
exhibit similar, exquisite performance but with normally-off operation. There have also been
SiC BJTs presented; however, since voltage-controlled transistors are preferred, these have
also quickly been pushed out by the MOSFET. Finally, the still-dominant technology in Sili-
con — the IGBT - has yet to be fully introduced onto the market with Silicon Carbide. While
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Figure 1.4: The potential of Silicon Carbide technology over Silicon [29].
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there have been prototypes reaching as high as 27 kV breakdown voltage [37], the manufac-
turing process is still far from commercialization, e.g., because of the intrinsic defects in the
chips [38].

Focusing on the most popular type of power device, the SiC MOSFET, currently, there
are commercially available transistors reaching as high as 3.3 kV [39], with prototypes at
even 15 kV [40], that slowly begin to push out its Si-based counterparts. However, there is
still room to improve as there are well-known, reliable, and proven Si devices in the form
of Si IGBTs and Si thyristors. On the other hand, considering devices at 1.2 kV breakdown
voltage and lower, SiC devices have already become the device of choice for LV power
electronics and can be widely found not only in academia but also in industry applications
[33].

That is due to the vast advantages of the SiC-based devices compared to their state-of-
the-art Si adversaries, as has been proven by many works [29, 41, 30]. The many advantages
include, amongst many, higher sustainable voltages, higher possible switching frequencies
due to faster switching speeds and lower switching losses, minimized conduction losses as an
effect of material properties, and higher tolerable junction temperatures. These provide the
possibility to increase the converter performance, efficiency, as well as power density. The
performance ratings are even more advantageous for the SiC over Si when MV is considered,
as there are only bipolar devices available for the Silicon technology, and these are naturally
less capable compared to unipolar devices.

The outstanding characteristics of SiC-based devices are inherently connected with the
superior material properties of the WBG technology. More specifically, Silicon Carbide is
distinguished by a larger (wider) band-gap, higher critical field, greater saturation velocity,
and better thermal conductivity [36, 35].

The practical differences between power devices, both in Si and SiC technology, can be
easily observed when comparing commercially available components rated at similar power
level, both for discrete devices, as well as power modules. Table 1.1 depicts the parameters of
two state-of-the-art 1.2 k'V-rated discrete transistors in TO-247-4 packaging from the same
manufacturer (on-semi) — FGH4L40T120LQD (Si IGBT) [42] and NTH4L040N120M3S
(SiC MOSFET) [43]. As can be seen, considering the performance parameters, the SiC-
based device is superior. The on-state losses are lower (16 vs. 25 W), the switching losses
are almost ten times smaller, and the switching time is much shorter, with 72 ns compared
with 339 ns of the Si IGBT. Furthermore, the gate charge is also much decreased, allowing
for easier driving of the transistors. On the other hand, when the cost is considered, SI IGBT

is cheaper. However, since 1200 V-class transistors in SiC are already well established on
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Table 1.1: SiIGBT and SiC MOSFET power device comparison for discrete transistors rated
at 1.2 kV in TO-247-4 package, provided by the same manufacturer. [42, 43]

Device type Discrete transistor

Package TO-247-4
Manufacturer on-semi

Device no. FGH4L40T120LQD | NTH4L040N120M3S
Type Si IGBT SiC MOSFET
Breakdown voltage 1200 V

On-state resistance (MOSFET) at 20 A - 40 mQ
Saturation voltage (IGBT) at 20 A 125V -
Estimated on-state loss at 25 °C, 20 A 25W 16 W
Total switching time at 25 °C, 600 V, 20 A 339 ns 72 ns
Switching losses at 25 °C, 600 V, 20 A 1400 uJ 155 uJ
Total gate charge 227 nC 75 nC
Current price [44, 45] 8% 24 $

the market, they are only three times more expensive for the considered case.

Furthermore, a comparison between power modules rated at 3.3 kV is depicted in Table
1.2. Again, when the performance of the device is considered, the SiC option is the obvious
choice, with lower conduction losses (770 vs. 1013 W) and lower switching losses (0.63
vs. 1.36 J). However, the price disparity is even higher for power modules, as 3.3 kV SiC
MOSFET power modules cost roghly ten times more than its 1.2 kV equivalents. All in all,
considering both discrete devices and power modules, strictly focusing on performance, SiC
devices are preferable over their Si counterparts and allow creating power converters with
higher efficiencies and higher operating frequencies.

On the other hand, Silicon Carbide devices are still susceptible to certain drawbacks,
mainly associated with the immaturity of the technology and its application in power elec-
tronics applications: in terms of manufacturing process of the chips and power devices
[48, 49]; packaging of the devices, both in discrete and module setups [50, 51]; model-
ing, measurement and characterization [52, 53, 54]; as well as the design considerations
for applying the SiC semiconductors into power converters to fully utilize their capabilities
[55, 56].

While SiC technology has already been introduced many years ago, it is still not fully
mature, especially compared to the Si devices, which have been investigated for over half
a century. Thus, plenty of issues related to the manufacturing process of the SiC wafers

remain. Several problems can be named: device reliability and device degradation are still

21



CHAPTER 1. INTRODUCTION

Table 1.2: Si IGBT and SiC MOSFET power device comparison for power modules rated at
3.3 kV, provided by the same manufacturer. [46, 47]

Device type Power module

Package nHPD2
Manufacturer Hitachi

Device no. MBM450FS33F | MSM600GS33ALT
Type SiIGBT SiC MOSFET
Breakdown voltage 3300 V

On-state resistance (MOSFET) at 450 A - 3.8 mQ
Saturation voltage (IGBT) at 450 A 225V -
Estimated on-state loss at 25 °C, 450 A 1013 W 770 W
Rise time at 25 °C, 1800 V, 450 A 120 ns 400 ns
Fall time at 25 °C, 1800 V, 450 A 1300 ns 250 ns
Switching losses at 25 °C, 1800 V, 450 A 1.367J 0.637J

to be entirely determined in long-term operation [49, 57, 58], there are concerns regarding
the gate oxide integrity [59, 60], near-interface traps [61], or threshold voltage instability
[48]. Finally, the manufacturing process is imperfect; many production samples do not meet
the specified parameters, for example, due to crystalline stacking faults, scratches, stains, or
extra surface particles. Thus, the cost of SiC wafers is still very high [62]. Nevertheless, this
is mostly a subject for material engineers working on power devices on a different level —
thus, it is not further elaborated on within the thesis.

Packaging the power devices is also an important aspect of state-of-the-art SiC transis-
tors, especially crucial for high-power MV power modules. Still, many current SiC devices
directly adopt the packaging used for Si parts, e.g., to allow direct replacement of SiC instead
of Si. However, since SiC power devices are characterized by different operating parameters,
namely higher switching speeds, the parasitics of the devices and their packaging, including
bonding, are the source of several issues [50, 51, 63, 64]. These include excess ringing,
leading to increased EMI and additional power losses, limiting the possibilities of Silicon
Carbide. This issue is specifically harmful when power modules are considered since these
employ several chips paralleled to reach high sustainable currents and are usually bigger.
Therefore, the path lengths, e.g., through bonding wires, are longer and induce more para-
sitics. Thus, there are works with improved power modules designed specifically for SiC,
e.g., by employing busbar connections within the modules [65], and the subject is also con-
sidered in industry, as several companies, such as Microchip or Wolfspeed, offer SiC power

modules with dedicated packaging. Still, since the packaging is also a concern for power
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device manufacturers, it is not studied further in the thesis.

Considering the aforementioned traits of Silicon Carbide, as well as the structure of the
chips themselves, there are plenty of concerns in regard to the proper modeling of the de-
vices, their characterization, and methods to extract the design properties of SiC transistors
to be employed in power electronics systems, namely, to precisely estimate power losses and
temperatures. This is further associated with the complications regarding the measurements,
for example, of the rapidly-changing currents [66].

In order to investigate power electronic systems, as well as to design highly efficient and
compact power converters, simulations are the tool of choice for many engineers and re-
searchers. Thus, power device simulation models are developed. However, considering the
high-speed switching behavior of SiC-based transistors, it is not a simple task [67]. Further-
more, the models developed for Si devices cannot be applied to SiC because of the different
characteristics [68]. To emulate the switching process properly, the MOSFET capacitances
must be considered and modeled [54, 69]. Still, the foundation of the models is the charac-
terization based on the measurements of the actual devices, either done by the manufacturers
and provided in the datasheets or performed further by the designers, e.g., via double-pulse
tests. There are several methods presented, both for dynamic [53, 70, 71], and static [72]
characterization of SiC MOSFETs. However, a simple methodology for characterizing the
capacitance is still lacking, as the methods are either proposed only for low-voltage discrete
devices, require supplementary active circuitry, or induce the need for precise calibration of
the setup. Thus, this subject needs to be further investigated.

Following the modeling, another important aspect of the design of highly-performing
MYV power converters is the precise estimation of power losses. In general, three main meth-
ods for determining the converter power losses can be identified: electrical-based measure-
ments, e.g., with a power analyzer; calorimetric approach, either with full chambers or via
thermal flow measurement; as well as calculations [52, 73]. While the calorimetric approach
provides the losses with the lowest error [74, 75], it is a complex approach that is more feasi-
ble for already-built converters. Considering the other method, the calculations heavily rely
on the models and the experimental data, which, as mentioned, is not easily obtainable [76].
Finally, electrical-based measurements are generally less accurate compared to the calori-
metric approach, e.g., because of the issues with probes [77]. However, these are usually
very straightforward. Therefore, there are concepts for hybrid power loss estimation meth-
ods based on converging simple hardware experiments with calculations, which could be an
invaluable tool for designing MV power converters. To this end, a novel concept for such a
method is further exhibited in the thesis.
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As was mentioned before, the exceptional switching speeds of SiC transistors raise a
challenge for the design of power converters, from the gate drivers to the power circuit,
in regard to diminishing the influence of the parasitics, so that the power losses [78] and
generated EMI [79] are minimized [55, 56, 80]. One branch of research in this area is
focused on the gate drivers; there are methods to employ active circuits that effectively lower
the undesired effects [81, 82, 83]. However, these are often very complicated in practice, and
the cost for medium voltage applications with tens of power devices is very high. The most
obvious approach is the minimization of the parasitics within the power circuit [84, 85, 86].
However, this is not an easy task as the considerations for each converter will be different,
depending on the topology, power circuit switching loops, and others. Thus, an important
question regarding the design of MV power converters remains: What power switch concepts
and topologies to choose in order to fully utilize SiC-based power devices in the medium

voltage range?

1.3 Power converter topologies in medium voltage

The most straightforward approach to constructing power converters is employing con-
ventional two-level structures, often used in LV power electronics but also in a lower spec-
trum of MV applications [40, 87, 88, 89]. A worthy merit of this solution is its simplicity
— a single power module can be used for the basic converter leg. Hence, the power circuit
is minimized, limiting the influence of parasitics, and the cooling of the system can be less
complex. On the other hand, properly driving SiC MOSFETs rated at tens of kilovolts is
challenging, e.g., because of high dv/dr ratios [81, 90, 91]. Moreover, the cost of high-
voltage SiC power modules is still immense.

Furthermore, when the MV range is taken into account, such an option is not a possibility
for the higher voltages as the blocking voltage requirement exceeds the capabilities for oft-
the-shelf power transistors. As was already mentioned, there are SiC power devices reaching
even 27 kV breakdown voltage. However, these are still being developed and are not widely
available, and thus, the practical voltage limit for a single switch is much lower. Having a
look at the power semiconductor device market, the breakdown voltage reaches about 10 kV
for Si thyristors, 6.5 kV for Si IGBTs, and SiC MOSFETs are rated at maximally 3.3 kV.
Therefore, when MV applications for voltages at 10 kV and higher, no power devices can
single-handily block the required voltage. Thus, seeking other, more sophisticated power
converter topologies is not only an option but a necessity for the MV range.

Hence, a number of methods to create power converters capable of sustaining higher volt-
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age levels have been presented — see Fig. 1.5, where the most notable ones are considered,
apart from the basic two-level topology (1.5b): conventional multilevel topologies (FCC
shown here) 1.5b; series connection of power devices 1.5c; sophisticated MMC structures
1.5d; and quasi-two-level method — applicable for FCC and MMC topologies.

The first, most straightforward method for creating an MV power converter is the series
connection (SC) of power transistors (Fig, 1.5¢). Stacking single components in order to
share the voltage stress across the elements is a well-established approach, easily incorpo-
rated for passive elements as well as non-controlled semiconductor devices, i.e., diodes. It
can also be applied to active components, the power transistors. Except for the main ad-
vantage — limiting the voltage requirement of individual devices — a number of other benefits
can be identified. In general, using a series connection leads to higher currents and efficiency
per die area, as well as results in a lower cost of the system compared with basic two-level
topologies [92].

Yet, the series connection of active power semiconductor devices, i.e., transistors, espe-
cially SiC MOSFETs, is not trivially applicable. Mainly because of the issues with the un-
even voltage sharing between the transistors in the stack, both in static and dynamic states,
appearing due to several factors: differences in gate driver and power circuit layout between
the stacked devices [93, 92]; the influence of parasitic capacitances [94]; or the imperfec-
tion and parameter variations, e.g., capacitance characteristics, in the SiIC MOSFET devices
themselves [95, 94]. Therefore, circuits based on the series connection of SiC MOSFETsS re-
quire the inclusion of voltage balancing methods, leading to additional complexity in power
converters [96].

There are several voltage compensation methods dedicated to series-connected transis-
tors, identified for both conventional, slow-switching Si devices [97], as well as newer works
on the rapid SiC MOSFETs [96, 98]. In general, these can be divided into two groups — pas-
sive and active methods.

When the passive voltage compensation methods are considered, simplicity is vital. As
the name suggests, there are no active components, and the voltage is usually balanced by
the means of external circuits connected to the transistor. A standout example could be the
snubber circuit, i.e., a capacitor and a resistor (sometimes also with a diode) connected in
parallel to each stacked transistor [97, 95]. Effectively, the increased output capacitance of
the transistors slows down each device and minimizes the effects of natural mismatches,
leading to a more even voltage distribution. However, the voltage is usually never fully bal-
anced. While the method itself does induce any extra loss on the power devices themselves,

the snubber circuit does add a substantial amount of extra losses, thus limiting the system’s
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Figure 1.5: Generalized figure showcasing the possible methods to construct power con-
verters in MV range: a) two-level topology with single power devices; b) classic multilevel
topology (FC converter shown here); c) series connection of power transistors; d) MMC
structure. Note that instead of a MOSFET, any power device can be applied as a switch for
any of the topologies.
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efficiency and adding components of considerable volume to the system. Nevertheless, the
method is very simple and has proven to be a competent method for MV converters [99].

On the other hand, there are active voltage balancing methods based on closed-loop sys-
tems, minimizing the mismatches in the voltage based on the voltage measurements. While
the general idea for the group is similar for each solution, the "actuator”" deciding on the
voltage distribution may differ. For example, in the active delay method [93], the voltage
split is changed through minuscule delays added to specific transistors in the stack. Other
approaches are based on extra current injection circuits [94] or other hardware-based tech-
niques [100, 101]. Nevertheless, disregarding the type of active balancing, this group can be
considered essentially lossless and can achieve near-equal voltage share. However, it comes
with the cost of complicated circuitry and/or complex control, leading to an enlarged cost of
the converters and possibly resulting in reliability issues in long-term operation.

In the end, the series connection of power transistors is a viable way to construct MV
power converters. However, one must either accept simple snubber-based systems with ad-
ditional power losses and lower power density or sophisticated, active circuits with no extra
loss but with notably enlarged system complexity, e.g., through special control, additional
measurements, or advanced gate drive circuits.

Another well-known solutions for creating MV power converters are the multilevel (ML)
topologies. There is a vast array of different systems originating with cascaded topologies.
Furthermore, considering only the most notable ones, neutral point clamped (NPC) [102]
and its variations; the currently popular T-type converter [ 103, 104, 105]; the flying capacitor
(FC) topology [106], depicted in Fig. 1.5b, and others [107] can be itemized. While there
are several differences between the named topologies, a few general traits of conventional
multilevel systems are distinguishable.

The main feature of multilevel converters is the concept of employing LV power devices
to reach higher blocking voltages, similar to series connection systems. Although, here, the
component structures are more advanced and employ other components in addition to the
devices themselves, e.g., there are additional diodes in the NPC topology, or there are extra
capacitors in the FC converters. Such complex circuits further necessitate the inclusion of
more advanced modulation patterns when compared to two-level solutions.

In general, multilevel topologies are characterized by several advantages over two-level
operated systems. The inclusion of more voltage levels in the output voltage provides the
opportunity to improve the flexibility, achieve better recreation of sinusoidal currents, as
well as bring lowered dv/dt ratio and EMI noise. Moreover, the power density can also be

vastly improved, as the volume of the passive components, i.e., inductors, can be greatly
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minimized [104]. On the other hand, the more voltage levels there are, the more complicated
the structure and control become, as well as the system base cost increases — mainly because
due to the need for voltage balancing. Nevertheless, multilevel systems are a popular choice
for MV applications, especially in the lower voltage spectrum.

An important derivative of the multilevel converters is the MMC [108, 109, 110], in-
troduced in 2001 and still widely investigated [111]. While it holds many similarities with
the aforementioned, it is characterized by several attributes worthy of separate considera-
tion. Most importantly, the main feature of the MMC is the modular aspect. Each leg of an
MMC comprises many individual cells, usually identical ones. These cells can have different
structures, e.g., as simple as the half-bridge cells depicted in Fig. 1.5d. Such a structure is
especially beneficial for applications operating with notable voltages, where several or even
tens of cells have to be employed, e.g., in HVdc systems [112, 113], but there are applications
in the higher voltage spectrum of MV as well [108].

The inclusion of modularized, cell-based structures provides several vital aspects. First
off, the reliability of MMC systems is high, as redundancy can be easily attained, and ser-
viceability is improved as well [109]. Furthermore, the modular structure is beneficial in
terms of system design, as the focus has to be put mainly on the cell, which is then multi-
plied. A similar approach is also seen for the control of the converter. Nevertheless, such a
structure also is characterized by several drawbacks. For one, if a direct comparison with an
FC system is considered, an MMC would exhibit at least twice the transistors assuming the
same voltage level and also other components, i.e., capacitors. This also affects the size of
the modules, which negatively impacts the switching loops, as well as the size of the whole
system [114, 115]. All in all, regardless of the hindrances of MMCs, these are a common
and noteworthy choice for elevated voltage applications in MV and HV ranges.

Finally, an emerging technique for the construction of MV power converters is the quasi-
two-level (Q2L) approach. Originally, it was introduced as an alternative method of control
for MMC systems that can drastically reduce the cell capacitance requirement at the cost
of forgoing the multilevel aspect, as in a general scope, Q2L-controlled systems operate
as conventional two-level systems [116, 117, 118, 119]. Furthermore, the method can also
be effectively applied to FC converters [120, 121, 122]. The main difference in operation
between Q2L and basic ML control methods is that in the former, the intermittent voltage
levels are applied for a very brief time just to balance the voltages across the power devices,
i.e., SiIC MOSFETs, while in the latter, these are used for a notable amount of the switching
period [123] — hence the difference is the energy stored in the capacitances.

Apart from the core difference resulting in intensively lowered volume of the capacitors,
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as the stored energy can be reduced tenfold [119, 124], there are several other characteristics
compared to conventional ML or MMC systems. The arm inductance requirement is im-
mensely reduced, and the issue with circulating currents is nearly non-existent [125, 126].
Moreover, considering less severe capacitor voltage ripples, the closed-loop voltage balanc-
ing is also less challenging. On the other hand, the flexibility of shaping the output current
is minimized; thus, higher inductance needs to be employed [119, 127].

Conventionally, the Q2L method was established with identical modulation patterns as
in the conventional ML approach but with massively shortened intermittent levels. However,
recently, there have also been presented concepts of employing the Q2L approach strictly to
balance the voltages with the omission of the dv/dr ratio reduction, effectively deeming the
alternate method equal to the approach with series-connected transistors [128, 129]. Thus,
such implementation of Q2L control can be seen as a simpler alternative for more complex
active voltage balancing methods, further considered in the publications included in the the-
sis. All in all, the Q2L method, in either form, is a notable method for MV power converters,
recently gaining a lot of interest in academia and industry.

The general characteristics of the discussed approaches are summarized in Table 1.3.
When the complexity is considered, the single device is definitely the most straightforward
option, both in terms of control and system design, while MMC is characterized by a sophis-
ticated structure and convoluted control. Since the cost of high-voltage-breakdown power
devices is still quite enormous, solutions that employ several LV transistors are the most fa-
vorable here. Volume-wise, the single-device option can be, again, considered the best one.
On the other hand, series-connection-based circuits with snubbers require notable volume,
similar to the MMC systems. The situation is akin to the parasitics and the layout complexity.
Because of the redundancy option, MMCs are favored in terms of reliability, while the lowest
power losses can be achieved with the solutions employing simple structures with LV power
devices — the actively balanced SC and Q2L systems. Finally, apart from the single device,
two-level option, any method can theoretically reach any blocking voltage, but ML-MMC
and Q2L-MMC would be the choice for notable voltage levels.

Considering all the mentioned methods and their characteristics, the approach for cre-
ating converter legs for MV applications is not a trivial endeavor. Depending on the end
application, various traits may be seen as critical, and thus, a single, best option cannot be
named in general. Furthermore, the situation becomes even more complicated as full con-
verter topologies come into play, whether the system has to be ac-dc or dc-dc, have the
insulation or not, if the structure has to be combined with other structures to ensure other

features, e.g., soft-switching; and many more.
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Table 1.3: Characterization of different methods for MV power conversion.

Parameter Single device | SC - passive | SC - active Q2L ML MMC
Complexity low medium high medium | medium high
Cost high medium medium medium high high
Volume low high medium | medium | medium high
Parasitics low medium medium medium | medium high
Reliability medium medium low low medium high
Efficiency medium low high high high medium
Blocking voltage low high high high high high

1.4 Motivation & aim

The main motivation behind the thesis is the constant advances in SiC-based power
device technology that allow for more straightforward construction of high-performance
medium voltage power electronics. Medium voltage power electronics have been widely
analyzed and constructed for many years already, especially for high power systems, mainly
since an increase in the voltage leads to lower current, which reduces the conduction power
losses and further enables the lower volume of the connections, e.g., busbars and cables.
However, until recently, medium voltage applications were bound only to Silicon devices,
such as IGBTs, or IGCTs, since only these types of power devices could operate with breakd-
won voltages higher than 1 kV. It is well known that these devices are characterized by many
drawbacks, e.g., the tail current of IGBT, leading to relatively high power losses, the non-
full controllability of the thyristors, or the high cost of IGCTs. Then, the introduction of
SiC power devices brought the highly performing MOSFET into the MV range, with proto-
type devices at 10 kV breakdown voltages and higher. However, although SiC-based devices
already allow for a substantial enhancement of MV converters over their Si-based counter-
parts, several issues constraining the appropriate utilization of Silicon Carbide still need to
be addressed. The most important ones include: how to properly construct the hardware
that allows for fast-switching operation, how to model the converters employing SiC-based
semiconductor devices and accurately estimate the power losses, what topologies and control
methods are the most efficient.

Thus, the aim of the dissertation was to study the possibilities of effective electric energy
conversion in medium voltage range with power converters based on Silicon Carbide power
devices.

Other, more specific goals can be established as parts of the core aim and are depicted
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below.

1.5

Methods to precisely characterize the output capacitance of MV SiC MOSFETSs power
devices allowing for accurate estimation of power losses based on simple experimental

systems can be established.

Methods to accurately estimate MV SiC device power losses within power converters

based on simple experimental setups can be established.

There are several converter topologies that can effectively utilize SiC power devices in

medium voltage power electronic systems.

Quasi-two-level method is a prominent method for creating SiC-based MV power con-

verters.

TCM-Q2L control technique allows the construction of high-efficient dc-dc SiC-based

MYV power converters operating at high frequency.

Quasi-square-wave technique can be employed to achieve fully soft-switched opera-
tion of SiC power MOSFETSs in MV range.

Publications included in the dissertation

The dissertation contains the following five publications, where the author is a co-creator:

[P1]

[P2]

J. Rabkowski, M. Zdanowski, R. Kopacz, F. Gonzalez-Hernando, 1. Villar and U. Lar-
raflaga, "From the Measurement of COSS—VDS Characteristic to the Estimation of the
Channel Current in Medium Voltage SiC MOSFET Power Modules," in IEEE Transac-
tions on Instrumentation and Measurement, vol. 72, pp. 1-10, 2023, Points according
to the Ministry of Education and Science: 100, Impact Factor: 5.332. Contribution of
the dissertation author: 25%. [130]

J. Rabkowski, H. Skoneczny, R. Kopacz, P. Trochimiuk, G. Wrona, "A Simple Method
to Validate Power Loss in Medium Voltage SiC MOSFETs and Schottky Diodes Op-
erating in a Three-Phase Inverter", Energies, 13, 4773, 2020. Points according to the
Ministry of Education and Science: 140, Impact Factor: 3.252. Contribution of the
dissertation author: 25%. [131]
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[P3] P. Trochimiuk, R. Kopacz, K. Frac and J. Rabkowski, "Medium Voltage Power Switch
in Silicon Carbide—A Comparative Study," in IEEE Access, vol. 10, pp. 26849-
26858, 2022. Points according to the Ministry of Education and Science: 100, Impact
Factor: 3.476. Contribution of the dissertation author: 40%. [132]

[P4] R. Kopacz, M. Harasimczuk, P. Trochimiuk, G. Wrona and J. Rabkowski, "Medium
Voltage Flying Capacitor DC-DC Converter With High-Frequency TCM-Q2L Con-
trol," in IEEE Transactions on Power Electronics, vol. 37, no. 4, pp. 4233-4248, April
2022. Points according to the Ministry of Education and Science: 200, Impact Factor:
5.967. Contribution of the dissertation author: 40%. [129]

[P5] R. Kopacz, M. Harasimczuk, P. Trochimiuk and J. Rabkowski, "Investigation of Soft-
Switching QSW Technique in DC/DC SiC-Based Flying Capacitor Converter With
Q2L Control," in IEEE Transactions on Industrial Electronics, vol. 70, no. 9, pp.
9035-9045, Sept. 2023. Points according to the Ministry of Education and Science:
200, Impact Factor: 8.162. Contribution of the dissertation author: 50%. [133]

The summarized bibliometric parameters for the core publications [P1]-[P5] are depicted
in Table 1.4.

Table 1.4: Summary of the parameters of the core publications included in the dissertation.

Summarized for [P1]-[P5]
Points according to the Ministry of Education and Science | Impact Factor
740 26.189

1.6 Other achievements

Besides the mentioned publications, core for the dissertation, the author has also con-
tributed to several other publications (5 journal papers, 9 conference proceedings), closely
related to the subject of the thesis.

Journal publications:

[J1] J.Rabkowski, R. Kopacz, "Extended T-type inverter", in Power Electronics and Drives,
vol.3, no.1, 3918, pp.55-64. Points according to the Ministry of Education and Sci-
ence: 20, Impact Factor: N/A. Contribution of the dissertation author: 30%. [134]
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[J2]

[J3]

[J4]

[J5]

B. Lasek P. Trochimiuk, R. Kopacz, and J. Rabkowski, "Parasitic-based active gate
driver improving the turn-on process of 1.7 kV SiC power MOSFET", in Applied
Sciences, 2021, 11, 2210. Points according to the Ministry of Education and Science:
100, Impact Factor: 2.7. Contribution of the dissertation author: 15%. [135]

P. Trochimiuk, R. Kopacz, G. Wrona and J. Rabkowski, "Active Voltage Balancing
of Series-Connected 1.7 kV/325 A SiC MOSFETs Enabling Continuous Operation at
Medium Voltage," in IEEE Access, vol. 9, pp. 8604-8614, 2021. Points according to
the Ministry of Education and Science: 100, Impact Factor: 3.476. Contribution of the
dissertation author: 30%. [93]

R. Kopacz; M. Harasimczuk, B. Lasek, R. Miskiewicz, and J. Rabkowski, "All-SiC
ANPC Submodule for an Advanced 1.5 kV EV Charging System under Various Mod-
ulation Methods", Energies 2021, 14, 5580. Points according to the Ministry of Edu-
cation and Science: 140, Impact Factor: 3.252. Contribution of the dissertation author:
40% . [136]

R. Kopacz, M. Harasimczuk, J. Rabkowski, R. Sobieski, "Three-Level Interleaved
Non-isolated DC/DC Converter as a Battery Interface in an EV Charging System with
Bipolar DC-Link", Przeglad Elektrotechinczny, vol. 5, 2023. Points according to
the Ministry of Education and Science: 70, Impact Factor: N/A. Contribution of the
dissertation author: 55%. [107]

Conference proceedings:

[C1]

[C2]

[C3]

R. Kopacz, D. Peftitsis and J. Rabkowski, "Experimental study on fast-switching
series-connected SiC MOSFETs," European Conference on Power Electronics and
Applications (EPE’17 ECCE Europe), Warsaw, Poland, 2017, pp. P.1-P.10. Contri-
bution of the dissertation author: 50%. [95]

J. Rabkowski, S. Piasecki, and R. Kopacz, "An extended T-type (eT) inverter based
on SiC power devices", European Conference on Power Electronics and Applications
(EPE’ 18 ECCE Europe), Riga, Latvia, 2018, pp. P.1-P.10. Contribution of the disser-
tation author: 20%. [134]

P. Trochimiuk, R. Kopacz, G. Wrona and J. Rabkowski, "Medium voltage power
switch based on 1.7 kV SiC MOSFETs connected in series inside power modules,"
European Conference on Power Electronics and Applications (EPE 19 ECCE Eu-
rope), Genova, Italy, 2019, pp. P.1-P.10. Contribution of the dissertation author: 25%.
[98]
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[C4] R. Kopacz, P. Trochimiuk, G. Wrona and J. Rabkowski, "High-frequency SiC-based
medium voltage quasi-2-level flying capacitor DC/DC converter with zero voltage
switching", European Conference on Power Electronics and Applications (EPE *20
ECCE Europe), Lyon, France, 2020, pp. P.1-P.10. Contribution of the dissertation
author: 50%. [122]

[C5] J. Rabkowski, D. Peftitsis, R. Sobieski, M. Harasimczuk, R. Miskiewicz, K. N. Ku-
mar, R. Kopacz, K. Kalinowski, and P. Trochimiuk, "Advanced charging system with
bipolar DC-link and energy storage",2022 Progress in Applied Electrical Engineering
(PAEE), Koscielisko, Poland, 2022, pp. 1-6. Contribution of the dissertation author:
10%. [137]

[C6] M. Harasimczuk, K. Kalinowski, R. Miskiewicz, R. Kopacz, B. Lasek and J. Rabkowski,
"Three-Level ANPC Converter as an Input Stage of an EV Charging System with
Bipolar DC Link," PCIM Europe 2022; International Exhibition and Conference for
Power Electronics, Intelligent Motion, Renewable Energy and Energy Management,
Nuremberg, Germany, 2022, pp. 1-6. Contribution of the dissertation author: 10%.
[138]

[C7] J. Rabkowski, R. Kopacz, R. Sobieski, M. Zdanowski, P. Trochimiuk and S. Piasecki,
"Continuous operation of medium voltage SiC power modules in the test circuit," 2022
Progress in Applied Electrical Engineering (PAEE), Koscielisko, Poland, 2022, pp. 1-
6. Contribution of the dissertation author: 30%. [139]

[C8] R. Sobieski, R. Miskiewicz, J. Rabkowski and R. Kopacz, "Two-phase interleaved
DC-DC converter with 3.3 kV SiC MOSFET modules," 2023 IEEE International Con-
ference on Electrical Systems for Aircraft, Railway, Ship Propulsion and Road Vehi-
cles & International Transportation Electrification Conference (ESARS-ITEC), Venice,
Italy, 2023, pp. 1-5. Contribution of the dissertation author: 10%. [89]

[C9] R. Kopacz, M. Harasimczuk J. Rabkowski and R. Sobieski, "Experimental evalua-
tion of inductor configurations and modulation techniques in an interleaved three-level
DC/DC SiC-based converter," 2023 IEEE 17th International Conference on Compat-
ibility, Power Electronics and Power Engineering (CPE-POWERENG), Talinn, Esto-
nia, 2023, pp. 1-6. Contribution of the dissertation author: 50%. [140]

Awards:

* Scholarship of The Ministry of Education and Science for students with exceptional

scientific contribution, 2019.
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* Scholarship of The Ministry of Education and Science for young scientists with ex-

ceptional scientific contribution, 2023.

