
High-Efficiency SiC Power Conversion – Base Drivers
for Bipolar Junction Transistors and Performance

Impacts on Series-Resonant Converters

GEORG TOLSTOY

Doctoral Thesis
Stockholm, Sweden 2015



TRITA-EE 2015:024
ISSN 1653-5146
ISBN 978-91-7595-601-5

Electrical Energy Conversion
School of Electrical Engineering

KTH Royal Institute of Technology
Teknikringen 33

SE-100 44 Stockholm
SWEDEN

Akademisk avhandling som med tillstånd av Kungl Tekniska högskolan framlägges
till offentlig granskning för avläggande av teknologie doktorsexamen fredagen den
12:e juni 2015 klockan 10.15 i Sal H1, Kungl Tekniska högskolan, Teknikringen 33,
Stockholm.

© Georg Tolstoy, Maj 2015

Tryck: Universitetsservice US AB



iii

till min familj





v

Sammanfattning

Denna avhandlings syfte är att skapa en förståelse för kiselkarbid (SiC)
teknologin. SiC-transistorer är vida överlägsna insulated-gate bipolar transis-
torer (IGBTer) i kisel på flera sätt. De är effektivare, kan arbeta vid hög-
re switchfrekvenser samt kan användas vid högre temperaturer. Om SiC-
transistorer används i en effektomvandlare skulle behovet av kylning mins-
kas, vilket i sin tur minskar kostnaden och komplexiteten för kylsystemet. En
annan fördel är att omvandlaren kan göras lättare och mindre då man kan
arbeta vid högre switchfrekvenser.

De tre huvudsakliga SiC-transistorerna, bipolar junction transistor (BJT),
junction field-effect transistor (JFET) och metal-oxide semiconductor field-
effect transistor (MOSFET), diskuteras med fokus på BJT. Potentialen för att
applicera SiC-transistorer i produkter diskuteras. SiC-teknologin har potential
inom många områden, från induktionsvärmning till högspänd likströmstrans-
mission.

Olika koncept för basdrivdon presenteras och drivdonseffektförbrukningen
härleds. Vidare presenteras det första proportionella drivdonet för SiC BJTer.
Detta drivdon bygger på diskreta basströmsnivåer. Det introducerade driv-
donet konstrueras och testas i en prototyp. Beroende på lastströmmen kan
drivdonseffektförbrukningen reduceras markant.

I denna avhandling presenteras också den första diskussionen om back-
ledning i en SiC-BJT. Det visar sig viktigt att ha detta i åtanke då designen
av basdrivdonet görs.

Sist undersöks effekterna av att använda sig av SiC-MOSFETar och SiC-
BJTer i en serieresonans (SLR) omvandlare. Två H-bryggor har undersökts, en
med SiC-MOSFETar som använder sig av bodydioden för backledning under
dödtiden, och den andra med SiC-BJTer med antiparallella Schottkydioder.
SiC-transistorer är ideala för att använda i applikationer där mjuka till- och
frånslag används då de saknar tail-strömmar. SiC-MOSFETar drar även nytta
av att kunna leda strömmen under backledningstiden då detta ger ett lägre
spänningsfall än om strömmen skulle gå i bodydioden. Det har också visat sig
att storleken på kapacitansen hos snubbers kan reduceras jämfört med dagens
kiselteknologi. Höga switchfrekvenser på 200 kHz kan uppnås, samtidigt som
förlusterna hålls låga.

Denna avhandling visar också på vikten av korrekt styrning. Att optimera
längden för dödtiden visar sig vara viktigt för att reducera förlusterna. Dual
control (DuC) testas också i kombination med SiC-transistorerna. Jämfört
med frekvensmodulering (FM) uppnås lägre förluster med MOSFET-bryggan.

Alla analytiska undersökningar som läggs fram i denna avhandling är
bekräftade genom experiment.
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Abstract

This thesis aims to bring an understanding to the silicon carbide (SiC)
bipolar junction transistor (BJT). SiC power devices are superior to the silicon
IGBT in several ways. They are for instance, able to operate with higher
efficiency, at higher frequencies, and at higher junction temperatures. From
a system point of view the SiC power device could decrease the cost and
complexity of cooling, reduce the size and weight of the system, and enable
the system to endure harsher environments.

The three main SiC power device designs are discussed with a focus on
the BJT. The SiC BJT is compared to the SiC junction field-effect transistor
(JFET) and the metal-oxide semiconductor field-effect transistor (MOSFET).
The potential of employing SiC power devices in applications, ranging from
induction heating to high-voltage direct current (HVDC), is presented.

The theory behind the state-of-the-art dual-source (2SRC) base driver
that was presented by Rabkowski et al. a few years ago is described. This
concept of proportional base drivers is introduced with a focus on the dis-
cretized proportional base drivers (DPBD). By implementing the DPBD con-
cept and building a prototype it is shown that the steady-state consumption
of the base driver can be reduced considerably.

The aspects of the reverse conduction of the SiC BJT are presented. It
is shown to be of importance to consider the reduced voltage drop over the
base-emitter junction.

Last the impact of SiC unipolar and bipolar devices in series-resonant
(SLR) converters is presented. Two full-bridges are designed and constructed,
one with SiC MOSFETs utilizing the body diode for reverse conduction during
the dead-time, and the second with SiC BJTs with anti-parallel SiC Schottky
diodes. It is found that the SiC power devices, with their absence of tail
current, are ideal devices to fully utilize the soft-switching properties that
the SLR converters offer. The SiC MOSFET benefits from its possibility to
utilize reverse conduction with a low voltage drop. It is also found that the
size of capacitance of the snubbers can be reduced compare to state-of-the-art
silicon technology. High switching frequencies of 200 kHz are possible while
still keeping the losses low. A dead-time control strategy for each device is
presented. The dual control (DuC) algorithm is tested with the SiC devices
and compared to frequency modulation (FM).

The analytical investigations presented in this thesis are confirmed by
experimental results on several laboratory prototype converters.

Keywords: Silicon Carbide, Bipolar Junction Transistor (BJT), Resonant
converter, Series-resonant converter (SLR), Base drive circuits, High-
Efficiency Converters, High-Frequency Converters.
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Chapter 1

Introduction

1.1 Background

From the first law of thermodynamics it is understood that energy can never be
created or destroyed, but it is possible to change the form of the energy and to
transfer it. One of these forms is electricity. It is easy to transform many kinds
of energy sources into electric energy. Electric energy is also easy to transfer and
to use. In some applications, i.e. mobile phone batteries, it is also possible to
store a sufficient amount of energy. Electricity itself can have many forms, direct
current (dc) or alternating current (ac) of different frequencies and forms, high
voltage or low voltage, and so on. To be able to use the 230 V/50 Hz ac plug
in your home to charge your 5 V dc mobile phone or to use your 100 kHz ac
high-frequency induction-stove, power electronics is necessary. The form of the
electricity is transformed many times by power electronics as the energy from the
sun is transformed into electricity and heat in a PV-panel, until it becomes heat in
your meatballs and spaghetti on your induction stove.

Today, the purpose of power electronics research is twofold: finding new appli-
cations and improving already existing power electronic applications. New appli-
cations in history are for example, when the train got electrified (Robert David-
son, 1837 [1]), wind turbines(James Blyth, 1887 [2]), voltage-source-converter-based
high-voltage dc (HVDC) transmission (Hällsjön Link) [3]), etc. But what is more
common is that the invention gets upgraded. The charger gets smaller, the electric
vehicle (EV) is able to drive further, the fridge consumes less energy, etc. When
these upgrades occur, it is usually because the new product is smaller, lighter, hot-
ter, cooler, more energy efficient, or as usually happens, a combination of these [4].
Many of these upgrades are made possible whenever a new era in power electronic
switches is initiated [5]. From the mercury arc valve era [6], to the power bipolar
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2 CHAPTER 1. INTRODUCTION

junction transistor (BJT) era (60’s-90’s) [7, 8], to the metal-oxide semiconductor
field-effect transistor (MOSFET) era (70’s-today) [9], and to the insulated-gate
bipolar transistor (IGBT) era (90’s-today) [10,11] the improvement of power semi-
conductors has made the improvement of products and our society possible.

The drive for new devices today does not just originate from an economical
standpoint, but also from an environmental one. As the world gets ever more
electrified, every small gain in efficiency means a lot, both in saved dollars as well
as reduced CO2 emissions. This drive, to improve from today’s silicon (Si) devices,
has shifted the focus towards new materials that have improved properties. These
materials are called wide band gap (WBG) materials, including for instance, gallium
nitride (GaN) [12], and silicon carbide (SiC) [5]. Some of the material properties
can be seen in Table 1.1.

These properties enable SiC and GaN devices to have higher voltage ratings,
lower voltage drops, higher maximum temperatures, and higher thermal conduc-
tivities, bringing the SiC devices closer to the ideal switch than the silicon devices.

In the early 90’s a great push to manufacture SiC power devices was made [13].
In 1999 ABB was ready to launch its first component, but it was delayed [14]. Two
years later they canceled their $ 50 M, 8 year project, due to the imperfections in
the SiC wafers [15]. The material development of SiC continued and prospered,
mainly due to SiC having an important role in today’s led-light revolution. Today
the material is grown with very few defects on six inch wafers [16]. Eight inch
wafers are starting to be introduced. As the size of the wafers grows, the prize of
substrates for SiC device manufacturing goes down.

The hope of the WBG industry is that GaN switches, which were introduced to
the market last year, will take a dominant part in power electronic applications be-
low 600 V. The SiC switches, which have been on the market for some years, target
devices with blocking voltages of 1.2 kV and upwards. It is believed that unipolar
SiC devices, such as the junction field effect transistor (JFET) and MOSFET, will
be competitive up to 4.5 kV where the bipolar devices, BJT and IGBT, will have
a larger impact [17, 18]. On the market today, GaN devices up to 600 V can be
purchased. SiC devices on the market today range from 600 V up to 1700 V. It
should be noted that SiC Schottky diodes, [19], have been on the market since the

Table 1.1: Physical properties of Silicon, Silicon Carbide and Gallium Nitride.

Properties Material Si 4H-SiC GaN
Eg [eV] bandgap 1.1 3.3 V 3.4 V

λ [W/cm· K] thermal conductivity 1.5 4.5 1.3
Eg [106 V/cm] breakdown voltage 0.3 2.4 3.3
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early years of the millennium, and have improved the turn-ON efficiency of the Si
IGBT due to its (almost) non-existing reverse recovery.

What is holding back the industry from throwing out their Si devices and re-
placing them with the improved WBG devices are three issues:

1. Reliability - The history of the failures in the early years of the millennium [15]
is fresh in mind, and nobody wants to be first with a large scale upgrade with-
out the new technology being thoroughly tested. However, change is coming.
Two vehicle manufacturers are currently testing SiC power electronics in new
products.

2. Packaging - To fully be able to utilize the SiC devices, packaging has to
improve [20]. The improvement should focus on reducing the parasitic induc-
tance and making the module withstand higher temperatures than today’s
175 °C which is the maximum temperature for silicon. Also, power cycling
may become an issue for the SiC device packaging because with higher max-
imum temperature it is also likely that the temperature cycles will have a
higher amplitude. The power module makers have identified these problems
and may move away from bond-wires to other solutions of connecting the
terminals.

