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Abstract

In academia, for more than thirty years, Matrix Converters have been
considered as one of the future converter concepts for variable speed
drives for industry and more recently also for More Electric Aircraft or
renewable energy applications. However, despite intensive research for
the last decades, Matrix Converters have until now only achieved low
market penetration. In industry, the most widely used bidirectional,
low-voltage ac-ac converter topology is the two-level Voltage Source
Back-to-Back Converter.

The main objective of this PhD thesis is to derive and investigate the
key criteria required for a systematic comparative evaluation of ac-ac
converter systems. Based on a suggested set of criteria, a comprehensive
comparison of the Voltage Source Back-to-Back Converter, the Current
Source Back-to-Back Converter, the Indirect Matrix Converter, and the
Conventional (direct) Matrix Converter is performed for a 15kW per-
manent magnet synchronous motor drive.

The comparison involves the investigation of the required silicon chip
area for a defined maximum admissible thermal loading of the power
semiconductors, the passive components including the EMI input fil-
ter, the total losses and achievable efficiency, and a prediction of the
resulting converter volume. A particular focus is on the experimental
investigation and performance analysis of normally-on SiC JFET pro-
totype devices, which are close to commercialization.

With this comparative evaluation, a systematic procedure is presented
that ultimately enables to identify advantageous application areas of the
considered converter topologies.






Kurzfassung

Seit nunmehr dreissig Jahren wird der Matrixumrichter in der akade-
mischen Gemeinschaft intensiv erforscht und als eine vielversprechende
Schaltungstopologie fiir zukiinftige effiziente und kompakte Antriebs-
systeme fiir Industrie- und Luftfahrtanwendungen diskutiert. Trotz in-
tensiver Forschung konnte sich der Matrixumrichter in kommerziellen
Antriebssystemen bisher jedoch nicht etablieren. Der industriell am
weitesten verbreitete bidirektionale dreiphasige Umrichter fiir Nieder-
spannungsantriebe ist der Zweipunkt-Spannungszwischenkreisumrichter.

Das Hauptziel dieser Dissertation liegt im Eruieren und Herleiten
verschiedener Schliisselkriterien und Vergleichsmethoden und dem an-
schliessenden Durchfiihren einer systematischen und ganzheitlichen Be-
wertung verschiedener dreiphasiger Umrichtersysteme. Basierend auf
den gefundenen Bewertungskriterien wird ein umfassender Vergleich
zwischen dem Spannungs- und Stromzwischenkreisumrichter, dem In-
direkten Matrixumrichter und dem Direkten Matrixumrichter zur Spei-
sung eines 15kW Antriebs mit einer Permanentmagnet-Sychnronma-
schine prasentiert. Der Vergleich umfasst die Bestimmung der benétigten
Chipflache der Leistungshalbleiter fiir einen gegebenen Arbeitspunkt,
die Pradiktion der leitungsgebundenen elektromagnetischen Storaussen-
dung, die Modellierung der passiven Komponenten einschliesslich des
EMYV Eingangsfilters, die Berechnung des erreichbaren Gesamtwirkungs-
grads und die Vorhersage des resultierenden Umrichtervolumens. Ein
besonderes Augenmerk wird dabei auf die Untersuchung von selbstlei-
tenden SiC JFET-Prototypenhalbleitern gelegt, welche kurz vor der
Markteinfiihrung stehen und einer vergleichenden Bewertung mit Si
IGBTs neuster Generation. Verschiedene Hardwareprototypen wurden
implementiert, um das Betriebsverhalten der betrachteten Umrichter
experimentell zu untersuchen und die Modelle zu parametrieren und
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zu verifizieren. Mit dieser Vergleichsstudie wird ein systematisches Ver-
fahren aufgezeigt, welches ermoglicht, die Anwendungsfelder der unter-
suchten Umrichterkonzepte zu bestimmen und analytisch zu beschreiben.
Damit wird implizit die Basis fiir eine technisch-kommerzielle Bewer-
tung verschiedener Schaltungstopologien und Komponententechnologien
fiir Umrichtersysteme gelegt.
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Chapter 1

Introduction

Electric drives convert electrical energy into mechanical energy. They
serve as linking system components between an electrical source and
a mechanical load, and typically consist of a power electronic circuit
and an electric motor. Electric drives have become an essential part in
our society and found their way in our daily life, for example in home
and residential appliances such as air conditioning systems, washing
machines, heat pumps, or power tools or in transport, in particular for
electric and hybrid electric vehicles.

Electric drives are the most widely applied drive engines for provid-
ing mechanical power. According to surveys presented by the European
Center for Power Electronics (ECPE) [1], approximately 60% of the
worldwide industrial electrical energy consumption is used for electric
drives. This figure does not only show their significance in terms of en-
ergy consumption, but also highlights the achievable energy savings if
highly efficient variable speed drives with optimized power electronic
converters and motors are implemented.

Due to their diversified applicability, electric drives have become a key
system component for industry, transportation, and consumer products.
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1.1 Electric Drive Technology

1.1.1 Historical Review
1800—-1875 Discovery of the Fundamentals for Electric Drives

Hans Christian Oerstedt discovered in 1820 that a magnetic needle
is deflected in the proximity to a current conducting wire. In the same
year, André Marie Ampére made his fundamental discovery of the inter-
action between electric currents and magnetic fields. These discoveries
resulted in a strong development of “Electromagnetic Machines”. These
machines, however, were only rarely implemented in practical applica-
tions due to the lack of powerful electric sources.

An important step forward occurred in 1831 when Michael Farrady
discovered the electro-magnetic induction. This effect was soon adopted
for electric generators to provide more powerful electric sources.

In 1866, Werner von Siemens developed the so-called “Dynamo Ma-
chine”, a DC generator that used the remanence flux of the magnetic
poles to generate the initial excitation.

1875—-1920 Electric Drives for Industry and Craft

Michael von Dolivo-Dobrowolski invented in 1889 the three-phase squir-
rel cage induction machine, which became the most widely used motor
type in industry. He also gave distinction to the term “rotary current”.

Two years later, in 1891, the first three-phase electric transmission
line (175 km), from Lauffen am Neckar to Frankfurt am Main, Germany,
was installed. Therewith, the basis for a large-scale implementation of
electric energy transmission and drive systems was established. Concur-
rently, the Ward-Leonard system was introduced and soon became one
of the most widely used concepts for electric motor speed variation.

During the following years, the performance and operating behavior
of electric machines and drive systems were steadily improved. Auxiliary
resistor circuits and Ward-Leonard systems allowed the implementation
of first variable speed drives. These new electric drive solutions led to a
gradual replacement of the steam and gas engine drives technology.
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1920-1950 Spreading of Electric Drives

From 1920 onwards, electric drives were applied in industry, trans-
portation, craft, agriculture, and even in home appliances. The number
of electric drives increased rapidly. Two different development direc-
tions can be observed: integrated solutions, where the electric motor
was integrated in an application specific machine or standardized, gen-
eral purpose drives for mass production.

In order to achieve speed variability, besides star-delta switching with
electro-magnetic circuit breakers, resistor circuits, and Ward-Leonard
systems, around 1930, first controlled power amplifiers using gas filled
tubes (thyratorns) were developed and applied. This was the birth of
modern power electronics in electric drives technology.

One of the most important invention for electrical engineering and
electronics was made in 1947 when John Bardeen, William Shockley,
and Walter Brattain from the Bell Laboratories presented the first work-
ing controllable silicon (Si) switch, the transistor.

1950-1970 Switched Converters for Electric Drives

With the development of power semiconductors, such as the power diode
in 1952 and the thyristor in 1957, the replacement of the gas or vacuum
tube technology was initiated. At the same time control technology
improved rapidly due to the analog electronic components provided by
the novel silicon transistor technology.

The first Bipolar Junction Transistors (BJTs) with substantial volt-
age and current handling capabilities were introduced in the 1960s and
enabled the implementation of a new generation of pulse-width modu-
lated power converters for motor drives. Both, the new power semicon-
ductors as well as the improvements in control technology stimulated
the spreading of electric drives.

Since 1970 Electric Drives with Micro-Processors

The availability and introduction of micro-processors resulted in a de-
velopment stimulus in the electric drive technology. The so far ana-
log controllers were replaced by digitally controlled power electronic
converters. The development of the field-oriented control by Blaschke
in 1971 and its implementation in micro-processor controlled drives
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enabled to operate three-phase ac motors with similar control perfor-
mance and quality as dc motors. The steadily increasing performance
of micro-processors and the development of application specific Digital
Signal Processors (DSPs), first introduced by NEC and AT&T in 1980,
enabled the implementation of more complex control algorithms and
converter modulation schemes.