* Reward for an achievement in the field of theoretical electrical engineering with great
application potential for the work titled “Three-Level Interleaved Non-isolated DC/DC
Converter as a Battery Interface in an EV Charging System with Bipolar DC-Link™,
2022.
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Chapter 2

Contribution

In this Chapter, the contribution of the dissertation author in the scope of advances in
SiC-based medium voltage power converters is presented on the basis of the publications

included in the thesis.

2.1 Modeling of medium voltage SiC power devices & con-
verters

While the many aspects of SiC power devices, especially SiC MOSFETSs, can be di-
rectly derived from their Si counterparts, there are numerous crucial differences related to
the material properties and the devices’ internal structure, as well as the associated device
packaging that necessitate further studies to fully utilize SiC-based transistors in MV power
electronic applications. Namely, there are concerns regarding the phenomena behind the
switching of the SiC MOSFET, e.g., the turning-off process — crucial for the soft-switched
power converters employing ZVS techniques. Therefore, proper modeling, characterization,
and measurement of the devices are essential to determine the behavior of the devices, es-
timate the power losses, and thus properly design the converters to achieve highly efficient

and compact MV power electronics.

2.1.1 From the measurement of COSS-VDS characteristic to the esti-
mation of the channel current in medium voltage SiC MOSFET
power modules [P1]

The introduction of SiC MOSFETs capable of blocking several kV allows for the con-
struction of MV power converters with lower losses and higher power density compared to

conventional ones based on Si IGBTs, also for ZVS-operated circuits, e.g., dc-dc convert-
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ers or inductive power transfer systems. In such circuits, the switching loss at turn-on is
nearly fully eliminated, for example, as in TCM-operated converters [141]. Thus, the turn-
off losses, even though relatively lower than the turn-on ones, become a substantial part of
total converter losses, and their proper determination is vital for the proper design of power
converters from the electro-thermal perspective, i.e., the heat-sink. Therefore, in order to be
able to construct competitive converters in the MV range, a simple and accurate method to
obtain the turn-off power loss is necessary.

In general, the switching-off behavior of state-of-the-art SiIC MOSFETs is complex and
has yet to be fully described [142, 143]. However, the basic consensus is that the measured
drain current is split between the lossy MOSFET channel current and nearly lossless capac-
itive current [144]. Thus, there is a need to correctly differentiate between the two current
parts, which can be done through the Cpgs — Vps characteristic of the device. Unfortunately,
this characteristic is not always provided by the manufacturer, especially for devices still
under development, which is often the case for new SiC MOSFET power modules. The situ-
ation is even more complicated as for modules rated at several hundred amperes, the devices
comprise several paralleled chips. Yet, from the designer’s perspective, a power module is
still a single device, and thus, a simple Cpss — Vpgs characterization method is needed.

While there are several methods to determine Cpgs — Vpg characteristic, they are complex
and require expensive equipment, additional circuitry, or sophisticated calibration [145, 146].
Thus, in the paper, a novel method for characterization, based on a simple setup akin to con-
ventional circuits used for single- and double-pulse tests, is proposed and validated through
an experimental study using a 1700-V/900-A SiC MOSFET power module, which allows
for improving the precision of power losses estimation of soft-switched dc—dc converters —
helpful in enhancing the design process of highly efficient, compact, high-power converters
in MV applications.

The summarized contribution of the publication is listed below:

short overview of characterization methods for SiC MOSFETsSs;

* description of the SiC MOSFET internal structure, with a focus on the output capaci-

tance in power modules;

proposal of a novel, simple method to obtain Cpgs — Vps characteristic for MV SiC

MOSFETs, also in power module configuration;

study of the effect of nonzero turn-off voltage on the Cpgs — Vpgs characteristic;

* determination of the channel current using the obtained Cpgss — Vpg characteristic;
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* establishing the importance of the utilization of the split between the capacitive and

channel currents for the estimation of switching loss in soft-switched converters;
* design and construction of an MV test bench for the experiments;

* validation of the proposed concept using a 1700-V/900-A SiC MOSFET power mod-

ule.
The specific contribution of the dissertation author for the publication:

 performing the literature overview on SiC MOSFET capacitances and their character-

1zation methods;
* design & construction of the control part of the experimental setup;
* participating in the experimental study;
* analysis, processing of data, validation of the results;

* preparation of the paper, initial draft, and final version; leading the submission and

review process (corresponding author).

2.1.2 A Simple Method to Validate Power Loss in Medium Voltage SiC
MOSFETs and Schottky Diodes Operating in a Three-Phase In-
verter [P2]

SiC MOSFETs have been successfully introduced for MV power converters as superior
alternatives for Si IGBTs, as they provide faster switching speeds and lower turn-on and
turn-off losses but are not necessarily favorable in terms of on-state performance [147]. Fur-
thermore, there have been several works presented investigating MV-rated inverters, also
employing SiC MOSFETs [39, 148]. However, as the MOSFETSs are capable of conduct-
ing reverse currents, the relations between current and loss split in transistor-diode pairs are
much different, and thus the considerations from prior work are not directly applicable here.
Thus, a thorough analytical study on the semiconductor power losses in inverters is presented
in the paper, focusing on a case with a SiC MOSFET-Schottky pair.

Moreover, when the complex process of medium-voltage power converter design is con-
sidered, along with the electro-thermal aspects, datasheet values are often not sufficient.
Additionally, the well-known double-pulse testing is also sometimes considered for the val-

idation of the device’s performance. However, the design, and thus the outcomes of the
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testing, can vary between the tests and the final system, as the distribution of the parasitics,
highly affecting the switching performance, differs [149]. Therefore, there is a great need for
a new, low-cost, and simple method of experimental evaluation of MV SiC MOSFET power
modules.

There have been several methods presented in the literature [52]. The issue is especially
complex for the new wide-band gap power devices, where the generated EMI and low value
of losses to be measured are the sources of challenge. In general, there are several methods
to determine the power losses [73], electrical-based, and calorimetric-based [75]. However,
each requires expensive and sophisticated setups, which is further accentuated as the voltage
and current levels for MV applications are high. Thus, a novel, straightforward method
to emulate the power losses of MV power converters using a simple half-bridge setup and
conventional low-power supply is proposed in the paper.

The summarized contribution of the publication is listed below:

* a brief overview of methods for estimating power losses in SiC-based MV power con-

verters;

* a thorough study of power loss estimation in an exemplary, common case for MV

power converters — a two-level inverter;

* a detailed description of the phenomenon of current sharing between the SiC MOS-
FET channel and the body diode with its effect on power loss, including thorough

theoretical analysis;

* proposal of a novel, straightforward method to estimate on-state power losses of a SiC
power module based on emulation procedure through a simple hardware setup con-
verged with a MATLAB script, using only minimal power requirement (2 kW supplied
for a studied 220 kVA inverter);

* design and construction of a half-bridge experimental setup;

» experimental validation using a half-bridge circuit with 3.3 kV/450 A SiC MOSFET

modules.
The specific contribution of the dissertation author for the publication:

* design & construction of the control part of the experimental setup;

* participating in the experimental study;
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* analysis, processing of data, validation of the results;

* preparation of the paper, initial version, final version.

2.2 Topology concepts for MV power converters

As aforementioned, there are a number of approaches for constructing SiC-based power
converters in the MV range. Thus, this Section presents an experiments-enhanced review

paper of the most prominent methods.

2.2.1 Medium Voltage Power Switch in Silicon Carbide—A Compara-
tive Study [P3]

The introduction of high voltage-rated WBG devices allows for easier construction of
MYV power converters. SiC MOSFETsS reach the blocking voltage levels previously available
only for Si IGBTs, leading to lower power losses, higher operating frequencies, and more.
Simultaneously, at the lower spectrum of voltages, SiC power devices can be directly appli-
cable in two-level topologies instead of complex structures. On the other hand, SiC devices
are not always the superior choice [78]. Also, the cost of the emerging WBG technology is
very high. Thus, there is a need to further analyze the possibilities in order to establish the
advantages and disadvantages of each approach.

The possible methods for MV power converters include the employment of single MV
devices rated at several kVs and higher, using a simple two-level topology [40, 88, 87]; series
connection of LV SiC MOSFETs, with either passive or active voltage balancing [94, 97, 93];
conventional multilevel approach, e.g., using FC topology [106]; or employing the emerging
Q2L control to converge the traits of series-connection circuit using a multilevel topology
[116, 128, 129]. While these have been separately described in the literature quite expan-
sively, a thorough comparative study performed for identical conditions for each method was
lacking.

To this end, in the paper, the mentioned methods are theoretically and experimentally
compared, including insights on power loss, gate drivers, circuit and design complexity,
cooling, reliability, cost, and more, at up to 300 A rms and 1.5 kV. The insights can be
effectively used as a guideline for designers seeking appropriate topology for a specific MV
application.

The summarized contribution of the publication is listed below:

* an overview of methods to create MV power converters employing state-of-the-art SiC
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MOSFETs, including single high-voltage power devices, series connection, multilevel

approach, and the quasi-two-level method;
* design and construction of an MV prototype for each of the methods;

» experimental validation and comparison for each of the studied concepts at up to 1.5
kV and 300 A rms current;

* a power loss experimental study for each method;

* a detailed analysis of advantages and disadvantages of each method, considering effi-

ciency, gate drivers, circuit complexity, cooling, reliability, cost, and more.
The specific contribution of the dissertation author for the publication:

* performing the literature overview on various methods for the realization of SiC power

devices in MV power converters;

* design & construction of the experimental setup regarding the multilevel and quasi-

two-level operation, and the controller of the system;
* participating in the experimental study;
* analysis, processing of data, validation of the results;

* preparation of the paper, initial draft, and final version.

2.3 MYV SiC-based dc-dc converters

Dc-dc converters, now commonly employing SiC power semiconductor devices, are
widely used in the MV range, spanning from battery storage and microgrid systems through
RES circuits, as well as traction and e-mobility applications, and many more. Therefore,
in this Section, an exemplary case of a new MV non-isolated, bidirectional, soft-switching
dc-dc converter employing state-of-the-art SiIC MOSFETS that can be employed in dc micro-
grids as an auxiliary traction converter or in battery energy storage and PV applications, is
considered. The proposed novel concepts for both circuit arrangement and control, supported
by a detailed theoretical analysis and discussion in regard to the literature and validated ex-
perimentally, are established as a highly competitive option for dc-dc power conversion in

MV applications.
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2.3.1 Medium voltage flying capacitor dc—dc converter with high-freq-
uency tcm-q2l control [P4]

With the introduction of WBG power devices, MV power converters flourish, as highly-
performant SiC MOSFETs with high blocking voltages are already widely available and are
still being further developed. Therefore, many formerly LV applications have their voltages
extended to MV territory, e.g., battery energy storages or PV strings [7]. Furthermore, other
MYV applications, i.e., traction systems, can also significantly benefit from the inclusion of
SiC power devices into their designs. This necessitates the construction of low-loss and
low-cost MV dc-dc power converters.

As was elaborated on in the previous Section, there are several approaches for the em-
ployment of SiC transistors to create MV power converters [132]. Furthermore, a vast array
of possibilities to construct bidirectional dc-dc converters, also with soft-switching behavior,
is available [150]. For example, multilevel [151, 152], switched capacitor [153], or inter-
leaved [154] topologies can be named.

In the paper, a novel MV non-isolated, bidirectional, soft-switching dc-dc converter em-
ploying state-of-the-art SiC MOSFETs is proposed. The system is based on a conventional
FC topology, employing four power switches rated at a voltage lower than the dc-link volt-
age, with the new TCM-Q2L control, based on the convergence of quasi-two-level control
[116, 117, 128] enabling the use of LV SiC MOSFETsS for the MV system with minimized
capacitor volume, and the TCM approach to ensure ZVS at turn-on at a wide voltage gain and
load range [152], leading to high-frequency operation. The concept is validated via an exper-
imental model tested up to 250 kHz switching frequency, 1.5 kV, and 10 kW of power, and
a thorough theoretical description of the operating modes, including a detailed mathematical
analysis, is given. It is shown that the proposed converter can be effectively and competi-
tively employed for MV dc-dc power conversion, as it provides exceptional efficiency (up to
99.1%) and a compact footprint.

The summarized contribution of the publication is listed below:

¢ a short review of methods for the realization of SiC-based dc-dc non-isolated bidirec-

tional converters in MV range;

* proposing a novel TCM-Q2L control concept for highly efficient and compact dc-dc
non-isolated converter employing SiC MOSFETSs with soft-switching;

 proposing a new method for voltage balancing in Q2L dc-dc converters;
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* a thorough theoretical description of the TCM operation of the converter, also includ-

ing the resonant behavior;
* an advanced simulation of the proposed converter in Saber software;
* design and construction of an MV prototype of the proposed converter;

* validation of the proposed converter at up to 1.5 kV and 10 kW of power with a peak
efficiency of 99.1%;

* a detailed comparison with other state-of-the-art concepts for dc-dc non-isolated con-

verters, deeming the proposed system highly competitive.
The specific contribution of the dissertation author for the publication:

* proposing a novel TCM-Q2L control concept for highly efficient and compact dc-dc
non-isolated converter employing SiC MOSFETSs with soft-switching;

» proposing a new method for voltage balancing in Q2L dc-dc converters;
* participating in the theoretical analysis for the proposed system;

* performing the literature overview on various methods for the realization of SiC-based
dc-dc non-isolated converters in MV range, with a thorough comparison to other state-

of-the-art concepts;
* preparing the simulation models and performing the simulation study;
* design & construction of the whole converter and the experimental setup;
* leading the experimental study;
* analysis, processing of data, validation of the results;

* preparation of the paper, initial draft, and final version; leading the submission and

review process (corresponding author).

2.3.2 Investigation of soft-switching QSW technique in DC/DC SiC-
based flying capacitor converter with Q2L control [P5]

The paper is a direct follow-up to the previous article, extending the proposed converter
to achieve full soft-switching, also at turn-off, and further improving the efficiency by a

marginal cost in power density.
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Apart from the aforementioned concerns regarding MV dc-dc converters, the introduc-
tion of SiC MOSFET is a challenging task, mainly due to their exceptional switching speeds
and high voltage ratings, which lead to notable dv/dr ratios. These, in convergence with the
unavoidable parasitics in the circuits, are the source of several substantial issues. To name
a few, increased voltage overshoots, enlarged power losses, and higher EMI generation are
the crucial ones [30, 34]. A viable solution to mitigate this issue is either slowing down the
transistors or employing supplementary dv/dt limiting circuits [85, 55]. However, such an
approach is burdened with increased complexity and volume.

Furthermore, a vast number of methods to establish full soft-switching have been investi-
gated [155, 156], providing the possibility to maximize the power density while maintaining
low losses. A conventional approach would be to employ resonant [157, 158] or quasi-
resonant [159] cells. However, these necessitate the addition of several extra components,
leading to lower power density and increased cost. Furthermore, they are usually bound to
a specific operating point, exhibiting exceptional performance only at a narrow operating
range. Another method to achieve soft-switching is based on ZVT topologies [160, 161].
Unfortunately, this approach also requires adding extra components, €.g., active snubber
cells. Finally, there are converters based on TCM (also referred to as QSW) [162, 152],
which incorporate the filter inductor as a part of the resonant circuit, maximizing the power
density. On the other hand, ZVS is only assured at turn-on. Thus, the obtained efficiencies
are somewhat limited.

In the paper, a simple, low-volume method to ensure full soft-switching and minimize
the harmful dv/dt transistors’ ratio is proposed. Based on the TCM-Q2L system [129], with
the addition of small capacitors in parallel to each transistor, a fully soft-switched, ultra-low
power loss MV dc/dc converter based on SiC MOSFETs is shown. The experimental pro-
totype is validated at up to 1.5 kV and 15 kW, reaching a peak efficiency of 99.5%. It is
exhibited that the proposed converter enables full utilization of SiC power devices’ possibil-
ities and can be effectively used in MV dc-dc applications, surpassing its’ counterparts.

The summarized contribution of the publication is listed below:

* a brief overview of methods for the realization of fully soft-switched SiC-based dc-dc

non-isolated converters in MV range;

* proposing a novel concept of the utilization of small capacitors in parallel to the SiC
MOSFET:s to lower the switching losses following the quasi-square-wave techniques,

so the efficiency of the dc-dc converter is maximized, and the dv/dt ratio is reduced

* a thorough theoretical analysis of the proposed converter with the additional resonant
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capacitors, including a study on power loss distribution across the converter compo-

nents;

* establishing design guidelines for the auxiliary capacitor selection to allow full utiliza-
tion of SiC MOSFETs in MV dc-dc converters

* design and construction of an MV prototype of the proposed converter;

* validation of the proposed converter at up to 1.5 kV and 15 kW of power with a maxi-

mum efficiency of 99.5%;

* adetailed comparison with other state-of-the-art concepts for soft-switched dc-dc non-
isolated converters, establishing the proposed system as a top choice for efficient MV

dc-dc power conversion;
The specific contribution of the dissertation author for the publication:

* proposing a novel concept of the utilization of small capacitors in parallel to the SiC
MOSFET:s to lower the switching losses following the quasi-square-wave techniques,

so the efficiency of the dc-dc converter is maximized, and the dv/dr ratio is reduced;
* participating in the theoretical analysis for the proposed system;

» performing the literature overview on various methods for the realization of soft-
switching techniques in dc-dc converters in MV range, with a thorough comparison

to other state-of-the-art concepts;
* preparing the simulation models and performing the simulation study;
* design & construction of the whole converter and the experimental setup;
* leading the experimental study;
* analysis, processing of data, validation of the results;

* preparation of the paper, initial draft, and final version; leading the submission and

review process (corresponding author).
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Publications

The dissertation contains the following five publications, where the author is a co-creator:

3.1 From the measurement of COSS-VDS characteristic to
the estimation of the channel current in medium volt-
age SiC MOSFET power modules [P1]

[P1] J. Rabkowski, M. Zdanowski, R. Kopacz, F. Gonzalez-Hernando, 1. Villar and U. Lar-
rafiaga, "From the Measurement of COSS—VDS Characteristic to the Estimation of the
Channel Current in Medium Voltage SiC MOSFET Power Modules," in IEEE Transac-
tions on Instrumentation and Measurement, vol. 72, pp. 1-10, 2023, Points according
to the Ministry of Education and Science: 100, Impact Factor: 5.332. Contribution of
the dissertation author: 25%. [130]
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Abstract— This article presents a novel method for the dynamic
measurement of Coss—Vps characteristic of SiC MOSFET power
modules based on the process of charging the output capacitance
of the transistors. This technique has been used to determine
the Coss—Vps characteristics of medium voltage SiC MOSFET
modules, which allows for the extraction of the capacitive current
while switching off the transistor. Based on this measurement
method, the influence of the turn-off gate voltage Vis_opr on
the Coss—Vps characteristics has been studied, exhibiting an
impact on the output capacitance at low drain-source voltages.
However, it is shown that the effect of Vgs_orr on the capacitive
current and power loss is limited in this area. Finally, the
channel current and the capacitive current distribution within
the drain current were determined based on the determined
Coss—Vps in the experimental test at various switched currents
and switching speeds. According to the capacitive charge calcu-
lations for several cases, the method’s accuracy is high enough
to perform switching power loss estimations for medium voltage
power modules to be employed in the design of the state-of-the-art
power converters. Furthermore, the method is very simple, based
on basic capacitance equations, and the required experimental
setup is very similar to one used in double-pulse tests.

Index Terms— Dynamic characterization, MOSFET, power
electronics, silicon carbide, switching losses, zero-voltage
switching.

I. INTRODUCTION

EDIUM voltage SiC MOSFETs are excellent candi-

dates for high-power soft-switched power converters,
where they can replace currently employed Si-based IGBTs.
Operating in zero voltage switching (ZVS) conditions, such
as in dc—dc or inductive power transfer (IPT) converters,
these power semiconductors can achieve lower power losses,
improving the overall efficiency of the system [1], [2], [3], [4].
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Such systems usually operate at high switching frequen-
cies, and a substantial part of the power losses occurring
in semiconductor elements is losses generated during the
switching-off process. Therefore, it is essential to correctly
determine the switching losses to design the converter prop-
erly from an electrothermal perspective. Several publications,
to mention only [5], [6], [7], [8], [9], and [10], have shown
that the switch-off transition is quite complex and has not been
fully examined yet. This is especially true for SiIC MOSFETs,
which switch at exceptional speeds, showcasing the issues that
were omittable in the case of slow Si counterparts [5], [6]. For
example, using SiC-based power devices with sufficient gate
current may even lead to a situation with ultralow turn-off
switching losses [7], and thus considering the gate driver is
essential as well [8]. Moreover, apart from the commonly
used power loss sources in the form of switching and con-
duction losses, additional losses such as residual loss [9]
should also be taken into account. Finally, the effects of the
measuring equipment have a substantial impact as well [10].
All in all, without deep analysis of the turn-off switching
process, it can be concluded that the drain current includes
the channel current, which causes conduction power losses
in the transistor’s channel, and the capacitive current, which
is almost lossless [11]. Therefore, to correctly determine the
switch-off power losses, it is necessary to distinguish these
two components. This can be done by finding the capacitive
current from the derivative of the drain—source voltage; for
this, the Cposs—Vps characteristic of the power device must be
employed [12]. However, this characteristic is not available
for all power modules—this is the case of the power modules
discussed in this work [13], [14], [15] or other power modules
under development. Moreover, the characteristics provided by
the manufacturer are usually measured only for gate—source
voltage Vs = 0, while gate-related capacitance is dependent
on polarization, as has been proved both in TCAD simulations
and experimentally [16], [17], [18].

The problem of characterization of MOSFET parameters
[19], [20], including measuring Coss—Vps characteristics, also
for SiC power devices, was undertaken by many research
teams [16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
[26]. The key question is if the observations for single-chip
modules will be the same as for multichip power modules.

There are classic methods using an impedance analyzer or
an LRC bridge to determine the Coss—Vps characteristics, but
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the main problem is the need for high-voltage polarization,
as most of the equipment is not able to reach even 800 V, not
to mention higher voltages required for testing medium voltage
power modules. Hence, various circuit concepts have arisen to
allow measurements at higher voltages [16], [17], [18], [21];
however, the complexity of such systems is high. Another
testing approach is based on running one- or two-pulse tests
and observing the corresponding waveforms to determine
the charges and capacitances [22], [23], [24], [25]. It is
also possible to use a similar method in transistors’ contin-
uous operation without load [26]. However, these methods
also induce their complexities, such as the need for another
active switch in parallel to the device under the test [22],
which may induce additional error; or the requirement of
precise calibration of the inductor to achieve the resonance
with Cogs capacitance [23]; or were focused on other transistor
capacitances, e.g., Crss [24], [25].

Considering the special features of medium voltage SiC
power modules, i.e., a large active surface and potentially a
large output capacitance, the authors propose a very simple,
dynamic method for the measurement of Cpgs capacitance
based on a single-pulse test. It is based on monitoring the
drain—source voltage and the current flowing through the
power device. The method has been successfully validated,
showing that it is possible to precisely determine the Coss—Vps
characteristic without much computational and experimental
effort, based on basic capacitance equations and using a simple
setup akin to the conventional double-pulse test bench. This
method has also been employed to study the influence of the
turn-off gate voltage Vigs—orr, Whose value affects the parasitic
capacitances of the power device.

This article is organized as follows: after the introduction,
the origins of the parasitic capacitances in a SiC MOSFET
device are briefly described, and then, the proposed method
for measuring the Coss—Vps characteristic is presented.
In Section III, this method is applied to a 1700-V/900-A SiC
MOSFET power module to find suitable characteristics, also
with nonzero gate polarization. Then, the studied devices are
tested in single-pulse tests with an inductive load at different
switched currents and switching speeds, with frequencies up to
25 kHz, and the capacitive current is estimated based on the
determined Cpss—Vps characteristic. The work is concluded
with a discussion of the results and a summary of the primary
outcomes, successfully validating the proposed method.

This article is an extension of the proceedings article [12],
but with additional theoretical insight, a more detailed descrip-
tion of the proposed method, as well as an expanded
experimental study, also including the impact of different
turn-off Vg values.

II. ORIGINS OF THE SIC MOSFET OUTPUT CAPACITANCE
A. Single-Cell MOSFET Capacitances

The origins of parasitic capacitances of SiC vertical drift
region-type double-diffusion MOSFET (VDMOS) are directly
associated with the internal structure of the power semiconduc-
tor device. Depending on the gate-to-source voltage Vs and
if it is below or above the threshold voltage Vry, two different
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section with (a) closed (Vgs < Vru) and (b) open (Vgs > Vru) channel.
(c) Equivalent electrical circuit of the transistor, including resistances for the
current flow path [29].

situations can be distinguished. These situations are depicted
in the cross-sectional illustrations of a MOSFET cell when
the device is closed with Vgs < Vryg in Fig. 1(a) and when
the device is open (Vgs > Vry) in Fig. 1(b) [19], [27], [28],
[29], [30]. Furthermore, an equivalent electrical circuit of the
transistor, also including the most relevant ON-state resistances
(channel resistance R.,, JFET region resistance Rjggr, and epi-
taxial layer resistance Rcp;) for the current flow path, is shown
in Fig. 1(c). Regarding the parasitic capacitances, the main
difference between both situations is that while gate—source
and gate—drain capacitances are separated by a depleted region
in the p-well when the device is closed (Vgs < V), they are
connected through the channel resistance when the device is
open [29].

Generally, the terminal parasitic capacitances between the
following MOSFET electrodes are distinguished: gate-to-
source capacitance Cgg, gate-to-drain capacitance Cgp, and
drain-to-source capacitance Cps. They are crucial in affecting
the device switching behavior and are typically classified into
three equivalent capacitances used for performance evalua-
tion of the MOSFETs: the input capacitance seen from the
gate (Ciss = Cgs + Cgp), the reverse transfer capacitance
(Crss = Cgp), and the main interest of this article, the output
capacitance seen from the drain (Coss = Cps + Cgp). The
nature of the terminal capacitances is an effect of the device
structure, including the semiconductor and oxide junctions and
interfaces, and is highly dependent on Vs and Vpg transistor
voltages.

When a situation with a closed MOSFET channel is con-
sidered [Fig. 1(a)], the Cgs capacitance is comprised of the
capacitance between the gate (G) and source (S) electrodes
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within the oxide (C,,) and capacitances between the gate and:
nT region (Coys), p™ region (Coxc), and p* depletion region
(Cgsj). The capacitances between the gate and the drain (D)
within the oxide Coxg and the capacitance of the depletion
region Cgq; are parts of the Cgp capacitance. Finally, the
Cys; capacitance across the depletion region below the p base
is the only component of Cps. When the gate polarization
changes and Vs > Vry, which is the case during the turn-
on process, the channel is established, and Rcy decreases
[Fig. 1(b)]. Thus, the depletion capacitance Cg; basically
disappears, and capacitance Cgqj becomes negligible, while
the oxide capacitances (C,,, Coxs, Coxes and Coxg) and the
Cysj capacitance remain, in practice, unchanged. Furthermore,
when the device is open (Vgs > V), the channel resistance
is low, and therefore, Cox.+ Cgj is in parallel with Coxg+ Cggj;
hence, Cgp becomes part of Cgs.

On the other hand, when the device is turning-off, the
increase of Vpg shifts the charge on the p-/n-junction, changing
the Cgsj capacitance. Moreover, a similar effect is observed
in the JFET region and Cggi—Dboth capacitances decrease with
the drain potential.

Moreover, additional effects, such as drain-induced barrier
lowering (DIBL) [31], are also observed, but they have a
limited impact on the capacitance characteristics. Recently,
the charge trap issues have also been discussed [32]; however,
its influence is rather seen in the Cgs capacitance without
affecting the Cogss analyzed in this article.

B. MOSFET Capacitances in Power Modules

When high-power systems are considered, also in the
medium voltage range, power module MOSFET packaging
comes into play. Since these devices are made for high-power
applications, current ratings of hundreds of amps are expected,
requiring the use of multichip structures. In such modules,
several MOSFET dies are connected in parallel and act as
a single transistor, as shown in a simplified schematic of
the power module in Fig. 2. This way, the power density
achievable with these power modules can be improved since
more power can be managed in a lower volume.

When multichip SiC power modules are considered, the
characterization of the parasitic capacitances becomes even
more complex as additional parasitics are present [33]. The
complexity of employing SiC-based power modules is allevi-
ated even more by the fact that, in most cases, the manufacturer
does not share how many dies are used and what are the
individual chips employed in the module, and generally,
the datasheets lack of information regarding the parasitic
capacitance characterization. Consequently, determining the
switching performance of the SiC power modules based on
capacitance characteristics is not a simple task and has not
been studied widely before.

Furthermore, each MOSFET chip in a power module is
characterized by different values of, among others, inter-
nal gate resistances and capacitances. Thus, in practice, the
switching process for each chip occurs individually and can
vary between the paralleled wafers. However, from the power
electronics designer’s perspective, the power module is still a
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Fig. 2. Simplified equivalent circuit with parasitic capacitances of a multichip
SiC MOSFET half-bridge power module.

single device and a characterization method based on estab-
lishing an equivalent characteristic seen from the power device
terminals is required. To this end, such a technique is proposed
in Section III of this article.

III. Coss—Vps TEST METHOD

A. Coss—Vps Test Method for the Off-State Device

The method proposed by Rabkowski et al. [12] uses a
half-bridge power module (scheme in Fig. 3, photograph of
the laboratory setup in Fig. 4) similar to [26], but only a
single pulse test is performed. The low-side transistor of the
half-bridge is the device under test (DUT) and is permanently
in the OFF-state, with Vgs < Vry, while the upper transistor
plays the role of the control switch, applying a positive voltage
to its gate V. in order to establish a constant voltage Vpc to
Vps of the DUT. In consequence, the output capacitance of the
lower transistor is charged via the upper transistor. There is
no resistor in series to limit the current slope, but an increased
gate resistor Rg is applied to control the switching speed and
peak of the charging current icoss.
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Fig. 4. Photograph of the laboratory setup with the SiC power module used
for the experiments.

An example of the waveforms obtained for a 1.7-kV/900-A
SiC MOSFET power module, for which Coss—Vps character-
istic is not available in its datasheet, is presented in Fig. 4 for
a test performed at 1200-V dc voltage. At the beginning of
the process, Vps is low, and the capacitance shows maximum
values; therefore, the charging current rises fast and reaches
peak value when the Vpg slope becomes linear. Then, while
the voltage increases, the output capacitance drops, and the
charging current is reduced. Note that a similar current also
discharges the capacitances of the upper transistor. At the end
of the test, the Vpg slope becomes nonlinear again, most likely,
due to increased capacitance of the upper transistor. All in all,
the single pulse takes a few microseconds, and the recorded
voltage and current waveforms are employed to perform the
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calculations according to the basic capacitor formula

icoss
dVps/dt”

The calculation of (1) based on the waveforms in Fig. 5
was conducted in MATLAB, and the obtained Cpss—Vps
characteristic is shown in Fig. 6. The obtained results have
proved to be consistent with those obtained for a 1200-V/450-
A SiC MOSFET power module compared to the characteristic
available in its datasheet [34].