3. Fear of change - As always, new technologies are met with skepticism. The
hope is that this thesis will shed some light on how efficient the SiC technology
is and how easy it is to adapt to the new WBG technology.

When this project started the joke in SiC industry was that it was always 5
years from a large breakthrough. This was said in 2009, and had been said every
year in the preceding 10 year period. However, it is the opinion of the author that
2015 is the year of breakthrough for SiC switches. It is also the hope of the author
that the research this thesis builds upon has been a small part of the big puzzle
that has taken us into the WBG era.

1.2 Main objectives

The main objectives of work presented in this thesis are:

• Propose efficient base drivers for SiC power BJTs.

• Demonstrate successful examples of power converters with SiC power devices.

• Create an understanding of how the efficiency can be increased by introducing
SiC power switches in resonant converters.
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• Create an understanding of how the total system cost can be reduced by
introducing SiC power switches.

1.3 Methodology

The findings in this thesis are mainly derived from theoretical analyses that have
been proven by simulations and experiments. The experimental validations have
been carried out by measuring the voltage and current waveforms by means of
voltage probes and Rogovski-coils for the current measurement. The loss measure-
ments have been carried out by means of electrical, thermo-electrical or calorimetric
measurements.

1.4 Main Contributions

This thesis is divided into three different parts.
The main contribution of the first part is a study of how the low ON-state resis-

tance of the normally-ON SiC JFET could impact a 300 MW modular multilevel
converter with regard to losses. This is one of the most promising future applications
of SiC power electronics. This investigation was a teamwork with several persons
involved. The author of this thesis was, however, one of the most important con-
tributors, especially regarding the experimental verification, loss calculations, and
final preparation of the manuscript.

The main contribution of the second part is towards base drivers for SiC power
BJTs. Two driver concepts have been proposed, designed and tested. The first
one, introduced by Rabkowski et al., is the 2SRC base driver which showed that
it is possible to have fast switching transients without increasing the steady-state
consumption of the base driver. The author of this thesis took part in a team work
where the author assisted the main contributor Jacek Rabkowski.

The second base driver concept is the discretized proportional base driver, which
can reduce the steady-state losses even further. This is done by reducing the base-
current when a lower collector current flows through the device. This is the first
time a proportional base driver concept for SiC BJTs is presented. It is shown that
the base current can be limited without increasing the ON-state voltage-drop. In
this work, the author of this thesis was the main contributor.

In the third part, the author’s research was dedicated to investigating the impact
of SiC power switches on the performance of series-resonant converters. The first
main contribution is a theoretical and experimental investigation on how the dead-
time control of the SiC unipolar and bipolar devices impacts the losses. The novelty
lies in the proposed dead-time control as well as the discussion about the aspects of
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SiC BJT reverse conduction. In this work, the author of this thesis was the main
contributor.

Other contributions are the experimental verification on how well the dual con-
trol algorithm works with SiC devices in series-resonant converters as well as an
investigation on how the size of the capacitive snubber and the switching frequency
impacts the losses. In this work, the author of this thesis was the main contributor.

1.5 Outline of the Thesis

Chapter 2 presents SiC devices and their applications, and also gives a deeper
view of the SiC power BJT.

Chapter 3 describes the concepts of base drivers for SiC power BJTs, and dis-
cusses the reverse conduction of SiC BJTs.

Chapter 4 presents the impact that SiC power devices can have on series-resonant
converters.

Chapter 5 summarizes the work presented in this thesis and gives ideas and sug-
gestions for future research in this field.

1.6 List of Appended Publications

I. G. Tolstoy, D. Peftitsis, J. Rabkowski and H.–P. Nee, “Performance tests of
4.1x4.1mm2 SiC JFETs for a DC/DC boost converter application”, in Proc.
of 8th European Conference on Silicon Carbide and Related Materials 2010,
ECSCRM 2010, pp. 722–725, 29 Aug.–2 Sept. 2010.

This is the first characterization of the 4.1x4.1mm2 SiC LCVJFET from
SiCED. The static characterization shows a positive temperature coefficient
of the ON-state resistance as well as a small negative temperature coefficient
of the voltage across the intrinsic body diode.

The main contribution by the author to this publication was to do the static
characterization of the device as well as the short circuit test, and to prepare
the manuscript.

II. D. Peftitsis, G. Tolstoy, A. Antonopoulos, J. Rabkowski, J.–K. Lim, M.
Bakowski, L. Ängquist, and H.–P. Nee, “High-power modular multilevel con-
verters with SiC JFETs”, IEEE Trans. Power Electron., vol. 27, no. 1, pp.
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28–36, Jan. 2012.

This paper studies the possibility of using SiC unipolar power switches in a
modular multilevel converter (M2C). The idea is to compare the low ON-state
resistance of the SiC JFET and SiC BJT with state-of-the-art silicon devices
of today. Experimental results show the feasibility of using SiC normally-
ON JFETs in such a converter. Furthermore, the power losses of a future
SiC M2C have been theoretically estimated using simulations from two high-
voltage normally-ON SiC JFETs.

The main contribution by the author to this publication was the design and
layout of the submodule populated with SiC JFETs instead of Si MOSFETs
which is the most vital part to experimentally verify the ideas presented in
Publication II. The author validated the functions of the SiC JFET sub-
module before installing it in the M2C converter, and then assisted with the
experimental procedure. The author also contributed by performing most of
the final efficiency calculations and preparing parts of the manuscript, espe-
cially the part discussing the possibility to use SiC BJTs in the M2C.

III. J. Rabkowski,G. Tolstoy, D. Peftitsis and H.–P. Nee, “Low-loss high-performance
base-drive unit for SiC BJTs”, IEEE Trans. Power Electron., vol. 27, no. 5,
pp. 2633–2643, May 2012.

Publication III is a solution for an energy efficient and fast switching base
driver for SiC power BJTs. Different parts of the power consumption are
identified and verified by experiments. The proposed driver is tested in a
boost converter obtaining switching speeds well below 50 ns. This is the
first base driver for SiC BJTs in literature that provides a solution for low
steady-state power consumption while switching with fast transients.

The main contribution by the author to this publication was to assist with
the experimental procedure, to assist with the loss and efficiency calculations
for the manuscript, and to substantially contribute in finalizing the writing
of the manuscript. Jacek Rabkowski performed most of the work, with the
author of this thesis and Dimosthenis Peftitsis assisting him.

IV. G. Tolstoy, D. Peftitsis, J. Rabkowski, P. R. Palmer, and H.–P. Nee, “A
discretized proportional base driver for silicon carbide bipolar junction tran-
sistors”, in IEEE Transactions on Power Electronics, vol. 29, no. 5, pp.
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2408–2417, May 2014.

Publication IV is the first publications that discusses the possibility of a
proportional base driver for SiC power BJTs. This publication builds upon
the theory of Publication III and shows how it is possible to reduce the
steady-state power consumption of the base driver even further. A discretized
proportional base driver is proposed, constructed and tested in a boost con-
verter. Finally, a loss analysis is conducted to see how much the base driver
power consumption can be reduced for an application in an electrical vehicle
driving the New European Drive Cycle.

The author did almost all of the work in this publication. The contributions to
this publications was to identify the concept of proportional drivers for SiC
BJT, designing and building the DPBD prototype, making a experimental
setup, conducting the tests, loss and efficiency calculations, and preparation
of the manuscript.

V. G. Tolstoy, P. Ranstad, J. Colmenares, D. Peftitsis, F. Giezendanner, J.
Rabkowski, and H.–P. Nee, “An experimental analysis on how the dead-time
of SiC BJT and SiC MOSFET impacts the losses in a high-frequency resonant
converter”, in Proc. of 16th European Conference on Power Electronics and
Applications (EPE 2014), 26–28 Aug. 2014.

VI. G. Tolstoy, P. Ranstad, J. Colmenares, D. Peftitsis, F. Giezendanner, J.
Rabkowski, and H.–P. Nee, “An experimental analysis on how the dead-time
of SiC BJT and SiC MOSFET impacts the losses in a high-frequency resonant
converter”, Submitted for review in IEEE Transactions on Power Electronics.

Publication V and the extended version, Publication VI, investigate how
the choice of the dead-time control algorithm in a series-resonant converter,
utilizing unipolar or bipolar SiC devices, impacts the losses of the full-bridge.
It is shown that the control methods for the two devices are different. The
theory is proven by experiments. Finally, an analysis is performed of what
occurs during reverse conduction of the BJT and its relation to the base
driver. Both publications are included since the extended version only has
been submitted while the conference paper has been previously presented at
IEEE ECCE Asia 2014.

The main contributions to these publications were to identify the control
methods for unipolar and bipolar devices in resonant converters, performing
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a major part of the design and construction of the experimental setup, per-
forming all experiments, loss and efficiency calculations and preparations of
the manuscripts.

VII. G. Tolstoy, P. Ranstad, J. Colmenares, F. Giezendanner, and H.–P. Nee,
“Dual control used in series-loaded resonant converter with SiC devices”, Ac-
cepted for publication in the 9th IEEE International Conference on Power
Electronics–ECCE Asia (ICPE ECCE), Jun. 2015

Publication VII investigates the potential efficiency gains that can be achieved
by using dual control in combination with SiC power switches. It is shown
that the unipolar SiC MOSFET shows greater potential than the bipolar SiC
BJT. This is due to the possibility of the MOSFET to conduct the current in
the reverse direction.
The main contributions to this publication were to perform a major part of
the designing and building of the experimental setup, performing all experi-
ments, loss and efficiency calculations and preparation of the manuscript.

VIII. G. Tolstoy, P. Ranstad, J. Colmenares, F. Giezendanner, and H.–P. Nee,
“Experimental evaluation of SiC BJT and SiC MOSFET in a series reso-
nant converter”, Accepted for publication in the 17th European Conference on
Power Electronics and Applications (EPE 2015), Sep. 2015

SiC unipolar and bipolar devices in a series-resonant converter are investigated
in Publication VIII. The focus lies on investigating how the losses are impacted
by: resonant tank frequency, size of snubber capacitance, and by the choice
of SiC power device, BJT or MOSFET.
The main contributions to this publication were to perform a major part of
the designing and building of the experimental setup, performing all experi-
ments, loss and efficiency calculations and preparation of the manuscript.

1.7 Related Publications

The following publications include work related to a variety of aspects within the
area of SiC devices, application and control of power electronics, which has been car-
ried out along with this project, and where the author of this thesis has contributed.
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In peer-reviewed journals

• D. Peftitsis, R. Baburske, J. Rabkowski, J. Lutz, G. Tolstoy, and H.–P.
Nee, “Challenges regarding parallel connection of SiC JFETs”, IEEE Trans.
Power Electron., vol. 28, no. 3, pp. 1449–1463, Mar. 2013.

• G. Tolstoy, B. Larsson, O. Wallmark, S. Norrga, H.–P. Nee, “Elimination
of vector changes due to sector changes with DTC”, Accepted for publication
in EPE Journal, 2015.

In conference proceedings
• G. Tolstoy, D. Peftitsis, J.–K. Lim, M. Bakowski and H.–P. Nee, “Circuit

modeling of vertical buried-grid SiC JFETs”, in Proc. of 13th International
Conference on Silicon Carbide and Related Materials 2009, ICSCRM 2009,
pp. 965–968 , 11–16 Oct. 2009.