A similar development occurred in the area of power semiconductors
with the invention and implementation of new devices such as GTOs,
IGBTs, IGCTs, high-voltage and charge compensated MOSFETs, etc.
to mention just the most important ones. The availability of IGBTs
finally provided the basis for modern low-voltage drive systems.

Since the late 1980s, new wide-bandgap power semiconductor mate-
rials different from Si with favorable properties, such as silicon carbide
(SiC) or gallium nitride (GaN), have been investigated to develop semi-
conductor devices. In 2001, Siemens presented the first SiC Schottky
barrier diode. Besides diodes, since 2003 also first SiC prototype switch-
ing devices, primarily normally-on SiC Junction Field Effect Transistors
(JFET) produced by SiCED, have become available.

Currently, in 2010, electric drives are about to find their way into new
applications such as Hybrid Electric Vehicles (HEVs) or More Electric
Aircraft (MEA) applications, where the well-established but heavy hy-
draulic actuation systems are replaced by electro-hydraulic or purely
electric actuators. Power semiconductor manufacturers are launching
first commercially available SiC transistors and thus are providing the
components for a possible new generation of power converters for elec-
tric drive applications.

1.1.2 State-of-the-Art Electric Drives

Modern electric drives are extremely diversified and available with a
wide variety of options in order to best match them to the target ap-
plication. The mechanical energy, provided to the load machine, has to
be supplied according to the demanded load and mission profile to en-
able proper control of the process quantities. In current motion control
applications with multiple axis, the individual axis are driven by sin-
gle servo drives, which are typically coordinated with a superordinate
bus system, and thus are replacing the traditional drive concept with
centralized electric motor, upright shaft, and different gearboxes.
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A schematic of a typical state-of-the-art electric Variable Speed Drive
(VSD) is depicted in Fig. 1.1. The two key components of a VSD are
the power converter and the electric motor. As a result of the ever in-
creasing digitalization in electric drive technology, the power converters
have steadily gained in complexity and importance compared to the
actual electric motor. A modern power converter is not any more sim-
ply a power amplifier, a linking device between source and load that
allows for motor control, but a high-end power and signal electronics
system that implements additional functionality, such as communica-
tion interfaces, protection circuitry, fault detection and handling, input
and output filtering, active damping, motor and load machine param-
eter estimation, algorithms for automated commissioning and process
control optimization, etc. Consequently, for a state-of-the-art electric
VSD the transitions between power electronics, drive, automation, and
embedded system technology have become seamless.

(The above historical review of electric drive technology is based on [2].)

Bus Mains
Supervisory Control | | Circuit Breaker Supervisory
(e.g. PLO) and Protection Control
| )
Electric Drive | Load
Power Electronic Converter Machine \
Control and Signal | | Power Circuit Signal
Electronics EMC Filters Electronics

'}

A A * l) A

Phase currents
Y
Position «L
Speed @ A / M Load
\_/
\ - 4

(e.g. Elevator)

Tempa-
rature Encoder Brake Motor Gear

Fig. 1.1: Schematic of a modern electric drive with a load machine.
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1.2 Purpose of this PhD Thesis

1.2.1 Motivation

For the last three decades, a wide variety of different converter topolo-
gies, modulation schemes, control algorithms, and power semiconductor
devices have been analyzed and suggested for electric drive applica-
tions. In spite of the large amount of conducted research, investigations
performing a comprehensive comparison of different bidirectional ac-ac
converter topologies still are very rare.

A detailed analysis, performed as a preparation of this work, revealed
that there is still a need to conduct further research in the topic area
of ac-ac converters if more holistic questions are addressed. Such ques-
tions involve converter comparisons, drive system optimizations, or the
assessment of the impact of new semiconductor technologies on dif-
ferent converter topologies as for instance the currently emerging SiC
transistors. These fundamental findings form the basis of the research
objectives, questions, and hypotheses investigated in this PhD thesis.

1.2.2 Research Task

The aim of the proposed research is to perform a systematic
evaluation and comparison of three-phase, bidirectional, hard-
switched, unity power factor input, ac-ac converters for low-
voltage motor drive application, utilizing conventional silicon
and state-of-the-art silicon carbide power semiconductors. The
topologies to be investigated are the Voltage Source Back-to-
Back Converter, the Current Source Back-to-Back Converter,
the Indirect Matrix Converter, and the Conventional (direct)
Matrix Converter, with a particular focus on the Indirect Ma-
trix Converter.
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1.2.3 Research Objectives

The aspired research objectives are:

e To identify the characteristic properties and components of ac-ac
converters and to derive adequate analytical models.

e To acquire the required but unknown characteristic data of the
SiC prototype devices through experimental measurements.

e To investigate the relationship(s) between semiconductor losses,
semiconductor chip area, thermal properties, and cooling system
requirements.

e To analyze the EMI input filter and passive component require-
ments.

e To gain through analysis of the characteristic system quantities
a better insight into the interdependencies of inner parameters of
ac-ac power converter topologies.

e To develop a systematic converter comparison that allows for a
holistic assessment.

e To investigate the hypothesis, frequently stated in scientific pub-
lications, that Matrix Converters (MCs) have superior properties
in terms of achievable efficiency and power density compared to
conventional converter topologies.

e To practically verify the theoretical findings and concepts with
industry-oriented converter prototypes.

e To hopefully provide, with the suggested methodology of compar-
ison, a tool to analyze and assess the potential of current and
future power semiconductor technologies for ac-ac converters.
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1.3 Thesis Structure

1.3.1 Chapter Overview

The thesis layout displays the progression of research, leading the reader
step-by-step to the final comparative evaluation of the Voltage Source
Back-to-Back Converter, the Current Source Back-to-Back Converter,
the Indirect Matrix Converter, and the Conventional Matrix Converter.

Chapter 1 includes an introduction to the electric drive technology,
states the main research aim and research objectives, and provides the
literature and ac-ac power converter topology review.

Chapter 2 discusses the most important power semiconductor tran-
sistors and diodes for low-voltage drives including SiC devices with their
basic physical properties. Special attention is paid to 1200V Si IGBTs
and normally-on SiC JFETs.

Chapter 3 investigates possible Space Vector Modulation (SVM)
schemes for the considered converter topologies and describes the imple-
mentation of the selected modulation schemes. Furthermore, an overview
of the main converter control properties is provided.

Chapter 4 summarizes the analytical power semiconductor loss mod-
eling of the individual converter topologies. Different characteristic con-
verter operating points are identified and analyzed regarding semicon-
ductor losses and loading.

Chapter 5 presents a new Semiconductor chip Area based Con-
verter Comparison (SAC2) linking the power semiconductor losses, with
the cooling system requirements. This comparison eventually enables a
trade-off study between converter efficiency, volume, and cost and thus
provides a tool for motor drive optimization.

Chapter 6 The first part is dedicated to the dimensioning of the
passive components. Various control, energy, and voltage and current
ripple based design criteria are derived. Scaling laws for the capacitor
and inductor component volumes and weights are presented. The second
part focuses on modeling Conducted Emission (CE) Electromagnetic
Interference (EMI) levels.

Chapter 7 describes the actual ac-ac power converter topology com-
parison and assessment, which is systematically performed using the
concepts and data derived in the previous chapters.
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Chapter 8 concludes the thesis with a discussion of the results, the
thesis conclusions, and an outlook on possible future work.

In the Appendices A—B, the implemented hardware prototypes in-
cluding their key figures and results and the developed measurement
setups are presented.

1.3.2 Hardware Overview

A major part of this research work is formed by the various converter
hardware prototypes that were implemented for experimental verifica-
tion of the analytical and numerical converter models or for converter
and component data acquisition. The evaluation of real in-system per-
formance data is of particular importance for analyzing prototype or
pre-commercial SiC transistors as detailed data sheets of such devices
were and still are not available. This fact makes hardware prototypes an
indispensable prerequisite, particularly for the investigation of all-SiC
converter systems and motivates the numerous converter prototypes de-
signed and implemented during this PhD thesis.