(I

Coss =

B. Coss—Vps Test Method With Nonzero Turn-Off Voltage
Vas

As was mentioned above, several works reported the depen-
dence of the capacitances on the turn-off gate-to-source
voltage Vgs_orr applied by the gate driver [15], [29], [30].
Therefore, further tests were conducted, with turn-off voltages
ranging from —9 to 42 V applied, while the rest of the
testing procedure was performed identically to what has been
described before. In accordance with the theoretical assump-
tions, the impact is visible for low Vpg values [see Fig. 7(a)],
where tests performed at low dc voltage are shown, while for
higher Vpg, the differences were minimal, and thus, the results
at high Vpg are not shown. Due to increased Cgp at higher
Vies—orr, the Cogs characteristic rises at low Vpg voltages,
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Fig. 7. (a) Dependence of measured Coss capacitance on the gate—source
voltage value for low Vps values. (b) Its impact on Coss integrated
from O to 30 V of Vps.

especially when Vg is close to or above zero. In consequence,
the charge Qoss, calculated as (2) for Vpg voltages up to 30 V,
increases with the increase of Vgs [Fig. 7(b)]. The obtained
results reflect that turning off at a voltage of —9 V results in
a lower Qoss, meaning a lower switched current is required
to achieve ZVS successfully. This difference is below 10%
comparing turning off at 0 and —9 V, but the difference can
be even as high as 30% comparing +2 and -9 V

Qoss :/COSSdVDS~ )

The gate voltage indisputably affects the Cgp capacitance,
which notably impacts the transistor switching performance.
This is caused by the influence of the gate voltage on the
drain depletion layer beneath the gate oxide capacitance, which
is dependent on the Vgp = Vgs — Vps. However, the whole
MOSFET output capacitance Cpss required for estimating the
channel current from Vpg value is dominated by the Cpg
part, which is mainly unaffected by the change in gate—source
voltage. Furthermore, the most notable shifts in capacitance
occur for low drain—source voltages when the dissipated losses
are rather low. When the switching turn-off power losses are
considered, the crucial is the area for roughly 20%-80% Vps,
where the current is still on a significant level, while the
voltage already reaches notable values, and the product (power
loss) is eminent. Thus, the overall impact of the Vg level
on the proposed method can be easily neglected as the slight
variations most likely still appearing in the Cgp component
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Fig. 8. (a) Waveforms during turn-off—recorded for the MSM900FS17ALT.
(b) Idealized—without an influence of the parasitic inductance.

are so minuscule that are not distinguishable among the
discrepancies and accuracy of the measurements. All in all,
based on the performed tests and according to the MOSFET
structure, the Coss capacitance is effectively independent of
the gate polarization value, at least in terms of Coss—Vps
characterization for channel current estimation.

IV. DIFFERENCE BETWEEN DRAIN AND CHANNEL
CURRENTS

Several typical waveforms recorded at the turn-off process
of the MSMO900FS17ALT at 850 V and 600 A are presented
in Fig. 8(a), while idealized equivalents can be seen in
Fig. 8(b). To simplify, the impact of parasitic inductances and
high-frequency oscillations is not considered. In the optimal
scenario from the switching losses point of view, the gate
driver can quickly discharge the gate—source capacitance Cgg
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to reach threshold voltage Vry before drain—gate capacitance
Cgp is charged and drain—source voltage vps achieves high
values. The current through the channel of the power transistor
icy is rapidly reduced to zero before vpg is high, and, as a
result, the power dissipated in the transistor (as the product
of vps and icy) is low. These conditions can be recognized
as almost ZVS, and this scenario is preferable as it results
in nearly zero switch-on losses and therefore leads to higher
efficiencies [7].

However, this scenario is challenging to achieve in most
high-current power modules. The substantial input capacitance
Ciss requires a large gate current to be quickly discharged,
but the limited supply voltage of the gate driver and nonzero
internal gate resistance are the limiting factors. Thus, the
real scenario usually observed is presented in the idealized
waveforms in Fig. 8(b): during the voltage rising phase, the
vgs 1s above the threshold, and the channel remains open. This
causes a major difference in the estimation of the switching
power losses since the only source of power losses is the
joule losses caused by the channel current through the device
resistances, while the displacement current charging the output
capacitance is not contributing to these power losses. There-
fore, the resulting power losses are lower than the product of
vps and ip multiplication usually provided in the datasheets.
Finally, vgs drops below Vg (and icy becomes zero) after
vps has reached Vpc. It is worth noting that, at the end
of the voltage rise phase, the observed ip is equal to icy,
since there is no displacement current in the output capaci-
tances Cpss when the voltage has reached a constant value.
In practice, it will also be increased by voltage overshoots
across parasitic inductances in the switching loop, as shown
in Fig. 8(a).

V. ESTIMATION OF Icoss AND Ich

The MSM900FS17ALT has been arranged in a half-bridge
circuit supplied from an 850-V source and loaded with an
inductive load (3 x 114 ©H/100 A in parallel) with negligible
resistance, so that the power circulates between the two power
switches. The scheme of the experimental test system is
presented in Fig. 9, using the same experimental setup as
before but with an inductive load (shown in Fig. 4). Then, the
transistors were controlled to generate a square voltage wave
in the load to obtain a different amplitude of the load current,
with a variable switching frequency up to 25 kHz, which is a
typical value for high-power semiconductor modules as used
in the article. These conditions lead to a triangle shape of the
load current and switching conditions similar to those in soft-
switched dc—dc converters. In particular, the transistors turn
on with the current flowing through the antiparallel diode, and
therefore, the on-state voltage is close to zero and turns off
at peak load current. Thus, most of the power losses appear
during the turn-off event twice per single switching period.
In the circuit in Fig. 9, the drain—source voltage and drain
current waveforms were measured with the high-bandwidth
voltage probe (P5200A) and Rogowski coil. Examples of the
results from the experimental study for different switched
currents, along with the estimations of the channel and
capacitive currents are depicted In Fig. 10 and Fig. 11 for
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Fig. 9. Scheme of the half-bridge circuit with an inductive load.

RgExt) = 3.3 ©, and in Fig. 12 and Fig. 13 for a case without
an external gate resistor. The switching process is faster for the
higher current and lower gate resistance; the same observation
can be made for the oscillations—they become more severe
for the higher current and lower gate resistance.

The Coss—Vps characteristic determined at Vgs opr = 0 V
before (Fig. 6) has been employed to calculate the capacitive
current icoss during the switching process as (3), calculating
the derivative of the drain—source voltage dvps/dt in MAT-
LAB based on the measured waveforms

. dv
icoss = Coss(vps) d]:S- 3

Furthermore, in order to take into account the voltage drop
in the stray inductance inside the power module and therefore
obtain more accurate results, vpg in (2) was replaced by the
internal vpg(; calculated as

dip
UDS(i) = Ups — LSI “4)

where L is half of the internal module inductance provided by
the datasheet. The obtained results are presented in Figs. 11
and 13 for Rgext) = 3.3 € and without an external gate
resistor, respectively.

As can be observed based on Figs. 11 and 13, the effect
of the capacitor current on the power loss estimation is
substantial. For the low current operation of the power module
(100-A switched current), the resulting relative error of the
switched energy because of capacitor current omission can
be as high as 100%, while for a high current test (600 A),
it reaches slightly above 7%. However, considering a system
at several hundred kilowatts, or single megawatts of power, this
is still a substantial value in terms of the thermal design of the
system, and thus, the effects of Cpss and its’ current should
not be omitted, and the suggested Cpss—Vps characteristic
obtaining method can be an invaluable tool for improving the
design of high-power converters.

VI. DISCUSSION

A closer analysis of the icoss waveforms presented in
Figs. 10 and 12 shows that they are almost independent of
the switched drain current. Only at the lowest currents, the
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resulting icoss has presented differences, since the lack of
switched current resulted in a longer voltage rising and a lower
peak icoss. The major impact on the shape of icoss is the
decrease of the gate resistance, resulting in a much higher
switching speed. In particular, the peak value of the icoss
is higher for faster switching. Both observations indicate that
icoss i1s mainly the result of the charge displacement related

to the changes in the drain potential. For the cases shown
in Figs. 10 and 12 but also for two more gate resistance
values [RgEx) 1.6 and 1 2], the waveforms of icoss
were integrated to determine the charge Qoss (see results
in Fig. 14). The values should be constant but vary between
8.9 and 9.7 uC (~9% of the total error), which may be con-
sidered an acceptable value resulting from the measurement
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Fig. 14. Calculated Qoss at 850 V and different gate resistances and switched currents.

discrepancies. They rise with the switched current for all cases,
which is, most likely, a result of higher voltage overshoot
(increasing with the switched current and decreasing with the
gate resistance). Note that the values for the same switched
currents show minimal differences; thus, the obtained error
from the measurements is in the half-bridge circuit rather than
in the obtained Cpss — Vps characteristic.

VII. CONCLUSION

This article presents a novel method for obtaining the
Coss — Vps characteristics for SiC power modules. Its main
advantage is a simple application within the half-bridge

module without additional effort—a low-power, high-voltage
power supply and typical voltage and current probes are
necessary. The setup is very similar to the one required for
double-pulse tests and power loss characterization of power
devices. The test for the 1.2-kV/425-A module has shown very
good agreement with the Coss — Vps characteristic provided
by the manufacturer, and the method was also applied to the
1.7-kV/900-A module, for which the datasheet is unavailable.

Based on the measured characteristic, the capacitive current
icoss has been calculated for this same module operating in
the continuous mode at 850 V at different switching speeds
with currents up to 600 A and switching frequencies up to
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25 kHz. Then, Qpss was determined for all cases. Under the
assumption that Qoss should be constant for all tested cases,
the authors have determined errors in the whole procedure
at the level of £4.5%. It is very likely that most of the
error comes from the different voltage overshoots across the
parasitic inductances. All in all, for the fast-switching SiC
power devices, this is an acceptable value to increase the
accuracy of power losses estimation of soft-switched dc—dc
converters that can help to improve the design process of
highly performant, high-power power electronic systems in
medium voltage range.
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Abstract: This paper presents an original method of power loss validation in medium-voltage SiC
MOSFET (metal-oxide-semiconductor field-effect transistor) modules of a three-phase inverter. The base
of this method is a correct description of the on-state performance of the diodes and the transistors in a
PWM (pulse width modulation)-controlled inverter phase leg. Combined electro-thermal calculations
are applied to precisely estimate the losses in the power devices and then, to find the suitable circuit
parameters of a test circuit to emulate these conditions. A simple square-wave-controlled half-bridge
with an inductive load enables the electrical and thermal stresses comparable to these in the inverter,
and moreover, provided equations that confirmed the possibility of balancing the load between the
diodes and the transistors. The circuit with 3.3 kV SiC MOSFETs was tested to verify the impact of
selected parameters on power losses with the main focus on duty ratio. The same module was applied,
in addition to an inductive load (3 x 112 uH) and two sets of DC-link capacitors (750 uF), to validate a
phase leg of a 220 kVA inverter. In spite of a significantly apparent power, the active power delivered
from the DC supply settled around 1 kW, which was enough to emulate 390 W of losses in two transistors
and diodes.

Keywords: medium voltage; inverter; SiC MOSFET; Schottky diodes; power losses

1. Introduction

Nowadays, research works on medium-voltage power conversion with silicon carbide (5iC) power
devices can be divided into two substantial parts. The major interest of researchers seems to be focused
on relatively new devices rated at 10 kV and more [1-3], mostly developed for power grid applications,
where direct silicon (Si) competitors do not exist due to physical limits. On the other hand, recent
literature reports also show 3.3 kV rated power modules with SiC MOSFET (metal-oxide—semiconductor
field-effect transistor) and Schottky diodes, competing against well-established Si IGBTs (insulated
gate bipolar transistors), usually in motor drive inverters [4,5]. The major advantage is the much
faster switching of SiC unipolar devices, cutting down the amount of energy dissipated during
turn-on and turn-off processes [6]. However, a comparison of the on-state performance is not that
conclusive as IGBTs show a lower voltage drop at higher current ratings while SiC MOSFETs show
the ability to conduct reverse currents. This issue has been already investigated in the literature,
to mention only [7-12], where the performance of SiC FETs in the inverter phase leg was studied.
A typical inverter leg with a standard switch based on Si IGBT requires the forward diode to carry
the reverse current, while in the MOSFET-Schottky pair, the majority of this current flows through
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low-resistive substrate and channel. This means that the antiparallel SiC Schottky is mostly utilized
during dead-time periods. Therefore, most of the existing knowledge regarding the transistor and
diode pair operating inside the power module of the inverter is obsolete for SiC devices. On the
base of the experiences of the authors of this paper, datasheet information describing on-state and
dynamic performance show limited value in a complex electro-thermal process of medium-voltage
power converter design. Moreover, a well-known double pulse test procedure can be used to verify
the switching performance, however, the outcomes may vary in the final system due to the different
distribution of parasitic capacitances and inductances [13]. Thus, new challenges in the design
process of power converters based on medium-voltage SiC power devices generates the need to
research new methods which enable continuous operation testing, without building an expensive
fully scaled inverter. The main requirement is simplicity, which will be always related to low cost
as all complex methods in medium voltage and high-power range require expensive set-up and
equipment. The ability to accurately measure the power loss is essential as well. Previous experiences
show that problems related to the measurement and the estimation of losses in power electronic
converters have always been as challenging as important [14,15]. The right measurement of power
losses is even harder for wide band-gap power devices, especially when higher electromagnetic
interferences occur and the amount of measured losses is low. Unfortunately, the most obvious
method based on input and output power measurement would require extremely precise current and
voltage measurements [16], which, for medium voltage, is extremally difficult and also expensive.
A number of calorimetric methods [16-20] enable the measurement of overall efficiency, however,
dividing the power losses between passive and active elements requires additional effort, which again,
for medium-voltage conditions, is challenging. Moreover, the design of the calorimetric setup for
medium-voltage converters characterized by high volume is also problematic, especially when isolation
requirements are taken into account. As mentioned above, electrical-based measurements may bring
accurate results by double-pulse measurements [21,22] with an additional focus on measurement
techniques [23], however, in the final converter the performance of the devices may differ. This issue
is even more visible for medium-voltage devices as the layout of the double-pulse setup is hard
to repeat in the converter, which leads to differences in the parasitic components influencing the
switching behavior. In response to this issue, several methods that reflect the real conditions in
power converter systems have been proposed. Most common are those derived from opposition
methods [24] and use a full-bridge topology [25-29]. However, the design of such a system with two
half-bridge modules almost equals the design of a three-phase inverter, which means complexity and
high expenses. Other solutions based on DC-DC [30,31] or half-bridges can be also found [32] in the
literature but they were, again, proposed for low-power SiC or GaN devices and are not suitable for
medium-voltage/high-power systems, where the main problem is the power dissipation. Even for the
resistive load power at a fraction of the high rated power of a medium-voltage converter, this ends in
tens of kWs to dissipate in laboratory conditions.

All these works were carefully studied to find a suitable solution for a very challenging process of
medium-voltage SiC inverters design and testing. As a consequence, a novel method using simple
measurements in the half-bridge circuit and precise electro-thermal calculations is proposed to emulate
the power losses of the module applied in a three-phase inverter. This method and their experimental
validation can be counted as a main contribution of this paper. In particular, the precise equations
describing on-state losses in the three-phase inverter including reverse conduction phenomenon and
dead-times is provided in Section 2. Moreover, the behavior of the half-bridge with the inductive load
is explained and described for the first time to provide background for precise power loss emulation in
SiC MOSFETs and Schottky diodes. Section 4 presents the experimental validation of the equations
presented in Section 2, by the means of power loss measurements for various voltages, switching
frequencies and duty ratios, which is also an original content of this paper. Finally, a showcase of the
proposed method by means of power loss estimation and validation for selected the operating point of
a three-phase inverter is shown in Section 5, while Section 6 concludes the paper.
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2. Power Module with SiC MOSFETs and Schottky Diodes in a Three-Phase Inverter

In contrast to low-voltage applications, medium-voltage SiC power devices operate only inside
isolated power modules [1,3—6]—usually in half-bridge configuration [33-35]. Such a module can be
a part of an isolated or non-isolated DC-DC converter, however, the most common application is a
three-phase inverter composed of three pieces—see Figure 1a. For the sake of simplicity, let us consider
a general case when the inverter is supplied from DC voltage source Vpc and connected to three-phase
inductive load (3 X Lg) also including three-phase AC voltage sources (3 X Vac). Energy may be
transferred in both directions and the power factor may vary between —1 (rectifier mode) and 1 (inverter
mode) by means of AC current control. However, while the more complex control issues are out of
the scope of this paper, due to the focus on the methods’ simplicity, a straightforward carrier-based
sinusoidal PWM (pulse width modulation) method was assumed and expected to result in balanced
AC currents at three-phase outputs. Under such circumstances, all six switches operate under identical
conditions by means of switching and conduction losses and thus only one—the lower switch from
phase A (S4 in Figure 1a)—is the subject of further consideration. To illustrate the performance the
control signals and waveforms of currents in the switch (is), the transistor (it) and the diode (ip) are
presented in Figure 1b for a power factor near unity.

! ' ) | !

[} | 1 ) : :

s | s s !

197 e P33 e 195 ke |

LT i i - E I | 3xLr 3%V

: ! ! : ! .,_:_rwvx_@_‘

[} 1 | ] : 1
NG T T R s v e M
T ( — — — YN (O]

ES - : ES ! is . :

4 | 6 |l 1 2 |

! J B s A !

v Ir D} | Vo :

L sy L B i

1 - | 1 | | :

R, I Vo !

A B C
(a)

(A) :t(s)
i(p)

"
o 3
2 e
|

(A :tis)
ip)

)
3
=

1000f I i _-— "

(A) :ts)
ip)

A
S
=

-50.0 L
T T T T T T T
120m 14.0m 16.0m 18.0m 20.0m 22.0m 24.0m 26.0m 28.0m 30.0m 32.0m
tis)

(b)

Figure 1. Cont.



Energies 2020, 13, 4773 4 0f 18

TIT4iSIM I

E|—7 : 3 | i : —

00
200
10
0
100,
200-
300.
400
£0.0.
100

(A) ts)
ite)

=

A
A

B

A tis)
el

A
8

(A) 1)
iip)

[ R T— I . e II

|
|
wel DT DT | DT DT
1
ts)

100 -t L. |-

29m 2295m 22.0m 23.05m 231m 2315m 22m 23.25m 233m 2335m 2%4m 2345m 235m 23.86m 236m 2385m

)

(c)

Figure 1. Three-phase inverter (a), typical waveforms of the MOSFET (metal-oxide-semiconductor
field-effect transistor) and diode currents over one fundamental period (b) and the same waveforms
illustrating a border between the first and second phase (c).

2.1. Switching Losses

A well-known feature of the inverter phase leg controlled with a sinusoidal PWM method is that
two switching transitions occur during period T's and the phase current always commutates within a
transistor—diode pair. Therefore, after an assumption that current ripples can be neglected and the
amplitude of phase currents equals to Iy, switching losses of single transistor Pswt and diode Pswp
operating in an inverter leg, according to the well-known relationship [36], can be described as

fsVpclv
Pswt = ;V?(Eon + Eof), 1)
fsVpcImErecC
Pgwp = LD MEREC 2
SWD Vil 2)

where f is the switching frequency, Eon and E¢ are the energies dissipated in the transistor during
the turning on and turn off processes obtained for voltage V1 and current I, while Eggc is the diode
switching energy. Please note that this equation assumes a linear dependence of switching energies,
which for SiC MOSFETs is usually considered true.

2.2. On-State Performance

In terms of on-state performance, the SiC MOSFET/Schottky pair can be recognized as more
complex than the most common solution in medium-voltage inverters which is a pair of an Si IGBT
and a forward diode [7-13]. A closer look at the waveforms in Figure 1b shows that, in addition to
conducting the current during short dead-time periods, the diodes also share a negative current of
the switch with MOSFETs at some specific circuit conditions. Thus, the transistor takes the whole
switch current not only during the positive sign of ig, but also in areas defined in Figure 1b by angle o
as well. The reason for such behavior is the existence of the voltage of the built-in Schottky contact
V1o (relatively high in SiC, usually slightly below 1 V) and the very low on-state voltage drop Vspon)
across the resistances of MOSFETs counted in single milliohms. When Vspon) < V1o, the diode is
turned-off after a dead-time period under zero voltage conditions—this case can be seen in the left
switching period in Figure 1c. In the next switching period, the reverse current is higher, Vspony > V1o
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and the diode conducts in parallel to the MOSFET. As presented in [10] the angle ¢ is related to the
phase current and parameters of the devices, specifically, and it may be described as

V
o = arcsin—=—, 3)
roNIm
where roy is the on-resistance of the conducting SiC MOSFET. As a consequence, two basic areas may
be distinguished as in Figure 1b:

e  Area I when only the transistor is conducting (excluding dead-time periods), duration (7t + 20);
e  Area Il when the transistor and diode share a negative current (7 — 20).

Previously, the impact of the dead time on the on-state losses was neglected in the author’s
works [10,37,38], however, in some operating points, it may be noticeable. Therefore, a “dead-time
duty factor” y is introduced as

Tor
= ’ 4
T @
where Tpr is the single period of dead time (occurs two times per switching period). Using the same
approach as in [10], the transistor on-state power loss for the area I can be described as

ronI? m cos
I— M(n (9coso — coso)l, (5)

Pcr = = E—f—o—y(n+20)+smocoso(2y—1)+ G
where m is the modulation index and ¢ is the phase angle between the phase voltage and current.

The remaining part of the loss in the transistor is expressed as

V1o?((1 = 2y)(n = 20) — 2m cos ¢ cos o)
Perll = 4:10%\1 + rpVrolm(4coso (1 — 2y) + mcos ¢ (20 — m — sin(20))) . (6)
2
+ rDZZIMZ((l - 27/)(71 - 20) + (1 = 2y)sin(20) + %(Cosl’)a — 9¢os 0))

where rp is the series resistance of the diode, Xr is the sum of ron and rp and Vg is the threshold
voltage of the diode. Similarly, the diode on-state loss during the II area can be expressed as

Vio?(2m cos pcoso + (2y — 1)(n — 20))

Pl = 4720572 _ Urox = rp)Vrolhwm _rg)VTOIMm(cosc{)(sin(Zo) + m - 20) + W) Y

+ w@os qb(cos(?)o) —9cos0) — 2(2y —1)(sin(20) + © — 20) )

Additional diode conduction losses during dead time are equal to [12]:

2Vrol rplv?
P — {2z, 00 ®

In general, the equations presented above prove that the distribution of the current among
devices in the MOSFET-Schottky pair of the power module depend on circuit conditions (voltage,
currents and power factor), control parameters (modulation index and dead-time duration), as well as
temperature-influenced parameters of the devices.

2.3. Power Loss and Junction Temperatures Estimations

The equations presented above along with well-known thermal relationships may be applied to
calculate power losses and junction temperatures of the transistors and diodes operating in a three-phase
inverter. It is noteworthy that both losses and temperatures are averaged over one fundamental
period of the phase current. Temperature variations, which occur in shorter time periods, will not
be considered under the assumption that the thermal capacitances of medium-voltage modules and
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their cooling system are significant. Another simplification is an assumption of the same temperature
of the common heatsink. All in all, the electrical (power loss) and thermal (temperatures) equations
may be coupled in one procedure executed until the system reaches steady-state. The diagram of the
procedure described more thoroughly in [10,37] is shown in Figure 2. The base for the calculations is a
reference between the electrical parameters of the module and the junction temperatures described
based on the datasheet and/or previously performed measurements. In the next step, the conduction
(Pc) and switching losses (Ps) for the diodes and transistors at room temperature are determined
using Equations (1)—(8) and also parameters of the three-phase inverter (phase current Iy, DC-link
voltage Vpc, power factor coso, switching frequency fs, modulation index m). Then, the average
junction temperatures are calculated on the basis of the thermal parameters of the module and the
applied heatsink (Rtpsa). The next step is to check if the system is in steady state, in particular if the
rise of the junction temperatures is lower than the assumed threshold. A negative answer leads to
another iteration: electrical parameters are updated according to new junction temperature values and
calculations of losses and temperatures are repeated. A positive answer leads to the final results—the
steady state junction temperatures of diodes and transistors for given circuit conditions.

T,=T,
v
x=f(T,)
Datasheet
& measurements il
By Poy T,update

Parameters
of the inverter

Figure 2. The diagram of the applied procedure to estimate power losses and junction temperatures.

The described procedure was applied to estimate power losses and junction temperatures in
transistors and diodes of a three-phase inverter rated at 220 kVA operating at a DC voltage of 1500 V
according to the scheme shown in Figure 1a. Each phase leg is assumed to contain a 3.3 kV/450 A SiC
MOSFET module from Hitachi MSM450FS33A [38], and all three modules are mounted on a common
liquid-cooled heatsink (Rtysa = 15 K/kW). Switching energy values were determined on the basis of
double-pulse test measurements using an in-house gate driver [38]. The calculations were performed
for variable switching frequency and two different power factor values—see Figure 3. As expected,
the power losses rise with the switching frequency, and slightly higher values are also observed for the
unity power factor in the inverter mode (see in Figure 3a) as during the rectifier mode (see Figure 3b),
diodes and transistors share more reverse current.
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Figure 3. Power losses vs. switching frequency for inverter mode (a) and rectifier mode (b)—an
estimation for a 220 kVA inverter.

3. Power Losses Validation in a Half-Bridge Circuit

The method of estimating the electrical and thermal behavior of the transistors and diodes
presented in the previous section is strongly influenced by the accuracy of applied data. In practice,
with lower precision, a risk of the thermal runaway is increased, or, on the other hand, higher safety
margins may lead to oversizing the cooling system. Obviously, the accuracy of the estimations can
be elevated by the use of the double-pulse tests and measurements with curve tracers by means
of more real data. However, the best verification would be a design of a full three-phase inverter
or validating at least a single phase leg. It is worth noting that for the medium-voltage SiC-based
systems, this is accompanied by high costs, complicated measurements, and therefore, simple methods
of the electrical and thermal validation may be a better option. Therefore, a novel method using a
half-bridge circuit with an inductive load is proposed to meet the expectations of medium-voltage
inverters. The main idea is to reproduce the electrical and thermal conditions of the power module
operating in a three-phase inverter using a simpler circuit—the square-wave controlled half-bridge
with an inductive load.

The circuit (Figure 4a) and layout are similar to a single-phase of an inverter, and electrical and
thermal features close to the final design can be achieved. The required amount of active power
from a DC supply is limited as energy is circulating between capacitors Cy/Cy, and load inductor L.
The method is very simple—the operating conditions can be adjusted by means of the supply voltage
Vpe, the inductance L and the switching frequency fsy. Moreover, changes of the transistor duty
ratio D decide on the precise distribution of the power losses between the transistors and diodes to
precisely reproduce the conditions in a three-phase inverter, also including the reverse conduction of
SiC MOSFETs. As will be presented in next sections, power loss measurements are not complex and
the level of electromagnetic interferences is lower than in the inverter due to soft-switching between
transistors and diodes. Finally, due to just a few necessary components (single half-bridge module,
inductor, two sets of DC capacitors), also in terms of measurement equipment (power meter, cooling
system), and simple open-loop control without sensors, the method can be recognized as relatively low
in cost.

3.1. Square Wave Controlled Half-Bridge Circuit

The half-bridge circuit presented in Figure 4a may be applied to test the performance of a
medium-voltage SiC power module. There is a possibility to apply an open- or closed-loop PWM
control to obtain sine current in the load inductor L to acquire conditions similar to those expected in a
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three-phase inverter. However, low fundamental frequency will lead to significant values of passive
components. Instead, the proposed method suggests a simple square wave control at frequencies in the
range of kHz to limit the necessary inductance and capacitance. At the same time, operating conditions
comparable to the inverter in terms of power losses and junction temperatures can be reached. As can
be seen in Figure 4b, the square wave load voltage (v} ) results in a triangle waveform of the inductor
current (i) which is equally distributed among two switches. During the first half of the switching

period, Tsy, the rising load current flows through the upper switch T1y/Dy, in the other half T1 /Dy, are
in on-state.
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Figure 4. Half-bridge circuit (a) and basic waveforms (b) for square-wave operation simulated in Saber.

Behavior of the upper transistor Ty and diode Dy can be analyzed using idealized waveforms
shown in Figure 5. As an initial point, the time when an opposite transistor Ty, is switched off and the
whole load current (amplitude Ipk) is commutated to the diode Dyy for the dead-time period, marked
as ty, is selected. Note that the transistor and diode commutate under hard-switching conditions here.
Then, starting at 3, the transistor is switched on and conducts the reverse current together with the
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diode under the assumption that the voltage drop across the on-state resistance of the transistor roy is
higher than the threshold voltage of the diode Vo. Over the time period t3 the devices share current
according to [10]:

. D . V1o

_ , 9
T Zrl xr ©)
. ToN: VTO

= —1——-—-— 1
'D >r ! >r’ (10)

starting from I, and Ip, values (see Equations (A4) and (A5) in Appendix A). This time period
refers to phase II observed for a three-phase inverter in Figure 1b. Furthermore, the time of the
transistor conduction, described as a duty ratio of the transistor D’, may be influenced by changes of
the dead-time, from t; = 0 resulting in D’ = 0.5 until t; = Tspy/4 when D" = 0.25 and reverse conduction
is disabled. Another noticeable event occurs when the load current decreases to the value:

Is = @, (11)
ToN

and the diode is turned-off—only the transistor is conducting reverse current (again, similarity to
the area marked with the angle o in Figure 1b can be found). Then, the load and transistor current
continues to increase and finally, becomes positive after time t,. Over last time period t1, the transistor
Ty conducts a positive load current—it ends after Ts/4 with a hard commutation to Dy.. Then, the cycle
repeats and exactly the same waveforms can be observed for the other switch during the second half of
the switching period.

1

IPK
N\
I, [ - . N
Ip 1y N
IDa
t
S
ITa //
7/

//
-IPK 3

t, t t, t,

Tg/2

Figure 5. Square-wave-controlled half-bridge circuit: idealized waveforms of the transistor Ty (iT) and
diode Dy (ip) current for the first half of the switching period Tgy.

Presented waveforms suggest that the majority of the current, and in consequence, conduction power
losses, are dissipated in the transistor—similarly to a three-phase inverter. Moreover, the distribution
of the losses between the two devices in the switch depends only on the amplitude of the load current
Ipk and the parameters of the diode and transistor static characteristics (ron, V1o, rp) influenced by the
temperatures. Thus, there is a chance to set a given value of the power losses in either the diode or in the
transistors. Even if possible, setting the precise values in both devices requires further effort. In order to
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change this distribution and push more losses from the transistor towards the diode, the simplest method
is to adjust the length of the time t,—or, in other words, the duty ratio of the transistors:
1 1
D/ - _ , 12
2 Tshy (12)
Relations between the circuit conditions, duty ratio, static parameters of the devices and the RMS
(root mean square) and average currents are collected in Appendix A, see Equations (A6)-(A15).