• J.–K. Lim, G. Tolstoy, D. Peftitsis, J. Rabkowski, M. Bakowski and H.–P.
Nee, “Comparison of total losses of 1.2 kV SiC JFET and BJT in DC–DC
converter including gate driver”, in Proc. of 8th European Conference on
Silicon Carbide and Related Materials 2010, ECSCRM 2010, pp. 649–652, 29
Aug.–2 Sept. 2010.

• D. Peftitsis, G. Tolstoy, A. Antonopoulos, J. Rabkowski, J.–K. Lim, M.
Bakowski, L. Ängquist, and H.–P. Nee, “High-power modular multilevel con-
verters with SiC JFETs”, in Proc. of IEEE Energy Conversion Congress and
Exposition, pp. 2148–2155, 12–16 Sep, 2010.

• D. Peftitsis, R. Baburske, J. Rabkowski, J. Lutz, G. Tolstoy, and H.–P.
Nee, “Challenges regarding parallel-connection of SiC JFETs”, in Proc. of
8th IEEE International Conference on Power Electronics–ECCE Asia (ICPE
ECCE), 2011 , pp. 1095–1101,30 May–3 Jun. 2011.

• D. Peftitsis, J. Rabkowski, G. Tolstoy, and H.–P Nee, “Experimental com-
parison of dc-dc boost converters with SiC JFETs and SiC bipolar transis-
tors”, in Proc. of 14th European Conference on Power Electronics and Appli-
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• D. Peftitsis, J.–K. Lim, J. Rabkowski, G. Tolstoy, and H.–P. Nee, “Ex-
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Electronics and Motion Control Conference (IPEMC), 2012, vol. 1, pp. 16–
22, Jun. 2012.
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Chapter 2

SiC Power Devices and
Applications

This chapter gives an introduction to SiC devices and exemplifies some applications
that have been presented in the literature. Parts of this chapter have already been
published in Publication I and Publication II.

The material properties of silicon carbide, compared to silicon, make SiC power
switches devices for the future. Some of the properties of SiC, Si and GaN are seen
in Table 1.1. The increased breakdown voltage enables SiC power devices to have
higher blocking voltages than Si devices for the same ON-state resistance. The
higher band-gap provides improved robustness to increased temperatures, while
the higher thermal conductivity gives better possibilities to extract heat from the
chip. Thus, enabling higher current densities. These properties are well known
since several decades and are discussed in detail in for instance [21,22].

The SiC technology enables three different design directions. These are:

• High-temperature design - Where cooling is impossible or very expensive.
This can be used in, for instance down-hole drilling or space applications,
[23, 24].

• High-frequency design - Where a high-frequency application is targeted, or
as a way to reduce the size and cost of the passive components, as in the
boost-converters operating at frequencies above 200 kHz presented in [25,26].

• High-efficiency design - Where a high efficiency is targeted. An example is the
40 kW inverter with a efficiency exceeding 99.5 % presented in [27]. Another
example is the 312 kW inverter targeted for vehicular applications presented
in [28].

11
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Figure 2.1: Benefit of SiC hybrid modules and full SiC modules compared to the
all Si module.

The most common designs combine at least two of these to be able to attract a
broader market. What is defined as high temperature, high frequency, and high
efficiency is different for different applications and depending on the person making
the definition. In general the reference is today’s state-of-the-art silicon technology.

The Schottky diode was the first device to be adopted by the industry. The
idea is to use them in, so called, hybrid modules, with a Si IGBT switch and an
anti-parallel SiC Schottky-diode. This concept is able to reduce the switching losses
substantially. The idea of the hybrid module can be seen in Fig. 2.1. The smaller
reverse recovery of the SiC Schottky diode reduces the losses at both the turn-OFF
of the diode itself, and also at the turn-ON of the Si IGBT. Some examples where
hybrid modules are used are for instance: air condition applications, [29], inverters
for smart grids [30], and traction applications, [31]. Furthermore, the hybrid module
is beneficial to use whenever the Si IGBT utilizes hard turn-ON switching.

The next step is to adopt the so called “All-SiC” power modules. This will also
reduce the losses from the turn-OFF transitions since SiC devices have essentially
no tail-current.
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2.1 SiC Power Devices

Today there are four main types of SiC switches that are available in large quanti-
ties. These are:

• normally-ON JFET

• normally-OFF JFET

• MOSFET

• BJT

For higher voltage ratings, up to 15 kV, the SiC IGBT is also of interest. It is
now being tested in academia, [32, 33]. A review of these devices as well as their
physical structures is presented in [5].

To drive an SiC device in an efficient way there are different considerations to
be made for different devices. Some of these aspects are:

• Current or voltage driven device

• Unipolar or Bipolar device

• Normally-on or Normally-off

• Application

Table 2.1 shows some of the properties of the SiC power devices that have to be
considered. The SiC JFET and the SiC MOSFET are unipolar devices, meaning
that the conduction of current is based predominantly on the use of majority charge

Table 2.1: Properties of 1200 V SiC devices. (*There are many different structures
for N-ON JFETs, some have usable body-diodes)

Device Control type Reverse Conduction Anti-parallel diode
SiC Current Not Full current rating
BJT controlled possible of diode
SiC Voltage Yes Usable body-diode or*

N-ON JFET controlled diode for dead-time
SiC Voltage and Yes Diode needed,

N-OFF JFET current controlled rated for dead-time
SiC MOSFET Voltage Yes Usable body-diode
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carriers. Bipolar devices, on the other hand, make use of both the majority charge
carriers and the minority charge carriers.

The unipolar devices are voltage controlled, even though the SiC JFET, espe-
cially the normally-OFF version [34], needs a current of 100-300 mA to the gate
to reduce the resistance of the channel. The unipolar devices also have possibility
to conduct the current in the reverse direction, [35]. The SiC MOSFET, and some
of the normally-ON JFETs, have an intrinsic body diode. This body diode could
be used to conduct the current during the dead-time. The voltage-drop across the
body diode is much higher than that of an anti-parallel Schottky diode. It is not
advisable to design a converter such that the body diode is used for the full duration
of the reverse conduction. The temperature dependency of the ON-state voltage for
the body diode of a lateral channel vertical JFET (LCVJFET) has been presented
in Publication I. It is shown in Fig. 2.2a that the body diode of the LCVJFET
has a negative temperature coefficient and is thus, not suitable for paralleling. How-
ever, the resistance of the channel has a positive temperature coefficient, as seen
in Fig. 2.2b. This make the LCVJFET suitable for parallel connection if either an
external anti-parallel diode is used or a correct dead-time control is utilized. The
dead-time control of unipolar devices is discussed in Chapter 4.

(a) (b)

Figure 2.2: (a) Voltage across body-diode and (b) ON-state resistance dependency
of temperature.

A normally-ON JFET needs to have a negative voltage on the gate before the
power to the system is supplied. Otherwise, a shoot-through current will occur
which may destroy or degrade the devices. Some solutions to solve this have been
presented in the literature. The self powered gate driver [36] and the SiC JFET/Si
MOSFET Cascode [37] are two examples.



2.1. SIC POWER DEVICES 15

The SiC bipolar junction transistor is, on the other hand, current driven, can-
not conduct any substantial current in the reverse direction, and does not have an
intrinsic body diode. In most all other aspects, the SiC BJT behaves like a unipolar
device with fast switching transients, resistive conduction losses and a positive tem-
perature coefficient of the collector-emitter voltage. Since the SiC BJT is current
driven, it is also a normally-OFF device.

devices have a positive temperature coefficient of the ON-state voltage drop
above room temperature, [25, 27, 38], which is of great importance if parallel con-
nection is targeted.

A non-scientific comparison between the popularity of SiC BJTs, SiC JFETs
and SiC MOSFETs is shown in Table 2.2. It can be seen that the SiC MOSFET is
by far the most popular device. There are three main reasons for that. Those are:

• The SiC MOSFET is the most developed device because it has had the most
capital behind it. The companies that have developed the MOSFET have
been able to have a long-term strategy.

• Engineers prefer the SiC MOSFET over the other devices since, from a driver
point-of-view, it is the SiC device which most resembles the Si IGBT. The
belief is, that it is only to exchange the gate driver voltages of the existing
IGBT drivers and then the Si IGBT modules can be replaced with SiC MOS-
FET modules. This is of course possible, but it will not take full advantage
of the more expensive SiC MOSFET modules.

• The SiC MOSFET is a normally-OFF device, meaning that the device is in
the OFF-state if no power is supplied to the gate driver.

Table 2.2: Non-scientific comparison between the popularity of SiC components
26/4 - 2015

Forum and query SiC BJT SiC JFET SiC MOSFET
IEEE XPLORE title: "SiC XXX" 32 101 94
IEEE XPLORE meta: "SiC XXX" 77 242 326

IEEE XPLORE meta: SiC and XXX 165 428 1137
Google: "SiC XXX" 7860 39900 151000

1200 V devices on Digikey 1 0 4



16 CHAPTER 2. SIC POWER DEVICES AND APPLICATIONS

2.2 Why Silicon Carbide Bipolar Junction Transistors?

If the aspects from the previous section are taken into consideration, the question
is: What niche does the SiC BJT fit into?

– The SiC BJT is current controlled and needs considerable power provided
from the base driver to conduct.

– The SiC BJT has almost no possibility to conduct the current in the reverse
direction.

= The SiC BJT has approximately the same switching speeds as the SiC MOS-
FET and SiC JFET.

+ In [39] it is found that at 125 °C the SiC BJT has the lowest specific ON-state
resistance, which is the ON resistance normalized to the total chip area. The
SiC BJT also has the smallest increase from 25 °C to 125 °C compared to
a SiC MOSFET and three different types of JFETs. This indicates that the
ON-state losses of the SiC BJT are less dependent on temperature than the
other devices.

+ The SiC BJT is a normally-OFF device, and since the BJT is current con-
trolled it may not be as sensitive to crosstalk as the SiC MOSFET and SiC
JFET. Both the unipolar devices have a low threshold voltage and are sensi-
tive to crosstalk between the upper and lower switch in a half-bridge configu-
ration. A solution to the crosstalk problem has been presented independently
in [40] and [41].

+ The SiC BJT has a great short-circuit capability [42]. This is due to the limit
of the base current that brings the BJT device out of saturation and limits
the shoot-through current. This is illustrated in Fig. 2.6 where short-circuit
occurs for 1 µs for two different magnitudes of base current.

+ The SiC BJT has no oxide-layer. The fabrication and stability of the oxide
layer has been challenging for the SiC MOSFET. For the newer generations of
MOSFETs the stability increases, but above 200 °C the SiC BJT is preferred
[43].

The SiC BJT can be the device of choice in many applications. But it seems to
excel in an environment where a robust device is needed that can withstand higher
temperatures. It is yet to early to see what impact the 1200 V SiC BJT will have.
It is possible that SiC BJTs finds its niche at higher blocking voltages. The high
voltage SiC BJT seems to be promising at higher blocking voltages of 10 kV with
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(a) (b)

Figure 2.3: SiC BJT short circuit currents for different base currents: (a) 0.5 A
and (b) 1 A. Presented at EPE 2014, [42].

high gains of up to 75 as presented in [44]. Additionally, a 5.8 kV device with as
low specific ON-state resistance as 28 mΩcm2 has presented in [45].