Fig. 1.2 and Fig. 1.3 provide an overview of the constructed converters
prototypes. The ac-ac converter topologies and semiconductor technol-
ogy configurations were combined such that with a minimum number
of prototypes a maximum number of topological variations results. The
implemented prototypes can be subdivided into two groups:

e all-Sior Si IGBT and SiC diode ac-ac converters (cf. Fig. 1.2) with
a switching frequency range of 20 kHz to 50 kHz and

e highly compact, high switching frequency, all-SiC ac-ac converters
(cf. Fig. 1.3) with a nominal switching frequency of up to 200 kHz.

All hardware prototypes were designed and constructed at the PES
Laboratory of ETH Zurich mainly as part of industry research projects.
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Fig. 1.2: (a) RB-IGBT Indirect Matrix Converter (RB IMC) and (b)
Si-SiC Ultra Sparse Matrix Converter (Si-SiC USMC) hardware proto-

types.
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Fig. 1.3: (a) All-SiC Indirect Matrix Converter (All-SiC IMC), (b)
All-SiC Conventional Matrix Converter (All-SiC CMC), and (c) All-
SiC Current Source Back-to-Back Converter (All-SiC CSBBC) hard-

ware prototypes.
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1.4 Literature Review

1.4.1 Overview

The literature review is subdivided into two parts. First of all, a sum-
mary of the development of low-voltage ac-ac converters (definition cf.
Tab. 1.1), required for the comparative evaluation performed in this
thesis, is presented. Subsequently, the literature comparing different ac-
ac converter topologies is reviewed, and commonly applied methods of
comparison are discussed.

1.4.2 Review of AC-AC Converter Topologies

The development of ac-ac converters has been closely related to the
advancement of power semiconductor technology and the availability
of suitable semiconductor devices. Virtually every modern low-voltage
VSD utilizes a self-commutated, switch-mode inverter as a power elec-
tronic interface between the rectified mains and the electric motor.
The present and well-established self-commutated converter topologies
evolved from the line-commutated thyristor converters, with the man-
ufacturing of BJTs with increased power handling capability and in
particular with the development of the IGBT technology in the 1980s.

The line-commutated converters were typically used for generating
variable dc voltages or supplying dc motors. In current industrial VSD
systems mainly three-phase ac motors are applied, due to their robust-
ness, low-maintenance, and high reliability. Consequently, the require-
ment of a modern ac-ac converter is to generate from a three-phase
mains input with typically a constant voltage amplitude and a fixed
angular frequency (apart from specialist applications with variable fre-
quency input, as e.g. in MEA applications) an output voltage or current

IEC Voltage Range AC DC
Extra-Low-Voltage < 50V (rms) <120V
Low-Voltage 50 — 1000V (rms) 120 — 1500V
High-Voltage > 1000V (rms) > 1500V

Tab. 1.1: IEC voltage range definition.
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with a variable amplitude and a variable angular frequency. For motor
drives, featuring frequent or long braking intervals in their load cycles,
as found for example for elevators, cranes, or in motion control applica-
tions with high moments of inertia, it is environmentally, economically,
and technologically worthwhile to apply bidirectional ac-ac converters.
Such converters are capable of feeding energy back into the mains, and
therewith may not only improve the overall energy efficiency of the drive
system, but also enable to reduce the overall installation volume as large
braking resistors can be omitted.

The requirements for state-of-the-art bidirectional, ac-ac converters
for motor drive applications can be summarized as follows:

e competitive price level,

e high reliability,

e high efficiency,

e high input and output power quality, i.e.

— unity input power factor,
— low harmonic content in input current and output voltage,

— smooth motor operation (low acoustic noise and vibrations),
e low EMI,
e compact case with low cooling requirements,
e modularity,
e versatile configurability,
e high user friendliness, and

e simple commissioning and maintenance.

For the last three decades, a large number of investigations have been
performed and published in the subject area of low-voltage ac-ac con-
verters for motor drive applications. The following review aims at sum-
marizing the key bidirectional, hard-switched ac-ac converter topologies
and their basic properties. If available also the corresponding unidirec-
tional implementations are presented.
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Voltage Source Back-to-Back Converter

The most popular and industrially, indisputably most widely used bidi-
rectional ac-ac converter topology is the two-level Voltage Source Back-
to-Back Converter (VSBBC), also known as Voltage DC-Link Back-to-
Back Converter (VLBBC), depicted in Fig. 1.4.

The VSBBC is a two-stage topology that consists of a back-to-back
connection of a Voltage Source Rectifier (VSR) input stage and a Volt-
age Source Inverter (VSI) output stage, which is decoupled by the dc-
link capacitor Cpc. The dc-link capacitor serves as an energy storage
element and impresses a constant voltage across the dc-link. The induc-
tors Lg, placed between the input terminals (a, b, ¢) and the midpoints
of the input bridge-legs, enable input power factor correction under the
restriction of boost operation of the input stage. Therefore, these in-
ductors are often termed as boost-inductors. Due to the polarity of the
power diodes the dc-link voltage is confined to positive values.

For most applications, the VSBBC is connected to an inductive load
(electric motor), as indicated in Fig. 1.4, and in this case features si-
nusoidal input and output currents with a certain current ripple. The
VSR input stage is controlled such that a sinusoidal mains current is
drawn that is in phase (motor operation) or opposite-phase (generator
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Fig. 1.4: Voltage Source Back-to-Back Converter (VSBBC), supplying
a permanent magnet synchronous machine (PMSM) with equivalent
stator phase impedance Zg and back-emf voltage usg.



Literature Review 15

operation) with the corresponding mains phase voltage and controls the
dc-link voltage to a constant value. The VSI output stage controls the
load; for an electric motor the speed and available torque. As both, the
input and output stage of the VSBBC are hard-switched, conduction
and switching losses are generated in both stages. For the implementa-
tion of the VSBBC, 12 discrete power transistors and 12 anti-parallel
diodes are required, or 12 Reverse Conducting IGBTs (RC-IGBTs), as
currently produced for example by ABB, Infineon, or Mitsubishi. (For
the following schematics of ac-ac converter topologies, the load equiva-
lent circuit is not shown.)

If only unidirectional power flow without sinusoidal input currents is
required, the switches in the input stage can be omitted. This results in
a Voltage Source Inverter topology with a passive B6 diode bridge front-
end (B6-VSI), as shown in Fig. 1.5. The B6-VSI is the most frequently
applied topology for VSDs in industry due to its simplicity and high
nominal efficiency of up to approximately 98.5% for switching frequen-
cies below 10 kHz. Compared to the VSBBC, the B6-VSI cannot provide
sinusoidal input currents, and therefore, depending on the power quality
requirements, bulky harmonic input filters have to be added.

In order to enable unidirectional power flow with sinusoidal input
currents, the passive diode rectifier of the B6-VSI can be extended with
three switches and twelve diodes as illustrated in Fig. 1.6 leading to
the well-known active VIENNA Rectifier (VR) [3]. (An implementation
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Fig. 1.5: Diode bridge rectifier with Voltage Source Inverter (B6-VSI).
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Fig. 1.6: VIENNA Rectifier with Voltage Source Inverter (VR-VSI).

with six switches is also possible). The resulting unidirectional ac-ac
converter topology is a VIENNA Rectifier connected to a Voltage Source
Inverter (VR-VSI). Contrary to the active two-level VSR in Fig. 1.4 with
six switches and six diodes, the VR is a three-level topology and thus
allows the implementation of semiconductors with half of the blocking
voltage and reducing the value of the boost inductors Lg. This enables
a high efficiency and a compact implementation in particular for power
levels and switching frequencies, where the semiconductor losses are
dominated by the switching losses.

A variety of different scientific papers has been published for the past
decades due to the versatile applicability of VSBBCs. Most of the inves-
tigations have been performed in the topic area of control, application
specific evaluations, and reduction of the dc-link capacitor value.

With the further development of control theory most of the novel
control concepts such as state feedback control, deadbeat control, or
model predictive control have been applied to voltage source converters
[4-18]. Furthermore, advanced control concepts and converter models
have been investigated to provide active damping or filtering [19-22]
and thus to improve the converter input and output power quality.
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Another focus of research addresses the volume reduction of the pas-
sive components of the VSBBC in particular the reduction of the dc-link
capacitor [23-32|, as it considerably contributes to the overall converter
volume and cost.