3.2. Method of the Inverter Power Loss Emulation

Based on the equations for the half-bridge circuit, on-state power losses in the transistor and
diode may be determined (see Appendix A, Equations (A16)—(A19)). In addition, switching losses
may be also easily calculated—losses occur only during the transistor turn-off process and the diode
turn-on—see Figure 4. In general, the method similar to the one presented in Figure 2 may be applied
here to find the power losses and junction temperatures. However, in the proposed method, the aim of
such a calculation is the opposite to finding circuit conditions of the half-bridge that ensure given values
of the power losses in the transistor and diode obtained from the three-phase inverter estimations.
Moreover, when the cooling system is comparable to the one planned for the final inverter (3 X lower
RtHsa), the same junction temperatures may be also obtained.

To sum up—the proposed method includes the following steps:

e  Electro-thermal calculations for the selected operating point of a three-phase inverter according to
the method presented in Figure 2, using Equations (1)—(8) to find power losses in transistor Pt an
diode Pp.

e  Calculations for the half-bridge circuit to find recommended circuit parameters of the half-bridge
circuit that enables the same amount of Pr and Pp. Possibly, the same temperatures may also
be planned.

e  Apply the set of parameters to the test setup with the tested module and perform tests until the
system reaches steady state.

e  Measure power losses and (if possible) junction temperatures.

e  Verify the results.

4. Experimental Verification of the Half-Bridge Circuit with 3.3 kV/450 A SiC MOSFET Modules

The analysis and simulations presented in previous section were verified by means of a series of
advanced experiments including electrical and thermal measurements. The half-bridge circuit based
on 3.3 kV/450 A SiC MOSFET modules from Hitachi (MSM450FS33A) equipped with self-made gate
drivers with output voltage levels at +15/=9 V and supplementary protection circuits. The rest of
the power circuit consists of 10 X 150 uF capacitors in the voltage divider and three reconfigurable
112 uH/500 A inductors acting as a passive load. Example of waveforms observed during an operation
at 900 V and switching frequency fsyy = 7 kHz can be seen in Figure 6b, while specific waveforms of
the transistor turn-off process are shown in Figure 6c¢.

One of advantages of employing the half-bridge circuit is a simple and precise measurement
of the power losses at the DC input. On the other hand, the power delivered from the DC power
supply is dissipated as power loss in the power modules and also load inductors. Splitting the losses
between semiconductors and magnetics neither based on electrical measurements nor employing the
calorimetric chamber is simple due to, among other things, wiring and isolation issues. Therefore,
power losses in the SiC MOSFET modules were calculated based on measuring the temperature and
flow of the coolant.
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Figure 6. Photo of the half-bridge with 3.3 kV SiC MOSFET modules (a) and the selected waveforms
recorded during the operation: inductor voltage (vy) and current (i) together with the switch current
(b) half of the upper switch (transistor) current with drain-source voltage (c).

The scheme and photo of the test setup is presented in Figure 7. In addition to the half-bridge
circuit monitored by a high-precision power meter and digital oscilloscope, the substantial component
is a setup monitoring temperature and flow of the coolant delivered to the heatsink by the chiller
maintaining a constant liquid temperature in its buffer tank (+/— 0.5 °C). Power loss calculation is
conducted by microcontroller NI MyRIO-1900 controlling the chiller and collecting data from the
temperature converters and the flow meter. A preview of the circuit parameters along with the
possibility to control the measurement process is possible via a PC with LabVIEW software (Figure 7b).

Such a setup enables testing the half-bridge circuit and measure the power losses in the SiC
MOSEFET modules and can be applied to validate equations from Section 3 at various operating points.
In order to avoid damaging the modules and obtain precise results, a special procedure was used
for each operating point defined by means of input voltage Vpc, inductance L, switching frequency
fsu and duty ratio D. At first, the calculation is performed using MATLAB to check if the module is
in safe operation area by means of current, voltages, power loss and junction temperatures. Then,
the half-bridge is powered and operates at selected conditions just to perform the switching energy
measurements (Eqgr and Eqnp), which are applied to repeat MATLAB calculations with experimental
results. In the next step, the half-bridge circuit is pushed into continuous operation for at least 30 min
to reach the thermal steady state and conduct the complete cycle of the thermal measurements. Finally,
the results from the calculations can be compared with the obtained power loss value.



Energies 2020, 13, 4773 12 of 18

—@ cA
- P PT100
| '_._ O By Sl
I o= ! aoy I
[ bt ! (T 0
Power : _<> ._®7: E : Flow . : :
supply 1! \ .-IT\_I'Y'YY‘\_I_I ! E I meter Chiller 0"
! i, Lo T I
oo L L e AT I l
1! Cpcz | ] T
T BELTE
| ! Heatsink ! prioo =
: - : } ) L — — — — »| Microcontroller | — !
|
! |
I ! Ad
A ; I I by
Power y L Computer with
analyser Oscilloscope Controller LabVIEW
(a)

0 e -
) : :
— ; ———
Temperature \ g analyser

converter(inside) n —

Chiller and
flow
meter(inside)

(b)

Figure 7. Scheme (a) and photo (b) of the half-bridge measurement setup.

After checking different operating points, the procedure described above was used to verify the
characteristics of the power losses versus duty ratio D’. Other parameters (Vpc, L and fspp) were set as
constant. It is noteworthy that this parameter shows slight influence on the total amount of power
losses. Nevertheless, it will also decide about the split between diode and transistor. To illustrate this
issue, a series of calculations using the procedure presented in Figure 2 was conducted in MATLAB
for an exemplary case (Vpc = 400 and 600 V, L = 36 uH, and fsy = 4 and 19 kHz)—see Figure 8.
As expected, the decrease in the duty ratio D’ leads to an increased current in the diode and elevated
losses, and at the same time losses in MOSFETs slightly drop. The results of experiments presented in
Figure 8 and in Table 1 are consistent with advanced electro-thermal calculations. Operating points
were chosen to test the different values of voltage, inductance and switching frequency, as well as
different power levels. For all cases, the total measured losses change with the duty ratio and the
maximum relative error (maxdp) was found to be below 4%. This means that the proposed method
shows very good precision and can be implemented in validation of the power modules at requested
power levels including an accurate split of power losses between the transistors and diodes.
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Figure 8. Power losses in the half-bridge: transistors (red), diodes (blue) and sum of power losses in
the module (black) obtained from calculations in MATLAB and experiments (stars) shown for two
cases: Vpc =400V, feyg =4 kHz (a) and Vpc =600V, fsy = 19 kHz (b).

Table 1. Results for all measurement series carried out for different operating points.

Operating Point Power Comparison
Vpc (V) L(uH)  fsu (kHz) Ipk (A) AD (%) APqj1c (W) APpeas (W) max|6p| (%)

400 36 4 348 49.1-40 348-438 340-448 23
400 36 7 192 48.9-40.5 154-181 154-187 3.3
500 36 10 171 48-41.6 184-202 186-210 4

500 56 10 114 48-41.6 106-117 102-117 3.8
600 36 7 296 48.9-40.5 390449 391454 2.7
600 36 13 159 48-41.7 227-243 222-245 22
600 36 19 104 46.3-40.1 181-191 182-191 0.6

5. Experimental Validation of Power Loss in Three-Phase Inverter Using the Half-Bridge Circuit

In the final section, an example of power loss validation is presented by means of experiments
in the half bridge circuit. In reference to the datasheet parameters of the available power modules
(MSM450FS33A), a case of the three-phase inverter rated at 220 kVA was investigated for input voltage
Vpe = 1500 V, switching frequency fs = 2.5 kHz, dead-time period Tpr = 4 ps and unity power
factor. According to the procedure described in Section 3.2, the first step is to calculate the power
losses in transistors and diodes—here the characteristics presented in Figure 3b were used to find that
Pr =170 W and Pp = 25 W. It is noteworthy that the accuracy of calculations has been improved as a
result of applying double pulse measurements in MATLAB [37] instead of datasheet values.

The next step was to find a set of half-bridge circuit parameters (input voltage Vpc, load inductance
L, switching frequency fs and duty ratio D) enabling the same values of losses in transistors and diodes.
Theoretically, the equations presented in Section 3 and Appendix A offer a wide range of possibilities in
terms of electrical parameters as the required Pt and Pp can be obtained in an infinite number of settings.
However, the limitation is a maximum DC voltage (<1800 V for tested modules) and the switching
frequency, which is restricted bythe delays in the gate driver circuit. Nonetheless, the main issue comes
in a form of load inductors accessibility—here three inductors were available. Another observation
is that the total losses are influenced by voltage, inductance and switching frequency while duty
ratio decides about the split between the diode and the transistor. Taking the above into account,
the following parameters were proposed to test the single phase leg in the half-bridge circuit with
inductive load: Vpc =600V, L = 36 uH, fs = 7 kHz and D = 48.9%. Calculations in MATLAB
confirmed that for assumed heatsink parameters (Rrpsa = 35 K/kW), expected levels of Pt and Pp will
be dissipated in the SiC MOSFETs and Schottky diodes of the power module.
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Then, a series of laboratory measurements were performed using the setup described in Section 4,
for the assumed parameters the RMS current in the load inductors was measured to be 172 A RMS
(298 A peak). It corresponds to 1032 W observed at the input by a precise power meter. This value is
rather useful for overall system monitoring due to unknown loss in the inductors. The electro-thermal
measurements confirmed that the power losses in the whole power module (two transistors and
two diodes), further dissipated in the liquid-cooled heatsink, were at the level of 391 W (Figure 9).
During such a test, it is not possible to find the split of the power losses between the diode and the
MOSFET, however, further measurements of total losses for decreased duty ratio (Figure 9) were in
very good agreement with the calculations. Thus, it is very likely that not only the assumed amount of
losses was applied to the whole power module but also specifically to the following transistors and
diodes to obtain the same electrical and thermal conditions as in a three-phase inverter.

Power losses: VDC =600V, fSH =7 kHz,L =36 uH

600
Sum
= = =Diodes
O L | [ k== Transistors
g 400 1
)
R A A
D ememsmamemem e
8 300 [pemmmemm=mmmm
g
) L
s 200
00—+ e~ —do
0
40 42 44 46 p -

Duty [%]

Figure 9. Power losses in the half-bridge: transistors (red), diodes (blue) and the sum of power losses
in the module (black) obtained from calculations in MATLAB and experiments (blue dot and stars).

6. Conclusions

In response to a series of problems in proper design of three-phase inverters with medium-voltage
SiC MOSFET modules, a new method of power losses validation was presented in this paper.
The method is based on accurate equations describing on-state losses in a three-phase inverter, and also,
a half-bridge circuit loaded with an inductor. Combined electro-thermal calculations are applied to
estimate power losses in the transistors and diodes of the inverter and then, to find suitable circuit
parameters of the half-bridge circuit appropriate to emulate these conditions. The experimental part of
the method is reduced only to tests of such a circuit with simple square-wave control. Huge amounts
of reactive power circulate between DC-link capacitors and inductors to apply the assumed amount of
power losses. It is important that the provided equations enable the precise emulation of power losses
in the module and also in specific devices—this feature has been confirmed via a series of measurements
using 3.3 kV/450 A SiC MOSFET. The same module was applied, in addition to an inductive load and
two sets of DC-link capacitors, to validate the case of a 220 kVA inverter. What is especially valuable,
is that the necessary power supply is limited. Slightly above 1 kW is sufficient to test a single power
module operating under conditions comparable to a full scale inverter. In addition to the simple setup
reducing the cost, this may be counted as a major advantage of the proposed method.
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Appendix A

Assuming the linear rise of the load current:

b — VTOTSH, (A1)
4lpkroN
T Vv
té:ﬂ(zgy_l_l , (A2)
4 IpkroN

Transistor and diode current can be expressed as

Ipp = Ipx(4D"-1), (A3)

ronIpk (4D'~1)-V10
Ip, = , A4
Da Z r ( )

ronIpk (4D'-1) + V1o
It = v , (A5)

r
This leads to equations describing RMS currents of the transistor:
Ipg

ITlrms = ﬁ/ (A6)

3

t 1 V1o
T2rms 3TSH S 2 3 IPK ’ 3(,) N
t
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And the diode:
| t3
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Ipsavg = %(IDb + Ipk), (A12)
SH
. 2 2 2
Itms = \/(ITlrms) + (ITZrmS) + (IT3rms) ’ (A13)
IpavG = Ipzave + Ipsava, (A14)
IDrms = \/(ID3rms)2 + (ID4rms)21 (A15)
PCT = ITrms2rONr (A16)
Pcp = Violpave + Ibms D, (A17)
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ABSTRACT This paper discusses various solutions of energy conversion in medium voltage using power
switches in Silicon Carbide (SiC) technology. In particular, a comparative study is focused on four different
variants of an inverter phase leg operating at 1.5 kV DC, which has not been presented in the literature
yet. The first one is based on a standard two-level half-bridge built from a 3.3 kV SiC MOSFET power
module rated at 450 A. Then, the two-level solution with series-connected devices inside 1.2 kV/450 A power
modules is taken into account. Finally, a flying-capacitor phase leg also based on the same 1.2 kV devices
is investigated in two different modes: a standard three-level operation and quasi-two-level mode with a
significantly reduced capacitor. The presented study is founded on in-depth experiments: all four phase legs
were designed, built, and tested in the laboratory. All versions were connected in a half-bridge configuration
with an inductive load. Tests were conducted under identical conditions to test the overall performance and
switching behavior for various gate resistances. In addition, different aspects are analyzed and compared
in this paper, including parasitics, cooling performance, gate drivers and layout considerations, providing
selection guidelines for power switches with SiC power devices in medium voltage power electronics
applications.

INDEX TERMS Medium voltage, power converters, power electronics, power MOSFETs, silicon carbide.

I. INTRODUCTION

Silicon Carbide power devices have a substantial impact on
power electronics [1]-[3] employed in energy conversion and
management systems, as they offer lower on-state resistances
and higher switching speeds in comparison to Silicon (Si)
counterparts, and more efficient or/and more compact power
converters can be designed [4]. This conclusion may be drawn
from a number of research works and industrial applications
in various fields where mostly low voltage (650 V to 1200 V)
SiC diodes and transistors can be found. In the case of devices
developed to operate at medium voltages, an influence of
the new technology may be even more significant as SiC
MOSFETs reach blocking voltages not available for Si tech-
nology [5], [6] and can replace Si IGBTs. Thus, in many
applications, SiC transistors enable operation at higher DC
voltages [7], [8], and complex multilevel converters structures
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required for Si devices can be replaced by two-level ones.
At the same time, SiC power devices can compete against
Si IGBTs rated at 1700, 3300, and 6500 V in applications
where the switching frequency is an essential factor. As the
switching energies of SiC MOSFETSs with a comparable cur-
rent rating are usually a few times lower, the outcome of this
competition is not hard to be predicted. On the other hand, the
cost of SiC power devices, especially those rated at medium
voltage, is much higher than Si counterparts. All in all, SiC
technology offers new possibilities, but it is not necessarily
advantageous in all applications [9]. Another issue is that
SiC power devices are still a new technology at medium
voltage and, in the authors opinion, a discussion on the most
beneficial way to use them is still not over. At the moment at
least four approaches can be taken into account.

As mentioned above, using medium voltage (MV) rated
SiC devices in simple two-level topologies [1], [10], [11] is
the most obvious as such devices are available. Unfortunately,
the cost is a limiting factor, and in this basic case, it has
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FIGURE 1. Circuit schemes for the four different variants of medium-voltage phase-leg based on SiC power devices: two-level with medium voltage
devices (2LMV) scheme (a), idealized waveforms (d); two-level series-connected with low voltage devices (2LSC) scheme (b), idealized waveforms (e);
quasi-two-level flying capacitor with low voltage devices (2LFC) scheme (c), idealized waveforms (f); three-level flying capacitor with low voltage

devices (3LFC) scheme (c), idealized waveforms (g).

to be balanced with the system’s simplicity. On the other
hand, many works have been done on series-connection of
SiC MOSFETs [12]-[18], and a power switch based on less
expensive low voltage devices is also an attractive solution.
However, the drawback of this approach is higher complexity.
Moreover, there are no power modules with series-connected
devices, therefore, the layout is more challenging. Finally,
additional effort is also required in terms of the control sys-
tem. Thus, an interesting alternative to series-connection of
SiC MOSFETs is a multilevel flying capacitor (FC) inverter
operating in quasi-two-level (Q2L) mode where middle states
are used only for a very short time, and thus the flying
capacitor is very small [19]-[23]. Finally, it is also possible
to take a well-known path and employ any multilevel topolo-
gies using low-voltage SiC power devices [4], [24]-[26]. All
these approaches were thoroughly discussed in the literature
separately, but a suitable multicriterial comparison, based on
experimental models and test, for MV converters employing
SiC power devices was missing.

That is why this paper contains a comparative study of
four options mentioned above, with circuit schemes and
idealized operating waveforms shown in Fig. 1, starting
from a two-level with medium voltage devices (2LMYV,
Fig. la), through a two-level with series-connected tran-
sistors (2LSC, Fig. 1b), a three-level flying-capacitor in
quasi-two level mode (2LFC - Fig. 1c) to a standard three-
level flying-capacitor (3LFC- Fig. 1c as well). All four cases
are explained briefly in section II, but here, only general
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description of the specific approaches, required to under-
stand the basic operation principles, is presented. The idea
of this paper is to provide a general comparison useful for
designers and researchers for initial choice of an appropriate
method to create SiC power switches in medium voltages
for a specific application. For more thorough analysis with
detailed theoretical description, after the initial choice, the
authors recommend to get acquainted with the referenced lit-
erature. This work’s essence are physical models (section III)
and experiments on phase-legs based on 450 A-rated SiC
MOSEFETs operating at 1.5 kV DC (section IV) along with
a thorough discussion and the comparison of the presented
approaches shown in section V, while the paper is concluded
in section VI.

Il. FOUR APPROACHES TO MEDIUM VOLTAGE ENERGY
CONVERSION WITH SIC POWER DEVICES

A. TWO-LEVEL WITH MEDIUM VOLTAGE DEVICES (2LMV)
The basic approach to employ SiC power devices in the
medium voltage range is to directly apply single MV tran-
sistors as the power switches, as shown in Fig. 1a. The most
considerable merit of such a method is the simple structure —
a single power module per converter leg is used. Therefore a
simple control can be applied (Fig. 1d). The whole leg is com-
pacted within a single power module, thus leading to a more
straightforward layout of the power circuit and high cooling
capabilities. However, as high dv/dt ratios characterize such
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power devices, driver design is not trivial [14], [27]-[29].
Finally, even though SiC power devices reaching as high as
15 kV have been shown in the literature [30], commercially
available transistors with reasonable current ratings are still
limited to 3.3 kV, and thus such a simple approach is not
applicable for higher voltage ratings and more sophisticated
options have to be considered. Last but not least, the cost of
such devices is still high.

B. TWO-LEVEL WITH SERIES-CONNECTED

LOW VOLTAGE DEVICES (2LSC)

Series connection of low-voltage transistors is a well-known
method to construct switches capable of blocking higher volt-
ages [31]. In general, this approach is also based on a simple
structure. A number of series-connected SiC MOSFETsS are
used instead of a single transistor, as shown in Fig. 1b. In the
discussed case, two transistors per switch are considered,
as this provides the possibility to have a transistor pair within
a half-bridge power module. Thus the whole leg consists
of two such half-bridge modules, however, the best option
would be a power module with series connected chips. In an
idealized case, each series-connected device should receive
the same control signal as shown in Fig. le, and the leg
output voltage voy; is identical to the 2LMV case. However,
unbalanced voltage distribution among the power devices in
the stack leads to a more complex structure of the series-
connected system, either through adding supplementary cir-
cuits or altering the control scheme, depending on the voltage
balancing method used. This is especially prominent for SiC
transistors, where the switching speed is very high, and the
impact of parasitic parameters and mismatches, leading to
voltage imbalances, is higher than in conventional Si power
devices [12]. In order to attain safe operating conditions
for the series-connected power devices auxiliary structures
in the form of simple passive systems (e.g., snubbers or
clamping circuits) [31] or more sophisticated active systems,

TABLE 1. Parameters of the experimental models for each of the approaches.

often including additional measurement systems, for exam-
ple, based on active gate driving or active gate delay meth-
ods [13]-[15] have to be employed.

C. QUASI-TWO-LEVEL WITH LOW VOLTAGE

DEVICES (2LFC)

Another approach to employ low-voltage SiC MOSFETS in
the MV range is to use the well-known multilevel flying
capacitor converter (FCC) structure, showcased in Fig. lc,
in a quasi-two-level control mode [19] — see Fig. If —
which results in an output voltage shape nearly identical to
the conventional two-level approaches. Such a method can,
in fact, be recognized as an alternative approach to series-
connection of transistors, in which a small flying capacitor is
an additional component that assures proper voltage distribu-
tion among the power devices. While the general operating
sequences are akin to a conventional multilevel FCC, the
difference is visible in the length of the three-level states — in
the Q2L mode, these are employed for very brief moments,
usually less than 1% of the switching period, just to balance
the voltage among the transistors. Thus, the flying capacitor
is very small. However, to sustain proper voltage distribution
among the transistors, balanced flying capacitor voltage is
also required, which necessitates alterations in the switching
pattern and usually requires additional measurement circuits.

D. THREE-LEVEL WITH LOW VOLTAGE DEVICES (3LFC)

Finally, employing multilevel converters is also a viable
and well-researched approach. A large variety of different
topologies may be named, each with its advantages and
disadvantages, most notably, neutral-point-clamped, active
neutral-point-clamped, T-type, flying capacitor, as well as
cascaded and modular structures [32]. Here, the flying
capacitor-based system (Fig. 1c) was chosen because of
the similarities to the 2LFC circuit. In the conventional,
multilevel-operated FCC, the three-level states are employed

Parameter 2LMV 2LSC 2LFC 3LFC
Power module MSM450FS33A CAB450M12XM3 CAB450M12XM3 CAB450M12XM3
Rated Drain-Source Voltage [V] 3300 2400 (1200) 2400 (1200) 2400 (1200)
Drain Current [A] 450 450 450 450
On-state resistance @ 25°C [mQ] 53 5.2(2.6) 5.2(2.6) 5.2(2.6)
Cooling plate area [cm?] 140 84.8 (42.4) 84.8 (42.4) 84.8 (42.4)
Internal inductance [nH] 10 13.4 (6.7) 13.4 (6.7) 13.4 (6.7)
Switching energy per pulse rated to switched power 802 156 (78) 156 (78) 156 (78)
[mJ/kW]
Internal gate resistance [Q] 2.6 2.5 2.5 2.5
Cost, price [$] 6000 1700 (850) 1700 (850) 1700 (850)
Gate driver Self-made Self-made MS2K8WIA-17 MS2K8WIA-17

Additional components none

Active voltage
balancing circuitry,
including 3 voltage

measurements

820 nF flying
capacitance, built on
2212 COG SMD, 2
volt. measurements

300 pF flying
capacitance, 2 X
DUCATI 416890752,
2 volt. measurements
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FIGURE 2. Scheme of the half-bridge with inductive load test-setup (a),
general photo of the half-bridge circuit (b), 2LMV variant (c), setup for
2LSC, 2LFC, 3LFC (d).

for a substantial amount of time, as depicted in Fig. 1g. There-
fore, the flying capacitor is quite bulky, as it has to sustain
high values of the current. On the other hand, three-level
output leg voltage voy¢ provides a lower harmonic component,
and smaller filtering inductance may be applied compared to
the discussed two-level options.

Ill. EXPERIMENTAL SETUP

As a basis of the comparisons, four experimental mod-
els rated at 1.5 kV DC were designed, constructed, and
tested — see the parameters in Tab. 1, where the values
in the brackets indicate the parameters for one device.
The test setup was in half-bridge topology with an induc-
tive load (roughly 55 ©wH/400 A choke), so only power
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losses of the system had to be supplied from the DC
source, as presented in the circuit scheme in Fig. 2a, where
the red box corresponds to the specific approach show-
cased in the scheme in Fig. la to lc. DC-link capacitor
bank was built from 5 x 150 uF capacitors connected in
parallel per half of the DC-link (see Fig. 2b — photo of the test
circuit) and used for each approach, so that identical electrical
conditions from DC-side could have been obtained. For the
2LMV approach, the 3.3 kV, 450 A SiC MOSFET module
(MSM450FS33A [33] — Fig. 2¢) was selected, the other three
options used 1.2 kV modules with the same current rating
(CAB450M12XM3 [34] visible in Fig. 2d), as unfortunately,
the commercially available 1.7 kV SiC power modules are not
as highly-performant, mostly due to enlarged parasitic induc-
tances and high power loss. Moreover, the heatsink and the
liquid cooling system was identical for all the setups. There-
fore, the thermal conditions and temperatures for different
approaches were strictly based on the individual performance
of each system.

The design for 2LMYV is the most compact as there is no
additional circuitry in this approach. Moreover, the parasitic
inductance of the switching loop is minimal due to low inter-
nal inductance and a simple layout. On the contrary, the power
circuits for the other three approaches with two modules are
more complex and contain higher parasitic inductance. The
majority of the layout is the same, however, extra compo-
nents, for instance, flying capacitors, differ for 2LFC and
3LFC. In particular, two 150 uF capacitors connected in par-
allel were applied for 3LFC to obtain the same voltage ripples
as in 2LFC (820 nF, built from 2212 COG SMD capacitors).
These capacitors contribute to an increased inductance of the
switching loop. In all three cases, the performance could be
improved if a specific, dedicated power circuit for each option
existed, including DC-link capacitor selection. Additional
control circuitry was also different among the approaches as
presented in Tab. 1. The 2LSC was based on active gate delay
voltage balancing, executed within the gate driver. The opera-
tion principle is as follows: the master control sends switching
signals as to a conventional single-module half-bridge. Then,
each gate driver for the power module, based on DC and
one transistor from switch voltage measurement, employ-
ing a closed-loop control algorithm implemented into the
TMS320F28069 microcontroller included in the gate driver,
adds very short delays, in the span of single nanoseconds
with a resolution of 150 ps, to the appropriate gate signals
to balance the voltage among the transistors in the stack [15].
In the 2LLFC approach, the proper voltage distribution among
the transistors is ensured with a closed-loop control based
on DC and flying capacitor voltage measurement [23], and
a hysteretic regulator is also employed. Finally, a standard,
less challenging method was applied to the 3LFC.

IV. EXPERIMENTS

The main goal of the performed experiments was to test,
validate and compare all developed models and methods
under the same conditions close to the real operation of
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FIGURE 3. Exemplary results for the 2LMV approach performed at 1500 V,
1.6 Q gate resistance, and roughly 295 A switched current: a) general
view, b) turn-off process.

the medium voltage converters, including the assessment of
the semiconductor power losses, further used for compari-
son. Thus, all variants acting as 1.5 kV-rated half-bridges
were loaded with identical inductors (Fig. 2b), and a simple
square wave control with adjustable frequency was applied.
This method enables operation at high voltages and currents
(1.5 kV/300 A) with limited power from the DC supply
as energy is circulating between load inductor and DC-link
capacitors. All in all, current and voltage waveforms pre-
sented in Fig. 3a to Fig. 6a for all four approaches are compa-
rable while switching processes illustrated in Figs. 3b to 6b
show differences.

At first, Fig. 3 showcases the exemplary results for the
2LMV approach using a single 3.3 kV power module at
12.8 kHz switching frequency. Specific waveforms shown in
Fig. 3a confirm the correct operation of the circuit with square
wave control — triangle shape of the load current i, and its part
contributing to the current of the upper transistor itp.. Only

i1, (200 A/djv) W : 20 ps/div

/ ITL21200 A/div)
Vru{(200 V/div) | vr12{(200 Vidiv)
5 Yrui(200 V/div) vaf(200 Vidiv)
a)
VL0200 V/div) 200 ny/diy
¥1121200 V/div) : :
" irn(100 Addiv) |
i (100 A/div)
@ B o

b)

FIGURE 4. Exemplary results for the 2LSC approach performed at 1500 V,
1.6 2 gate resistance, and roughly 295 A switched current: a) general
view, b) turn-off process.

the turn-off process occurs in such an operation, as shown in
Fig. 3b, taking over 300 ns (Rg = 1.6 2). The advantage of
the reduced parasitic inductance is the low overshoot of the
drain-source voltage, which reaches a maximum of 1656 V
(approx. 10% over DC-link voltage). The turn-off energy
calculated from this waveform equals to 61.4 mJ — see Tab. 2.

Next, Fig. 4 presents the waveforms recorded at the same
conditions but for the 2LSC approach with active voltage
balancing. Since this is still a two-level topology as well, the
inductor current behaves identically as in 2LMV (Fig. 4a).
As shown in Fig. 4a and in the zoomed view in Fig. 4b,
the balancing loop works properly, and the voltage is evenly
distributed across two transistors, leading to safe operat-
ing conditions. For the 1.2 kV transistors, the switching
speed is much higher, and the parasitic inductance effect
is more severe, leading to an overshoot of 22% and maxi-
mum drain-source voltage of 915 V at 71, accompanied by

TABLE 2. Results from the experiments performed at 1500 V DC voltage and minimal gate resistance.

Approach Jsw [kHz] Trvs) [A] It(switched) [A] Eorr [m]] Porr [W] Pc[W] T;[°C]
2LMV, R =1.6 Q 12.8 164 291 61.4 786 75 60
2LSC,Rz=1.6 Q 12.8 166 294 323 414 74 41
2LFC,Rz=1.6 Q 12.8 166 297 33.6 430 74 42
3LFC, Ry =33 Q 6.8(12.8) 231 292 452 308(578) 134 38(55)
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FIGURE 5. Exemplary results for the 2LFC approach performed at 1500 V,

1.6 © gate resistance, and roughly 295 A switched current: a) general
view, b) turn-off process.

high-frequency oscillations. However, the total energy in the
two transistors is equal to 32.2 mJ (@Rg = 1.6 2) — roughly
half of the value measured for the 3.3 kV counterpart (Tab. 2).

The results for the 2LFC approach are shown in Fig. 5.
Since the Q2L method can be recognized as just another
method to connect transistors in series, the general wave-
forms are similar to 2LSC. However, the current path length is
slightly enlarged due to an additional component in the power
circuit, namely, the small flying capacitor, and the voltage
overshoot was higher as well, reaching approximately 34%
with a maximum voltage of 1007 V. Slight increase in the
measured turn-off energy is also observed in Tab. 2.

Finally, Fig. 6 showcases the results for the 3LFC method.
Since the operation is different from the previous approaches,
the inductor and transistor current shapes resemble a trape-
zoidal form due to extended three-level states (Fig. 6a). This
also resulted in different RMS current values as well as the
operating frequency. In order to compare this method with
other approaches, it was decided to set the operating point so
that the switched transistor current was identical as for the
different techniques. Due to the additional inductance intro-
duced by the large flying capacitor, the system with 1.6 Q
gate resistance was unstable. Thus, the observed waveforms
are shown in Fig. 6b for higher Rg = 3.3 €2, the drain-source
voltage reached a maximum value of 1148 V, resulting in an
overshoot at 53%. In addition to severe oscillations, a rise
of the switching energy to 45.2 mJ is observed (Tab. 2).
However, this is also impacted by enlarged gate resistance
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FIGURE 6. Exemplary results for the 3LFC approach performed at 1500 V,
3.3 Q gate resistance, and roughly 295 A switched current: a) general
view, b) turn-off process.

150
125+
100} ‘
= |
k=) |
o 75_ JL
] |
oy '
507 | | -\\i.‘ \L I | | |
g HaLRC
LML L L1 | |[e2LFC ||
B gase
L M
0 Il Il L L L Il 1 Il Il Il
01234567891011
R, (9]

FIGURE 7. Comparison of turn-off switching energies per switch for
various approaches in function of gate resistance. Results based on
experimental tests performed at 1500 V and roughly 295 A switched
transistor current.

compared to other cases. Based on the measured waveforms,
estimations of power losses and junction temperatures were
also conducted and are presented in the same Table. They
confirm the best performance of the 2LSC approach, highly
comparable to the 2LFC variant. The 3LFC method cannot
be directly compared at the same switching frequency, as for
the same inductance, the power level shifts. Therefore, values
in the brackets refer to a possible 12.8 kHz case, mimicking
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TABLE 3. Comparison of various parameters for all four approaches to medium voltage power switch realization.