Gain of Bipolar Junction Transistors

The SiC BJT is a current-driven device, which makes it stand out from the other
devices. The gain, β, of the BJT is defined as

β = IC

IB
, (2.1)

where IC is the magnitude of the collector current and IB is the base current.
The quantity β is defined as the ratio of the minimum value of IB and IC for the
case when the device is fully ON. Typical gains for a 1200 V, 50 A SiC BJT, [46],
as a function of IC and the temperature are shown in Fig. 2.4. It can be seen that
β is dependent on both the magnitude of IC as well as the temperature.

Figure 2.5 illustrates what happens when the SiC BJT goes out of saturation.
It shows the voltage and current waveforms of a SiC BJT in a boost converter. At a
well-defined instant, the base current decreases discretely in the next two switching
cycles. Three different switching cycles are shown with a base current that is
reduced twice. During the first switching cycle the collector-emitter voltage, VCE ,
drops at turn-ON and the current inductor current of the boost converter increases.
For the next two cycles, the device never goes into saturation, and thus the full
voltage is observed across the device. This shows the importance of supplying a
sufficent amount of base current to the device.

How to drive the SiC BJT and related issues are discussed further in Chapter
3.
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Figure 2.4: Gain of SiC BJT from Fairchild presented in [46] with permission of
the author.

VCE

IB

IC

Figure 2.5: Collector-emitter voltage (top), base current (middle), and collector
current (bottom) when reducing the base current in steps.

2.3 Applications for SiC power devices

The initial rating of the blocking voltage for the majority of SiC transistors when
appearing on the market was 1200 V. At this blocking voltage there is no compe-
tition from Si MOSFETs, only from Si IGBTs. Even though the hybrid modules
are found in converters and systems today, not many “All SiC” products have yet
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been commercialized. However, lots of work is performed all across the world in
both industry and academica by several research groups. This section gives some
examples of applications that have been proposed:

• Automotive applications One reason to limit the devices to 1200 V is
the influence of the automotive industry. In the last decade a tremendous
development has occurred in hybrid electric vehicles (HEVs). The higher
efficiency of SiC power electronics enhances the range of the vehicle while the
lower losses and higher temperature tolerance give the opportunity to reduce
the cooling system, and makes the drive system both lighter and cheaper.
The gain of 1200 V SiC JFETs over 1200 V Si IGBTs is exemplified for HEVs
in [47] and in January this year, Toyota announced that they are testing an
Toyota Camry with SiC devices in the drive train of the car.

• Railway traction also shows great potential for SiC devices [31]. Last year
Mitsubishi released an “All SiC” 3.3 KV, 1.2 kA module for railway traction
applications. It is stated to enable both a reduction of size and increase in
efficiency.

• Converters targeted for photo voltaic (PV) applications have shown great
potential. PV systems need several switch-mode converter steps to transform
the electricity to the grid. To reduce the overall losses, converters based on
SiC devices could be used [26,48].

• Resonant converters for induction heating is another filed with an extensive
development, [49,50]. There are many new ideas and realizations of old ideas
that did not work with Si IGBTs. Chapter 4 discusses several aspects of SiC
power electronics in resonant converters. Resonant converters can be used for
other applications as well.

• High-efficiencyAC drives is another area with potential. Here high-efficiency
together with compact design is of importance [27,28].

The list can easily be made longer. The point is, that when the SiC technology has
matured, it has shown its reliability and prices have come down, it may be of interest
in all applications that need devices with a blocking voltage of 1200 V or higher.
However, there have to be at least a few main applications where the technology can
show its maturity. It will be interesting to see if the Mitsubishi traction converter
is successful. Another area in which the author foresees a large and early impact
of the SiC technology is high-frequency resonant converters. Higher frequencies
than today are achievable, which open the field to thin materials as well as to
non-magnetic materials.
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High Voltage Direct Current

One future area of power electronics where the high-voltage SiC devices, 3.3 kV and
above, will have an impact is in HVDC transmission. Since HVDC transmission
transfers high power, an increase in efficiency of just 0.1 % – 0.2 % is of great
importance. A theoretical study was made in Publication II to investigate the
impact that SiC JFETs and SiC BJTs could have in a modular multilevel converter
(M2C). For the M2C application the SiC JFET have two major advantages over
the SiC BJT:

• The SiC BJT needs a significant base current. For the high power that M2C
is targeting the base drivers will consume a significant power. This power con-
sumption can be reduced with proportional base drivers which are discussed
in Chapter 3.

• The SiC JFET has the possibility to conduct the current in reverse direction.
This will reduce the ON-state losses compared to conducting the current
through the ant-parallel diode.

(a) (b)

Figure 2.6: (a) Schematic of M2C and (b) submodule design of the experimental
setup with a SiC JFET (top) and of a Si MOSFET and its anti-parallel diode
(bottom).
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Figure 2.6a shows the schematic of the M2C. The concept of M2C is that you
can switch in and out discrete voltage sources to get a more sinusoidal voltage
waveform than a 2-level converter. The M2C concept is described in [51].

Figure 2.7: Phase leg of the lab prototype showing the SiC and the Si submodules.

Figure 2.8: Comparison of the SiC M2C efficiency for both the SiC JFET cases.

A comparison to a corresponding M2C with Si IGBTs, [51], was conducted. A
submodule of a down-scaled 3 kVA prototype M2C was replaced with a submodule
with SiC JFETs without anti-parallel diodes. This was the same SiC LCVJFET as
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the one characterized inPublication I. These submodules are seen in the schematic
diagram of 2.6b, and a photography of the setup is seen in 2.7. It is shown that the
diode-less operation is possible with the JFETs conducting in the negative direc-
tion, leaving the possibility to use the body diode during the switching transients.
Experimental waveforms for the SiC submodule verify the feasibility during normal
steady-state operation. In Fig. 2.8 the calculated losses for two high-voltage JFETs
are shown. The loss estimation shows that a 300 MW M2C for high-voltage direct
current transmission would potentially have an efficiency of approximately 99.8%
if equipped with future 3.3 kV 1.2 kA SiC JFETs.

This chapter has discussed the various existing SiC devices and shown some po-
tential industrial application for the SiC technology. Additionally, a brief summary
of the results from Publication I and Publication II is presented. In the next
chapter, different base driver concepts for SiC power BJTs are presented.



Chapter 3

Base Drivers for Silicon Carbide
Bipolar Junction Transistors

This chapter builds on the results presented in Publication III and Publication
VI.

Optimizing base drivers is one way to make the SiC power BJT more attractive
for customers who seem to prefer the more easily driven SiC MOSFET. One way of
optimization is to reduce the power consumption of the base driver while keeping the
steady-state and switching performances. This chapter summarizes the published
base drivers for SiC power BJTs with a focus on the appended papers. Section 3.2
presents the results from Publication III, where the dual-source driver is intro-
duced. This section also discusses other driver concepts that have been presented.
Section 3.3 introduces the proportional base drivers and especially the results in
Publication IV, which is the publication where the first proportional base driver
for SiC BJTs were published.

Finally, in Section 3.4, the reverse conduction properties of the SiC BJT and
the relation to the base driver are described as in Publication VI.

3.1 Introduction to Base Drivers

Even though the gain for the SiC BJT is an order of magnitude higher than for the
Si BJT, [52,53], and that most of the other drawbacks from Si BJT era have been
eliminated, [46,54], there is not as much interest in the SiC BJT as it is for the SiC
JFET or the most popular SiC MOSFET as was shown in Table 2.2. This is mostly
due to the two main drawbacks of the SiC BJT compared to the the SiC MOSFET
and SiC normally-ON JFET. These are the inability to conduct the current in the
reverse direction and that a fairly high on-state base current is needed to drive the
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device into saturation.
The first drawback has an easy solution: to use an anti-parallel diode. This

is done for Si IGBTs and is also used today in most, if not all, SiC MOSFET
modules [55]. When the SiC BJT and its anti-parallel diode conducts a current
in the reverse direction, an increased voltage drop is observed compared to the
forward conduction. A look at the data-sheet from CREEs SiC MOSFET module
CAS300M12BM2, rated for 300 A and 1200 V, shows that the voltage drop across
the diode at 300 A is 1.7 V with a negative gate voltage. If instead a positive gate
voltage of 20 V is applied, thus enabling reverse conduction through the channel,
the voltage drop is lowered to 1.2 V. At 100 A the difference is even larger with
voltage drops of 1.2 V and 0.5 V. Almost the full current goes through the channel
of the MOSFET instead of significantly sharing with the anti-parallel diode. This
gives higher losses for the system built with BJTs and anti-parallel diodes. The
BJT system also needs the diodes to be rated at the full current which means more
SiC used. The unipolar devices just need to rate the diodes for the duration of
the dead-time. This was shown for a 40-kW converter using 10 parallel JFETs
and just a single Schottky-diode in each switch position, [27]. For some of the
unipolar devices there is the possibility to use the inherent body-diode instead of
an additional Schottky-diode. This has been investigated in a resonant converter
[Publication VI] using a CREE 25 mΩ MOSFET without any anti-parallel diode
and for a 100 mΩ JFET operating in a modular multilevel converter, [Publication
II]. This was first shown by Ållebrand in 2001, [56].

A way to eliminate this drawback is to use the SiC BJT in converters where the
current only flows in one direction, like a one-directional boost converter. This has
been described in [25,57].

The second drawback, a fairly high on-state base current, is on the other hand
something that can be minimized by optimizing the base driver. And this is what
will be discussed in this chapter.

3.2 Base Drive Concepts

Power bipolar junction transistors, or Power BJTs, have been around since the 80’s
and thus, there are at least three different concepts for the base drivers. However,
as was shown in the review of Si BJT base drivers made in Publication III, the
issues that the base driver designers faced with the Si BJTs are not relevant for SiC
BJTs. The review shows three types of base drivers that were commonly used:

• Direct drivers with Baker clamp and speed-up capacitors [8, 58].

• Drivers for Darlington transistors [52,58,59].
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• Proportional drivers with collector current transformers [58,60].

All these drivers were complicated in comparison with state-of-the-art IGBT
drivers of today, and even though some ideas from the 80’s could be re-used a new
design had to be made for the SiC BJTs.

The two main design criteria for a base driver of a SiC BJT are:

1. Enable fast switching of the device by providing and extracting the base
charge sufficiently fast.

2. Provide sufficient base current to keep the device in saturation during the
on-state.

This should be done while consuming as little power as possible, being able to keep
the device off during the OFF-state and have low oscillations on the base.

The different contributions to the driver power consumption are identified. From
the device itself two consumptions can be derived. During steady-state conduction
the base current, IB , consumes power, PBE , across the base-emitter junction,

PBE = IB ∗ VBE , (3.1)

where VBE is the voltage drop across the base-emitter junction. This voltage
is fairly stable during forward conduction and varies slightly with temperature and
collector current. The second driver consumption from device the itself is related
to the charge that must be provided to the base, PSB . The corresponding power is
given by

PSB = QB ∗ VBE ∗ fS , (3.2)

where fS is the switching frequency of the device and QB is the base charge.
PSB in (3.2) is independent of which driver design is used while PBE in (3.1) is
approximately linearly dependent on the base current.

It is important to ensure that the device turns on and off sufficiently fast to
minimize the switching losses. Even though there is a relation between reduced
switching losses and increased driver consumption, it is more important from a
systems point-of-view to keep the switching losses low instead of keeping the driver
consumption to a minimum.