Many different modulation schemes have been developed for the VS-
BBC. They can be subdivided into Pulse Width Modulation (PWM)
based schemes, utilizing different carrier signals, and Space Vector (SV)
based modulation schemes. For motor drive applications, the Space Vec-
tor Modulation (SVM) has established as it allows for a mathematical
description of the drive from the converter input to the motor axes using
the same concept. The modulation techniques for voltage-source-type
converters are known for a long time [33,34]. More recent research [35,36|
has been analyzing modulation schemes in terms of reducing semicon-
ductor losses and improving electromagnetic compatibility (EMC).

Current Source Back-to-Back Converter

Compared to the VSBBC, the Current Source Back-to-Back Converter
(CSBBC), shown in Fig. 1.7, features an inductor Lpc as energy stor-
age element in the dc-link. The CSBBC, also referred to as Current
DC-Link Back-to-Back Converter (CLBBC), consists of a back-to-back
connection of a Current Source Rectifier (CSR) and a Current Source
Inverter (CSI) with unidirectional dc-link current ¢ > 0, imposed by the
circuit topology. Power reversal is achieved by reversal of the dc-link
voltage wu.

Consequently, the requirements for the power switching devices of the
VSBBC and CSBBC are complementary. The anti-parallel transistor-
diode configuration of the VSBBC enables bidirectional current flow
but only unipolar voltage blocking, whereas the transistor-diode series
connection of the CSBBC enables only unidirectional current flow but
bipolar voltage blocking. The conduction losses of the CSBBC are higher
than for the VSBBC as there are always four semiconductor devices in
the current path between an input and output terminal due to the
series connection of transistor and diode compared to two as in the
VSBBC. In addition, the volumetric energy storage density of capacitors
is significantly higher (cf. Sec. 6) compared to inductors, which allows
for a more compact implementation of the VSBBC compared with the
CSBBC for an equal amount of energy storage.
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Fig. 1.7: Current Source Back-to-Back Converter (CSBBC) including
input and output filter capacitors.

The star connected capacitors Cr inp (a delta connection is also pos-
sible), placed across the input terminals (a, b, ¢), provide decoupling
from the inductive mains and impressed input voltages and thus allow
for sinusoidal input currents for buck operation of the input stage. As
a result of its dual functional principle compared to the VSBBC, the
CSBBC demands impressed input and output voltages instead of im-
pressed currents and thus requires additional output capacitors Cr out.
This can be considered as an advantage as well as a disadvantage of this
topology. The output power quality benefits from the implementation
of the converter output capacitors as with these capacitors a sinusoidal
output filter is integrated. However, the disadvantage with the voltage
impressed output in terms of the overall volume is that the motor stator
inductance is not directly used to smooth the output currents. The im-
plementation of the CSBBC requires 12 discrete power transistors with
12 series diodes or 12 Reverse Blocking IGBTs (RB-IGBTs), currently
produced for instance by Fuji or IXYS.

Industrial low-voltage CSBBC systems are available but are typically
utilized for special applications. Adequate applications of CSBBCs are
for example low-inductance motor drives, where a sinusoidal output
filter is already demanded. In this case the CSBBC topology might
allow for a more compact implementation as only one dc-link inductor
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instead of three output filter inductors, compared with the VSBBC,
would be required. Generally, current-source-type converter topologies
are more widely used for high power applications.

Due to the additional energy storage at the converter output, provided
by the output capacitors, the CSBBC is more intricate to control than
the VSBBC. It is obvious that oscillations are likely to occur between
the input capacitors and the mains, as both the mains system and the
input stage of the CSBBC are voltage impressed. Consequently, for the
past two decades, research on current source converters has mainly been
analyzing control concepts and active damping and filtering strategies
to improve the dynamic performance and operating behavior [37-49].

Smart converter control allows also for reducing the conduction losses
and therewith increasing the converter efficiency by controlling the dc-
link current depending on the load requirements instead of controlling
it to a constant nominal value. A similar control strategy would be
possible for the VSBBC by varying the dc-link voltage depending on
the operating conditions. A conventional control approach analogous to
the VSBBC, using cascaded dynamic feedback loops, can also be applied
for the CSBBC. In such a control scheme the input stage controls the dc-
link current and provides sinusoidal input currents, whereas the output
stage controls the output voltage and the load current.

Another field of research of the CSBBC has been the investigation
and further development of modulation schemes [50-59| targeting a re-
duction of the semiconductor losses and the switching harmonics.

Different investigations [60-62] have also been performed to analyze
and improve the harmonic behavior of the CSBBC through selected
modulation strategies providing harmonic elimination.

Application oriented research [63—-67| with specific CSBBC designs,
tailored to optimally suit the application requirements, have proven that
the CSBBC can be a viable alternative to the VSBBC.

Z-Source Converter

The Z-source converter concept uses a combination of capacitors and
inductors as energy storage elements in the intermediate link to provide
enhanced functionality. Its development was motivated by the disadvan-
tages of the well-established B6-VSI such as the limited input-to-output
voltage transfer ratio and the inrush and harmonic currents, generated
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by the diode rectifier. If a B6-VSI is operated at under-voltage, the
nominal terminal voltage of the load might not be achievable as the
VSI can only be operated as a buck (step-down) converter. If the load
is an Induction Motor (IM), the efficiency of the motor might then be
lowered [68].

The unidirectional Z-Source Inverter with a three-phase diode recti-
fier front-end (B6-ZSI) according to Fig. 1.8 employs a LC network in
the dc-link, the Z-source, and provides a solution to the limited output
voltage range of the B6-VSI. The B6-ZSI can generate a higher output
voltage than the line-to-line input voltage as boost (step-up) operation
is enabled by the Z-source network. Compared to converter topologies
with a boost-type dc-dc converter in the intermediate link or a boost-
type active front-end, no additional power transistors or boost inductors
are required apart from the components for the Z-source. The passive
components of the B6-ZSI can be minimized for general purpose applica-
tions, as described in [68], and a mains under-voltage of approximately
25% can be compensated.

Compared to the conventional VSI that typically is either in the
active-state (link current is equal to one of the output phase currents) or
zero-state (link current is zero), for the ZSI there is a third state often
termed as “shoot-through” state. During the shoot-through state the
input diodes are not conducting and the diode rectifier is disconnected
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Fig. 1.8: Diode bridge rectifier with Z-Source Inverter (B6-ZSI).
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from the Z-source. The shoot-through state is used every switching cy-
cle during the zero-state period generated by the PWM modulation
scheme, in order to enable voltage step-up functionality. The duration
of the shoot-through interval depends on the desired voltage step-up
ratio. A simple modulation scheme for the ZSI is proposed in [69]. More
sophisticated PWM schemes can be found in [70,71]. Similar to the
converters with current-source-type input stages, the B6-ZSI requires
impressed voltages at the input and thus input capacitors CF inp.

If regenerative operation is required, the unidirectional B6-ZSI can be
extended by adding anti-parallel power transistors to the rectifier diodes.
This results in the bidirectional Z-Source Converter (ZSC) [72], depicted
in Fig. 1.9. Regarding its semiconductor configuration, the ZSC is iden-
tical to the VSBBC. The inverter of the ZSC is operated without shoot-
through states, using only active and freewheeling states. Together with
the motor inductances, the inverter acts as a boost converter. In order to
feed energy back into the mains, the Z-source is connected to the mains
by two transistors, which is referred to in [68] as “shoot-back state”.

To summarize, according to [73]| the Z-source concept has several ad-
vantages, such as a variable input-to-output voltage transfer ratio en-
abling a better usage of a motor load at mains under-voltage, reduced
inrush and harmonic currents, and ride-through operation capability.
However, if the ZSC should offer the same flexibility regarding its sup-
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Fig. 1.9: Z-Source Converter (ZSC).
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ply voltage range as the B6-VSI with a maximum line-to-line voltage
of typically 530V (460V + 15%) and more, for its inverter stage semi-
conductors with a blocking voltage higher than 1200V are necessary.
In standard Si technology this would mean that IGBTs with a blocking
voltage of 1600V or 1700 V must be utilized. The aforementioned ex-
pected increase in efficiency at mains under-voltage of the overall ZSI
drive is then affected by an increase of the semiconductor losses due to
their higher blocking voltage.

Compared to the previously presented VSBBC and CSBBC, the Z-
source topology is comparatively new. One of the first publications,
detailing the B6-ZSI with its operating modes, is [69] and dates back to
2003. Since then, researchers have been analyzing various ZSC related
aspects. A particular focus has been on proper dimensioning [68, 74|,
modulation [75,76|, control of different operating modes [71,77], and on
application specific research [73,78,79].