Parameter 2LMV 2LSC 2LFC 3LFC
Waveforms quality medium medium medium high
Parasitic inductances very low medium medium to high high
Power losses high low low low to medium
Cooling performance high medium medium medium
Gate drivers complex standard standard standard
Auxiliary units none complex required required
Reliability high low low to medium medium
Cost very high low low low
Start-up none required required required

the frequency for two-level approaches used for comparison,
where the switching energy loss was scaled using larger fre-
quency. All in all, it seems that this approach is less favorable
in terms of power loss, but the worst case is 2LMV.

In the further measurements, the same tests were per-
formed but for higher values of the gate resistors — see
results in Fig. 7. Moreover, it is worth noting that the internal
gate resistances for both modules were highly comparable
(2.5 @2 vs 2.6 ) and thus omitted in the comparison.
With the slowest slopes, problems with voltage overshoots
and high-frequency oscillations decrease, and, in conse-
quence, the 3LFC variant becomes closer to 2L.SC and 2LFC.
On the other hand, the distance between the best case and
2LMV rises.

V. DISCUSSION AND COMPARISON

In this section, all four approaches are analyzed and com-
pared using different factors starting from the converter lay-
out through gate driver issues to the system cost, based on
the performed tests, as well as on insights from referenced
papers. Summary of this considerations is shown in Table 3.
Note that this comparison is performed for a 1.5 kV DC
system with 450 A modules, and not all conclusions may be
suitable for other current/voltage ratings.

A. QUALITY OF WAVEFORMS AT THE INPUT/OUTPUT
Three out of four systems are two-level, while the 3LFC
delivers regular three-level voltage to the phase output. For
the same switched power and frequency, the content of high-
frequency components in output voltage with this variant is
lowest, and current ripples are also less severe than in the
other approaches. The other three options show the same
performance, waveforms in Fig. 5a prove that a short middle
state in the 2LLFC case makes very little difference. Similar
observation can be done in terms of EMC performance: a
common-mode noise is less severe for the three-level con-
verter and 2LFC (due to middle states dv/dt is comparable to
3LFC). All in all, a classic multilevel approach seems to be
preferable from this point of view.

B. POWER LAYOUT—-PARASITIC INDUCTANCES
In terms of power circuit simplicity 2LMV approach is
the most convenient, the parasitic inductance and switching
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conditions are as good as the module packaging [35], [36]
and busbar design [28]. As recent SiC MOSFET modules are
improved compared to previous versions and the layout of this
half-bridge is not challenging, the results in Fig. 3b prove low
inductance. At the moment of the paper writing, it was not
possible to find a commercial module with series-connected
SiC MOSFETs inside. Therefore, the 2LSC option requires
two low voltage modules, and the switching loop inductance
contains internal inductances of two modules (each of the
considered components shows 6.7 nH [34]) and additional
connections. But this approach seems advantageous over
2LFC and, especially 3LFC with the large capacitor causing
higher inductance and voltage overshoots (Fig. 6b). When
the 2LFC approach is discussed, the smaller capacitor is less
inductive, and the way of connecting to the circuit is less
complex, resulting in better performance.

C. POWER LOSSES

In the considered case of 450 A rated modules, the on-state
resistance of 3.3 kV SiC MOSFETs (rpsion) = 5.3 mS)
is clearly higher than in 1.2 kV counterparts (2.6 mS2),
but two low-voltage devices are required per switch posi-
tion. The resistance increase with junction temperature is
more visible for MV transistors (87.5% vs. 60% for the rise
from 25 °C to 150 °C [33], [34]). Thus, the conduction
losses for the same current are slightly lower for low-voltage
modules.

The results in Tab. 2 proves that the switching losses
are dominant, and the low voltage devices outperform
the medium-voltage counterparts. A datasheet-based com-
parison of switching energy per pulse rated to switched
power shows an approximately ten times higher value for
MSM450FS33A than for CAB450M12XM3 (802 mJ/KW vs.
78 mJ/kW [33], [34]). In practice, the switching speed of
the 3.3 kV module can be increased over datasheet values
while low-voltage modules suffer from the voltage overshoots
increasing switching energies, and the difference is not as sig-
nificant. The lowest values of switching losses are observed
for series-connected devices, while Q2L operation leads to
slightly higher loss. Next are the same modules in three-level
operation and the definitely worst case, 2LMYV, due to a much
slower switching process and significantly higher switching
energy.
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D. POWER LAYOUT-COOLING

In this aspect, all three solutions with low voltage devices
are similar and should be compared together to the 2LMV
version. Higher chips size of the medium-voltage power mod-
ule and a special nHPD2 package offer very low thermal
resistance (39 K/kW for MOSFET [33]) — in the case of the
low-voltage module, these values are higher (110 K/kW -
MOSEFET [34]). The heat exchange area is also much higher
for MSM450FS33A (140 cm? vs. 42.4 cm?), but this may
also impact contact resistance. On the contrary, the power
losses are distributed among two smaller power modules
(84,8 cm? in total), and the heat source is more spread among
the heatsink. It is also less challenging to obtain low contact
resistance. All in all, it seems that the 2LMYV solution is better
when cooling is considered, but a higher amount of power loss
ends with higher junction temperatures.

E. GATE DRIVERS AND AUXILIARY UNITS

The 2LMV approach with two transistors and standard gate
drivers is preferable as the least number of drivers is apparent.
On the other hand, four gate drivers are necessary for the other
three options, but the crucial disadvantages lie in auxiliary
circuits. 3LFC approach always requires an additional voltage
balancing system, the same for 2LFC. The worst-case here
is the series-connection of the low-voltage devices (2LSC)
as a complex control system with fast measurements and
high-resolution PWM control must be applied.

F. RELIABILITY AND ROBUSTNESS

Long-term reliability data for new SiC technology is limited,
especially for medium voltage devices, which can be more
problematic due to higher blocking voltages. Thus, at the
moment, it can be predicted that, similarly to Si transistors,
devices in 3.3 kV power modules are less reliable than their
1.2 kV counterparts. On the other hand, when the whole
system is considered, the number of components in 2LMV
is the lowest, while the other three approaches require twice
as many transistors and additional auxiliary circuits. The
authors believe that two cases 3LFC and 2LFC, would be
comparable: 3LFC contains the capacitor operating at high
current while 2LFC requires additional circuitry. Again, the
system that is the most prone to reliability issues seems to be
21.SC variant as a failure of any component, also in the active
balancing system, ends in complete damage of the phase-leg
and the time constants to respond to these faults are much
shorter compared to 2LFC, and, especially 3LFC, options,
as the flying capacitor stores some energy and is capable of
enduring faults longer.

G. COST

At this point, the time scale is crucial as medium-voltage
SiC technology is delayed and less popular in reference to
low-voltage devices available on the market for almost ten
years and currently mass-produced. Thus, it is highly likely,
that cost factors may change in the future when MV devices
also reach higher production volumes, but at the moment, the
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1.2 kV modules are around 6-7 times less expensive. Even for
two modules necessary in 2LSC, 2LFC, and 3LFC, this factor
is unfavorable. On the other hand, 3LFC requires an addi-
tional capacitor rated at a high current, while 2LSC and 2LFC
need additional measurements and control blocks. However,
the cost of these components for the auxiliary circuitry is
rather low compared to the medium-voltage power module.

H. START-UP ISSUE

Finally, the last issue is the start-up. Obviously, the 2LMV
approach is the simplest as no additional control mechanisms
are required, and the systems boots with no issue. When
2LFC and 3LFC methods are considered, there is the need to
precharge the flying capacitor or implement special start-up
procedures, leading to more complicated control. Lastly, the
2LSC approach also requires addressing this issue, as even
when active methods are used, initial voltage conditions may
lead to transistor breakage, either in the form of auxiliary
circuits or start-up procedures.

VI. CONCLUSION

The comparative study conducted in this paper shows differ-
ent aspects of MV power switches in SiC technology. While
the specific approaches, namely 2LMYV, 2LSC, 2LFC and
3LFC, were already presented and analyzed in the literature,
a fair comparison with identical operating conditions for all
approaches was missing. The conclusions are based on a thor-
ough experimental and multicriterial comparison conducted
for four methods, and at such power level (1.5 kV and 300 A).
When power losses and system efficiency are key factors,
low voltage components are the best choice. In particular, the
series-connection of low-voltage transistors shows extraordi-
nary performance, which may be improved with dedicated
low-inductive power modules. The additional gain is a low
junction temperature and reduced cost, however, the control
circuitry is complex. Comparable gains can also be achieved
with Q2L operated flying capacitor phase-leg, which in terms
of system complexity and reliability is even better than series-
connection. This approach is relatively new but seems that it
may become popular at medium voltages. But those who can
afford system simplicity would definitely prefer a medium-
voltage power module. However, in addition to higher cost,
an increase in power loss and junction temperature must
be taken into account. This approach may look better in a
longer time perspective under the assumption that the prices
of MV power modules decrease with higher volume. Finally,
multilevel solutions, in particular FC topology, may also be
attractive for the users familiar with these topologies despite
slightly worse switching performance. Last but not least, this
approach may also become more favorable when suitable
power modules will be available on the market.
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Medium Voltage Flying Capacitor DC-DC Converter
With High-Frequency TCM-Q2L Control

Rafat Kopacz
Grzegorz Wrona

Abstract—This article presents a novel control method for a mul-
tilevel de—dc flying capacitor converter for applications in medium
voltage range. Quasi-two-level modulation provides the possibility
to obtain low flying capacitance even below 1 pF, whereas the
triangular current mode controller part enables to achieve zero
voltage switching at turn-ON for a wide operating range, lowering
power losses, and providing the possibility to operate at higher
frequencies. The proposed novel control converges the advantages
of these both methods leading to very high efficiency with high
power density. Performance of the flying capacitor converter with
the proposed control method is illustrated with a model-based
Saber simulation at first, and then, an experimental model op-
erating at wide frequency range (40 + 250 kHz) and in medium
voltage range was designed and constructed. A series of laboratory
tests at up to 1.5 kV dc and 10 KW confirmed the noteworthy
characteristics of the converter. The voltage between the power
devices is balanced and the efficiency achieved reached as high
as 99.1%. Therefore, the proposed converter can be competitively
employed against classical two-level, as well as three-level and series
connection-based counterparts.

Index Terms—Dc—dc power conversion, power converter, power
electronics, power MOSFETS, silicon compounds, voltage control.

I. INTRODUCTION

N THE recent years, the environmental requirements to limit
I the fossil fuel usage and its consequences demand worldwide
employment of RES and further improvements in the department
of electrical energy conversion, especially in terms of efficiency,
power density and cost. In order to achieve these prerequisites,
extension to MV range for these systems has been suggested
as a prominent solution [1], [2] that is intensively studied by
researchers and have already been utilized in the industry. The
main applications for dc—dc converters in this voltage range
include: dc microgrids for future energy distribution systems
as well as for EV charging stations [3]; auxiliary traction
converters; and, finally, PV applications [4], [5], which have also
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adopted 1.5 kV dc voltage rating [6]. Furthermore, some appli-
cations in the MV range may additionally require the possibility
to convert the energy bidirectionally, such as in ESS, which are
vastly used nearly in every type of microgrids. Therefore, there
is a great need to provide highly-efficient and low-cost de—dc
converters within the MV level so that all the advantages of this
voltage range could be fully utilized.

The main challenge in terms of low-loss MV dc—dc converter
construction and design is nested within the core component
of each power electronics system, the power switch. In the low
voltage area SiC power devices, in particular SiC MOSFETs [7],
have already been successfully adopted as they are characterized
by superior performance in comparison to standard Si coun-
terparts, especially in regard to high switching speed and low
power loss [8], [9]. However, when MV range is considered
the blocking voltage of SiC power transistors, even if notably
higher than its Si MOSFET equivalents, still is not sufficient for
direct application in MV converters, as the widely used SiIGBTs
that can reach as high as 6.5 kV. This is an issue, as even
though power semiconductor devices with blocking voltages
at 10 kV have been presented, their use is still restrained due
to complications in regard to driving circuitry, reliability, and
very high cost [10]. Moreover, alas, the commonly-available
SiC MOSFETs are still limited to just 1.2-1.7 kV. Hence, in
order to apply the vast benefits of SiC power devices in MV
power converters more sophisticated approach to power switch
utilization has to be employed. One method to achieve this is to
use multilevel topologies, which in general provides low device
voltage stress, low harmonic, and high power capability [11],
[12]. Nevertheless, another classic approach in the form of series
connection of power devices is very well known as well and, in
general, provides superior efficiency and lower cost with limited
number of elements [13]. However, since voltage imbalances
among the series connected power devices occur, mainly due
to mismatches in device parameters and driving circuits [14],
in order to operate properly, the final systems require further
attention in the form of supplementary voltage balancing cir-
cuits, such as passive snubbers [15], or active driving methods
[16], [17], which lead to enlarged cost and complexity of the
system [ 18], diminishing some of the advantages in comparison
to multilevel topologies. Thus, so that the combination of the best
features of these two approaches can be utilized, Q2L approach,
presented in [19]-[22], is considered beneficial as it provides the
possibility to execute series connection using basic multilevel

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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TABLE 1
LIST OF ABBREVIATIONS AND SYMBOLS

Symbol Description Symbol Description
2L two-level Po, power loss (inductor,
3L three-level TH) low switch, high switch)
B1,B2  two-level converter Psw orr  top switch turn-off
states (TH) switching power loss
CcCM continuous current PI proportional-integral
mode PV photovoltaic
CRM critical current mode RES renewable energy
Cy flying capacitance sources
Cy high voltage-side R output resistance
capacitance Rpc) inductor DC resistance
CL low voltage-side Rps(on) transistor on-resistance
capacitance S, S transistor control
Coss MOSFET output signals (non-inverted,
capacitance inverted)
D duty cycle to-ls time intervals
di dy inductor current rising tg;, tri, length of states B,
ratio for conventional tori Fi, DI (¢ = 1, 2
3L converter (dy, for j=1,...4
voltage gain < 0.5, dy TCM triangular current mode
for voltage gain > 0.5) Tw, T2 high-side transistors
Divi level ratio Tui, i low-side transistors
DSP digital signal processor | Ts switching period
DTi transition converter Q2L quasi-2-level
states (i = 1,...,4) Va datasheet MOSFET
ESS energy storage systems turn-off energy test
Eorr MOSFET turn-off voltage
energy Vps MOSFET drain-source
EV electric vehicle voltage
F1, F2 three-level converter Vbs max  maximum drain-source
states voltage
FC flying capacitor Vec flying capacitor voltage
FCC flying capacitor Vas MOSFET gate-source
converter voltage
fs switching frequency VIND inductor voltage
fe resonant frequency Vu high voltage-side
JaiL inductor ripple voltage
frequency 5 low voltage-side
Gy voltage gain voltage
Iy datasheet MOSFET VM converter leg output
turn-off energy test voltage
current z resonant impedance
Ircuiseny  flying capacitor ZCS zero current switching
discharge current ZVsS zero voltage switching
i inductor current Air, inductor current ripple
Iviax maximum inductor AVic flying capacitor voltage
current ripple
Ivin minimum inductor n converter efficiency
current (absolute) W; angular frequency of
Io load current the resonant circuit
L inductor inductance SUBSCRIPTS
MV medium voltage (A) subscript for mode A
Peony converter power (voltage gain > 0.5)
Pca 1, conduction power loss B) subscript for mode B
TH) (inductor, low switch, (voltage gain <0.5)
high switch) (THi, subscript for transistors
Peore(t) inductor core power TLi) i=1,2)
loss

topology—by employing a significantly reduced flying capac-
itor for minimal amounts of time, just to balance the voltages
between the devices. Hence, series-connection-like performance
can be reached, using a simple control system and well-known
topology with only one additional component.

Since dc—dc converters have been widely used for many
years a large variety of topologies and approaches have been
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presented in the literature [23], also specifically in regard to
bidirectional systems [24]. When nonisolated topologies are
considered, which are the most common in RES and ES system:s,
applied in MV range, multilevel [25]-[27], switched capacitor
[28], and interleaved [29], [30] systems appear to be one of the
most common solutions since they are characterized by high
blocking voltage and high power capabilities along with limited
power losses. Furthermore, since efficiency is key, especially
for higher power systems, approaches utilizing ZVS or ZCS
are also often considered as in [31]. However, such converters
usually require supplementary circuits, resulting in higher com-
ponent count, or more advanced control patterns. Furthermore,
resonance-based converter topologies are often bound to one
operating point, thus, noteworthy efficiencies cannot be reached
for wide load range and/or transformation ratios.

In this article, a novel TCM-Q2L control method for a well-
known three-level FCC [32]-[34] is proposed. It is based on the
convergence of Q2L approach [19]-[22], and TCM [35]-[38]
providing the possibility to achieve ZVS at turn-ON for all power
transistors without any auxiliary circuits. The converter with
the proposed control pattern can be competitively employed
in MV range in comparison to other approaches. In particular,
when compared with standard two-level dc—dc converters lower
stresses are achievable and lower-rated power devices may be
applied (1.2 kV SiC MOSFETs for 1.5 kV voltage in this case).
Moreover, in contrast to standard approach to series connec-
tion the need to employ supplementary voltage compensation
methods is omitted, as the balancing is guaranteed with the use
of the flying capacitor. Finally, when comparison with classic
three-level dc—dc topologies is considered, the converter with
the proposed control method is identified by significantly lower
volume of the flying capacitor due to the Q2L modulation
and higher possible frequencies through the use of the TCM
control. Moreover, when high-power systems are considered,
the efficiency of the proposed system can reach or even surpass
conventional 3L and 2L systems and is comparable both in terms
of efficiency and power density with 3L-operated TCM-based
converters Furthermore, the proposed converter is capable of
operation in a wide load and voltage gain range.

The rest of this article is organized as follows. A list of
abbreviations and symbols used is shown in Table I. After a brief
introduction showcasing other solutions for dec—dc converters in
MYV range, in Section II, operation principles of the converter
are shown and described, including basic FCC operation, flying
capacitor voltage balancing and, finally, Q2L and TCM control
description and synthesis. Furthermore, in Section III, simula-
tion study of the converter is shown. Design and practical issues
of constructing a prototype model of the proposed converter are
shown in Section IV, whereas the experimental validation of the
noteworthy characteristics of the proposed system are presented
in Section V. A comparison is given in Section VI. Finally, Sec-
tion VII concludes this article. It is confirmed that the proposed
TCM-Q2L control method for a 3L FCC provides a possibility
to construct highly efficient dc—dc converters with low passive
component volume that is comparable or even surpasses con-
ventional and state-of-the-art solutions in this power/voltage
range in terms of performance. This article is an extension of
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Fig. 1.

TABLE IT
TRANSISTOR SWITCHING STATES OF A 3L. DC-DC FCC IN BUCK MODE

State | Tu | Tio | Tia | Tio | wu |
Basic two-level (2L) switching states

Status

B1 1 1 0 0 Vi Energy transferred from Vy
B2 0 0 1 1 0 Output charged from L
Basic three-level (3L) switching states
F1 1 0 1 0 Vie Charging of the FC
F2 0 1 0 1 Vic Discharging of the FC
Supplementary switching states

DTI1 1 0 0 0 var Transition between B1/F1
DT2 0 1 0 0 var Transition between B1/F2
DT3 0 0 1 0 var Transition between B2/F1
DT4 0 0 0 1 var Transition between B2/F2

preliminary work described in [39], where a glimpse of the
idea was initially presented, but without a thorough theoretical
analysis, including optimal, minimal required inductor current
to achieve soft switching, and a comprehensive experimental
study at rated system voltage, as well as with no comparison to
other topologies.

II. TCM-Q2L CoNTROL FOR DC-DC FCC
A. Basic FCC Operation Principles

The topology is a classic three-level flying capacitor leg
applied in a direct dc—dc converter, as shown in Fig. 1. The
converter can operate bidirectionally with the proposed control
method. However, for the sake of simplicity, in this article, only
buck mode is considered in regard to the theoretical analysis, as
well as to the experimental verification.

The switching states of the converter are presented in Table II.
States B1 and B2 are used in regard to 2L operation in which
the inductor voltage drop is the same as in a classic 2L buck
converter, whereas states F1 and F2 correspond to the 3L states
employing the flying capacitor. Furthermore, supplementary
switching states DT1 to DT4 can be also employed as transitions
in-between other converter states. Evidently, in order to use the
3L states as intended, the voltage at the flying capacitance Vpc
has to be kept constant and equal to Vy/2. Therefore, special
measures to balance the voltage have to be applied, which will
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be elaborated on further in the article. The inductor voltage in
supplementary states is variable, depending on current circuit
state, and equal to either Vi, Vic or 0.

B. TCM-Q2L Operation

In a conventional approach to de—dc FCC control the 3L states
F1 and F2 (see Table II) are employed for a considerable amount
of time in order to provide the third level of the vy; voltage and
reduce di/dt stress of the inductor. Thus, the required capacitance
and, in consequence, the total volume of the flying capacitor
have to be relatively high. Using the converter with Q2L control
these states are mainly used so that the voltages across the
transistor pairs (T11/T12 and T1,1/7T1,2) can be balanced through
the flying capacitor. Therefore, since the 3L times are much
shorter, resulting in shorter spans of time in which the capacitor
Cr conveys the current, the capacitance and its current stress
can be substantially reduced in comparison to the standard 3L
approach.

In order to describe the Q2L operation more clearly level ratio
Dy, describing the relation between the 2L and 3L operation
is introduced as in (1), where tg; and tgo are the times of the
basic two-level states B1 and B2 shown in Table II and Ty is the
switching period (transition DT states are omitted)

tp1 +1B2

Ts (D

Diyi =

For Q2L mode, since the 3L states are only used for a brief
amount of the whole cycle, just to sustain constant voltage equal
to Vi/2 on the flying capacitor, the ratio Dy, is close to unity
(in the prototype Dry1, > 0.99), which will be elaborated on
further in the article.

When we consider the most basic approach the Q2L mod-
ulation pattern only employs the switching states (B1, B2,
F1, and F2). However, in an actual real-life system, in which
switching time delays have to be considered, the inclusion
of supplementary transition states (DT1-4) in order to protect
the transistors from short-circuiting via the flying capacitor is
necessary. Each of the DT states represents a situation in which
only one transistor is turned-ON at a time and it is required,
for safety measures, to apply the corresponding DT state in
between every state change. Normally, the length of these states
Tpr is set arbitrarily at a constant value so that safe switching
conditions are acquired. However, when MOSFETSs are employed
as the power devices, carefully choosing the minimum time of
these states can be further employed in order to assure ZVS
at turn-ON for all the transistors by proper manipulation of the
length of the converter states and the switching frequency. In
order to achieve ZVS at turn-ON for all voltage gains, the control
method is described for both Gy > 0.5 (mode A) and Gy < 0.5
(mode B), where Gv is the voltage gain of the converter (Gy =
V1, / Vi), as the current values at which the switching processes
occur are different for each mode. Moreover, since DT states,
depending on the circuit state, can be used to employ the flying
capacitor and balance the voltage among the transistor pairs, in
the theoretical analysis the use of states F can be omitted in an
ideal case (Dyyr, = 1).
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Fig.2. Operation modes of the converter during exemplary intervals in mode

A (Gy > 0.5). (a) State DT3 with negative inductor current. (b) State DT1 with
negative inductor current. (c) State B1 with negative current. (d) State B1 with
positive inductor current. (e) State DT1 with positive inductor current. (f) State
DT3 with positive inductor current. (g) State B2 with positive inductor current.
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inductor current and voltage— half of the whole pattern shown as an example for
mode A (Gy > 0.5). (a) One switching period, (b) theoretical pattern for low
current transition (¢) and high current transition, and the pattern with added three-
level states for flying capacitor voltage balancing purposes — (d) low current
transition and (e) high current transition.

To explain the idea of TCM in this converter transistor switch-
ing states and an exemplary modulation pattern of one of the two
sequences with the proposed control method converging TCM
and Q2L and focusing on transition between states B2 — F1 —
B1 will be considered - see Figs. 2 and 3 for mode A (Gv >
0.5) and Figs. 4 and 5 for mode B (Gv < 0.5). In these figures
two of the zoomed patterns [see Figs. 3(b), (c) and 5(b), (c)] are
shown for theoretical analysis (Dry1, = 1), whereas the other
two [see Figs. 3(d) and (e) and 5(d) and (e)] are presented in
regard to a situation in which additional F states are used for
flying capacitor voltage balancing (Dry1, = 0.975). For visibility
reasons, the ratio between two-level and three-level states Dy,
in this figures is lowered and during actual operation three-level
states are much shorter.
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B (Gv < 0.5). (a) State B2 with negative inductor current. (b) State DT3 with
negative inductor current. (c) State DT1 with negative inductor current. (d) State
B1 with positive inductor current. (e) State DT1 with positive inductor current.
(f) State DT3 with positive inductor current. (g) State B2 with positive inductor
current.
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Fig.5. Proposed modulation pattern for the TCM-Q2L control along with the
inductor current and voltage — half of the whole pattern shown as an example
for mode B (Gv < 0.5). (a) One switching period, (b) theoretical pattern for low
current transition (c) and high current transition, and the pattern with added three-
level states for flying capacitor voltage balancing purposes — (d) low current
transition and (e) high current transition.

In order to simplify the circuit analysis constant voltage equal
to half of the input voltage on output and flying capacitor during
one switching period is assumed. Voltage drop on conducting
diodes and transistors, as well as parasitic parameters, except
for transistor output capacitances as these are crucial in order to
explain the soft-switching mechanism in the proposed converter,
of all components, as well as the turning time of switches, are
omitted. Furthermore, transistor output capacitances Cpgs are
assumed constant and equal for all the switches.

The thought process for all the equations for all the intervals is
as follows: the system consists of a resonance circuit containing
the inductor L and two parallel-connected transistor output
capacitances 2Cogss (e.g., Coss(Tu1) and Coss(TL2), wWhere
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Coss(tH1) = Coss(TL2) = Coss). Thus, resonance impedance
Z and resonance angular frequency w, can be described as

follows:
L
Z =4/ 2
2C0ss

\ 2LCOSS

The said resonant circuit is supplied by the main capacitors
of the system Cy, Cr,, Cr, which are assumed to have constant
voltage and are equal to, subsequently, Vi, Vi, Vgc. Thus,
an equivalent circuit, consisting of inductance L, capacitance
2Coss and, depending on the specific interval, a combination
of capacitances modelled as constant voltage sources (Vy, Vi,
Vrc), can be derived and then used to describe the inductor
current, and the duration of a specific interval as shown further
in the Section.

Interval 1 (t 0 — t 1) Figs. 2(a), 3(b) (mode A); 4(a), 5(b)
(mode B):

In the time before the considered interval transistors 77,; and
Tt are turned ON and conduct, whereas transistors 71 and T2
are turned OFF. At time 7y inductor current iy, is equal to O.

In mode A, at time ty transistor Ty,5 is turned-OFF and the
resonant operation starts between inductor L and output ca-
pacitances Coss(tr1) and Coss(TLz). During this interval ca-
pacitance Coss(r1) is discharging and capacitance Cogss(TL2)
is charging. Inductor current in the considered interval can be
described by the following equation:

Wy =

-V
in(a)(t) = ZL sin(wyt). )

In mode A, the interval ends when capacitance Coss(TH1) 18
fully discharged, which allows to turn-ON transistor Ty; at zero
voltage. On the basis of (4) the duration of the interval can be
calculated

Gy —1/2\ 1
S

t1a) —to = cos™ ! ( .
Wr

Unlike in mode A, in mode B transistor 77,5 is turned-OFF at
current lower than zero. Thus, for this mode, the interval starts
when inductor current iy, reaches 0, while both 7t,; and 77,5 are
still ON_ Inductor L current is this interval is given by

ip)(t) ==V -t/L. (6)

The length of the considered interval in mode B can be
computed as

ir(tim)) - L
%3 '

Interval 2; (t 1 — t2), Figs. 2(b), 3(b) (mode A); 4(b), 5(b)
(mode B):

At the beginning of the interval in mode A transistor Ty
is turning ON at zero voltage and transistor 7713 iS turning
OFF, which enables resonant operation between inductor L and
transistor output capacitances Coss(tu2) and Coss(tr1)- The
interval ends when capacitance Cosg(Tne) is fully discharged

lipy —to=— @)
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and can be described by following equations:
. Vi .
izga(t) = —* sin {w, [t 4 (tia)]} (8)
1[Gy -1\ 1
taca) — tia) = cos ! —. 9
2(4) — t1(4) = COS ( Gy )wr 9)

At the end of the interval in mode A, transistor Ty is turned
ON at zero voltage.

In mode B, on the other hand, transistor 77,5 is turned OFF
at the start of the interval, which initiates resonant operation
between inductor L and output capacitances Cogs(tn1) and
Coss(tL2)- The interval ends when capacitance Coss(TH2) 18
fully discharged and can be described by following equations:

iL(B) (t) = L SiIl {wr(t) —+ sinfl [_iL(tl(B) — to)]}
(10)
_ Gy 1
tQ(B)—tl(B):COS ! <Gv—l> ;T (11)

Interval 3 (t 2 — t 3) Figs. 2(c), 3(b) (mode A); 2(c), 5(b)
(mode B):

Inmode A, the interval starts when transistor T1ys is turning ON
at zero voltage. Current in inductor L rises linearly in accordance
to the following equations:

ipay(t) = ir(taay) + (Ve — Vi) - t/L.

The interval ends when inductor current is equal to zero and
the length of this interval can be given by

ip(taa)) - L
Vg =V

In mode B, the interval begins when transistor 77,; is turning
OFF, transistor T; turns-ON at zero voltage and inductor L

and capacitances Coss(TH2), Coss(TL1) resonate. Inductor L
current is given by

(12)

l3a) — taa) = (13)

iry(t) = 7

Esin {w, (¢) +sin ! [in(tam)] ). (14)
The considered interval length is given by the following
equation:

1/2-Gy\ 1
1—GV> o 43

Wy

Interval 4; (t 3 — t 4), Figs. 2(d), 3(c) (mode A); 4(d), 5(c)
(mode B):

During this interval high side transistors 7711 and T2 remain
ON, low side transistors 71,; and 77,2 remain OFF. The energy
from input voltage source Vy is transferred to the inductor L
and load consisting the parallel connection of output resistance
R and output capacitor Cy,. Inductor current iy, rising linearly
and can be described by the following equation:

. Vg -V,
i(t) = —7

Interval 5; (t 4 - t 5); Figs. 2(e), 3(c) (mode A); 4(e), 5(c)
(mode B):

At the beginning of the interval transistor Ty is turned OFF.
Capacitance Coss(TH2) is charging and capacitance Cogs(TL1)

t3(3) — tg(B) = C0571 (

t. (16)
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is discharging. Assuming that inductor current is constant in the
considered interval, its length can be described by

4o 4, — YuCoss
5 4 ’LL(t4)

Interval 6; (t 5 - t 6 ); Figs. 2(f), 3(c) (mode A); 4(f), 5(c)
(mode B):

At the beginning of the interval transistor 77,1 iS turning ON
at zero voltage and transistor Ty; is turning OFF. Capacitance
Coss(TH1) 18 charging and capacitance Cogs(TL2) 18 discharg-
ing. When constant inductor current is assumed in the interval,
the length is calculated by

a7)

_ VuCoss
ir(ts)

Interval 7; (t 6 - t 0 ); Figs. 2(g), 3(c) (mode A); 4(g), 5(c)
(mode B):

At the start of the considered interval transistor 77,2 is turning
ON at zero voltage. Energy accumulated in the inductor is trans-
ferred to the load. Inductor current i1, reduces linearly and can
be described by the following equation:

Vi

in(t) =iL(te) — th.