Single-Source Base Driver

In [Publication III] a simple approach is followed by testing a single-source driver
and identifying where the power consumption of the driver originates from and
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Figure 3.1: Single-source base driver with base resistor.

Figure 3.2: Single-source base driver with speed-up capacitor and optional damping
resistor.

calculating the losses. The two single-source concepts can be seen in Fig. 3.1 and
Fig. 3.2.

These simple concepts are well known. The first driver consists of a voltage
source, VCC , a totem-pole and a base resistance, RB . This driver has resistive
losses, PR, in RB and in the resistive channel of the totem-pole, RDRV , during
conduction,

PR = I2
B ∗ (RB +RDRV ). (3.3)

The second driver also has a speed-up capacitance, CB , for faster transients. A
damping resistor, RDP , can be used to damp out the introduced oscillations. The
introduced speed-up capacitor causes power consumption, PCB , as it is charged
and discharged during transitions. This consumption is derived as,

PCB = (VCC − VBE)2 ∗ CB ∗ fS , (3.4)

where (VCC − VBE) is the voltage that the capacitor is charged to during turn-
ON. Two other consumptions are added to take the total consumption into consid-
erations. These are PST ANDBY which is the losses of the driver when there is no
base current flowing and no switching occurring of the device. This consumption
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Figure 3.3: Ideal base current.

comes from the isolated supply, the fiber receiver or opto-coupler, and other passive
consumption that has no direct impact on the driving of the device. Finally, there
are additional losses, PADD, which are the losses that are hard to measure and
calculate. PADD usually become larger with a higher base current and a higher
switching frequency.

For the steady-state consumption a low VCC is preferable, since that enables a
small RB , minimizing PR in (3.3). However, on the other hand, a high VCC , in
combination with a speed-up capacitor makes the turn-ON and turn-OFF of the
SiC BJT faster, enabling lower switching losses and a higher switching frequency.
These two attributes are hard to combine in a single-source driver.

A solution is presented in the next section, a dual-source (2SRC) base driver.

Dual-Source Base Driver

The 2SRC base driver, that was first introduced in [Publication III], combines a
low steady-state base current together with a high base current during transients
for fast switching. The ideal waveform of the base current is shown in Fig. 3.3. It
is possible to achieve this current shape with a number of different drivers, [61,62]
are two different examples that have been published.

The 2SRC base driver is shown in Fig. 3.4 and consists of two totem-pole drivers
that are connected to different voltage sources, one low-voltage source for steady-
state operation and a high-voltage source that is optimized for the transients. A
base resistor limits the base current in the steady-state part, while a capacitor is
used on the high-voltage side to supply transient current to the base during turn-
ON as well as to extract the charge of the base during turn-OFF. This driver is more
complicated than a single-source driver, but on the other hand, it performs much
better. A comparison can be seen in Table 3.1, where the consumption comparison



28
CHAPTER 3. BASE DRIVERS FOR SILICON CARBIDE BIPOLAR

JUNCTION TRANSISTORS

Figure 3.4: Dual source, 2SRC, base driver.

is calculated with a duty ratio of 0.5 and a switching frequency of 100 kHz.
The 2SRC base driver turns on and off the device much faster than the single-

source drivers just using a 5 V supply. The 2SRC base driver should be used
instead of the single-source drivers if a high-frequency hard-switching application
is targeted. For soft-switching applications, on the other hand, the simpler R-C
network base driver could be used.

Figure 3.5 shows the base driver consumption for the 2SRC base driver concept
at different frequencies. It can be seen that at higher frequencies, 200 kHz and
above, the driver consumption associated with the switching transitions becomes a
more dominant factor and has to be considered. The 2SRC base driver concept was
used when a compact boost converter with a rating of 6 kW was constructed [25].

Table 3.1: Driver comparison. Consumption is at D=0.5 and fs=100 kHz.

Driver Resistor R-C Network 2SRC
VCC 5 V 5 V 5/24 V
RB 5.6 Ω 5.6 Ω 5.6 Ω
CB - 68 nF 6.8 nF
PCB - 27 mW 300 mW

PCB + PR + PBE + PSB 815 mW 842 mW 1115 mW
tON 350 ns 110 ns 20 ns
tOF F 100 ns 45 ns 35 ns
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Figure 3.5: Driver consumption for the 2SRC base driver at different switching
frequencies.

One of the aims of this publication was to see how small the passive components
could get with a switching frequency of 250 kHz. At this high frequency, the drivers
needed dedicated forced cooling.

3.3 Proportional Base Driver Concepts

This section focuses on different concepts to reduce the steady-state consumption of
the base driver. The idea behind this is that the load current for most applications
varies over time, and especially the current that flows through the BJT, and thus
the base current could be varied over a load cycle. This will reduce the total
consumption of the base driver. The driver would still need to be designed to
deliver base current for the maximum collector current and temperature of the
application. The gain of the SiC BJT is dependent on the temperature and the
collector current as explained in Chapter 2.

The idea of proportional drivers for BJTs is not new, but was used, or at least
presented in scientific journals, for Si BJTs in the 80’s. None of these ideas where
applicable to switch a SiC BJT in an efficient way. One concept was to add a
transformer on the collector side to have a direct feedback to the base driver.
Since SiC devices can switch very fast current transients, it is not advisable to add
an additional inductance in the current path. Two main current source concepts
for proportional drivers for SiC BJTs have been presented. One is a pulse-width
modulated (PWM) solution, Fig. 3.6, and the other is based on combining fixed
current sources, Fig. 3.7.

The PWM-based solution, that was presented in [63] (which is a conference
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Figure 3.6: Pulse-width modulated proportional base driver concept for SiC BJTs.
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Figure 3.7: Proportional base driver voltage source concept, with a variable resistor
bank. This driver is also known as discretized proportional base driver (DPBD).

publication that had this part removed when reworked into Publication IV), has
few passive components and reminds of the concept presented in [62]. It employs
the same idea for fast turn-ON, but then T1 and T2 are operated by means of
PWM to adjust the current within a certain tolerance band such that the SiC BJT
is kept in saturation mode. This concept has been presented for a soft-switching
application, [64], with good results. But in, [64], the base driver control did not
include the possibility to energize the inductor before turn-ON in order to achieve
a fast turn-ON.

The discretized proportional base driver (DPBD) seen in Fig. 3.7 is based on
the ideas from the 2SRC driver but with the possibility to adjust the base current
depending on the demand. The driver uses the possibility to switch in and out
discrete current sources to adjust the base current. For the highest base current all
current sources, RSW x, are switched in, and when the collector current is very low,
only RCONST is conducting.
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Figure 3.8: Proposed control of the DPBD with eight different base current levels.

Discretized Proportional Base Driver (DPBD)

Control of DPBD

To be able to control the base current in accordance with the collector current and
temperature, both those quantities have to be measured. In some applications, just
one of these quantities might change. For instance, if the temperature of the switch
is constant or if the collector current is close to constant. An illustration of the
proposed control can be seen in Fig. 3.8, where eight different base current levels
are available and the temperature range is divided into three discrete levels.

The control works in such a way that, when the collector current increases, the
base current increases from one discrete level to the next on the right. For example,
from 001 to 010. As the temperature increases, the range for each discrete level is
reduced due to the lower gain. Two look-up tables are used, one to see if the upper
limit of the collector current is reached, H-LUT, and one to see if the lower limit is
reached, L-LUT. The number of columns in each control table is one less than the
number of discrete base current levels and the number of rows is how many discrete
temperature levels the control has been divided into. As can be seen in Fig. 3.8
the current levels overlap. This enables the hysteresis control function.
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Figure 3.9: dc-dc boost converter with a Hall-effect current measurement.

Implementation of DPBD

The DPBD is designed and the control is implemented for a boost converter. The
inductor current is measured by a Hall-effect current sensor as shown in Fig. 3.9.
The output from the Hall-effect current measurement is then fed back to the con-
troller to be used as the input for H-LUT and L-LUT. In the implementation, only
one temperature level is used. The numbers in the H-LUT and L-LUT tables, seen
in Table 3.2 represent the output voltage from the Hall-effect current sensor in mV.
If the index is 0, and the control value increases above 900 mV the index changes
from 0 to 1. To change the index again, the control voltage has to increase above
1200 mV or under 800 mV. Figure 3.10 and Table 3.2 show the calculated and
measured consumptions for different base currents with fS = 98 kHz and D = 0.6
at room temperature. The steady-state consumption, PR +PBE , increases linearly
with the base current. The steady-state consumption increases seven times wile the
total consumption of the DPBD more than doubles when the base current increases
from 0.18 A to 1.27 A.

The blue crosses in Fig. 3.10 show the measured consumption of the DPBD

Table 3.2: Control Arrays H-LUT and L-LUT, base current, calculated steady-state
losses and measured losses at 98 kHz and D = 0.6

Index 0 1 2 3 4 5 6 7
Switch control 000 001 010 011 100 101 110 111

H-LUT 900 1200 1500 1800 2100 2400 2700 -
L-LUT - 800 1100 1400 1700 2000 2300 2600

Base current [A] 0.18 0.48 0.71 0.87 1.04 1.13 1.21 1.27
Calculated PR 0.22 0.57 0.85 1.04 1.25 1.36 1.46 1.53
Calculated PBE 0.33 0.86 1.28 1.56 1.88 2.04 2.18 2.29

Measured con. [W] 2.82 3.86 4.51 5.21 5.67 6.17 6.36 6.61
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Figure 3.10: Measured base driver consumption versus calculated base current con-
sumption for different base currents.

Figure 3.11: Base current (top), Hall-effect output voltage (middle), and collector
current (bottom) just after switching has started. fS = 91 kHz and D=0.6.
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Figure 3.12: Base current (top), collector current (middle), and Hall-effect output
voltage (bottom) as the duty-ratio changes from 0.6 to 0.38.

for different discrete values of the base current. The measured consumption agrees
well with the calculated consumption.

A Hall-effect-based linear current sensor is used in series with the inductor
to measure the inductor current. Hall-effect element implemented in the circuit
transmits a voltage whose magnitude depends linearly on the inductor current.
This voltage is then measured and averaged in a digital signal processor (DSP)
shortly after turn-OFF transients have passed in the inductor current. The DSP
then uses two simple arrays to decide if the inductor current has changed enough
in either direction to warrant a change in steady-state base current for the next
ON-state interval for the SiC BJT in the boost converter. If a change is detected
in H-LUT or L-LUT then the base resistor switches are switched before the BJT
turns on again. Figure 3.11 shows the base current, collector current and Hall-effect
output voltage just after the boost converter has started to switch with a duty-ratio
of 0.6. It can be seen that the collector current increases from its initial state. As
the collector current increases, so does the inductor current which is measured by
the Hall-effect transducer. When the control signal increases, so does the base
current. It can be seen that the base current increases twice during the period
seen in the oscilloscope screen dump. The currents are measured by Rogowski-coils
which integrate the measured voltage. A Rogowski-coil captures fast transients very
well but cannot reproduce direct currents. This is the reason for why the average
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value of the base current reduces over time. In Fig. 3.12, the duty-ratio changes
from 0.6 to 0.38. This reduces the collector current and also the Hall-effect output
voltage, which in turn reduces the base current.