Alternative implementation variants of the LC' Z-source network are
so-called T-source networks, more recently suggested in [80]. According
to [80], the Z-source circuit can be replaced by a T-source structure,
as shown in Fig. 1.10, leading to a T-Source Inverter (TSI) with a pas-
sive diode rectifier front-end similar to the B6-ZSI. Compared to the Z-
source, the T-source network utilizes coupled inductors, which are equiv-
alent to non-galvanically isolated transformers (auto-transformers).
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Fig. 1.10: (a) Z-source and (b) alternative asymmetrical and symmet-
rical T-source network.
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Fundamental Frequency Front-End Converter

With the goal of ever increasing power density and reliability, efforts
have been made in finding converter concepts that allow for three-phase
ac-ac conversion without any intermediate energy storage element. The
physical basis of such converter systems is provided by the constant in-
stantaneous power generated by a symmetrical three-phase mains sys-
tem which allows delivery of constant electrical power to the load with-
out energy storage elements in the power circuit.

A converter topology, where the dc-link capacitor is omitted, or differ-
ently considered, is implemented with the filter capacitors on the mains
side, is the Fundamental Frequency Front-End Converter (F3EC), de-
picted in Fig. 1.11. This topology was suggested in [81] and analyzed
in more detail in [82,83]. Due to the absence of an intermediate energy
storage, the F3EC should hence also be considered as a MC.

The power circuit of the F3EC is identical to the VSBBC apart from
the missing dc-link capacitor and the different configuration of the input
filtering elements. With the absence of the dc-link capacitor, a limit-
ing component regarding converter operating temperature and lifetime
is omitted. The input stage of the F3EC is operated as a synchronous
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Fig. 1.11: Indirect ac-ac converter with a voltage link without en-

ergy storage, known as Fundamental Frequency Front-End Converter
(F3EC).
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three-phase rectifier. Its conduction state is directly defined by the mains
voltage and cannot be influenced by modulation. The load current seg-
ments, generated by the VSI output stage, are supplied by the input
capacitors through the input stage diodes with the highest line-to-line
voltage across them. As the impressed load current segments are di-
rectly fed to the converter input, a voltage impressed input is required,
which is provided by the input filter capacitors Cp inp. This explains
the earlier statement, that the F3EC topology can be considered as a
VSBBC with its dc-link energy storage placed on the input side.

The power transistors of the input stage are turned on and off in
synchronization with the frequency of the mains voltage. Consequently,
the switching frequency of the input stage transistors equals the mains
frequency. This fact has given the name to this topology. In order to
avoid mains phase short-circuits, only the switches that are connected
in anti-parallel to a conducting diode might be turned on. Thus, the
input stage transistors do not actively influence the formation of the
link voltage; they solely permit a link current reversal.

Negative link currents occur for output current-to-voltage displace-
ment angles ®5 > 7/6, or when the converter is operated in regeneration
(generator) mode. The switching transitions of the input stage power
transistors occur at the zero-crossing of the corresponding line-to-line
voltages. Compared to conventional converter topologies with dec-link
energy storage, the switching losses of the input stage of the F3EC are
negligible. This results in higher energy conversion efficiency. Theoret-
ically, no brake chopper in the link is required as the F3EC enables
energy feedback into the mains. For a practical drive system, however,
the bidirectional power flow capability rather allows for downsizing than
omitting the brake chopper circuit in order to enable braking of the mo-
tor also in case of mains failures.

The variation of the link voltage with six times the mains frequency,
defined by the envelope of the line-to-line mains voltages according to
Fig. 1.12, represents a fundamental disadvantage of the F3EC topology.
The minimum link voltage is equal to

3.
min — ~U 1.1
u 5 U1 (1.1)

and limits the maximum amplitude of the output voltage to

~ 23 3~ .
Ug,max = ggumin = %Ul = 0.866 Ul, (12)
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when operated with sinusoidal modulation. Later, we will find the same
input-to-output voltage transfer ratio for the matrix converters.

For a constant power transfer between mains and load, a variation
of the local mean value of the link current occurs that is inversely pro-
portional to the variation of the link voltage that follows a six-pulse
pattern. This means that for calculating the modulation function of the
VSI output stage, the link voltage needs to be measured. This variation
is compensated by adaptation of the output stage modulation index in
order to provide a constant fundamental output voltage amplitude. Only
six (discrete) input current space vectors are possible (cf. Sec. 3.1.4),
which change with mains frequency, as the front-end is switched with
the mains frequency. Therefore, the input currents resulting after low-
pass filtering (input filter capacitors C inp in combination with input
filter inductors and mains inductance) are block-shaped as shown in
Fig. 1.12. The variation of the link current appears always in the two in-
put phases conducting the load current. Despite this, the F3EC exhibits
a relatively high power factor of A &~ 0.95. However, the (low frequency)
harmonic content of the input currents is comparatively high because
of the w/3-wide intervals with zero phase current.

Although the F3EC generates less mains current harmonics than a
conventional B6-VSI (cf. Fig. 1.5) with passive diode rectifier front-end,
it shows a higher harmonic current distortion as the VSBBC or CSBBC,
and therefore is limited to applications, where such distortion levels are
tolerable.

Fig. 1.12: Waveform of the link voltage u, the average link voltage U,
the mains phase voltage u,, and the filtered mains input current i, gt
for motor operation.



26 Introduction

Matrix Converter

Ac-ac converter topologies without any energy storage in the intermedi-
ate link are referred to as Matrix Converters (MCs). They can provide
simultaneous amplitude and frequency transformation of three-phase
voltage-current systems.

The Conventional (direct) Matrix Converter (CMC, Fig. 1.13(a)) per-
forms the voltage and current conversion in one semiconductor stage.
Alternatively, the Indirect Matrix Converter (IMC, Fig. 1.13(b)) topol-
ogy features a two-stage (indirect) power conversion. In the IMC circuit
separate stages are provided for the current and voltage conversion simi-
lar to the VSBBC and the CSBBC. However, no energy storage element
is implemented in the intermediate link.

By definition, the F3EC is also a MC, but without Power Factor Cor-
rector (PFC) functionality at the input. In the following, the derivation
of the IMC is summarized based on the F3EC, as suggested in [84]. In
order to enable sinusoidal input currents, the F3EC topology in Fig. 1.11
has to be modified such that the conduction state of the converter input
stage can be directly controlled by modulation and is not anymore deter-
mined by the largest mains line-to-line input voltage. The anti-parallel
transistor-diode configuration in the input stage of the F3EC has to
be extended such that bidirectional current flow and current blocking
and bipolar voltage blocking are enabled. This requires a transistor in
series with each diode (e.g. Sap in series with Dy, cf. Fig. 1.14), and
a diode must be place in series with each transistor (e.g. Dp, in series
with Spa, cf. Fig. 1.14). This finally leads to the Indirect Matrix Con-
verter (IMC) topology. The resulting transistor-diode configuration of
the input stage of the IMC with two transistors and two diodes is known
as a four-quadrant switch or a bidirectional switch. The current paths
between the series connected transistor and diode can be interconnected
as shown in Fig. 1.14.

Considering the VSBBC and CSBBC, the IMC consists of an input
stage, formed by two anti-parallel CSRs, which is connected without
any intermediate energy storage to a VSI output stage. From this topo-
logical view, it is immediately clear that for bidirectional power flow the
IMC requires a CSR input stage with four quadrant switches, which is
equivalent to two anti-parallel CSRs, due to the VSI output stage where
only positive link voltages u are allowed. To summarize, the IMC is a
combination of the CSR and VSI topology.
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Fig. 1.13: (a) Conventional (direct) Matrix Converter (CMC) and (b)

Indirect Matrix Converter (IMC).
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The IMC requires capacitors at the converter input to provide im-
pressed voltages similar to the CSBBC. The impressed dc-link current,
which is required by the CSR input stage of the IMC, is generated by
switching the impressed load current with the VSI output stage to the
link of the IMC. The same current and voltage transfer also occurs in
the CMC but without a physically implemented link. Consequently, for
MCs the voltage transformation from the input to the output occurs
simultaneously with the current transformation from the output to the
input; however, in contrast to the VSBBC or CSBBC there is no inter-
mediate energy storage.