Thus, one switching sequence is concluded. However, in
order to maintain the natural flying capacitor voltage balancing,
which is elaborated on further in the article, the full modulation
sequence includes other transitions, in which the soft switching
conditions are analogous to these shown in Figs. 3 and 5.
Therefore ZVS at turn-ON for all the transistors is achieved.
Moreover, since DT intervals are very short, their impact on the
inductor current can be omitted, and, in consequence, on the
output voltage as well. However, DT states are still crucial for
achieving proper voltage on the flying capacitor.

te — ts (18)

19)

C. Voltage Gain and Switching Frequency

In the proposed converter, the control parameters, such as
switching frequency and duty cycle, are determined by voltage
gain Gy and output resistance R according to the principle oper-
ation described by (4)—(19). Furthermore, switching frequency
and duty cycle differ based on the voltage gain—mode A (G, >
0.5) and mode B (G, < 0.5)—and can be calculated based on the
following equations, where D (D(a) for mode A and D gy for
mode B) is the duty of the converter defined as the ratio between
the time in which the converter operates in state B1 (7; and
T2 are ON) and the switching period Tg

RD 42
Gv(a) = — =577 0
e e

1 1-G B
D(A) = GV(A) (277 [cos1 {GV(ZZA) } — w} % + 1)

(2D
RD(5)*
Gy(p) = 1.5

(22)
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Fig.6. Control characteristics — frequency dependence on (a) voltage gain and
(b) load parameters for the parameters of the prototype.
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(23)

Voltage gain Gy and duty cycle D were determined on the
basis of (2)—(19). To achieve soft switching, converter should
operate with a specific frequency and particular duty cycle
depending directly on load resistance R and voltage gain Gy .
According to the analysis, for certain R and G+ there is one, spe-
cific frequency that ensures optimal conditions so that ZVS can
be achieved.The control characteristics plotted for the converter
on the basis of the presented formulas are shown in Fig. 6. The
transformation ratio dependence on frequency for various load
resistance is displayed in Fig. 6(a), whereas Fig. 6(b) presents
the load resistance in function of the switching frequency for a
few voltage gains Gv;.

D. Soft Switching Conditions

In the proposed converter to achieve zero-voltage at turn-ON
for all the transistors, these have to switch at certain conditions.
Each transistor turn-ON process must be initiated when its out-
put capacitance has already been discharged, which is assured
through providing specific length of the DT states and with
certain minimal inductor current at which the turn-ON process
will occur according to equations in the previous section. This
is realized via variable frequency control depending on the load
parameters and the voltage gain.

To be more specific, soft turning-ON of transistors 71 and
T2 require to turn-ON Tt,; and 77 transistors at certain times
in order to provide enough current to discharge capacitances
Coss(tH1, TH2). Formulas for the specific times are presented
in Section II-B. In mode A, transistor 77, has to be turned-OFF at
the time when the inductor current reaches 0. However, in order
to provide full ZVS at turn-ON in mode B (Gy < 0.5) transistor
T1,2 should be turning OFF at specific current, in accordance with
the following equation:

Virv/I = 2Gy

in(h) =~ (24)

Capacitances Cogg of transistors 71,1 and 772 are discharging
in intervals 5 and 6, which allows to achieve ZVS at turn-ON
similarly as for the high-side transistors 7311 and T2, but since
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the inductor current value is much higher, the interval lengths are
much shorter and thus it is assumed that the currents for both
these transitions are constant throughout the whole DT state
and identical for both DT1 and DT3. Moreover, both low-side
transistors 77,1 and 77,5 are turning-OFF at very low current values
(ZCS).

The analysis of the converter operation was carried out with
the assumption that the value of current flow from the load to the
circuit is minimized. However, since this current is required to
enable soft turn-ON for the transistors, it is still apparent. Thus,
it is worth noting that when this modulation method is employed
the conduction losses rise slightly in comparison to a more
common approach with positive inductor current throughout the
whole switching cycle (CCM). Thus, low conduction loss power
devices should be considered. Nevertheless, the DT time interval
should be minimized to just enough to provide the possibility
to reach ZVS at turn-ON but not extend this time excessively in
order to maximize the efficiency.

Furthermore, even though in order to assure ZVS conditions
for the transistors the inductor current i, must reach negative
values (near-CRM) the output capacitor Ci, filters the high-
frequency part of the current and, thus, the output voltage is
constant and positive and, therefore, the system can be applied
in applications such as ESS or fuel cells.

E. Voltage and Current Stress of Semiconductor Power
Components

Assuming flying capacitor voltage at Vi/2 and omitting os-
cillations maximum voltages on all transistors are the same for
all the devices and equal to

VDS_max(TH1,TH2,TL1,TL2) = VA /2. (25)

RMS currents were calculated excluding the resonant oper-

ation between inductor L and transistors output capacitances

Coss and assuming that Gy = D. In that case, rms currents in
transistors are given by

Lims(THL,TH2) = 2I0+/Gv /3 (26)
Lims(rr1,L2) = 210/ (1 = Gv) /3. (27)

And the rms inductor current is
Lims(ry = 2I0/V/3. (28)

E. Voltage Ripple on the Flying Capacitor

In a basic buck—boost three level converter, as noted in Sec-
tion II-B, flying capacitor Cr conducts through a significant part
of the converter cycle, which has a substantial effect on capacitor
voltage ripple and, thus, requires using a capacitor with high
value of capacitance. In the proposed operation method, flying
capacitor is employed only in intervals when output capacitances
of transistors are charging/discharging and during transition DT
states. Voltage ripple on the flying capacitor can be described
based on the following equation (assuming identical output
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Fig. 7.

Sequence order and states for natural flying capacitor balancing.

capacitance for all the transistors):

t2(A)
i, (t)dt
T tJO’ ) _ 2CossVu 29)
FC(disch.) tZ(A) "t tQ(A) "t
Ipc(aisen.) (taay — t 2V C
AV = FC(disch.) (f2a) — to) _ 2VuCoss (30)

Cr Cr

However, this equation was synthesized for the theoreti-
cal modulation pattern employing only states B and DT [see
Figs. 3(b) and (c) and 5(b) and (c)]. When actual operation of
the converter with additional flying capacitor voltage balancing
via states F [see Fig. 3(d), (e) and 5(d), (e)] is considered the
ripples may be slightly higher.

G. Flying Capacitor Voltage Balancing

As mentioned before, in order to have the converter oper-
ate properly, the voltage on the flying capacitor Vrpc must be
constant and equal to Vy/2. There have been many different
flying capacitor voltage balancing methods proposed [11], [19].
In general, these can be divided into two main groups: classic
active methods employing closed loop control systems, based
on either voltage measurement [40] or more sophisticated sen-
sorless approach [33], and suitable alteration in the modulation
pattern to ensure stable flying capacitor voltage; and natural
balancing methods [41] that generally operate in open loop,
which rely on having the average current in the flying capacitor
equal to zero during the whole switching cycle. Moreover, it can
be noted the model predictive control-based methods can be used
with either approach (e.g., active [42] or natural [43]). In this
article, the proposed control method includes flying capacitor
voltage balancing based on the convergence of conventional
voltage measurement-based active and natural balancing, where
stability of operation with zero average FC current in steady state
is ensured through natural balancing, whereas the robustness in
terms of parameter mismatches, such as differences in transistor
output capacitances Cogg or delays in the signal paths, is assured
through the active controller part.

First OFF, the system operates using two state sequences (31),
(32) alternately, as shown in Fig. 7, so that the capacitor gets
charged and discharged with the same amount of current within
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Fig. 8. Block diagram of the flying capacitor voltage balancing control loop.

these two sequences

SEQl = Bl— > DT1— > DT3— > B2— > DT4— > DT2
(€2

SEQ2 = Bl— > DT2— > DT4— > B2— > DT3— > DT1.

(32)

In order to justify such approach, a situation in which only
SEQI is used may be showcased as an counterexample. Then,
the capacitor would be always discharged (state F2) with high
inductor current (/yax) whereas the charging (state F1) would
occur with lower inductor current (/i) described by equations
from (4) to (15). Therefore, the capacitor would draw less energy
than it would receive resulting in an unbalanced voltage below
the desired level (Vrc < Vi/2). Thus, applying the presented
sequence order guarantees (assuming constant inductor current)
that the same amount of energy is transferred from and into
the flying capacitor and, therefore, will result in natural voltage
balancing.

However, when the converter conditions shift, for example
due to change in supply voltage or load values, the inductor
current fluctuates and the natural balancing sequence will not
be sufficient. Therefore, second balancing measure, in form of
a closed-loop controller shown in Fig. 8 is applied as well.
Based on the measurement of the voltages Vi and Vyc it is
known whether the flying capacitor is balanced at V/2 and
further the error signal can be applied in a PI controller, which
regulates the value of Dyy1,, applying additional intervals and its
converter states F1 and F2 according to Table II in-between the
transition states, as shown in Figs. 3(d) and (e) and 5(d) and (e).
Furthermore, depending whether the flying capacitor voltage is
too high or too low, either discharging state F2 or charging state
F1 is applied for the amount of time defined by Dyyr,.

Moreover, as in any FCC, additional, well-known start-up
measures are required in order to assure stable FC voltage during
system initialization, e.g., using precharging [44].

III. SIMULATION STUDY

In order to initially validate the proposed TCM-Q2L control
method for a FCC a simulation study in Synopsys Saber was
conducted, so that the power MOSFET modeling tool could be
employed for semiconductor power transistors ensuing highly
accurate results, as simulating the resonance between the output
MOSFET capacitances and the inductor requires precise switching
models.

Since the converter was to operate at a maximum of 1.5 kV of
dc voltage 1.2 kV SiC MOSFETs (FF11MR12W1M1_B11) from
Infineon were chosen as the power devices based on preliminary
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TABLE III
PARAMETERS OF THE CONVERTER

Parameter | Description
Max DC voltage 1500 V
Switching frequency 40 +260 kHz
Voltage gain 0+1

1.2kV and 11 mQ

SiC power transistors FF1IMRI2WIMI BI1

Inductor 30 pH/100 A peak
Flying capacitor 330 nF/1000 V
Output/input capacitors 6 nH/1600 V
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Fig.9. Exemplary results of the converter operation with the proposed TCM-

Q2L control method from the simulation study. Simulation performed at 1500 V
dc input voltage, voltage gain Gy at 0.2 with a load resistance of 17.2 €.
From the top: inductor voltage (viNp) and current (if,); flying capacitor volt-
age (Vpc); gate-source voltages of high-side transistors (vGsTH1, VGSTH2);
MOSFET currents (infOSTH1, iIMOSTH2) and transistor drain-source voltages
(vpsTH1, vDsTH?2) of high-side switches; gate-source voltages of low-side

transistors (vg@STL1, VGSTL2); MOSFET currents (infOSTL1, IMOSTL2) and
transistor drain-source voltages (vpsTL1, vDSTL2) of low-side switches.

power loss estimations and further selection among the state-of-
the-art semiconductors. The parameters of the converter for both
simulation and experimental study are shown in Table III.

Fig. 9 shows the results from an exemplary simulation of
one of the operating points of the converter—a test performed
at 1500 V dc input voltage and voltage gain Gy at 0.2 with
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a load resistance of 17.2 €2, in which the switching frequency
settled at roughly 121 kHz. The presented results and conducted
simulation tests confirm the theoretical presumptions on the
converter operation. On the first waveform from the top charac-
teristic shape of the inductor voltage and current can be observed,
where voltage vinp resembles classic two-level solution but with
extended slopes, whereas current iy, is characterized by visible
resonant influence near Iy value. Further on Fig. 9, flying
capacitor voltage is showcased to be balanced at 750 V and with
minimal ripples, which assures balanced voltage distribution
among transistor pairs (VpsTH1, vDsTH2 and VDSTL1, VDSTL2),
which is also visible on the next waveforms. Moreover, the
figure showcases ZVS operation at turn-ON for all the power
semiconductor devices through injos, vps, and vgg curves.
Furthermore, near-ZCS transition for the turn-OFF process for
the low-side transistors can be noted as well.

IV. LABORATORY MODEL

The next step was to design and construct a MV prototype of
the FCC with the proposed TCM-Q2L control method based on
electro-thermal calculation using the simulation study outcomes
and datasheets. The main parameters of the experimental system
are identical as in the simulation study and are showcased in
Table III. As the converter operates in Q2L mode the flying
capacitor Cr could be set to only 330 nF in order to achieve
voltage ripples AVpc below 5% of Vpc voltage, which is
notably less than in standard multilevel approach. Moreover,
in order to sustain manageable voltage ripples at the input and
the output of the converter 6 tH/1600 V capacitance was applied
for both ends of the system (Cyy and Ct,). Furthermore, a 30 uH
inductor was used so that roughly 100 kHz operating frequency
at 17.2 Q) load resistance and voltage gain Gy of 0.5 could be
achieved as nominal parameters.

Moreover, since the converter was to operate at notable
frequencies even up to 250 kHz and with voltage of 1500 V
dc resulting in high dv/dt rates, special care was given to
the design of the power circuit. The path length of the main
power loops and gate connections were minimized so that the
parasitic inductances between the switching components could
be reduced. The applied isolated gate drivers were self-made
based on UCC21750 chip and suggestions from [45], providing
suitable protection measures for safe operation of the converter
and satisfactory switching performance as 5 {2 gate resistances
were used. Furthermore, Fischer LA V 8 with forced air con-
vection was used as the heatsink. The required measurements of
voltages Vi and Vi were delivered using analog circuits based
on isolated voltage followers. Finally, the whole system was
controlled through a control board, based on floating-point DSP
(TMS320F28379D), and mounted on a grounded cover on the
side of the converter in order to shield it from the interferences
generated by the system. The constructed converter prototype is
presented in Fig. 10.

V. EXPERIMENTAL STUDY

In order to fully validate, the proposed control method for
the FCC a series of experimental tests was performed with
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Fig. 10.  Photograph of the constructed converter prototype.
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Fig. 11.  Scheme of the experimental setup.

up to 1500 V dc voltage and up to 10 kW power with the
constructed prototype. The main purpose of this article was
to plot experimental characteristics of the TCM-Q2L control
method along with the measurements of component stresses and
the system efficiency for various loads R and voltage gain Gy
ratios. The experimental system consisted of the FCC with a
resistive load supplied by a dc power supply from Magna-Power.
The power and efficiency measurements were performed using
Norma LEM 6000 power analyzer, whilst the oscillograms were
acquired by Tektronix MSO56 oscilloscope with isolated volt-
age probes (Tektronix THDPO100 and P2505A) and a current
probe (Tektronix TCP303). The scheme of the experimental
setup is shown in Fig. 11.

At first, the converter was tested with nominal input voltage
of 1500 V and load resistance of 17.2 2. Due to limitations in
regard to the power supply capabilities (2 kV, 5 A) the power for
the experiment was constrained to roughly 5.5 kW with limited
voltage gain Gy at 0.2 (mode B). Such parameters resulted in the
system to operate at 122 kHz switching frequency. The results
from this test are showcased in Fig. 12. As shown on the top
oscillogram [see Fig. 12(a)] the flying capacitor voltage Vrc is
balanced with limited ripples below 5% of the nominal voltage
equal to 750 V. Furthermore, the inductor voltage vinp has
characteristic Q2L-control shape, where the 3L state is employed
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Fig. 12.  Experimental results from an experiment performed at 1500 V dc
input voltage, mode B (voltage gain Gy at 0.2) with a load resistance of 17.2
€2 - roughly 5.5 kW power at 122 kHz switching frequency — (a) general view
and (b) top transistor pair-focused view. From the top: inductor voltage (vinD)
and current (i1,); flying capacitor voltage (Vpc); gate-source voltages of top-
side transistors (vGSTH1, VGSTH?2); transistor drain-source voltages (VDSTH1 »
vpsTH2) of top-side switches.

T

only for a very brief moment (Dryr, in this test settled close to
0.995). Inductor current it, reached roughly 27 A rms value with
peak-to-peak current at 70 A. The oscillogram in Fig. 12(b)
presents the results from another test with the same parameters.
Gate-source voltages are shown next to drain-source voltages
in order to showcase ZVS at turn-ON for the devices, and, as
the drain-source voltages clearly reach O before the gate-source
voltage achieve its threshold value, ZVS is confirmed. Moreover,
even though voltage oscillations are clearly visible at turn-OFF,
the peak drain-source voltage values settled below 900 V, with
OFF values equal to Ve, therefore, the transistors operated
within safe conditions throughout the whole test.

In order to validate the converter operating at higher power and
with higher voltage gain, the rest of the experimental tests were
performed using another power supply, also from Magna-Power
(800 V, 12.5 A), with capabilities of up to 10 kW. The load
resistance R in this tests varied from 10 up to 200 2 with diverse
voltage gains from 0.15 up to 0.75, which resulted in operating
frequency of 40 to 250 kHz.

The next Fig. 13 presents results from a test conducted at
800 V dc input voltage, in mode A (voltage gain Gy at 0.7)
with a load resistance of 34.6 (2—resulting in roughly 10 kW
power at 116 kHz switching frequency. Similarly as before, the
top oscillogram [see Fig. 13(a)] presents balanced V¢ voltage,
inductor current i1, and voltage vinp and also input voltage Vi,
whereas the next two oscillograms in [see Fig. 13(b) and (c)]
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Fig. 13.  Experimental results from an experiment performed at 800 V dc input

voltage, mode A (voltage gain Gy at 0.7) with a load resistance of 34.6 €2 -
roughly 10 kW power at 116 kHz switching frequency— (a) general view, (b) top
transistor pair-focused view and (c) low transistor pair-focused view (c). From
the top: input voltage (Vyr); inductor voltage (vinp) and current (ir,); flying
capacitor voltage (Vrc); gate-source voltages of top-side transistors (vGsTH1,
vGeSTH2); transistor drain-source voltages (vpsTH1, VDSTH2) Of top-side
switches; gate-source voltages of low-side transistors (vGSTL1, VGSTL2);
transistor drain-source voltages (vpsTL1, vDSTL2) of low-side switches.

showcase the switching performance for two transistor pairs
(T111, Ty and 71,1, T1.2). In this experiment, the inductor current
established at 24 A rms and 50 A peak-to-peak values and the
flying capacitor voltage ripples settled below 5%. Moreover,
ZVS turn-ON transition can be observed for all the devices.
Furthermore, near-ZCS turn-OFF for the low-side transistor pair
(T1,1, T12) can be observed as well.

Fig. 14(a) showcases results from an experiment performed
at 800 V dc input voltage, voltage gain Gy at 0.5 with a load
resistance of 34.6 (2, which lead to 5.2 kW power at 178 kHz
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Fig. 14.  Experimental results from an experiment performed at 800 V dc input
voltage. From the top: input voltage (V11); inductor voltage (vinp) and current
(i1,); flying capacitor voltage (Vrc). (a) Voltage gain Gy at 0.5 with resistance
of 34.6 2-5.2 kW power at 178 kHz frequency. (b) Mode B (voltage gain Gy
at 0.4) with a load resistance of 34.6 €2 - roughly 3.5 kW power at 189 kHz
switching frequency. (c) Mode B (voltage gain Gv at 0.4) with a load resistance
of 10.4 - roughly 10 kW power at 86 kHz switching frequency. (d) Mode
B (voltage gain Gv at 0.4) with a load resistance of 69.2 2 - roughly 2.4 kW
power at 254 kHz switching frequency.
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Fig. 15. Control characteristics — experimental (exp.) and theoretical (the.)

comparison: (a) dependence between voltage gain Gy and switching frequency
fs; (b) dependence between load resistances R and switching frequency fs.

switching frequency. At this Gy formulas for both modes are ap-
plicable and result in a situation where tpr1 = fprs (see Figs. 3
and 5), thus resulting in near-sinusoidal shape of the inductor
current near /gy value. The oscillogram shows balanced Vyc
voltage, inductor current i1, and voltage vinp and input voltage
Vg. In this experiment, the inductor current established at 18 A
rms and 39 A peak-to-peak values and the flying capacitor
voltage ripples settled below 5%.

In the final test, performed at the same resistance (34.6 (),
and at this voltage (800 V), presented in Fig. 14(b), the converter
operated in mode B (voltage gain Gy at 0.4) at roughly 3.5 kW
power and 189 kHz switching frequency. The presentation is
identical as before. The inductor current established at 13 A rms
and 33 A peak-to-peak values and the flying capacitor voltage
ripples established below 5%.

The next oscillogram, shown in Fig. 14(c), presents a test
in which the converter operated at lower resistance of 10.4 €2.
The experiment was performed at 800 V dc input voltage, in
mode B (voltage gain Gy at 0.4) resulting in roughly 10 kW
power at 860 kHz switching frequency. Again, the exposition
is similar, with the image showcasing balanced Vpc voltage,
inductor current i1, and voltage vinp, as well as input voltage V.
The inductor current established at 41 A rms and 82 A peak-to-
peak values and the flying capacitor voltage ripples established
below 5%.

The last oscillogram, presented in Fig. 14(d), depicts a test
with the highest tested frequency (254 kHz). The experiment
was performed at 800 V dc input voltage, in mode B (voltage
gain Gy at 0.4) and with a resistance of 69.2 () resulting in
roughly 2.4 kW. The inductor current established at 11 A rms
and 25 A peak-to-peak values and the flying capacitor voltage
ripples established below 5%.

Based on the experimental data acquired from the tests, a
series of converter characteristics were plotted and are shown in
Fig. 15. At first, in Fig. 15(a) the control characteristics show-
casing the dependence between voltage gain Gy and switching
frequency fs for constant load resistances of 17.2 and 34.6 () are
presented and the experimental results are compared to theoret-
ical values calculated for the same operating parameters. As can
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be seen, these are highly comparable, with slight differences
in regard to voltage gain values. Nevertheless, the validity of
the theoretical analysis of the converter and the control method
is confirmed. In such conditions, the converter can operate at
any voltage gain adopting proper frequency in range from dc
to roughly 200 kHz for 34.6 €2, and from dc to approximately
150 kHz for 17.2 Q. In Fig. 15(b), the dependence between
switching frequency fg and resistances R for constant voltage
gain of 0.4 (mode B) and 0.7 (mode A) is shown. Similarly to
the situation before, the results from the experimental study are
akin to the theoretical values. Furthermore, it should be noted
that for such inductor (30 pH) higher resistance will result in
very high operating frequencies leading to possible practical
issues.

Next on, efficiency curves of the converter were plotted as well
for the results from the experimental study and also according
to theoretical derivations. Driving, control and forced ‘cooling
power losses settled at roughly 15 W and were omitted for
efficiency characteristics for both theoretical and experimental
cases, as these systems were supplied from a different source in
the prototype tests. Furthermore, capacitor power losses were
omitted as well.

The theoretical efficiency can be calculated as shown below,
again with the omission of transition DT states. First, the induc-
tor power losses was estimated as conduction wire loss Pcr,)
using dc inductor resistance measured experimentally and (28)
along with the inductor core 1oss Pcore(r), Which according to
the software from the core manufacturer Ferroxcube can be
estimated as constant 15 W, as variances for different operating
points were minimal. As the inductor was constructed using Litz
wires with high strand number, and to simplify the equations,
other power losses, e.g., these caused by skin effect, were
omitted

P, = PC(L) + Pcore(L) = Rdc(L)Irms(L)2 + Pcore(L)~ (33)

The other crucial source of the converter power losses are
semiconductor power devices. Since low-pair transistors 771
and T1o are fully soft switched at turn-OFF, and achieve near-
ZCS at turn-ON, their power loss is limited to conduction loss
and using Rps(on) from the datasheet at junction temperature of
100 °C and (27), it can be described as

Pri. = Po(rr) = Rps(on)lims(Tr)”- (34)

When high-pair transistors are considered the conduction loss
can be calculated using analogous relationship of Rpg(on) and
(26). However, these power devices are hard-switched at turn-
OFF and, thus, switching power loss at turn-OFF is added as well
using the calculation based on datasheet values

Vs
Psw_orr(rH) = mviym(EOFFfs (35)
alq
Pri = Rps(on) Loms(rm)® + Psw_orr(rm)-  (36)

Finally, the converter theoretical efficiency can be calculated
as
PCOIIV

100%.
Pconv+(2PTH+2PTL+PL) ’

n= (37)
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Fig. 16. Efficiency characteristics — experimental (exp.) and theoretical

(the.) comparison: (a) dependence between converter efficiency 7 and volt-
age gain Gy (b); dependence between converter efficiency n and converter
power P.

Fig. 16(a) presents the dependence between converter effi-
ciency 71 and voltage gain Gv; for constant load resistances of
17.2 and 34.6 2. As can be seen, the higher the gain, the higher
the efficiency, reaching as high as 99.1%. The performed tests
from Gy at 0.15 to 0.75 resulted in efficiencies in the range of
95.4 10 99.1%. The second characteristic, shown in Fig. 16(b),
presents the dependence between converter efficiency n and
converter power P, for constant voltage gains of 0.4, 0.5 and
0.7. For such operating conditions, for which the system was
designed, the efficiency ranged from roughly 98% to 99% with
peak efficiency of 99.1% at Gy = 0.7 and P = 5 kW, which
is a noteworthy value in comparison to other converters with
similar voltage/current conditions, especially considering that
the converter can operate for various voltage gains and a wide
load range. When we compare the experimental results with the
theoretical curves we can see that, similarly to the case before,
these are in accordance as well.

VI. COMPARISON

A comparison of the FCC with the proposed TCM-Q2L
control method with classic and state-of-the-art de—dc converter
topologies is presented in Table IV. When compared in terms
of power semiconductor devices, even in unidirectional mode,
four transistors are used. Furthermore, since the system is 3L,
the voltage stress on the transistors is limited to Vy/2. However,
since the flying capacitor is used only for very brief moments
of the switching cycle, the capacitance and the current flowing
through the FC are greatly reduced in comparison to classic 3L
FCC systems [33]. Moreover, even if the converter operates at
very high frequency, due to the TCM-Q2L modulation pattern,
the efficiency is at a very high level, which is comparable,
or even surpasses the other approaches. Additionally, it is
worth noting that this system does not require any additional
components—the basic topology is identical as in a standard
3L FCC. Also, in order to facilitate the TCM-Q2L method and
achieve soft switching it is required that the converter operates in
near-CRM mode, thus, rms current values are quite high in com-
parison to the converters operating in CCM resulting in higher
conduction loss.
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TABLE IV
COMPARISON OF THE TCM-Q2L CONVERTER WITH OTHER TOPOLOGIES

Parameter Basic 2L CL-TCM 3L FCC in CCM TCM-3L FCC Proposed
converter converter [31] [33] [34, 36] TCM-Q2L FCC
MOSFET no. 1 3 2 4 4
Diode no. 1 1 2 0 0
VDS max VII VII I/II/2 VII/2 VII/2
Switching frequency Medium Medium Medium Very high Very high
Conduction mode All near-CRM CCM near-CRM near-CRM
Soft switching None Full None Full at turn-on, Full at turn-on,
partial at turn-off partial at turn-off
Additional soft switching - Yes - No No
components
Flying capacitance - - High High Very low
Choke inductance Very high Medium Low Low to medium Medium to high
RMS choke current Low High Low High High
Efficiency Medium High Very high Very high Very high
G,<0.5 noted that depending on the voltage gain Gy the modulation is
(1-d)T, different. For Gy < 0.5

S Sl s B [

t
: 14
Vinp $I/ 2 VH’ VL
3
[-r. |/

A
¢ ¢

Fig. 17. Waveforms for conventional 3L buck converter with flying capacitor
for Gy < 0.5and Gy > 0.5.

Furthermore, the third level of voltage is employed only to
balance the FC voltage and achieve soft switching and not
to lower the inductor current derivative as it is the case for
a conventional 3L converter. Moreover, the methodology for
achieving soft switching is similar as in a TCM-3L converter
[34], [38], but in that solution the inductor value will be lower
than in TCM-Q2L. However due to Q2L operation both current
and the capacitance of the FC is reduced.

In order to compare these two systems more comprehensively
further theoretical analysis was conducted. The assumption is
that, in order to simplify the equation derivation, the TCM
intervals, in which the resonance occurs, are omitted for both
converters, as the length of these intervals is highly comparable
for both Q2L and 3L converters and their impact on system
operating frequency and RMS currents is limited for high output
power. The voltage and current waveforms for a conventional
3L converter operating in CRM are shown in Fig. 17. It can be

(1/2VH — VL) dLTS

Aig, = 7 (38)
dr (1/2Ve = Vi) = (1 —dp) VL. (39)
For Gy > 0.5
nip = V= ‘%) durls (40)
dg (Ve = Vi) =1 —dg) (VL —1/2Vy). (4D

While for the Q2L operated converter, under the previously
mentioned assumptions, the ripples are regardless of the voltage
gain and the switching frequency and can be described as

Aig = Iyax = 210. (42)

In CRM, the ratio between the output current /o and max
inductor current Inyax is constant for all operating points and
equal to 1:2 and the output power of the system is controlled
by its operating frequency. Assuming that Aip/lo = 2, the
inductor ripple frequency (which is doubled in comparison
with the switching frequency in the conventionally operated 3L
converter) can be described as

1-2

fan, = T2 o 6y <05 (43)
1- 2 -1

oy = TGO Z U for Gy 205, a9

For the proposed TCM-Q2L converter, omitting the resonance
intervals, the inductor ripple frequency can be described by the
same equation as for a conventional 2L buck converter operating
in CRM

R(1 - Gy)

fair = —r (45)

According to the characteristics shown in Fig. 18 3L-based
converter operates at much lower inductance with the same in-
ductor current ripples. However, it does not necessarily eliminate
the Q2L method. First, the regulatory characteristic (effectively
frequency) of the 3L system is highly nonlinear for Gy > 0.5,
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Fig. 18. Ideal characteristics for inductor ripple frequency for 2L and 3L FCCs

with the same inductance and with the omission of soft-switching operation
—(a) voltage gain dependence on frequency; (b) load resistance dependence on
frequency.
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Fig. 19.  Ideal characteristics for flying capacitance for Q2L and 3L FCCs with

the omission of soft-switching operation. (a) Flying capacitance dependence on
voltage gain for identical flying capacitor voltage ripples at 5% of V. (b) Flying
capacitor voltage ripples dependence on voltage gain for various RCr values

(b).

which may impose problems in terms of system control. Second,
based on the assumptions that Vpc is constant and equal to
Vu/2, the 3L converter cannot effectively operate near Gy =
0.5 as that would lead to very low frequencies (theoretically fg
= 0 for Gy = 0.5) and, finally, both system operate at a very
wide frequency range for different voltage gains, which is an
issue for the 3L system in terms of the flying capacitor, as for
varied voltage gain, thus varied switching frequency, the flying
capacitor voltage ripples will be very high and can be described
as

AVrc  ImaxdrTs 2Gy

_ _ for Gy < 0.5 46
Vo 20pIoR  CpfsR O 7V = (46)
A‘/FC ImadeTS 2(1 - GV)

- - for Gy > 0.5. (47
Ve 20pIoR  CpfskR V= “7)

Comparison between the flying capacitor value for Q2L
and 3L systems can be carried out correlating (46) and (47)
with (30).This is presented in Fig. 19, where the converters
operate with frequencies according to Fig. 18(a) and with the
assumption that both converters have the same flying capacitor
voltage ripples AVpc at 5% of voltage Vi [see Fig. 19(a)].