Applications for the Proportional Driver

Table 3.3: Steady-state energy consumption during the NEDC. D = 0.5, TJ =
145°C

Energy Boost simple Boost DPBD Buck simple Buck DPBD
consumption drive with 4-IB lvls drive with 4-IB lvls∫
PRdt+

∫
PBEdt 2242 J 834 J V 774 J 311 J∫

PON−statedt 1353 J 1353 J V 687 J 687 J

The possibilty to reduce the losses in the proposed driver depends on how many
levels are chosen for the base current and on the waveform of IC . This driver
will reduce the steady-state losses in applications where the collector current of
the BJT varies over time. To make a comparison of the loss reduction with the
introduced discretized BJT driver and the one with a constant base current, a
simulation has been made of an ideal electric vehicle driving the standard drive
cycle New European Driving Cycle (NEDC). The application is a dc-dc converter
that transfers the energy from a 400 V battery to a 800 V dc-link or vice versa
during breaking. The steady-state energy consumption can be seen in Table 3.3.
The total base driver consumption of both drivers are compared with the ON-state
losses of the SiC BJT. It is interesting to note that the driver consumption is in
the same range as the losses from the device.

3.4 Reverse Conduction of SiC BJTs and the Relation to
Base Drivers

Reverse conduction for the SiC BJT has not been fully investigated in the literature.
This subsection is taken from Publication VI and aims to shed some light on this
issue. The reverse conduction properties of SiC JFETs and SiCMOSFETs are well
known and is presented, in for instance, in Publication I and [35].

For Si BJTs unreasonably high base currents where observed during reverse
conduction as described in [8]. The paper, which is from the 80’s, describes possible
problems with different base drivers such as Darlington drivers and direct drivers.
The main issue was the reduction of VBE during reverse conduction of the Si BJT
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Figure 3.13: Tracer graph showing collector-emitter voltage versus collector current
for different base currents, using steps of 200 mA.

and its anti-parallel diode. Due to the lower VBE a higher voltage was obtained
across the base resistance and thus a higher base current was obtained.

For the SiC BJT, as for the Si BJT, VBE is not constant but depends on the
voltage drop across the BJT and its anti-parallel Schottky-diode. For instance,
with 0 V applied across the SiC BJT VBE is 2.82 V at room temperature using a
base current of 0.615 A. If a current of 10 A is a applied to the device VBE increases
up to 2.91 V. However, if instead a reverse current with a sufficient magnitude to
push the device out of saturation is applied, then VBE is a function of the voltage
drop across the diode. With a reverse current of 0.75 A and a base current of
0.64 A the device is still in saturation but when a higher reverse current is applied
the device comes out of saturation and the diode starts conducting. This in turn
reduces VBE . [65]

To investigate the reverse conduction of the SiC BJT a curve-tracer was used.
The reverse gain, βR, is approximately 1.2, as shown in Fig. 3.13. As seen in Fig.
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Figure 3.14: Tracer graph showing base-emitter voltage versus collector current for
different base currents, using steps of 200 mA.

3.14, VBE is stable as long the device is in saturation mode. But when a negative
voltage is applied across the collector-emitter junction, like in the case of anti-
parallel diode conduction, the BJT will no longer operate in the saturated mode,
as seen in Fig. 3.13. To further illustrate what occurs when the SiC BJT has base
current flowing during reverse conduction can be seen in Fig. 3.15. The uppermost
trace is the current that flows through a BJT and its anti-parallel Schottky diode.
In this figure the current, IEC , is defined in defined in the opposite way than
the normal convention for the collector current. This means that a positive value
indicates a current flow from emitter to collector. The middle trace is VBE and
the trace at the bottom is IB . It can be seen that when IEC is going to zero
VBE increases. This means that the voltage across RB , in the 2SRC base driver, is
reduced and thus a smaller base current flows to the base. Since βR is approximately
1.2 the SiC BJT goes into saturation before the zero-crossing.

This phenomenon, that VBE is reduced during reverse conduction, has to be
taken into consideration when designing a base driver. SiC BJT drivers usually
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Figure 3.15: Current through the switch position defined in the emitter-collector
direction, IEC (top), VBE (middle), and IB (bottom) before and after the zero-
crossing of the current.

have a steady-state design that considers a constant VBE and then a resistor is
used to set the base current to a desired level. The base-driver losses might be
significantly higher than expected due to the higher base-current. Thus, if not
properly dimensioned, the electronics of the base driver can be damaged due to the
higher currents and increased temperatures. Three ways to reduce this problem are
proposed:

1. Use a control algorithm that makes sure the BJT only conducts in the reverse
direction just before the collector current goes through zero.

2. Make sure that the base driver can withstand the increased power dissipation.

3. Use a proportional driver that sets the base current to a minimum during
reverse conduction.

In [Publication IV] the two first solutions are tested and compared in a res-
onant converter. A significant reduction of the steady-state power consumption,
PR + PBE , of the base driver is achieved. This is discussed further in Section 4.4.

This concludes the chapter on base drivers and the aspects of driving the SiC
BJT during reverse conduction. In the next chapter the impact of the SiC BJT
and SiC MOSFET in a series-resonant converter is presented.



Chapter 4

SiC unipolar and bipolar power
devices in a SLR converter

This chapter compares the performance of the SiC unipolar (MOSFET) and bipolar
(BJT) devices in an SLR converter where efficiency and high-frequency operations
are studied. Six different aspects have been considered. The results in this chapter
are presented in Publication V – Publication VIII.

Finding the applications where SiC power devices can have the greatest impact is
important. One of the applications where SiC could have a great and early impact
is in resonant converters. This is due to that the fact that the fast switching
transients and the lack of tail-current makes it better suited to for use in soft-
switching applications. The switching loss of the SiC power switches are much
smaller compared to the Si IGBT. This enables very high switching frequencies.
This chapter summarizes the investigation of introducing the SiC power devices in
the full-bridge series-loaded resonant (SLR) converter.

Six different aspects were investigated, and how the losses in the SiC power
devices are affected by them:

• Load voltage - For all tests, the load voltage was varied in steps as a percentage
of the dc-link voltage, i.e. 0, 25, 50, 70, and 90 % .

• Device - Two different devices were investigated: A unipolar SiC MOSFET
with body diode and a bipolar SiC BJT with an anti-parallel SiC Schottky
diode.

• Dead-time - An active dead-time control and how it affect the bipolar and
unipolar SiC power devices was investigated?

39
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• Switching frequency - To be able to vary the switching frequency, three dif-
ferent resonant tanks were used.

• Capacitive snubber - For each resonant frequency, different values of snubber
capacitance were investigated.

• Control method - All tests, except one, are done with frequency modula-
tion (FM). Dual control (DuC), [66], is investigated as an alternative control
method. DuC is believed to be very beneficial together with SiC unipolar
devices.

4.1 Basics of the SLR Converter with Capacitive Snubbers

The basic full-bridge SLR converter, Fig. 4.1, consists of a full-bridge which has
its output loaded with a resonant tank. The latter consists of an inductor, LRES ,
and a capacitor, CRES , in series with a load. Typically, a dc-load is fed by a
rectified current from a isolation transformer. If a high-frequency load is targeted,
i.e. induction heating, [50], then no rectification is needed.

RES

RES

1 2

DC

L

Figure 4.1: Typical SLR converter with diode rectifier.

The resonant tank has minimum impedance at

f0 = ω0

2π = 1
2π
√
LRES ∗ CRES

, (4.1)

where f0 is the resonant frequency of the tank.
The control of the SLR converter can be done with different control methods.

The most common are frequency modulation (FM) and phase modulation (PM).
Additionally, dual control has been suggested. These control methods are explained
in detail in [66].

With FM the full-bridge produces a symmetrical square-wave voltage and the
two bride legs are operated in phase opposition. The power that flows to the load is
determined by the impedance of the resonant tank and the output voltage from the
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full-bridge. The FM control is usually divided into three modes which are defined
as:

• Mode I fs <
1
2f0

• Mode II 1
2f0 < fs < f0

• Mode III fs > f0

In Mode III, a higher fs does that the impedance of the resonant tank increases
and thus, a lower current, iL, flows through the resonant tank. In this chapter, FM
in Mode III is used as the primary control method.

When using FM above the resonant frequency, zero voltage switching (ZVS) at
turn-ON is utilized, but there is a hard turn-OFF. A snubber capacitor, CSN , in
parallel with the switch and anti-parallel diode will, however, make ZVS possible at
turn-OFF [?]. When using a capacitive snubber across a switch, it is important that
the snubber capacitance is fully discharged before turning the device on in order
to prevent that the remaining energy in the snubber is dissipated in the switch
(snubber shoot-through).

Figure 4.2 illustrates the typical waveforms of the SLR converter. The soft
flanks of the voltage transients across the high-side BJT in half-bridge leg A (AH)
is seen as well as the inductor current, iL. The pink trace shows the current of both
the low-side anti-parallel Schottky diode in half-bridge leg A (AL) as well as half of
the total snubber capacitance. The purple shows the current of the SiC BJT (AH).
It can be seen that the BJT only conducts a majority of the current in the forward
direction.

4.2 Analysis of Losses in the Full-Bridge

In this chapter, the losses of the SiC switches in the full-bridge inverter have been
analyzed, and to an extent the driver consumption of the SiC BJT base driver. The
losses of the complete SLR converter have not been investigated.

The losses of the devices in the full-bridge inverter can be divided into two parts:
Conduction losses and switching losses.

Conduction losses

The conduction losses are subdivided into two parts for the MOSFET, and three
parts for the BJT.

• The conduction losses from the BJT and MOSFET, PCON,S .
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Figure 4.2: Typical waveforms for a soft-switching SLR converter populated with
SiC BJTs and Schottky-diode. Currents (10 A/div), voltage (10 V/div), and time
10 (us/div)

• The conduction losses, PCON,D, for the anti-parallel Schottky diode (in the
BJT case) or body diode (in the MOSFET case).

• For the BJT, PBE , mentioned in the previous chapter, also has to be consid-
ered.

PCON,S is defined as:

PCON,S = 1
TS

∫ tON

i2(t) ·RONdt, (4.2)

where tON is the time when device is conducting the current. For the BJT also the
criterion i(t) > −IB · βR should also be met. This means that the reverse current
through the device is larger than the base current times the reverse gain, and a
very small current flows through the diode. RON is the ON-state resistance of the
device.

PCON,D is then defined as:

PCON,D = 1
TS

∫ tD

iF (t) · vF (t)dt, (4.3)

where tD is the duration when the Schottky diode or body diode is conducting. The
quantities iF (t) and vF (t) are the current through the device and voltage across
the device respectively.
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PBE is then defined as

PBE = tON · IB · VBE

TS
, (4.4)

as has been explained previously.
The equations presented here are the losses per switch position.

Switching losses

Since ZVS is enabled during turn-ON only the turn-OFF losses are considered as
switching losses.

If hard switching is employed the switching losses can be measured from the
data as the integral of the product of the current and voltage during the transition
time as,

PSW = fs · EOF F = fs ·
∫ tOF F

0
i(t) · v(t)dt, (4.5)

where EOF F is the switching loss energy during turn-OFF, and tOF F is the duration
of the turn-OFF transient.

In the case when capacitive snubbers are used the definition of switching losses is
more complicated. In this thesis it is defined as the losses that occur from the time
the conducting device turns-OFF until the current starts flowing in the opposite
switch position, and the losses which are associated with this process. For example,
when the lower device is conducting and via the capacitive snubber the current is
transitioned to the upper diode.