Regarding their basic functionality both MC topologies are equiva-
lent. Their different physical implementation merely results in different
operating characteristics, which are going to be addressed in this work.
Compared to the previously considered two-level VSBBC or CSBBC,
MCs are inherently quasi three-level converters as all three line-to-line
input voltages can be switched to the converter output terminals. The
term “quasi three-level” is used as the three voltage levels constantly
change with the phase of the input current.

Due to the absence of an intermediate energy storage, MCs are often
termed as “all-Si” ac-ac converters. However, in order to avoid misun-
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Fig. 1.14: Derivation of the IMC topology by extending the F3EC
topology. The components added to the F3EC topology are shown on
gray background. (1) Optional connection between IGBT and diode.
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derstanding, it should be pointed out that also MCs require reactive
components for a practical implementation. Those include the input
capacitors to provide a voltage impressed input and additional passive
components for the input filter to meet the EMC standards. From this
perspective, it could be stated that in MCs the intermediate energy
storage has been shifted to the converter input filter and /or to the load!

The advantages often claimed for the matrix converter are listed be-
low:

e MCs offer a potential for a compact and light weight implemen-
tation due to the absence of intermediate storage elements.

e Compared with the VSBBC, no dc-link capacitor is required for
MCs, which could limit the lifetime of the converter due to thermal
aging if implemented with electrolytic capacitors.

e MCs in general feature a lower dependency of their overall semi-
conductor losses on the switching frequency compared with stan-
dard converter concepts. This allows (with current semiconductor
technologies) for an increased converter efficiency if higher switch-
ing frequencies (> 20 kHz) are needed. However, it should be noted
that MCs also require more semiconductor devices.

e The dc control equivalent of a MC is a buck-type dc-dc converter
without any intermediate energy storage. The output inductor of
the buck converter corresponds to the stator inductance of the
motor. This allows the MC to supply a passive RL load or an
induction machine without any feedback control.

The main disadvantages of the MC concept are as follows:

e As inherently given by the topology, MCs can only provide out-
put voltage amplitudes lower than the input voltage (buck oper-
ation). Their stationary intrinsic maximum input-to-output volt-
age transfer ratio (for sinusoidal modulation) is limited to v/3/2 ~
86.6% similar to the F3EC.

e It is often stated that for MC drive systems no standard ma-
chines can be utilized due to the limited output voltage. This
is definitely true for standard IEC Induction Motors (IMs), de-
veloped to be supplied directly from the mains. However, mod-
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ern permanent magnet synchronous motors (PMSMs) are typi-
cally designed for operation with a B6-VSI with a nominal dc-link
voltage which corresponds approximately to the line-to-line input
voltage of MCs. This is one explanation of why several standard
PMSMs can be found that match well with the output voltage
range of MCs as long as reduced performance is tolerable during
mains under-voltage. An optimal matching of the motor voltage
and converter output voltage is essential for best overall drive per-
formance, which then involves a custom motor design for MCs.

e Abrupt changes in the load torque are directly transferred to the
converter input as a result of the missing intermediate energy stor-
age. This demands a careful design of the MC input filter, and
might even restrict the application area of MCs.

CMC and IMC topologies require in their basic configuration 18 power
transistors and 18 diodes as shown in Fig. 1.13. For the CMC, the im-
plementation with 18 Reverse Blocking IGBTs (RB-IGBTs) is favored
due to low conduction losses. The corresponding semiconductor config-
uration for the IMC requires 12 RB-IGBTs for the input stage and 6
Reverse Conducting IGBTs (RC-IGBTs) for the output stage. An al-
ternative implementation variant for the IMC with 9 single half-bridge
modules is presented in Fig. 1.15.

The world’s first commercial MC was presented by the Japanese
drive manufacturer Yaskawa in 2005 with the product name Varispeed
AC. This converter series is based on the CMC topology and is imple-
mented with 1200 V RB-IGBTs produced by Fuji Electric. According to
Yaskawa, typical applications for their MC result from two main advan-
tages of their product: power regeneration functionality and low total
harmonic distortion (< 8%). Both characteristics should contribute to
reasonable application in roller dynamometer test benches of the auto-
motive industry, gear box test benches, elevators, escalators, cranes, or
centrifuges.

One year later in 2006, Fuji Electric, another Japanese company, an-
nounced also a new MC product, the FRENIC-MX with an output
power of 45 kW. Similar to Yaskawa, Fuji also selected the CMC topol-
ogy. Since the product launch, Fuji has not been heavily advertising
their MC. Currently, the FRENIC-MX series seems to be not longer
part of Fuji’s official product portfolio.
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Fig. 1.15: IMC implemented with nine half-bridge modules.

Meanwhile, Yaskawa extended their matrix converter product line
with the FSDrive-MX1S medium voltage MC series for input voltages
of 3.3kV and 6.6kV with a maximum output power of 2.5 MW and
5 MW. The increased blocking voltage capability is achieved through
a modular interconnection of multiple three-phase CMCs, leading to
a poly-phase matrix converter, which is connected to the three-phase
medium voltage mains and optionally also to the load with multi-pulse
transformers.

MCs are frequently considered as a future converter concept for VSDs
or more recently for aircraft or renewable energy applications. However,
despite intensive research for the last three decades, MCs have until
now only achieved low market penetration. The reason for this might
be, apart from technical limitations (e.g. no voltage step-up capability),
the more elaborate design procedure and the more complex cascaded
modulation scheme compared to converters with dc-link energy storage.

Nevertheless, in the academic community, research on the MC and
its modified topologies is still very popular, given the number of pa-
pers published in this topic area and the numerous technical sessions
held at conferences about MCs. The following compilation provides a
brief overview of the development of MCs and then presents the main
topological variations.



32 Introduction

Already in 1923, Hazeltine Research Corporation filed a patent 85|
for a matrix type power converter based on electro-mechanical switches.
The forced commutated CMC, as depicted in Fig. 1.13(a), evolved out of
the line commutated Cyclo-Converters, and was proposed in the 1970’
for example by [86,87|. During its process of development, it has there-
fore also been referred to as a forced-commutated Cyclo-Converter. The
modern pulse-width modulated CMC was first described in [88,89] at
the beginning of the 1980°. Approximately eight years later, first inter-
national publications [90,91] appeared, investigating the IMC topology.
For the following years, academic research mainly focused on the CMC
topology.

The next big step with regard to the further development of MC
topologies occurred in 2001 with the invention of the reduced switch
IMC topologies known as Sparse Matrix Converters (SMCs) [92-94].
Since then, numerous topological extensions or combinations of the ba-
sic CMC and IMC topology have been suggested such as: the Indirect
Three-Level (Sparse) Matrix Converter topologies [84, 92,95, 96] to re-
duce the output current harmonics, the full-bridge IMC topology for
supplying an open winding ac machine with a limited common-mode
voltage [97], or different Hybrid CMC (HCMC) or IMC (HIMC) topolo-
gies [98-100] to extend the output voltage range. Unfortunately, the ex-
tended functionality is mostly achieved at the expense of a higher hard-
ware implementation effort and an even more complex modulation and
control scheme, compared to the already demanding modulation and
control of the basic CMC topology with 18 transistors and 18 diodes.

Besides the investigation of MC topologies, different aspects related
to the MC concept have been analyzed. The following overview aims at
identifying and summarizing the main research areas of MCs.

In order to enable proper operation of the MC, the application of
adequate modulation schemes, which allow for safe commutation, is es-
sential. This is of particular importance for the CMC topology as the
commutation sequence depends in general on the sign of the commuta-
tion voltage and /or the sign of the current. Therefore, research activities
focused on the analysis and development of modulation schemes for the
CMC [101-115].

The change of the switching state of the CMC must be executed con-
sidering the input voltage and the output current in order to avoid fail-
ures. This generally requires a multi-step commutation strategy. Suit-
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able commutation schemes were first described in [103,116]. The stan-
dard commutation scheme requires four steps. Depending on the switch-
ing states and the actual input voltages and output currents the four-
step commutation scheme can be reduced to a three-, a two-, or even
a one-step commutation scheme [117-119]. In order to further increase
commutation safety, intelligent gate drive circuits, specifically designed
for the CMC, were suggested [120,121] that measure the voltage across
the transistor in order to detect the direction of the current.