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 4, APRIL 2022

Moreover, Fig. 19(b) showcases further comparison between
voltage ripples and voltage gain and various values of RCr.
As shown, the flying capacitance in the Q2L system is very
low and constant regardless of load resistance R. On the other
hand, in the 3L system it is dependent on the operating point
and much higher for most of the range. This is especially visible
for low load resistances, where the difference is very significant.
Moreover, near Gy = 0.5 the 3L system requires very high flying
capacitance Cr for lighter loads, thus imposing whether 3L
systems can be practically used for such voltage gains, whereas
for the Q2L system this is a nonexistent issue. Furthermore,
using a flying capacitor with lower capacitance provides the
possibility to reduce the stray inductance of the switching loop
connections, which will improve the switching processes of the
hard-turned-OFF transistors Ty and Tyo.

According to this comparison TCM-Q2L will be superior for
high-power application with light loads and for voltage gains
close to Gy = 0.5, as compared with TCM-3L the increase in
terms of inductance L is not as high as the possible gain based
on lowering the flying capacitance.

Moreover, since both solutions operate on a very similar basis
in terms of TCM and variable operating frequency the efficiency
should be similar as well. In regard to the rms currents, since
the current waveforms are alike in both systems, (26) and (27)
are true for TCM-3L as well, thus the semiconductor power
loss is highly comparable. The differences can be observed in
FC power loss, as in the TCM-Q2L system the FC current is
minimal, however the impact of FC loss is not a significant factor
compared to semiconductor and inductor losses.

The case is alike in comparison to the system shown in
[37], since the TCM operation is very similar here and the
characteristics in shown in Fig. 18 are applicable as well. The
difference comes in a fact that the system in [37] has a different
topology, as it essentially is a doubled 2L buck converter, and
thus, there is no flying capacitor. Moreover, there are two high
voltage side capacitors instead of one, however rated at a lower
voltage of Vp /2. Finally, the converter in [37] operates without
capacitor voltage measurement.

Altogether, when compared with other conventional and state-
of-the-art solutions the TCM-Q2L converter can match or even
surpass its competitors in terms of performance and is a note-
worthy solution in high-power dc—dc energy conversion.

VII. CONCLUSION

In this article, a novel TCM-Q2L control method for a flying
capacitor converter have been proposed. Based on an extensive
theoretical analysis, simulation study, and experimental tests on
the constructed prototype up to 1500 V voltage and up to 10 kW
power the proposed system has been successfully validated. The
efficiency of the converter peaked at 99.1% for 5 kW output
power, voltage gain of 0.7 and very high operating frequency
at 189 kHz, while maintaining the efficiency above 97.8% for
most of the operating range. Furthermore, Q2L operation mode
have provided the possibility to use fast, affordable and widely
available 1200 V SiC MOSFETs at 1500 V input voltage with
intensively reduced flying capacitance, to just 330 nF, which is
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a minimal value in comparison with more standard approaches.
Moreover, the proposed TCM-Q2L modulation pattern intro-
ducing full-ZVS conditions for turn-ON provides the possibility
to operate at very high frequencies, even as high as 250 kHz,
thus maintaining a low value of inductance, while keeping the
efficiency very high. Finally, the system is capable of operation
for a wide variety of voltage gains and loads.

Thus, applying the proposed TCM-Q2L control for the FCC
may be a noteworthy solution to convert energy in MV range
with high efficiency and relatively high power density, and may
be competitively used against classical two-level, as well as
three-level and series connection-based dc—dc converters.
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Investigation of Soft-Switching QSW Technique
in DC/DC SiC-Based Flying Capacitor
Converter With Q2L Control

Rafat Kopacz
Przemystaw Trochimiuk

Abstraci—This article investigates the soft-switching
quasi-square-wave (QSW) technique in dc/dc SiC-based
flying capacitor converter with quasi-two-level (Q2L)
control establishing design guidelines for constructing
high-efficiency soft-switched bidirectional converters with
low-voltage power transistors. The general idea behind the
soft-switching in the proposed system is based on near
critical conduction mode operation using TCM (triangular
current mode) and Q2L control with the addition of auxil-
iary transistor capacitances. The soft-switching process is
based on a resonance between the capacitances in parallel
to each transistor, and the main inductor—ZVS at turn oN
is ensured through proper modulation pattern according to
TCM-Q2L control, and the turn-oFfF soft-switching mecha-
nism is assured through the novelty in the form of adding
auxiliary capacitance in parallel to each of the SiC power
MOSFETs according to the QSW operation. Thus, the con-
verter can reach very high efficiency (peak at 99.5%), main-
taining soft-switching for a wide operating range, using
only small auxiliary SMD capacitors and a low-volume fly-
ing capacitor, leading to high power density. The presented
study is based on experimental tests using a 1.5 kV model
at up to 15 kW and includes the impact of various auxiliary
capacitance values and optimal capacitor value selection
for maximizing the converter efficiency.

Index Terms—DC-DC power conversion, power con-
verter, power electronics, power MOSFETS, zero-voltage
switching.

[. INTRODUCTION

HE constant demand to preserve energy and limit green-
house gas emissions is often addressed through renew-
able energy sources. To fully exploit solar and wind sources
regardless of the time of the day and other factors induced by
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natural causes, employing energy storage systems is necessary.
Therefore, there is a great need to implement highly efficient and
flexible energy conversion systems, usually mainly comprising
power converters. Specifically, dc/dc nonisolated converters can
be named crucial since dc technology is intensively developed
throughout all electric systems, in medium voltage range, and
especially for the mentioned energy storages, as well as for
photovoltaics, electric transport, and others.

Since establishing high efficiency is one of the most sought
parameters of power converters, preferably with high power den-
sity, soft-switching-based systems are often the most common
choice for applications with such requirements, as they provide
low power loss and EMI levels that lead to more compact and
more efficient designs. Moreover, wide-bandgap power devices,
e.g., SiC, currently commonly employed in state-of-the-art sys-
tems, due to their fast-switching capabilities associated with high
voltage ratings, are susceptible to substantial dv/dt ratios. This, in
combination with inevitable stray inductances and capacitances
in the power switching loop of the converter, leads to various is-
sues, including overshoots and oscillations resulting in high EMI
generation, often unaccepted in power converter applications
[11, [2], [3]. Therefore, slowing down the SiC power transistors
is usually necessary to adapt to the required norms and standards,
leading to incomplete utilization of the SiC transistors and
their many benefits. Indeed, employing additional dv/dz-limiting
measures is a viable solution, but it comes with a price of
more complexity and/or lower power density. In this case, using
soft-switching topologies also helps to fully utilize the many
advantages of the SiC power devices without any supplementary
additions compared to conventional hard-switched converters.
Many approaches to reach soft-switching in nonisolated systems
can be identified [4], [5], [6], [7].

Conventional soft-switched converters with resonant [6], [8],
[9], [10], [11] and quasi-resonant [12] cells provide satisfactory
performance with high efficiencies. However, they generally
require additional, often bulky, components in the resonance
circuit and introduce the addition of circulating currents. Thus,
they may induce low power densities and extra conduction power
losses. Moreover, they are usually bound to a specific operating
point and its near vicinity to achieve the highest efficiency,
eliminating them from use in some applications that require
various voltage gain levels or work with a wide array of loads.

0278-0046 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Zero-voltage transition (ZVT) converters [6], [13], [14], [15],
[16] provide the possibility to obtain more universal conditions
for soft-switching using auxiliary resonance circuits for each
switch. Thus, operation in wide load and voltage gain is avail-
able. Alas, adding supplementary resonance components in the
form of active snubber cells comprised of additional switches
and/or other passive components of considerable volume is nec-
essary, leading to lowered power density of the system, often also
with enlarged voltage stress on snubber components and/or the
requirement of more sophisticated gate drivers [13]. Therefore,
this solution is also nonideal, as the total component count is
high, and the volume is on a significant level.

Quasi-square-wave (QSW) operation [17], [18], [19], [20],
also often included in triangular current mode (TCM) controlled
converters [21], [22], [23], [24], incorporates the converter filter
inductor and the output transistor capacitances as the resonant
network, thus limiting the requirement of additional compo-
nents in the converter to reach zero-voltage switching. Here,
conventional approaches to TCM-based control can be named
in both three level (3L) [18], [23] and Q2L [21] variants. In
such systems, higher power density can be achieved compared to
other, more conventional approaches to soft-switching convert-
ers, where supplementary components are apparent. Alas, since
the resonant inductor is also the main component in the energy
path, and the converters are required to be operated in near-
critical conduction mode (CRM) or discontinuous conduction
mode (DCM), the current ripples are on a significant level,
leading to increased conduction losses and higher output voltage
ripples compared to conventional systems operating in continu-
ous conduction mode (CCM). However, output voltage ripples
can be minimized through a multiphase configuration, which is
a well-known practice for CRM and DCM-operated systems.
Moreover, to effectively work in a wide operating range, such
converters must be controlled with a variable frequency, leading
to some complications in the control system. Furthermore, the
output capacitance of the MOSFET is not sufficient to provide full
ZVS also at turn OFF, which results in some remnant switching
power losses. Thus, even considering the fact that the turn-OFF
switching losses are smaller than the already-eliminated turn-ON
loss due to high operating frequencies, the switching loss is still
visible.

Therefore, in the proposed system, the addition of small
supplementary capacitors, with values in the span of single
nanofarads, in parallel to each of the transistors, as a turn-OFF
snubber circuit, similarly as in [25] and [26], is suggested to
provide full soft-switching, also at turn OFF, for the TCM-
operated converter. Such a novelty is a viable option to ensure
full ZVS conditions for the power devices with a minor increase
in component count and minimal impact on converter volume.
Furthermore, the inclusion of these capacitors, additionally to
providing soft-switching, also helps to limit the dv/dt ratios of
the transistors as the voltage rise time is intensively extended,
and the slopes at which the vpg voltage change are much less
steep, resulting in less EMI issues. Thus, applying the QSW
technique is a simple solution to both dv/dt-based limitations of
SiC power transistor usage and achieving low power losses with
a single measure. While the QSW technique applied for full

soft-switching through auxiliary capacitors is not a new idea
[20], its use in modern SiC-based dc/dc converters, especially
Q2L-controlled, where the issues related to dv/dt ratios of the
transistor are crucial, has not been shown in the literature yet,
while it shows many benefits compared to other state-of-the-art
converters, including three-level flying capacitor converters with
a conventional approach to TCM operation with only partial
soft-switching, both in Q2L and 3L systems.

Thus, in this article, an investigation into applying QSW-
based soft-switching to a Q2L-controlled flying capacitor con-
verter (FCC) and its possible benefits is presented, which results
in an ultra-low-power loss dc/dc converter, based on the flying
capacitor structure, TCM-Q2L control, and the novelty for the
SiC-based system, in the form of auxiliary capacitance providing
ZVS, also at turn OFF, providing efficiency reaching as high as
99.5% along with minimal component count and satisfactory
power density dealing with the issue of nonfull soft-switched
operation of the conventional TCM-operated converters. The
core focus of the article, and its main contribution, is the addition
of small capacitors in parallel to each MOSFET, ensuring full
ZVS for the TCM-Q2L FCC throughout a wide operating range.
Moreover, establishing design guidelines and optimal capacitor
values for maximizing system efficiency and restricting the
transistor dv/dt leading to lower EMI generation and ensuring
full utilization of the SiC power devices is also concerned.
The proposed converter can be effectively employed in various
unidirectional and bidirectional dc-based systems, especially in
photovoltaics, dc microgrids, and energy storage systems, while
the prototype showcased in this article is dedicated to 1500-V
dc applications.

The structure of the publication is as follows. After the intro-
duction showcasing a brief overview of soft-switching convert-
ers and portrayal of the investigated system, a description of the
operation principles of the converter is presented in Section II.
The following Section III contains design guidelines, including
the study of C,,x impact and its optimal value selection, the
experimental study showcasing the prototype, its control and
efficiency characteristics for various C,,,x values, and complete
results for the optimal capacitance at peak power of 15 kW.
Then, Section IV compares the performance of the presented
converter with other state-of-the-art approaches. Finally, the
article is concluded in Section V.

Il. QSW-SOFT-SWITCHED FLYING CAPACITOR CONVERTER
WIiTH Q2L CONTROL

A. Operation Principles

The proposed converter is strictly based on the TCM-Q2L
flying capacitor converter introduced in [21] and [22], which
incorporates ZVS at turn ON using the TCM technique [18],
and the Q2L method to reach higher converter voltages using
low-voltage power devices in stack, as it shows good perfor-
mance compared to conventional multilevel or series-connection
approaches [27]. The converter scheme is shown in Fig. | with
the main contribution of this article, the inclusion of auxiliary
capacitors is parallel to each of the transistors employed to assure
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Fig. 1. Scheme of the TCM-Q2L FCC with auxiliary capacitors in
parallel to each MOSFET.

Fig. 2. (a) Modulation pattern for TCM-Q2L converter: mode A—
general view. (b) Low current transition. (c) High current transition.
(d) Mode B—general view. (e) Low current transition. (f) High current
transition.

full ZVS operation according to the QSW technique, which will
be elaborated on further in this article.

The operation principles of the converter can be divided
into seven intervals, as shown in Fig. 2 and further described
according to the switching states in Table I. Here, only one
exemplary transition is shown for the analysis. However, to
have the converter operate properly, an alternating modulation
pattern [21] employing the same operating principles has to
be used. To simplify the analysis of the converter operation,
constant voltages on capacitors Cy, Cr, and Cy, during one
switching period are assumed. Moreover, transistor turn ON,
turn-OFF times, and parasitic parameters of all elements except

TABLE |
TRANSISTOR SWITCHING STATES IN REFERENCE TO FIG. 2

Interval Interval T, T T | Ty VM Status
(mode A) (mode B)
Basic two-level (2L) switching states
th—1 —1ty 1 1 0 0 Vi Energy transfer
from Vy
te—to te—t 0 0 1 1 0 Output charged
from L
Supplementary switching states
th—tta—ts | bh—tta—1ts 1 0 0 0 | var Transition 1
- - 0 1 0 0 | var Transition 2
to—tits—ts | h—tts—tg | O 0 1 0 | var Transition 3
- - 0 0 0 1 | var Transition 4

the output capacitances Cogg of the transistors are omitted.
These capacitances were assumed to be constant in the whole
voltage range and, along with auxiliary capacitances C,,x, equal
for all the transistors. The operation of the converter depends
on voltage gain (Gy = Vu/VL); therefore, the operation was
divided into mode A for voltage gain Gy > 0.5 and mode B for
Gv < 0.5. Furthermore, the addition of auxiliary capacitances
C.ux enlarges the capacitance that needs to be recharged at the
turn-ON process of each transistor. Thus, to effectively employ
the equations described above, the sum capacitance comprised
of the output transistor capacitance and the additional C,x
capacitance needs to be used.

Interval 1 (tg —t;) Fig. 2(a), (b) (mode A); 2(d), (¢) (mode
B): Before the considered interval transistors 77 and T are OFF,
transistors T3 and T, are ON. Current in inductor L is reducing
linearly. Further operation of the converter depends on voltage
gain. In mode A, transistor 7 is turned OFF at time 7 and zero
voltage, and it causes resonant operation between capacitances
Coss1> Cossa> Caux1> Cauxa, and inductance L. Inductor current
in the considered interval and mode A can be described by

ip(a)(t) = — % sin(wyt) (1)
where Z = (L/Ceq)"?, w = 1(LCeq)"?, Coq = 2Coss + 2Caux-
Resonant operation in the considered interval allows reducing
voltage on transistor 77, enabling its turn ON at zero voltage
at time #1(a). Interval ends when the voltage on transistor T
reaches zero and can be described by the following equation:

Gv —1/2\ 1
GV wr'

Unlike in mode A, in mode B, transistor 7; remains ON
during the considered interval, which allows for linear reduce
the current of inductor L. Transistor 7 turns OFF at time #1(B)
at the value of inductor current, which allows us to completely
discharge capacitances Coss1s Coss2s Caux1s Caux2 at successive
intervals and turning ON transistors 7 and T at zero voltage. The
considered interval in mode B can be described by the following
equations:

tl(A) —tp = COS_1 ( (2)

ir(ti(my) - L

tl(B) —to = —T 3)
. Vav1—2G
inltip) =~ (4)
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Interval 2; (t; —ts), Fig. 2(a), (b) (mode A); 2(d), (¢) (mode
B): In mode A, transistor T; is ON, and other transistors are
OFF. During this interval, capacitances Cosso and Cuuxo are
discharging, and C,ss3 and C,,x3 are charging. At the end of the
interval, transistor 75 turns ON at zero voltage. The considered
interval can be described by the following equations:

. —V .
ip(a)(t) = L sin {wr [t + (t10a) —t0)] } (5)

L [(Gy =1\ 1
ta(a) = ti(a) = cos < gv ) o (tiay —to) . (6)

In mode B, the interval starts by turning OFF transistor 7.
Capacitances Cogs4, Cauxa are charging, and capacitances Cogs1,
Caux1 are discharging. At the end of the interval, transistor 77
turns ON at zero voltage. The considered interval in mode B can
be described by the following equations:

ipBy(t) = 7

L sin {w,(t) +sin 7t [~ip(tip)]} (D

Gv \ 1
Gy = 1> o () —tam) -
®)

Interval 3 (to—t3) Fig. 2(a), (b) (mode A); 2(d), (¢) (mode
B): In mode A, the considered interval starts by turning ON at
zero voltage transistor 75, and the inductor current starts to flow
linearly according to the equation:

in(a)(t) = ir(ta(ay) + (Vir = Vi) - t/L. 9)

At the end of the interval, the inductor current is equal to zero,
and the interval can be given by

Cin(taa)) - L

taB) — tl(B) = cos™? (

l3(a) — ta(a) = Vi Vs (10)
. Va1 —2G
ir(tacay) = —%~ (11)

In mode B, interval starts by turning ON transistor 74 at zero
voltage. Operating conditions of the converter are similar to in-
terval 2, mode A. Interval and inductor current in the considered
interval can be calculated by the following equation:

inmy(t) = ZL sin {w, () +sin ! [ir(ta))] } (12)
L (1/2-Gy\ 1
ta(m) — tam) = cos ! ({—GVV) o (13)

Interval 4; (t3 —t4), Fig. 2(a), (), (c) (mode A); 2(d), (¢), (f)
(mode B): During the considered interval, transistors 77 and T5
remain ON. The inductor current rises linearly, and energy from
the input voltage source is transferred to the inductor and load.
Inductor current in the considered interval is given by
. Vu -V
iL(t) = I

Interval 5; (t4 - t5); Fig. 2(a), (¢) (mode A); 2(d)., (f) (mode
B): Attime t4, transistor T» is OFF, capacitances Cogss2 and Cayxo
are charging, and capacitances C,ss3 and C,yx3 are discharging.
Thanks to the capacitor Cyyx2, transistor T is turning ON at zero

t. (14)

voltage. Assuming constant inductor current in the considered
interval, its length can be given by

VHCOSS
ir(ty)

Interval 6; (t5 — tg); Fig. 2(a), (¢) (mode A); 2(d), (f) (mode
B): At time t5, transistor T3 turns ON at zero voltage, transistor
T, is OFF at zero voltage. During this interval, capacitances
Coss1s Caux1 are charging, and capacitances Cosgq, Cauxa are
discharging. Assuming constant current in the whole interval,
its span can be calculated by

by —ty = (15)

VH Coss

tg —ts = .
o ir(ts)

(16)

Thanks to using additional output capacitors Cpyux1 and Cauxe
in parallel with transistors 77 and Ts, turn OFF at zero voltage is
obtained, which is the main advantage compared to the conven-
tional TCM-operated converters without additional capacitors.
Furthermore, as capacitors C,yx3 and Cayxq are connected paral-
lel with transistors T3 and 74, zero-voltage switching operation
is also assured in boost operation, not covered in this article.

Interval 7; (tg - tg); Fig. 2(a), (b), (¢) (mode A); 2(d), (¢), (f)
(mode B): At time fg, transistor Ty is turned ON at zero voltage.
Inductor current reduces linearly; energy accumulated in the
inductor is transferred to the load and can be given by

in(t) = ip(ts) — YLt

17 a7)

Therefore, the whole switching sequence for one soft-
switching transition has been presented, showcasing full ZVS
for all transistors, both at turn ON, due to the TCM operation,
and turn OFF, thanks to additional C,x capacitors.

B. Voltage Gain and Switching Frequency

In the converter with the proposed zero-voltage transistor
turn-OFF technique, voltage gain G, and switching frequency
fs were calculated based on the principle operation described
by (1)-(16) and is not shown here due to its highly intricate
structure. The model was more thorough than in [18] to calculate
the voltage gain more precisely, as it also included the impact of
the transition #4 — #5 and 5 — #4 states with the resonant operation.

Furthermore, switching frequency and voltage gain are de-
scribed by different equations for mode A (G, > 0.5) and
mode B (G, < 0.5). By entering additional parameters, duty
cycle defined as simultaneous turn-ON transistors 77 and T5
time to switching period ratio and assuming constant current
in inductor L in interval t4 — ts equal i(¢5) input and output
power comparison for mode A can be described by

D(A)VH (iL(tg,) + iL(tQ(A)))

5 =Viio. (18)
For mode B, it can be described by
DigyVyir(t
%”(5) =V, Io. (19)
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The maximum current in mode A can be described under the | 5 . TABLE ”RMS c c
. N NTEGRAL BOUNDS FOR TRANSISTOR URRENT CALCULATION
following equations: USING (25)
DaTs (Ve — Vi) . .
17 = ir(ts) —ir(ta)) (20) Tyw | T.A | 1B | ToA | B | ToA | TnB | Tud | TuB
ta tia) B ts t bHa) BB) ts ts
] \%7 ((1 — D(A)) Tg — (tg(A) — to) — (tg — t4)) th ts ts o | e | t | i | s
17, (t5) = .
L
@D RMS currents in converter components depending on voltage
For mode B, it can be described by gain can be described according to the following equation:
DpyTs (Ve — Vi) th
=i 22 1 ,
L i (ts) 22) Irnis(rem) =\ 7 [ ip(t)’dt (25)
Ts ta
Vi ((1—D Ts — (t —tg) — (tg — t
in(ts) = L <( (B)) 5 ( 3(4) 0) (t 4)) ) where T, is the transistor number withx =1, 2, ..., 4; mis either
L (23) A for mode A or B for mode B; and ta and b are the integral

Based on (1)—(23), using MATLAB, the voltage gain and the
switching frequency were determined numerically for different
output resistance and auxiliary capacitances C,yx and are shown
in Fig. 5 in Section ITI-C.

C. Soft-Switching Conditions

Furthermore, in order to assure ZVS at turn ON, the transistors
have to switch when their respective output capacitances have
already been discharged. This can be achieved through proper
variable frequency control that sets specific times for the transis-
tor states (dead times) at particular minimum inductor currents
required to recharge the output capacitances. The equations for
the mentioned times were shown before, while, in regard to the
current, it depends on the voltage gain. In mode A (Gy > 0.5),
transistors have to be turned OFF at the time when the inductor
current reaches 0. On the other hand, in mode B (Gy < 0.5),
this should occur at a specific current described by (4). Such an
approach assures soft-switching at turn ON. However, contrary
to conventional TCM-based systems, full ZVS at turn OFF is also
attained in the proposed system using small auxiliary capacitors
in parallel to each MOSFET, as shown in Fig. 1. In regard to the
proper selection of C,x, it will be elaborated on in the following
section.

D. Voltage Balance Mechanism

In order to have the converter operating properly, the con-
stant voltage on the flying capacitor equal to Vy/2 is re-
quired. Otherwise, the voltage across the transistors is not
balanced, which may lead to the system’s failure. This can
be attained by employing the voltage balancing loop as in
[21].

E. Voltage and Current Stress of Power Devices

Assuming constant voltage on flying capacitor Cr equal Vi1/2
and omitting the negative effect of parasitic inductances on
maximum voltage during switching semiconductors compo-
nents, maximum voltage on transistors can be described by the
following equation:

VDS_max(T1,T2,T3,T4) = VEH /2 (24)

bounds according to the previous equations and Table II.
Inductor RMS current is given by

1 Ts ' 5
Irnsny = Tis/ ir(t)"dt.
0

[ll. LABORATORY MODEL AND EXPERIMENTAL RESULTS

(26)

A. Converter Component Selection and Design
Considerations

Proper selection of converter components is not trivial, espe-
cially in terms of auxiliary capacitances. While higher capac-
itances assure full zero-voltage switching (ZVS) at turn OFF,
alas, they also lead to enlarged other power losses. As the output
MOSFET capacitance is enlarged, the energy that needs to be
recharged in that capacitance within the switching time of the
transistors is higher as well. Therefore, the negative inductor
current needs to reach lower values, the RMS value is higher, the
resonant frequency is lower, and, consequently, the conduction
loss is also enlarged. On the other hand, switching loss is sig-
nificantly reduced. Furthermore, assuming the same inductance,
longer times are required to recharge the higher capacitance and
assure ZVS at turn ON, leading to reduced switching frequency.
This may be deemed negative as, for voltage gains near 1 and
0, the current ripples are on a significant level. Therefore, in
that regard, lower auxiliary capacitance values are preferable.
In summary, the expected efficiency for the converter with Cy,x
could be lower for powers significantly lower than the rated
power of the converter prototype.

Therefore, when designing a converter using the presented
technique, it is recommended to perform an efficiency esti-
mation using several auxiliary capacitor values, starting from
the transistor output capacitance Cogs, using the theoretical
analysis shown in the next section. Employing such an approach
provides an optimal capacitance value with minimum power
loss for a specific application. Furthermore, the issue of capac-
itor tolerances is also noteworthy, as changes in capacitances
directly affect the ZVS conditions, the operating frequencies,
as well as the efficiency estimation used for capacitor value
selection. However, this does not intensively affect the operation
of the system when included in the control system, especially
with low-tolerance components. Therefore, capacitors with low
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discrepancies, below 5%, are suggested for the design, as such
values assure the operation of the converter with performance
close to the ideal, optimal case.

Moreover, since there are notable momentary current values
flowing through the auxiliary capacitances and at high frequen-
cies, components with low ESR and ESL are required, e.g.,
CO0G-based capacitors, so that the dissipated power losses and
switching oscillations can be minimized. Nevertheless, when
proper capacitors are chosen, their total power dissipation is on a
low, negligible level when compared to other power losses in the
converter. Thus, auxiliary capacitors in small 2220 SMD pack-
aging with minimal impact on total volume can be employed.
Finally, the voltage ratings of the auxiliary capacitors should be
capable of sustaining half of the Vi voltage plus a margin for
voltage overshoots.

Furthermore, it is worth noting that the placement of addi-
tional capacitors connected in parallel to each transistor also
helps to reduce transistor turn-OFF overvoltages, leading to lower
stresses for the power devices.

Besides the crucial auxiliary capacitance optimization, the
design procedure has several additional concerns. The system
is fully soft-switched but with an increased conduction loss
than a more conventional approach. Thus, the choice of power
semiconductor devices should focus on minimizing Rps(on)-
Moreover, in the proper operation of the converter, the antipar-
allel diodes do not conduct, so power devices with no additional
diodes are recommended in terms of cost. Furthermore, the
operating frequency should be maximized. The switching loss
is nearly completely eliminated so that inductor size and the
volume of other passive components can be minimized, leading
to higher power density, with the only constraint of the control
system operating speed.

Moreover, as the converter employs fast-switching SiC power
transistors, the minimization of parasitics is essential, e.g.,
shortening the commutation loops. However, as previously men-
tioned, applying auxiliary capacitances in parallel to the transis-
tor also addresses dv/dt-related issues. Thus, the adverse effects
caused by stray inductances are minimized, and the design of
the converter can be less strict in that regard while the system
maintains good switching and EMI performance.

B. Power Losses Calculation

In order to fully determine the benefits of full soft-switching
operation using the QSW method, a power loss analysis was
conducted. The more thorough operation principle analysis than
in [21] also leads to a more precise estimation of the power
losses, including the impact of the resonant operation in the
currents during the transition states. At first, the always-apparent
transistor conduction losses are described by

Pe(ra)y = Rpson) [inrs(ra)- 27)

However, it is worth noting that, to sustain ZVS at turn ON, the

higher the auxiliary capacitance, the higher the current, leading

to enlarged conduction losses compared to the conventional
TCM-Q2L approach.

Next is the transistor switching loss that can be described by
the following equation:

VDS_max(Tz)iL(t5)
Vila

where E o pr 1s the switching-OFF power loss from the datasheet,

V4 and 1 ; are the reference voltage and current values. Here, it is

assumed that the switching losses are reduced proportionally to

the capacitance ratio, described as the output capacitance value

divided by the sum capacitance in parallel to the transistor

. COSS
N COSS + CG/U“’E )

Thus, when there is no additional C,,x capacitance, the capac-
itance ratio equals 1, and the switching losses are not reduced.
Certainly, such a capacitance ratio is a simplification. However,
precise calculation of the switching loss reduction is very com-
plex and requires the knowledge of transistor capacitances in the
function of voltage, along with a detailed insight into specific
transistor turn-OFF times depending on the current, which are
rarely provided in the datasheet, that also is used for switching
power loss calculation. Therefore, such a simplified approach is
sufficient for practical applications, where the main goal is to
achieve the highest possible efficiency by finding the optimum
between the minimized switching power losses and enlarged
conduction and inductor power losses.

The inductor power loss is also essential in addition to the
power device loss. The power losses in the core were estimated
using the Steinmetz equation, based on the core material (3C92
ferrite) parameters and the magnetic flux calculated employing
the inductor current and operating frequencies

JL-AiL?

Pcore = 0.00386f¢ 1N

where f5 is the switching frequency, « and /3 are constants taken

from the core datasheet, L is the choke inductance, A is the core

cross section, N is the number of turns, and Aip, is the inductor
current ripple.

The total power loss of the inductor, including wire conduc-
tion loss, is

Eorrfs (28)

Psw orr(Ts) = ko

ke (29)

(30)

P = Rwirelpys ) + Poore- (€29

Finally, the total efficiency of the converter, omitting other,
less crucial power loss sources, can be calculated using the
following expression:

- Pour
Pour + Pr + Po + Psw_orF

where Pc is the summarized conduction power loss of all four
transistors, and Pgworr is the summarized turn-OFF switching
loss of all transistors.

Fig. 3 showcases the exemplary power loss distribution be-
tween the cases with (6 nF) and without auxiliary capacitance at
1200V, Gy = 0.5, and 15 kW power. Even though the turn-OFF
switching loss is smaller than the already-eliminated turn-ON
power loss, it is still apparent due to high switching frequency
and high turn-OFF current, and thus notable among total power
losses for the system without the auxiliary capacitances. As can

-100%

(32)
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Total power losses = 130.01 W
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Total power losses = 246.54 W
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Fig. 3. Comparison of power loss distribution with and without auxiliary

capacitance at 1200 V, Gy = 0.5, and 15 kW power. (a) Caux = O,
(b) Caux = 6 nF.

TABLE Il
PARAMETERS OF THE CONVERTER PROTOTYPE

Parameter Description

High-side voltage 800—1200 V

Switching frequency 40-260 kHz
Voltage gain 0-1

1.2kVand 11 mQ

SiC power transistors FF1IMRI2WIMI BI1

Inductor 30 uH/100 A peak
Flying capacitor 330 nF/1000 V
Output/input capacitors 6 uF/1600 V

Auxiliary capacitors 470 pF—10 nF, COG dielectric

be seen, the loss allocation changes significantly when full soft
switching is applied. The transistor losses are lowered to roughly
12 W from over 97 W per device, a substantial value. However,
conduction and inductor losses rise due to enlarged currents
flowing in the system. The total choke loss rises from around 40
to 88 W, mainly the core losses. However, the total power loss is
intensively lowered: from 247 W to just 130 W. Therefore, the
use of the method is highly beneficial efficiencywise. Further-
more, as the semiconductor loss is much lower, the heatsink
volume can also be vastly minimized. Moreover, it is worth
noting that a QSW-controlled system highlights the importance
of employing highly performant power electronic chokes.