Figure 4.3 shows the ZVS turn-OFF process for a SiC MOSFET power module
with a 400 nF capacitive snubber across. A schematic diagram of the circuit can be
seen in Fig. 4.4. It can be seen that the switching loss has two major contributions.
First, the duration when the MOSFET is turning off and the current, i2, goes from
the turn-OFF magnitude of the current, IOF F to 0 A. It can be seen in Fig. 4.3 that
the voltage increases during this period. This means that (4.5) is applicable here
as well to calculate the switching losses. The voltage is lower during this transient
than if hard-switching would have been used. The voltage across T2 is greater than
VDS . VDS is measured on the module and not directly on the chip. To be able to
make a proper loss analysis the voltage has to be measured directly on the chip.

The second contribution is the one discussed in [67]. The losses originate from
the energy that is stored in the inductance in the loop formed by the snubber and
the diode. This energy is dissipated in the circuit as the snubber current, iSN ,
oscillates. It can be seen that the length of the period is approximately 850 ns, and
with a 400 nF snubber gives a parasitic inductance of approximately 45 nH.

Two publications, [67] and [68], discuss the impact from the parasitic inductance
in the transition loop when the current commutates from the capacitive snubber
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Figure 4.3: Soft-switching turn-OFF process of CREE SiC MOSFET power module
with 400 nF snubber. Currents (100 A/div), voltage (100 V/div), and time 500
(ns/div)

SN

DS
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Figure 4.4: Half-bridge circuit related to the turn-OFF procedure seen in Fig. 4.3.

to the diode. Another publication, [69], thoroughly explains the impact of the
capacitive snubber during the turn-OFF transients of Si IGBTs. What neither of
these publications discuss is the impact of parasitic inductance during the turn-OFF
of the device.

These two loss components are the major contributors to the total switching



4.3. EXPERIMENTAL SETUP 45

loss. There are also some minor contributions, such as:

• PSB as mentioned in Section 3.2 and (3.2).

• There are also some minor losses from the oscillation between the capacitive
snubber and the parasitic capacitance of the SiC devices. These oscillations
can be seen in Fig. 4.3 during the charging time of the capacitive snubber.

4.3 Experimental setup

In order to evaluate the losses for the different aspects being tested, a 6 kW test
system was designed, Fig. 4.5. It is an LCC-resonant converter with the resonant
inductance, LRES , in series with the resonant capacitor, CRES , and a capacitance,
CW , in parallel with the load. In the setup, CW is located at the input of the diode
rectifier bridge. As described in [70,71], CW adds to the stability and controllability
when using FM, especially at high load voltages. CW is chosen to be approximately
10 % of CRES . Photographs of the setup can be seen in Fig. 4.6a and Fig. 4.6b.

CRES

LRES/2

LRES/2

GND

1:1

Full-
bridge CIN

COUT

L

BOOST
VIN = 0-450 V

VOUT =
500 V

VDC =
500 V

ILOAD=12 A

Figure 4.5: Schematics of experimental test setup.

The output from the resonant tank is isolated via a 1:1 transformer and then
rectified by diodes. Since VDC is constant, the load voltage, VLOAD, is varied by a
boost-converter. VLOAD in this setup is the same as the input voltage, VIN , of the
boost converter. Thus,

VLOAD = VDC(1−D), (4.6)

where D is the duty-ratio of the boost-converter. The switching frequency of the
boost-converter is 30 kHz. For all measurement points ILOAD is constant but
VLOAD is measured in intervals from 0 % - 90 % of VDC . The parameters of the
system can be seen in Table 4.1. ILOAD is measured by means of a shunt resistor
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(a)

(b)

Figure 4.6: Photograph of the (a) front side and (b) backside of the experimental
setup.

as seen in Fig. 4.6a. Three different resonant tanks are used during the testing
with increasing resonant frequency.
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Table 4.1: Parameters and variables of the experimental setup.

VDC ILOAD VLOAD CIN COUT CDCL

500 V 12 A 0-450 V 10 µF 20 µF 30 µF
Resonant LRES CRES CW CSN fS

Tank 1 348.8 µH 180 nF 15 nF 10, 20, 40 nF 24.9-28.2 kHz
Resonant LRES CRES CW CSN fS

Tank 2 90.7 µH 45 nF 4.4 nF 4.4, 8.8 nF 98-111 kHz
Resonant LRES CRES CW CSN fS

Tank 3 50 µH 25 nF 2.2 nF 4.4 nF 182-198 kHz

Device under test

Two different devices, a MOSFET without any additional anti-parallel diode and
a BJT with an added anti-parallel Schottky diode, are tested in the full-bridges
as seen in Fig. 4.7. The device parameters are given in Table 4.2. In all the test
except one the snubber capacitance is divided equally between the upper and lower
switch positions. With Resonant Tank 1 and a CSN of 10 nF, the full capacitance
is over the lower switch. Three different designs are used on the full bridge:

• For FM, the full-bridge is utilizing capacitive snubbers on both half-bridge
legs.

• FM is also tested with hard switching, meaning that no capacitive snubbers
are utilized.

• for DuC, leg B has snubbers and leg A has no snubbers.

Only one design, with snubbers across all switch positions, is illustrated in Fig. 4.7.

Table 4.2: 1200 V SiC devices under test

Device SiC MOSFET SiC BJT SiC Schottky-diode
Voltage rating [V ] 1200 1200 1200
Current rating [A] 50 50 30 @ 145 ◦C

RON [mΩ] 25 17 -
Forward voltage [V ] - - 1.8 @ 30A



48
CHAPTER 4. SIC UNIPOLAR AND BIPOLAR POWER DEVICES IN A

SLR CONVERTER

(a) (b)

Figure 4.7: Full-bridge for experimental setup with capacitive snubbers. a) are
MOSFETs without anti-parallel diodes and b) BJTs with diodes.

Gate and Base Drivers

The BJT is controlled by the 2SRC driver presented by Rabkowski et al., [Publication
III], with a VCCL of 5 V and a VCCH of 24 V, a base resistance, RB , of 2.35 Ω, a
depletion resistance, RDP , of 1.0 Ω and a base capacitor, CB , of 32 nF. The MOS-
FET is controlled by a simple totem-pole driver with +24 V/-10 V, a turn-ON gate
resistance, RON , of 20 Ω and a turn-OFF gate resistance, ROF F , of 30 Ω. The
schematic diagrams of the drivers are seen in Fig. 4.8.

(a) (b)

Figure 4.8: Simplified schematics of a) base driver and b) gate driver.
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Power loss measurement

A direct measurement of input and output voltages and currents to measure the
power loss over the full-bridge is efficient, but not accurate due to the high band-
width of the signals. In addition, the gate and base drivers generate losses in the
device which are not included in the input and output powers of the full-bridge.
A calorimetric method has been developed to measure the losses of the full-bridge
more accurately. This is done via a thermo-electric measurement which measures
the input temperature of the fan on each heat-sink, Tamb,A and Tamb,B , and the
temperatures of the heat-sinks, Ths,A and Ths,B .

Figure 4.9: Equivalent thermal circuit.

During calibration, the thermal resistances, Rth,A and Rth,B , from heat-sink to
ambient are calculated. This is done by having a constant power for a certain time
such that the temperature of the heat-sink is stabilized. Then, the power input
and the temperatures are measured accurately. This is done for a certain number
of power inputs such that Rth,A and Rth,B can be calculated.

Temperature measurements are then taken during testing and the power loss,
PLOSS , can be calculated with the thermal resistances, Rth,A and Rth,B as

PLOSS = T∆,A ·Rth,A + T∆,B ·Rth,B , (4.7)

where T∆,A and T∆,B are the differences between the ambient temperature and
the temperature of the heat sink on each bridge-leg. Rth,X represents the thermal
cross-coupling between the two bridge-legs. When the total loss of the full-bridge
is sought, Rth,X is not needed. On the other hand, when the losses of each bridge
shoud be determined, Rth,X is essential. The measured total losses are estimated
to have an inaccuracy of less than 5 %.
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4.4 Discussion of results

This section discusses the six aspects contributing to the losses of the converter, as
mentioned in the beginning of this chapter.

Load voltage

For each device, each resonant tank, each snubber value, and each control method,
the losses of the full-bridge are measured at five different load voltages. The load
voltage influences both the conduction and the switching losses. As the load volt-
age is reduced, the voltage across the resonant tank increases, and since ILOAD

is constant in all experiments, the frequency is increased such that the impedance
increases. As the impedance increases, the resonant tank becomes more inductive.
The current wave-form is then less sinusoidal and more triangular, thus increasing
the RMS current. This is exemplified in Fig. 4.11 for the MOSFET full-bridge
loaded with Resonant Tank 2. The resonant tank also becomes more inductive,
meaning that the voltage leads by almost 90° at a VLOAD of 0 V. This in turn,
for the BJT full-bridge, forces the current through the Schottky diode for a longer
duration, increasing the conduction losses. For the MOSFET full-bridge the in-
creased duration of the body diode conducting can be eliminated with a correct
dead-time control. Also, the switching losses increase with a reduced load volt-
age. The magnitude of the turn-OFF current, IOF F , increases as well as the the
switching frequency.

Device

The BJT and MOSFET are two very different devices with some similarities as
discussed in Section 2.2. The main difference when a resonant converter is consid-
ered is that the MOSFET has the possibility to conduct the current in the reverse
direction. This reduces the voltage drop compared to that of a Schottky diode or
of the body diode. The other real differences are that the base current of the SiC
BJT adds to the losses via PBE and that the SiC MOSFET has a body diode that
can conduct the current during the dead-time. Even though an investigation on
thermal dependency has not been carried out in the scope of this thesis, it has been
presented previously that the conduction losses of the SiC BJT are less dependent
of the temperature compared to the SiC MOSFET [39,49].

Switching frequency

The resonant tank is a large part of the cost in resonant converters. What SiC
devices enable, due to their lower switching losses compared to Si IGBTs, is to
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(a) (b)

Figure 4.10: Typical voltage and current curves at 90% load voltage (a) and at 0%
load voltage (b). Currents (20 A/div), voltage (1 kV/div), and time 1000 (ns/div)

Figure 4.11: Typical voltage and current curves at 90% load voltage (a) and at 0%
load voltage (b). Currents (20 A/div), voltage (1 kV/div), and time 1000 (ns/div)

increase the switching frequency when higher voltages and higher power is tar-
geted. This means that the inductance and capacitance of the resonant tank can
be reduced, implying smaller volumes, lower weights, and lower costs of the passive
components. The possibility of using smaller passives is together with the reduced
losses the main drive for introducing the SiC technology in resonant converters.
In Publication V, Publication VI and Publication VIII it is shown that the
losses are very small even at the higher switching frequencies.