The modulation scheme of the IMC [122-131] is significantly less crit-
ical and complex compared with the CMC and offers enough degrees-
of-freedom to enhance functionality. As is shown in Chap. 3, the IMC
topology allows for either zero current switching of the input stage or
zero voltage switching of the output stage. Two of the most important
findings of research on modulation schemes for the IMC are the basic
space vector representation of the IMC modulation [122]| and the reac-
tive power transfer modulation scheme [128], which can be also applied

to CMCs.

The lack of a dc-link energy storage element affects the operational
safety of MCs in case of failures as for example over-voltages cannot
be limited by a dc-link capacitor as in the VSBBC, and no additional
return path for the load current is provided. The investigation of pro-
tection and clamping circuits and their control schemes was important
for the practical application of MCs [132-137]. Regarding protection cir-
cuitry, the IMC features a topological advantage compared to the CMC.
The link and therefore also the converter output terminals of the IMC
can be clamped to a defined voltage (e.g. via a capacitor supplied by
the mains with a three-phase diode rectifier) with only two additional
diodes, compared to six additional diodes required the output terminals
of the CMC.

In order to prove the concept of MCs in practical systems, numer-
ous application specific research projects have been conducted until
now, starting with the investigation of ac motor drives supplied by
CMCs [90,138,139] or IMCs [140-143]. The drive system integration ca-
pability of MCs was demonstrated by attaching a CMC directly to a mo-
tor leading to the so-called Matrix Converter Motor (MCM) [144,145].
Motivated by their expected potential for a light weight and compact
implementation, MCs have been widely analyzed for aerospace applica-
tions [146-149] and are still considered as a alternative converter concept
for MEA. More recent investigations suggested the MC also for wind-
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Fig. 1.16: Former (light gray) and present (dark gray) countries, with
considerable research activities on MC.

turbine generator systems [150, 151], micro-turbine based distributed
generation systems [152], drive systems for locomotives [153], deep-sea
robots [154], contact-less energy transmission [155], direct interfaces for
ac and dc supplies for fuel cell and battery applications [156], or ac
utility power units [157].

Another field of study was the investigation of semiconductor losses.
Simulation based as well as analytical calculation based methods, using
approximated loss data were suggested for calculating the semiconduc-
tor losses of the CMC [158-160]. A systematic method for an analytically
closed calculation of semiconductor losses for the IMC and SMC topolo-
gies was first presented in [92,161] and was later extended to the CMC
topology [162]. Additionally, different semiconductor technologies have
been compared for MCs such as the RB-IGBT technology [163-167], the
SiC switch technology [168-170], or integrated four-quadrant switches,
known as Monolytic Bidirectional Switch (MBS) [171,172].

Most of the motor control schemes, known from motor drives supplied
with voltage source converters, were applied and analyzed for MCs: Di-
rect Torque Control (DTC) [173-175], sliding mode control [176], dead
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Index  University Country
1 University of Bologna Italy
University of Milan
2 Concordia University, Montreal Canada
University of Toronto
3 University of Colorado at Boulder USA
University of Minnesota
University of Wisconsin-Madison
Virginia Polytechnic Institute
4 Kagoshima University Japan
Nagaoka University of Technology
Nagoya University
Nagasaki University
5 RWTH Aachen University Germany
University of Braunschweig
University of Karlsruhe (TH)
Technical University Chemnitz
6 University of Concepcion Chile
7 University of Bradford UK
University of Manchester
University of Nottingham
8 “Polytechnica” University of Timisoara Romania
9 Aalborg University Denmark
10 University of Tampere Finland
11 EPFL Lausanne Switzerland

ETH Zurich®

Presumably demonstrated the first All-SiC CMC and All-SiC IMC

Tab. 1.2: Former and present countries and their universities with con-
siderable research activities on MCs. (The countries are sorted chrono-
logically with respect to the beginning of the research activities, whereas
the universities are listed alphabetically.)
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Company MC Topology  Year  Publication
ABB & Daimler Benz CMC 1997 [186]
ABB CMC 2002 [187]
CMC 2008 [188]
Alstom CMC 2003 [189]
PP-MC* 2009 [190]
Bosch SAX 2004 [191]
Danfoss CMC 2002 [192]
Fuji Electric CMC 2004 [193]
Hitachi Electric CMC 2006 [194]
Mitsubishi Electric CMC 2004 [195]
Rockwell Automation CMC 2002 [196]
CMC 2008 [197]
Siemens CMC 2002 [198]
Smith Aerospace CMC 2004 [199]
Toyo Electric CMC 2007 [200]
Westinghouse CMC 1992 [201]
Yaskawa CMC 2002 [202]
ARCP-MC? 2009 [203]

Poly-Phase Matrix Converter

b Auxiliary Resonant Commutated Pole Matrix Converter

Tab. 1.3: Compilation of publicly reported research on MCs in industry.
Currently, only Yaskawa offers MCs in their product portfolio.

beat control [177], sensorless control [178-180|, and Model Predictive
Control (MPC) [181,182]|. A rather special control scheme is the re-
generation control [183], avoiding energy feedback into the mains for
(bidirectional) CMCs as is currently required for MEA applications.
Another control related topic was the analysis of methods [184,185] to
investigate control stability of MCs.

A brief overview of the worldwide academic and industrial activities in
the topic area of MCs is provided due to its importance in the academic
community. Fig. 1.16 depicts the worldwide research activities on MCs
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with the legend in Tab. 1.2, listing the corresponding universities. The
main academic MC research centers are located in Europe, Japan, and
the USA (sorted in alphabetical order) as can be seen in Fig. 1.16.

Through evaluation of publications and technical literature, drive
manufacturers are identified that have performed research on MCs and
publicly reported on their results. A summary of this evaluation is pro-
vided in Tab. 1.3, showing that numerous companies sponsored or per-
formed investigations on MCs or still have activities in this topic area.
Nevertheless, only a few launched a MC as a product.

Reduced Matrix Converter — S-A-X Converter

Reducing the implementation effort of ac-ac converter topologies is well
known from voltage dc-link converter systems. If bidirectional operation
is not required, the input switches of the VSBBC can be omitted, leading
to the B6-VSI topology, which is widely used in industry. The same
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Fig. 1.17: S-A-X Converter topologies. Circuit variant with (a) 9
switches (3 x 3) and (b) 6 switches (3 x 2).
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concept can be applied to MCs. The CMC topology can be simplified
and restricted to unidirectional operation, by omission of the reverse
current path. Possible circuit topologies are shown in Fig. 1.17 and
referred to as S-A-X converters [191]. The number of semiconductor
components can then be reduced to 6 power transistors and 6 diodes
(or 6 RB-IGBTs) compared to 18 power transistors and 18 diodes (or
18 RB-IGBTs) as for the CMC.

The main motivation for reduced CMCs, besides minimizing the im-
plementation effort, is to enable a simplified, rectifier-based one-step
commutation scheme. This allows the current to commutate immedi-
ately without a special sequence, which is typically required for the
CMC. In addition, due to the missing reverse current path and the uni-
directional, strictly positive output currents, the input phases of the
S-A-X converter cannot be short-circuited as is possible for the CMC.

Two operating modes are known for the S-A-X converter topology in
Fig. 1.17(a) with nine switches and nine diodes (3 x 3). The first mode
allows the generation of a three-phase voltage-current system at the
converter output with a dc-offset in the output currents as no reverse
current flow is possible. In order to drive a standard three-phase mo-
tor, decoupling of the ac- and dc-components is required. This can be
achieved by means of a transformer, which is connected between the con-
verter output and the motor. The primary windings of the transformer
are supplied by the converter output, and their star-point is connected
to the star-point of the input capacitors CF jnp. Another possibility is
to utilize motors with special winding configurations that compensate
the stator field components, generated by the dc-offset in the phase
currents.

The S-A-X converter topology, shown in Fig. 1.17(b), features three
input phases and two output phases (3 x 2), with three series connected
switch-diode configurations in the forward current leg and three in the
reverse current leg. This S-A-X converter topology corresponds to the
circuit topology of the CSR in which the dc-link inductance is shifted
to the load. Two load terminals are connected to the two output phases
of the S-A-X converter for supplying a symmetrical three-phase load,
whereas the third load terminal is connected to the mains star-point.
The switches are modulated such that a sinusoidal current with dc-offset
results. Compared to the topology with nine switches and nine diodes
(cf. Fig. 1.17(a)), this topology has lower conduction losses and does
not cause a dc-loading of the input mains system.
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Depending on the implementation variant (3 x 3 or 3 x 2), S-A-X
converters have been suggested for drives requiring an isolation trans-
former, for decentralized drive systems, or for contactless energy trans-
mission [204]. However, the handling of all operating and failure modes
of such a drive systems seems to be very challenging as the S-A-X con-
verter concept imposes many restrictions.