C. Experimental Results

The experimental study presented in this article is based on
the 1.5-kV-rated prototype with COG SMD small capacitors
employed as the auxiliary capacitors, as such dielectric material
provides low power loss and high dissipation capabilities. The
system parameters are shown in Table III, and the prototype
photois shownin Fig. 4. The converter was tested with a resistive
load and supplied by a dc source from Magna-Power (2 x 800
V). The efficiency was measured using the Yokogawa WT5000
power analyzer.

At first, a number of experimental tests were performed
for various auxiliary capacitance values to plot efficiency and
control characteristics and experimentally validate the optimal
C.ux value (see Fig. 5), starting from the case with no auxiliary
capacitance, up to 10 nF, and also to compare the proposed sys-
tem with the conventional TCM-Q2L method with no additional
capacitance. The tests were performed at 800 V dc input voltage

Fig. 4. Photo of the constructed converter prototype.
— C=10nF, theor. C=6nF, theor, — C=3nF, theor. — C=1nF, theor.— C=0nF, theor.
=+-C=]0nF, exp. —-C=3nF, exp. -*-C=InF, exp. -+~ C=0nF, exp.

C=6nF, exp.
]

99.5 ===

6 8
P [kW] P

out out

(kW]

Gv:(),4. l”m:é{()() A4 GV:()J= Vin:800 Vv

Z 6 g of
2‘ 2t
» 100 150 260 250 300 100 150 200 250 300
/, [kHz] J, [kHz]
Fig. 5. Efficiency and control characteristics for various C,yux values:

with 0.4 voltage gain (left) and with 0.7 voltage gain (right) performed at
800 V dc.

Vi and up to 10 kW power. All the experimental results are
also supported by its theoretical outcomes, both for efficiency
and control characteristics. However, as usual, a difference
between the theoretical and experimental efficiencies can be
seen, most likely due to a nonideal description of the inductor
loss, omitted capacitor, and path resistance losses, and additional
soft-switching residual loss [28], [29], which even if very small
one-by-one, for such a high efficiency are still visible in total.
Furthermore, the discrepancies between the experimental and
theoretical results are especially visible for low power, most
likely due to lowered frequency because of calculation errors in
the converter control system, leading to higher rms currents.
As mentioned before, the value of auxiliary capacitance has
a notable effect on the control characteristic: the higher the
capacitance, the higher the rms transistors and inductor current,
and the lower the switching frequency. Moreover, a change in
efficiency can be observed as well. The C,.x values below 3 nF
do not ensure satisfying turn-off switching loss reduction, while
those above 6 nF provide too many additional power losses via
enlarged inductor current and the following power losses.

Authorized licensed use limited to: POLITECHNIKI WARSZAWSKIEJ. Downloaded on August 04,2023 at 10:30:05 UTC from IEEE Xplore. Restrictions apply.



9042 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 70, NO. 9, SEPTEMBER 2023
100
v <
99.5 —G =04, theor. i, (50 A/div)
oG =04, eXp. bl PR
99 G 0.5, theor. [co 3 " e e sl s ‘ ~ —
gwj G705, exp. " vinp (500 V/div) | "
= —G,~0.7. theor. bt
98 --.(;[:(]1 exp.
s —G=0.83, theor. .
975 L R vosri (200 V/div) 4 pvidiy "
l)70 5 10 15 “ J\} ; P "
5 - i 5 k vgst1 (20 V/div)
‘ f 4
Fig. 6.  Efficiency characteristics for optimal C,,x value of 6 nF and up

to 15 kW power with various values of constant voltage gain.

All in all, based on the abovementioned experimental results,
and including the theoretical efficiency analysis for auxiliary
capacitor optimal value selection described before, 6 nF C,,x
was chosen as the optimal value for high power operation. This
is because of two main factors: one is the high efficiency, and the
other is limited output voltage ripples due to still high operating
frequency.

Furthermore, experimental tests up to 15 kW at 1200 V
high-side voltage Vi were performed using this capacitance
(6 nF) so that additional characteristics for different loads and
voltage gains (see Fig. 6) could have been plotted. As can be seen,
significant efficiencies are achieved, especially for higher power,
lighter loads, and voltage gains higher than 0.4, confirming the
remarkable capabilities of the proposed system. Simultaneously,
at low output power, the highest efficiency was achieved for
auxiliary capacitance C,,x = 1 nF (see Fig. 5). This is due to
the low value of transistor turn-OFF current and high switching
frequency; at high frequency, the resonant operation occurs for
the major part of the switching period with increased conduction
losses. That effect is also increased by increasing C,x, leading
to an enlarged resonant period.

Fig. 7 presents exemplary experimental results with peak
recorded efficiency of 99.5%, showcasing the waveforms ex-
pected in a properly operated system, with full soft-switching
assured due to added C,,x and appropriate control. This test
was performed with optimal 6-nF auxiliary capacitance, 800-V
Vu dc voltage, nearly 10 kW power, voltage gain of roughly
0.91, and 40-kHz switching frequency. As can be observed, the
soft-switching process is apparent for both turn ON and turn
OFF, which is confirmed by comparing the vgsTi(tn) voltage
with the transistor threshold voltage, as well as through constant
dv/dt slopes in both vpg and viNyp voltages. As can be seen,
the transistor is turned OFF close to 0 V when the voltage has
just started to rise and is turned ON when the voltage is already
below 10% of the OFF-state voltage (roughly 35 V compared to
400 V in off-state), which in conjunction with the fact that at
this moment the drain current just slowly starts to rise, limits the
switching losses to negligible values, and the efficiency can rise
to high levels (peak at 99.5%), especially for higher power, as
for such conditions, the converter operates with low switching
frequency, which minimizes the choke core power losses, which
are the main source of losses in the system (see Fig. 3).

Finally, an experimental comparison for dvpgr;/dt rising
slopes and transistor turn-OFF switching process for various Cy,x

vinp (500 V/div) - T
400 ns/div
vpst1 (200 V/div) —

|
— V/diw')/\'wwd\w"\
1
\J Vestiem = 4.5V
D e

B

(b)

Fig. 7. Experimental results for the test with peak recorded efficiency
of 99.5%, performed at Vi = 800 V dc voltage, nearly 10 kW power,
frequency of 40 kHz, and Gy of 0.91: (a) general view, (b) zoomed view.

values is exhibited in Fig. 8. As can be seen, the capacitance
value greatly affects the voltage rising slopes as the rise time
changes from 47 ns and no auxiliary capacitance, up to roughly
197 ns at 10 nF C,yx value. More specifically, the dvpgr;/dt
varies from 8.51 V/ns for no C,ux up to 2.03 V/ns for the
case with C,,x = 10 nF, which directly affects at what vpgr
voltage the transistor switches and, in consequence, what is the
turn-OFF power loss. Increasing C,,x leads to a lower dvpgr:/dt
ratio, e.g., as shown for the case with C,,x = 10 nF, where the
transistor is turned OFF at nearly 0 V vpg; voltage, which results
in negligible turn-OFF power losses. Simultaneously, according
to the mathematical analysis presented in Section II, increasing
the auxiliary capacitance leads to a longer resonance process
and higher resonant currents, which negatively impacts the
converter’s efficiency—despite lowering turn-OFF power losses,
other losses, e.g., conduction losses are enlarged. Therefore,
optimal selection of C,.x value is necessary for maximizing
the efficiency.

Moreover, aside from helping to intensively reduce the turn-
OFF power loss according to the analysis shown in the article, the
increased rising times also positively affect the possible EMI-
related issues that would be caused by the rapid switching times
of conventionally switched SiC MOSFETS.

V. PERFORMANCE COMPARISON

The comparison of the proposed fully soft-switched TCM-
Q2L converter with several state-of-the-art converters is shown
in Table IV. When comparing with the foremost competitors,
the conventional TCM-Q2L [21] and TCM-3L [18] converters,
with only partial soft-switching, it can be observed that an
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TABLE IV
COMPARISON OF THE PROPOSED CONVERTER WITH OTHER THREE-LEVEL-BASED STATE-OF-THE-ART SYSTEMS

none at boost

Parameter Hybrid resonant ZVT converter [16] TCM-3L converter TCM-Q2L converter Proposed
converter [9] [18, 23] [21] converter
MOSFET no. 4+4 442 4 4 4
Vbs_max Vi at boost stage (4) Vu/2 Vul2 Vul2 Vul/2
Vu /2 at resonant stage (4)
Conduction mode near-CRM CCM near-CRM near-CRM near-CRM
Soft switching Full at resonant stage, Full Full at turn on, Full at turn on, Full

partial at turn off partial at turn off

(©

Caux =6 nF ]56 ns i o N
‘ vast (20 V/div) I /| vos11(200 V/div)
‘ ~, / ;200 ns/div
D> e T Wi~ ___]
(d)
Coux =10 nF — o~ ]
vest1 (20 V/div) |7 197 s vosti (200 V/div) 200 ns/div
| Gy
[ - JTWV\NVVVIW‘\-'—»W,.___
(®
Fig. 8. Experimental comparison for dvpgri/dt ratios and turn-OFF

switching process for different C..x values with highlighted vgs(tn)
threshold voltage (4.5 V). Tests performed at roughly 10 kW power, 800
V Vg voltage, Gy of 0.7, and peak inductor current at approximately 43
A. (a) Caux = 0 nF. (b) Caux = 1 nF. (C) Caux = 3 NF. (d) Caux = 6 NF.
(e) Cau x =10 nF.

improvement in efficiency is visible due to full soft-switching,
also at turn OFF, where the conventional approach has two
transistors hard-switching at turn OFF. On the other hand, higher
sum output capacitance leads to lower operating frequencies,
negatively impacting the voltage ripples. Still, this may be
easily circumvented using lower choke inductance, which can
in total also positively affect total volume. All in all, when the
current ripple is concerned, in the designing process for both
conventional and fully soft-switched TCM-operated systems,
the desired frequency should be assumed, leading to specific
current ripples for the application and the difference in choke
inductances being visible for both cases. Furthermore, to achieve

Additional Additional LC circuit in Two ZVT cells, each RC snubbers RC snubbers Four auxiliary
components resonant stage comprised of a recommended recommended capacitors in
transistor, a capacitor parallel to each
and two inductors transistor
Flying capacitance - - High Very low Very low
Choke inductance Medium Medium Very small Small Small
RMS choke High Low High High High
current
Efficiency Extremely high High Very high Very high Extremely high
C..=0nF 47 HSH”‘ ~ the mentioned ZVS at turn OFF, auxiliary capacitors are required
aux W /S NS T . . . . .
. L vpst1 (200 V/div) in parallel to each transistor. However, using COG dielectric-
vest1 (20 V/div) 1/ : . . . ..
~ 1/ 100 ns/div based capacitors, the volume increase is negligible, and the
e e | ] — .. . L.
\ v additional cost is also insignificant compared to the cost of the
64 @ h rest of the converter. Additionally, in the conventional approach
Cax=1nF ) s, /i - (200V/ divj e to the TCM operation, it is often recommended to add RC
ves1 (20 V/div) & P00 ns/diy snubbers to suppress the overvoltages nevertheless. All in all,
e = S VN PN e B the proposed converter seems to be the superior choice, and the
(b) small extra effort required for employing the full soft-switching
Cux=3nF 2~ —~ through additional auxiliary capacitances is well justified for
vsti (20 V/div) |~ 98 s vost1 (200 V/div) efficiency-oriented applications.
R I 100 ns/div )
® TV e —— Moreover, the proposed system can be further deemed highly
] 1

competitive also concerning other dc/dc converters: when com-
pared with the hybrid resonant converter shown in [9], similarly
high efficiency is achieved, but with a much lower number
of power semiconductor devices; while compared to the ZVT
converter [13] the achieved efficiencies seem higher, and also
with a lower component count. Finally, it is worth noting that the
proposed method for achieving full soft-switching can be further
adopted into conventional TCM converters, both in dc/dc and
inverter applications, in two level and multilevel configurations.

V. CONCLUSION

An investigation into the effects of QSW-based soft-switching
applied to a Q2L-controlled nonisolated dc/dc flying capacitor
converter was presented in this article. It was shown that the
system based on a conventional flying capacitor converter leg
using TCM-Q2L control, with the novelty in the form of small
auxiliary capacitors added in parallel to the MOSFETs assuring
full soft-switching throughout a wide operating range, can be
designed and constructed using the QSW method. Such a system
was characterized by ultra-low power loss and reduced dv/dt
ratio, which allows for full utilization of the SiC power devices at
high frequencies and voltages, with low regard to the switching
loops of the converter. Moreover, the presented system, when
compared with conventional TCM-based approaches, showed
even higher efficiency and, considering the possible reduction
of inductance because of the lower operating frequency, can
be considered beneficial also volumewise. The key contribution
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of this article was showcasing the impact of additional C,x
capacitors in the TCM-controlled system, which provided full
soft-switching contrary to conventional TCM-based converters,
as well as optimal capacitance value selection for maximizing
efficiency. The study was supported by experimental tests vali-
dating the noteworthy merits of the high-frequency converter up
to 15 kW, with the peak efficiency reaching as high as 99.5%,
which was a significant value compared to other state-of-the-art
dc/dc solutions in the MV range.

(1]

[2]

(3]

(4]

(3]

[6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

REFERENCES

X. She, A. Q. Huang, L. (), and B. Ozpineci, “Review of silicon carbide
power devices and their applications,” IEEE Trans. Ind. Electron., vol. 64,
no. 10, pp. 8193-8205, Oct. 2017.

L. Zhang, X. Yuan, X. Wu, C. Shi, J. Zhang, and Y. Zhang, “Performance
evaluation of high-power SiC MOSFET modules in comparison to SiIGBT
modules,” IEEE Trans. Power Electron., vol. 34, no. 2, pp. 1181-1196,
Feb. 2019.

J. O. Gonzalez, R. Wu, S. Jahdi, and O. Alatise, ‘“Performance and
reliability review of 650 v and 900 v silicon and SiC devices: MOSFETsS,
cascode JFETSs and IGBTS,” IEEE Trans. Ind. Electron., vol. 67, no. 9,
pp. 7375-7385, Sep. 2020.

X. Ruan, B. Li, Q. Chen, S. Tan, and C. K. Tse, “Fundamental considera-
tions of three-level DC-DC converters: Topologies, analyses, and control,”
IEEE Trans. Circuits Syst. I: Reg. Papers, vol. 55, no. 11, pp. 3733-3743,
Dec. 2008.

M. Forouzesh, Y. P. Siwakoti, S. A. Gorji, F. Blaabjerg, and B. Lehman,
“Step-up DC-DC converters: A comprehensive review of voltage-boosting
techniques, topologies, and applications,” IEEE Trans. Power Electron.,
vol. 32, no. 12, pp. 9143-9178, Dec. 2017.

G. Hua and F. C. Lee, “Soft-switching techniques in PWM converters,”
IEEE Trans. Ind. Electron., vol. 42, no. 6, pp. 595-603, Dec. 1995.

X. F. Cheng, C. Liu, D. Wang, and Y. Zhang, “State-of-the-art review on
soft-switching technologies for non-isolated DC-DC converters,” IEEE
Access, vol. 9, pp. 119235-119249, 2021.

W. Song, M. Zhong, S. Luo, and S. Yang, “Model predictive power control
for bidirectional series-resonant isolated DC-DC converters with fast
dynamic response in locomotive traction system,” I[EEE Trans. Transp.
Electrific., vol. 6, no. 3, pp. 1326-1337, Sep. 2020.

B. Stevanovié, D. Serrano, M. Vasié, P. Alou, J. A. Oliver, and J. A.
Cobos, “Highly efficient, full ZVS, hybrid, multilevel DC/DC topology
for two-stage grid-connected 1500-V PV system with employed 900-V
SiC devices,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 7, no. 2,
pp- 811-832, Jun. 2019.

Y. Wang, H. Song, and D. Xu, “Soft-switching bidirectional DC/DC
converter with an LCLC resonant circuit,” /[EEE J. Emerg. Sel. Topics
Power Electron., vol. 7, no. 2, pp. 851-864, Jun. 2019.

M. Rezvanyvardom, A. Mirzaei, and S. Heydari, “Fully soft-switching
non-isolated quasi-Z-source DC-DC converter with high-voltage gain,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 9, no. 2, pp. 1854-1862,
Apr. 2021.

M. Harasimczuk, “A QR-ZCS boost converter with tapped inductor and
active edge-resonant cell,” IEEE Trans. Power Electron., vol. 35, no. 12,
pp- 13085-13095, Dec. 2020.

H. N. Tran and S. Choi, “A family of ZVT DC-DC converters with low-
voltage ringing,” IEEE Trans. Power Electron., vol. 35, no. 1, pp. 59-69,
Jan. 2020.

J. Yi, W. Choi, and B. Cho, “Zero-voltage-transition interleaved boost con-
verter with an auxiliary coupled inductor,” IEEE Trans. Power Electron.,
vol. 32, no. 8, pp. 5917-5930, Aug. 2017.

S. Kulasekaran and R. Ayyanar, “A 500-kHz, 3.3-kW power factor cor-
rection circuit with low-loss auxiliary ZVT circuit,” IEEE Trans. Power
Electron., vol. 33, no. 6, pp. 4783-4795, Jun. 2018.

S. Dusmez, A. Khaligh, and A. Hasanzadeh, “A zero-voltage-transition
bidirectional DC/DC converter,” IEEE Trans. Ind. Electron., vol. 62, no. 5,
pp- 3152-3162, May 2015.

F. Karakaya, O. Giilsuna, and O. Keysan, “Feasibility of quasi-square-
wave zero-voltage-switching bi-directional DC/DC converters with GaN
HEMTS,” Energies, vol. 14, no. 10, 2021, Art. no. 2867.

D. Chou, Y. Lei, and R. C. N. Pilawa-Podgurski, “A zero-voltage-
switching, physically flexible multilevel GaN DC-DC converter,” IEEE
Trans. Power Electron., vol. 35, no. 1, pp. 1064—1073, Jan. 2020.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

V. Sankaranarayanan, Y. Gao, R. W. Erickson, and D. Maksimovic,
“Online efficiency optimization of a closed-loop controlled SiC-based
boost converter,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2020,
pp. 285-291.

V. Vorperian, “Quasi-square-wave converters: Topologies and analysis,”
IEEE Trans. Power Electron., vol. 3, no. 2, pp. 183-191, Apr. 1988.

R. Kopacz, M. Harasimczuk, P. Trochimiuk, G. Wrona, and J. Rabkowski,
“Medium voltage flying capacitor DC-DC converter with high-frequency
TCM-Q2L control,” IEEE Trans. Power Electron., vol. 37, no. 4,
pp. 4233-4248, Apr. 2022.

R. Kopacz, P. Trochimiuk, G. Wrona, and J. Rabkowski, “High-frequency
SiC-based medium voltage quasi-2-level flying capacitor DC/DC con-
verter with zero voltage switching,” in Proc. 22nd Eur. Conf. Power
Electron. Appl., 2020, pp. P.1-P.10.

Y. Wang et al., “TCM controller design for three-level bidirectional soft-
switching DC-DC converter,” in Proc. IEEE 28th Int. Symp. Ind. Electron.,
2019, pp. 996-1001.

Z.Yao and S. Lu, “Voltage self-balance mechanism based on zero-voltage
switching for three-level DC-DC converter,” IEEE Trans. Power Electron.,
vol. 35, no. 10, pp. 10078-10087, Oct. 2020.

M. R. Ahmed, R. Todd, and A. J. Forsyth, “Predicting SiC MOSFET be-
havior under hard-switching, soft-switching, and false turn-on conditions,”
IEEE Trans. Ind. Electron., vol. 64, no. 11, pp. 9001-9011, Nov. 2017.
N. Mohan, T. Undeland, and W. Robbins, Power Electronics: Converters,
Applications, and Design, 3rd ed. Hoboken, NJ, USA: Wiley, 2002.

P. Trochimiuk, R. Kopacz, K. Frac, and J. Rabkowski, “Medium voltage
power switch in silicon carbide—A comparative study,” IEEE Access,
vol. 10, pp. 26849-26858, 2022.

M. Haider et al., “Analytical calculation of the residual ZVS losses of
TCM-operated single-phase PFC rectifiers,” IEEE Open J. Power Elec-
tron., vol. 2, pp. 250-264, 2021.

Z.Tong, J. Roig-Guitart, T. Neyer, J. D. Plummer, and J. M. Rivas-Davila,
“Origins of soft-switching css losses in SiC power MOSFETSs and diodes
for resonant converter applications,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 9, no. 4, pp. 4082—4095, 2021.

Rafatl Kopacz (Student Member, |IEEE) re-
ceived the B.Sc. and M.Sc. degrees in electrical
engineering from the Warsaw University of
Technology, Warsaw, Poland, in 2018 and 2019,
respectively, where he is currently working to-
ward the Ph.D. degree.

He is currently a Research Assistant with
the Institute of Control and Industrial Electron-
ics, Warsaw University of Technology. He spent
a few months with Sintef Energy and NTNU
in Trondheim, Norway, in 2019, where he was

working on semiconductor reliability issues in power electronics. His
main research interests include SiC-based power converters, energy
conversion in MV range with series connection and multilevel topologies,
as well as dc/dc converters for EV fast charging stations, and renewable
energy sources.

Michal Harasimczuk was born in Bialystok,
Poland. He received the M.Sc. and Ph.D.
degrees in electrical engineering from the
Bialystok University of Technology, Bialystok,
Poland, in 2013 and 2019, respectively.

He is currently with the Institute of Control
and Industrial Electronics, Warsaw University
of Technology. His research interests include
power electronics, namely, dc/dc soft-switching
converters, battery charging systems, and ac/dc
converters.

Authorized licensed use limited to: POLITECHNIKI WARSZAWSKIEJ. Downloaded on August 04,2023 at 10:30:05 UTC from IEEE Xplore. Restrictions apply.



KOPACZ et al.: INVESTIGATION OF SOFT-SWITCHING QSW TECHNIQUE IN DC/DC SiC-BASED FLYING CAPACITOR

9045

Przemystaw Trochimiuk (Student Member,
IEEE) received the B.Sc. and M.Sc. degrees
in electrical engineering from the Warsaw Uni-
versity of Technology, Warsaw, Poland, in 2017
and 2018, respectively. He is currently working
toward the Ph.D. degree with the Institute of
Control and Industrial Electronics, Warsaw Uni-
versity of Technology.

His main research interests include SiC-
based power converters, energy conversion in
MV range with series connection, active gate
drivers of power SiC MOSFETS, as well as power converters for EV fast
charging stations and renewable energy sources. He also works on
magnetic issues in power electronic converters and, recently, on EMC
concerns in power supply units.

Jacek Rabkowski (Senior Member, |IEEE) re-
ceived the M.Sc. and Ph.D. degrees both in
electrical engineering from Warsaw University
of Technology, Warsaw, Poland, in 2000 and
2005, respectively.

He joined the Institute of Control and Indus-
trial Electronics, Warsaw University of Technol-
ogy, in 2004, where he is currently a Professor in
power electronics. During the years 2010-2013,
he was also with the Laboratory of Electrical En-
ergy Conversion, KTH Royal Institute of Tech-
nology, Stockholm, Sweden, and in 2015-2016 with the Power Electron-
ics Group, Tallin University of Technology, Tallin, Estonia. His current
research interests include power converters based on wide band-gap
devices: topologies, design aspects, pulsewidth modulation techniques,
and, especially, gate, and base drivers. Moreover, he also works in area
of medium-voltage power conversion and, recently, on power converters
for EV charging. He is a coauthor of more than 190 scientific papers and
two books.

Dr. Rabkowski was the Chairman of the Joint Industrial Electronics
Society/Power Electronics Society Chapter in the frame of the |IEEE
Poland Section. He has been an Associate Editor of IEEE TRANSAC-
TIONS ON POWER ELECTRONICS since 2015. He is also a member of the
European Power Electronics and Drives Association, involved with the
International Scientific Committee.

*

Authorized licensed use limited to: POLITECHNIKI WARSZAWSKIEJ. Downloaded on August 04,2023 at 10:30:05 UTC from IEEE Xplore. Restrictions apply.



Chapter 4

Conclusion

The thesis contains an investigation of medium voltage SiC-based power converters on
the basis of five publications [P1-P5]. The considered topics include the modeling and char-
acterization of SiC MOSFETs, mainly considering high-power power modules. Further-
more, the subject of loss estimation is studied, and experimental emulation of a SiC MOS-
FET power module operating in an MV power converter is exhibited. The presented could
be beneficially employed to improve the designing process of high-power MV converters.
Moreover, several different techniques for designing MV systems are presented and com-
pared based on an experimental evaluation, ranging from single-device two-level topologies
through series-connection of transistors, conventional multilevel approaches, e.g., FC con-
verter, as well as the emerging quasi-two-level technique. The detailed overview could be
used as a guideline for designers seeking a fitting topology for specific MV converters. Fi-
nally, the thesis encloses a novel, highly efficient, and compact dc-dc non-isolated converter
with soft-switching as an example of a system that allows for the appropriate utilization of
SiC power devices, presenting several notable advantages over conventional Si-based sys-
tems. Thus, the proposed techniques can be effectively employed to improve future MV
power converters.

The issues regarding the modeling and characterization are studied in [P1]. Using the
proposed novel concept, the SiC MOSFET power module output capacitances can be char-
acterized easily, which is a necessity in order to establish power losses of the power devices
properly. The method is also especially important in the designing process of high-power
MYV converters, for when a power of hundreds of kilowatts is taken into account, even an er-
ror below 1% equals to a substantial power loss mismatch, which could lead to an inefficient
design, both in terms of loss and thermal operation.

The exhibited method is very simple and requires a straightforward setup akin to single-

or double-pulse test benches. Thus, the realization and cost effort is minimal. Moreover,
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CHAPTER 4. CONCLUSION

the importance of the proposed method is further accentuated, as for many SiC power mod-
ules under development, the capacitance characteristics are not readily available. Thus, the
novel technique could be an invaluable tool for designing highly efficient and compact power
converters in the medium voltage range.

The topic of power loss estimation is further investigated in [P2]. The paper introduces
a new method for power loss emulation that could be employed in the designing process of
MYV high-power converters so that an accurate estimation is achieved, which is essential for
the proper design of the system. The proposed approach is especially valuable because the
parasitics are of great importance for the SiC-based systems. Thus, since the values from
the datasheet are established for a specific circuit, with particular parasitics, they cannot be
easily applied for the design of the converters, and other methods to establish the power
losses need to be introduced, e.g., as proposed in the paper.

Furthermore, the proposed approach is a simple and cost-effective solution. The required
setup is very similar to a conventional double-pulse setup and only requires supplying the
power losses of the SiC-based power modules. Thus, a several hundred-kilowatt system can
be emulated using just a few kilowatts from the source. In the end, the suggested method
could significantly enhance the design of prominent MV power converters of the future.

While there have been many approaches to constructing MV power converters proposed
in the literature, these were mostly studied separately. Therefore, in [P3], a comprehen-
sive experiment-based comparison is showcased, establishing the traits of each method. The
considered solutions include two-level topologies with single devices with notable blocking
voltages, the series connection of LV transistors employing active voltage balancing, con-
ventional multilevel topologies on an example of an FC structure, and the emerging Q2L
technique seen as a convergence of the two latter.

The discussed methods are compared using a multi-criterion approach. The foundation
of the study are the physical models of each option, tested at up to 1.5 kV and 300 A rms.
Based on the prototypes, crucial practical characteristics are established, i.e., the power loss
is defined, and the design considerations and complexities are taken into account, including
gate drivers, cooling measures, and power circuit layout, as well as the control of the systems.
Furthermore, the reliability and cost are also evaluated. In the end, the provided detailed
observations could be effectively used as a reference for MV power electronics designers
seeking the most appropriate topology for their specific applications.

As an illustration of the possibilities of SiC-enabled MV power electronics, novel dc-
dc converters are proposed in [P4] and [P5]. The systems are based on a new TCM-Q2L

method, converging the prominent Q2L method to effectively employ LV devices, akin to
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series connection but with a straightforward lossless voltage balancing and TCM approach
that enables soft-switching at turn-on, minimizing the switching losses, allowing for reaching
high frequencies which lead to higher power density.

The general concept, with a thorough mathematical analysis, is presented in [P4]. More-
over, a simple voltage balancing control loop is proposed, assuring safe operating voltages
for the SiC switches. The proposed converter is further enhanced in [P5] by adding supple-
mentary, minuscule capacitors in parallel to each transistor, allowing even higher efficiencies,
as the soft-switching at turn-off is also ensured. A detailed investigation into the capacitor-
enabled QSW is also exhibited, providing comprehensive design guidelines for maximizing
efficiency. Apart from lowering the power losses, the proposed technique also minimizes the
transistor dv/dt ratio, which helps to negate the adverse effects of parasitics and fully utilize
SiC power devices in MV applications.

Overall, the proposed MV dc-dc converter is characterized by an outstanding perfor-
mance in terms of low-loss operation and power density, reaching efficiency as high as
99.5%. The system has been validated at up to 1.5 kV, 15 kW of power, and a switching
frequency of up to 250 kHz, depending on the operating point. The novel approach is proven
to be a highly competitive choice for MV dc-dc power conversion, clearly surpassing con-
ventional Si-based solutions and reaching as good if not better performance compared to
other state-of-the-art MV converters employing SiC MOSFETs, deeming it a perfect choice
for future power electronics applications such as traction, e-mobility, PV, and battery energy
storage systems.

The aim to study the possibilities of effective electric energy using SiC-based medium
voltage power electronics, and the other specific goals have been reached. As shown in the
dissertation, the converter design process can be improved by employing the proposed meth-
ods for transistor characterization and power loss estimation. Furthermore, the performed
experimental-based comparison showcases the vast array of possible converter topologies
applicable in medium voltage, and can be used as a guideline for choosing an appropriate
approach for a specific power electronics application. Finally, it is shown that by employing
the proposed novel techniques for an MV dc-dc converter, a highly efficient power converter,
operated at a notable frequency, can be constructed and effectively and competitively em-
ployed in MV power electronics applications.

The area for future works is quite broad, as the subjects considered within the dissertation
are vast. When the modeling of SiC MOSFETs is considered, there are still several issues
regarding the proper description of the switching process, especially in the case of the turn-

off procedure, as prior works have not included all critical traits of Silicon Carbide, e.g., the
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threshold voltage shift. Furthermore, an extension for other, more sophisticated converter
topologies, e.g., multilevel, may be given for the proposed power loss emulation method.
When the methods for designing MV systems are taken into account, the analysis could
be expanded into high voltage range or for specific applications. Considering the proposed
novel concepts for dc-dc converters, these could be applied to other types of converters, e.g.,
inverters, or a system for a higher voltage employing multiple transistors in a stack could
be studied. Overall, as medium voltage power electronics are becoming more common, the
topic should remain of a great interest for researchers and engineers alike.

The contribution of the dissertation author can be summarized as follows:

* areview of methods for the construction of power converters for medium voltage sys-

tems, including the possible applications,
* a brief overview of Silicon Carbide power devices,

* proposing novel concepts for medium voltage power converters, e.g., the TCM-Q2L
and QSW methods,

 performing advanced simulation study regarding medium voltage power electronics,
* design & construction of experimental setups and converters rated at medium voltage,
 performing experimental study on medium voltage prototypes,

* preparing publications in top journals (summarized Impact Factor for the core papers

—26.189, total points according to the Ministry of Education and Science — 740),

* presenting the results at several international conferences.
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