Theoretically, regardless of the frequency the conduction losses should be con-
stant if the impedance of the resonant tank is constant regardless of switching fre-
quency. In reality, it is practically impossible to have exactly the same impedance
at the three different frequencies. This is due to the fact that three different reso-
nant tanks are used in the prototype with discrete values of capacitance as well as
hand-wound inductance and a hand-wound transformer. This makes a comparison
between the losses at different switching frequencies harder. Additionally, as the
switching frequency increases from 25 kHz to 100 kHz, and to 195 kHz, the resolu-
tion of the control is decreased. The reduced resolution means that the body diode
conducts the current for a longer time, which increases the losses. In theory the
switching losses would scale linearly with the switching frequency.
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Capacitive snubbers

The capacitive snubbers are used to enable ZVS at turn-OFF. The optimal value of
the capacitive snubber is hard to derive. It needs to be sufficiently large such that
the voltage across the switch does not reach VDC during the turn-OFF of the switch
current. The larger CSN is, the smaller the losses. This is especially true for the
Si IGBT which has a tail-current that contributes to the losses. This is explained
in detail in [69] and [72]. For the SiC devices the size of CSN is not believed to
have such a large impact on the losses. What seems to be more of an impact is the
shorter charging time of the snubber. This forces the body diode or Schottky diode
to conduct for a longer time and thus increase the losses. For the MOSFET, this
issue can be reduced as seen in Fig. 4.12. Here, the losses are shown for Resonant
Tank 1 and Resonant Tank 2 with different values of snubber capacitance. In the
two cases with reduced value of the snubber capacitance, the dead-times have been
reduced accordingly. This makes the conduction time of the body diode equal for
the two different values of snubber capacitance. No significant difference can be
seen in the losses. This shows the importance of using a dead-time that correlates
to the size of the capacitive snubber.

0 25 50 70 90
10

14

18

22

26

28

P
ow

er
 lo

ss
es

 b
ot

h 
le

gs
 [W

]

Load voltage as percentage of DC−link voltage of 500 V [%]

 

 

RS1,40nF
RS1,10nF
RS2,8.8nF
RS2,4.4nF

Figure 4.12: Losses in the MOSFET full-bridge when using Resonant Tank 1 and
Resonant Tank 2 with different values of the snubber capacitance.

For the BJT on the other hand, the conduction time of the Schottky diode
cannot be reduced. The losses then scale with the additional time the Schottky
diode is conducting instead of the capacitive snubber. This is illustrated in Fig.
4.13, where the losses increase with a smaller capacitive snubber.

The losses for hard switching, when no capacitive snubber is added, increase
more compared to the other loss curves. This is an indication of that the internal
capacitances of the SiC BJT and SiC Schottky diode are not sufficient to enable
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Figure 4.13: Losses in the BJT full-bridge when using Resonant Tank 1 with dif-
ferent values of the snubber capacitance and hard switching.

soft-switching

Dead-time control

When using unipolar devices in resonant converters it is shown that an active control
of the dead-time is important to keep the losses at a minimum over the whole range
of the load voltage. This has been exemplified by comparing the losses for a SiC
MOSFET using the body-diode instead of an anti-parallel diode and letting the
body-diode conduct the current for different dead-times.

This is straightforward, since the shorter time the body diode conducts the
higher the efficiency is. The results can be seen in Fig. 4.14. Figure 4.14 (a) shows
the losses versus load-voltage when using a constant dead-time, or when using an
optimized (minimized) dead-time. Figure 4.14 (b) shows the losses at 0 % load
voltage for different dead-times. It is clearly shown that a minimal dead-time is
preferred.

On the other hand, the losses for the full-bridge populated with SiC BJTs and
anti-parallel diodes are shown experimentally to be less dependent on the dead-
time. This is due to the fact that the SiC BJT cannot conduct the full current
in the reverse direction. However, it is important to note that even though the
losses of the full-bridge are almost independent of the dead-time, the base driver
consumption for all four positions can be reduced up to 3 W by maximizing the
dead-time to an optimum. This is illustrated in Fig. 4.15 where the dead-time is
decreased from the maximum dead-time of 2000 ns to the minimum, 350 ns. How
the driver consumption relates to the dead-time is illustrated in Fig. 4.16.

Another aspect regarding the power consumption of the base drivers is that
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(a)

(b)

Figure 4.14: Resonant tank 2 and MOSFET full-bridge: (a) Power loss of the
MOSFET full-bridge over the full load-voltage range and (b) Power loss of the
MOSFET full-bridge at 0 % load-voltage vs dead-time.

VBE reduces when the SiC BJT has a reverse current. The consequence of this is
an increased base current with an associated increase of the power consumption of
the base driver. This was discussed in Section 3.4.

Control method

For FM the output power is controlled by simply adjusting the switching frequency
of the full-bridge. The duty-ratio is 50 %. When comparing different control
methods it was chosen to keep the dead-time constant over the full load voltage
range, even though it has been proven that an active dead-time control can reduce
the losses compared to a constant dead-time.
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(a) (b)

Figure 4.15: Voltage and current curves to illustrate the dead-time control for BJT
full-bridge at 0% load voltage. In a) tdt = 2000 ns and in b) tdt = 350 ns.

Figure 4.16: Total measured consumption of the four BJT drivers with respect to
dead-time. The straight lines are from bottom: stand-by driver losses, calculated
switching losses, calculated PBE with a dead-time of 2100 ns and calculated PR

with a dead-time of 2100 ns. fs is 110 kHz.

For DuC, as presented in Publication VII, the output power is controlled by
a combination of frequency control and phase control. The goal of this control
method is to have the transistors in leg A, the leg with no capacitive snubbers,
to turn-OFF as late as possible before the zero-current crossing. This makes it
possible for both ZVS turn-ON and close to ZCS turn-OFF of the transistors in leg
A. Also, the current in these switches will almost only see positive current and very
small anti-parallel diode or body-diode currents. The currents in the transistors
in leg B, on the other hand, will see higher turn-OFF currents as well as longer
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(a) (b)

Figure 4.17: DuC operation with Resonant Tank 1 at (a) 90% and (b) 25% of load
voltage. Measured current of the leg A, (top, 20 A/div), current of the leg B, (next
to top, 20 A/div), snubber current on leg B (next to bottom, 20 A/div), output
voltage of the full bridge, (bottom, 1 kV/div), (time-base 5 us/div).

periods of reverse conduction. The magnitude of the turn-OFF current as well as
the duration of the reverse conduction during every cycle is dependent on the load
voltage and load current. Figure 4.17 illustrates the operation of DuC at different
load voltages.

The losses for the MOSFET full-bridge can be seen in Fig. 4.18 as a function
of the load-voltage. It is seen, as the voltage over the resonant tank increases the
efficiency of DuC compared to FM is improved.

For the BJT full-bridge inverter it can be seen that there is no gain in efficiency.
The losses are instead distributed unevenly between the half-bridges and also be-
tween the devices per switch-position. In half-bridge leg B the dominant losses are
in the Schottky diode, and in leg A in the SiC BJT. The losses in half-bridge leg
B could be reduced if an active dead-time control is used instead of a constant
dead-time, since the BJT can be in the OFF-state during the time the Schottky
diode is forward biased.
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Figure 4.18: Losses in the MOSFET full-bridge when using Resonant Tank 1 as a
function of load-voltage: (a) Power loss of the MOSFET full-bridge and (b) Power
loss per leg.
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Figure 4.19: Losses in the BJT full-bridge when using Resonant Tank 1 as a function
of load-voltage: (a) Power loss of the BJT full-bridge and (b) Power loss per leg.



Chapter 5

Conclusions and Future Work

This chapter concludes the performed work presented in this thesis and proposes
some future work that the author deems important.

5.1 Conclusions

In this thesis, different base driver concepts for SiC power BJTs have been presented.
The consumption of the base driver is divided into smaller parts that have been
analyzed. It is shown that the bipolar SiC BJT behaves like a unipolar SiC device
with a low on-state voltage drop and fast switching transients. Furthermore, the
2SRC base driver is introduced which manages to switch the device below 50 ns
while still keeping the base driver consumption at an acceptable level.

For applications with a variable load current, proportional base drivers could be
used. This concept is introduced with a special focus on the DPBD. By implement-
ing the DPBD concept and building a prototype it is shown that the steady-state
consumption of the base driver can be reduced considerably.

The increased voltage over the base driver during reverse conduction of the SiC
BJT has been discussed. Even though this issue is not as big for the SiC BJT as it
was for the Si BJT, it still needs to be considered. Three solutions are proposed,
and two of them are compared experimentally.

SiC devices in SLR converters are shown, not to just have lower ON-state losses,
but also to reduce the switching losses substantially. This makes SiC transistors to
be great candidates in order to increase the switching frequency, and thus reducing
the size and cost of the passive components in the resonant tank. There are many
aspects that need to be evaluated in order to really optimize the design for the SiC
technology.

59
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It is shown, especially for SiC unipolar devices, how important the optimization
of the dead-time is to keep the conduction losses low.

Since the SiC device has no tail-current, the size of the capacitive snubbers can
be reduced considerably without increasing the losses. What is shown to happen
in this thesis is that the losses increase with smaller capacitive snubbers, especially
for the BJT, but this is mostly due to the increased conduction time of the anti-
parallel Schottky diode, and in a smaller part to the increased magnitude of the
transition current from the capacitive snubbers to the diode. For the full-bridge
populated with MOSFETs, the losses were approximately the same if the dead-time
was adjusted with respect to the size of the capacitive snubber.

Dual control is shown to reduce the total converter losses, and it is shown that
this control methods is very advantageous for SiC unipolar devices.

5.2 Future Work

Base drivers for SiC BJTs have been published in the literature, not just by the au-
thor of this thesis. What the author is missing is the realization of the combination
between the current source driver, [62], and the PWM controlled base driver, [64].
The idea was presented by the author at ECCE ASIA Downunder 2013 in Mel-
bourne and is presented briefly in Publication II. Sadly, there was no time to
dive further into this driver concept and to take it from idea to prototype. The
benefits with this driver instead of the drivers presented in this thesis is that it
could be a single-source solution with just two passives, a base resistor and a base
inductor, and that it can follow the collector current with an infinite number of
discrete levels.

For the SLR converter there are still many things that need to be considered.
How important is the speed of the turn-ON and turn-OFF transients for soft-
switching, and how small can the capacitive snubber be? A small comparison was
made in this thesis, but not one as thorough as the author would have desired.
In this thesis, the transients for the BJT were very fast, but the transients for
the MOSFET were slower. This could be seen on the losses, especially at higher
switching frequencies and hard switching.

Even though experimental testing was carried out to see that the losses increased
when an additional inductance was added in the snubber loop, [68], a more thorough
theoretical and experimental analysis should be done to clearly investigate the
impact from the parasitic inductance in the snubber loop.

All the work done for the SLR converter should make it possible to deliver a
full-bridge resonant LCC converter in the range of 20 kW - 100 kW with switching
frequencies above 500 kHz, with a considerably higher efficiency than today’s tech-
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nologies, i.e. Si IGBTs. With an optimized SiC module with integrated snubbers
and driver parts even higher frequencies, or powers, should be reachable.





List of Acronyms

2SRC dual-source

AC or ac alternating current

BJT bipolar junction transistor

DC or dc direct current

DSP digital signal processor

DPBD discretized proportional base driver

DuC dual control

EV electric vehicle

FM frequency modulation

GaN gallium nitride

HEV hybrid electric vehicle

HVDC high voltage direct current.

IGBT insulated-gate bipolar transistor

JFET junction field-effect transistor

LCVJFET lateral channel vertical junction field-effect transistor

M2C modular multilevel converter

MOSFET metal-oxide semiconductor field-effect transistor

NEDC New European Driving Cycle

PM phase modulation
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PV photo voltaic

PWM pulse-width modulated

Si silicon

SiC silicon carbide

SLR series-loaded resonant

WBG wide band-gap

ZCS zero current switching

ZVS zero voltage switching
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