Sparse Matrix Converter

The input stage of the IMC, as illustrated in Fig. 1.14, is implemented
with six four-quadrant switches and can be operated with a positive and
negative link voltage. For the six-switch inverter output stage, however,
a positive link voltage u > 0 is mandatory due to the freewheeling diodes
in the output stage (cf. Fig. 1.14). Since only positive link voltages are
tolerable for the IMC topology, it is obvious to aim for simplification
of the IMC input stage by restricting its voltage blocking capability to
positive link voltages.

The derivation of a simplified input stage bridge-leg of the IMC is
shown in Fig. 1.18. If the input phase a of the IMC is connected for both

Spa oK Spa Daqp

Sap °—| Sap 4 Dpa

Sna s WD,
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Fig. 1.18: Derivation of the SMC input stage bridge-leg [92]. (a) Typ-
ical IMC bridge-leg with bipolar voltage blocking capability (u > 0,
u < 0), (b) simplified bridge-leg with restricted voltage blocking capa-
bility to positive link voltages (u > 0), and (c¢) SMC bridge-leg.
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current directions with the positive bus p (S,p and Sy, are switched-
on and S,, and Sy, are switched-off), the positive link voltage always
appears as a blocking voltage across S,,. Thus, the function of S, is
limited to providing a current path from the negative bus n via D, to
the input phase a. For this reason, no direct connection of the emitter
of Spa, with a is required. The current return path can be provided
via Sha and Dp,. An analogous consideration for S,, and D,, leads
to the parallel connection of S,, and S,, as shown in Fig. 1.18(b).
This parallel switch configuration can be replaced by a single switch S,,
depicted in Fig. 1.18(c), resulting in a simplified bridge-leg configuration
for the input stage with three instead of four switches. The gate of S,
is controlled by a “wired-OR” connection of the gate signals for S,, and
Sha and consequently means for a practical implementation that S, is
switched-on whenever Sy, or S,y are switched-on. The simplified bridge-
leg configuration in Fig. 1.18(c) thus enables a reduced implementation
effort of the IMC from 18 switches and 18 diodes to 15 switches and 18
diodes.

The resulting reduced-switch IMC, shown in Fig. 1.19, is called Sparse
Matrix Converter (SMC) [92,205]. (It should be noted that despite re-
ducing the number of switches, only a small reduction of the required
semiconductor chip area can be expected for the SMC, compared to
the standard IMC topology with 18 switches, as the switch S, requires
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Fig. 1.19: Sparse Matrix Converter (SMC) [92].
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Fig. 1.20: Very Sparse Matrix Converter (VSMC).

approximately twice the current rating compared to the switches Sy,
and Sy,.) Depending on the current direction and the switching state
either two or three devices are in the current path of an SMC input
bridge-leg. The SMC typically has higher conduction losses compared
with the standard IMC topology for similarly designed input stages, as
per input stage bridge-leg of the SMC more than two devices are in the
current path.

A further reduction of the number of transistors in the input stage is
possible by implementing the four-quadrant switches with only a single
switch and four diodes (Graetz configuration). This leads to another
fully bidirectional variant of the IMC topology, the Very Sparse Matrix
Converter (VSMC), shown in Fig. 1.20. Its four-quadrant switches can-
not be controlled independently with respect to the current direction.
However, this controllability is not required, when using the standard
modulation scheme A (cf. Fig. 3.9). The switching of the transistors of
the input stage then takes place at zero current within the freewheeling
intervals of the output stage. Thus, only a safety interval is required be-
tween the turn-off of a four-quadrant switch and the turn-on of another
four-quadrant switch. Compared to the IMC with 18 switches, in the
input stage of the VSMC three instead of two devices are in the cur-
rent path of a four-quadrant switch (per phase), which leads to higher
conduction losses for the VSMC topology.
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Fig. 1.21: Unidirectional Ultra Sparse Matrix Converter (USMC) with
(a) 3 transistors and 12 diodes and (b) 6 transistors (three half-bridges,
on gray background) and 6 diodes in the input stage.

A more comprehensive simplification of the IMC topology is possible
by limiting the converter to unidirectional power flow. The switches Sy,
and Sp, according to Fig. 1.18(c) only conduct current for negative link
currents ¢ < 0 and thus can be omitted when connected to passive,
mainly ohmic RL loads. The resulting topology is the Ultra Sparse
Matrix Converter (USMC) [92], depicted in Fig. 1.21(a). Negative link
voltages as well as negative link currents have to be avoided for the
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USMC due to the unidirectional input stage and the unipolar output

stage. This limits the operation of the USMC with reference to [92] and
Fig. 7 and Fig. 10 in [84] and Fig. 3 and Fig. 11 in [143] to
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In addition to the topology shown in Fig. 1.21(a), the USMC can also

be implemented with six switches in the input stage as in Fig. 1.21(b).

This circuit variant exhibits lower conduction losses but a greater im-

plementation effort compared to the variant in Fig. 1.21(a).

(1.3)

Sparse T-Source Converter

The maximum output voltage of MCs is limited to 86.6% of the input
voltage as previously stated. In order to complete the review of ac-ac
converters, a new topology is presented that overcomes this limitation
and still maintains the advantages of IMCs of comparatively low switch-
ing losses. The resulting bidirectional topology, shown in Fig. 1.22, con-
sists of a SMC circuit with a T-source network integrated into the link,
and is referred to as Sparse T-Source Converter (STSC).

The passive T-source network actually links a bidirectional and unipo-
lar CSR with a bidirectional and unipolar VSI and implements voltage
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Fig. 1.22: Sparse T-Source Converter (STSC). (1) Optional connection
to the star-point of an output filter.
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step-up functionality with the coupled inductors (high frequency auto-
transformers 7}, and 7},). The input stage is modulated similarly to a
CSR and can be operated in the simplest control scheme at a fixed
modulation index (duty cycle) of for instance 80%. The output stage
is controlled like a conventional VSI. The switching state of the input
stage is changed, whenever the output stage is in the freewheeling state,
as is possible for the IMC. This modulation strategy reduces the level of
the switched current of the input stage and consequently its switching
losses as only the magnetizing current of the auto-transformers and not
the transferred load current is switched.

Compared to the VSBBC and CSBBC with dc-link energy storage
the STSC requires only a minimal intermediate energy storage, which
indicates his relation to MCs. This matches well with the properties
of a transformer. The T-source network just provides a small amount
of intermediate energy storage mainly with the capacitors C}, and C,,.
In the auto-transformers 7}, and 73, only magnetizing energy is stored.
The maximum converter output voltage can be adjusted by changing
the turns ratio of T}, and T;,.

The volume of the T-source network is determined by the volume
of its transformers and is reduced with increasing switching frequency.
For increasing current levels (power levels), the volume of the trans-
formers growth less compared to a dc-link capacitor of a VSBBC as
no energy has to be stored. The blocking voltage stress on the output
stage devices is significantly higher compared to MCs or VSBBCs due
to the transformer, which is a significant disadvantage of the STSC.
Another challenge of this topology is the requirement for a low leakage
inductance transformer design.

In view of the already demanding operating behavior of MCs in gen-
eral and in particular their limitation to handle failure modes, the STSC
with even additional passive components in the link currently does not
seem to be a viable alternative for industrial ac-ac converters, but is only
of academic interest. For this reason, no further details of the STSC are
presented in this work.
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1.4.3 Comparisons of AC-AC Converters

The preceding review of ac-ac converters shows that for the past decades
many different topologies and their properties have been analyzed and
described in the literature. Despite the broad spectrum of these par-
tially very detailed investigations, research work performing a holistic
comparison of ac-ac converter topologies for drive applications is very
rare.

Most of the investigations focus on a performance comparison based
on semiconductor loss calculations or measurements and typically in-
volve two different converter topologies. Three main setups for ac-ac
converter comparisons can be found in the literature: comparisons be-
tween the MC and VSBBC, between the VSBBC and CSBBC, and
between the CMC and IMC. In [187,206-208], the semiconductor losses
and the design of the CMC and VSBBC are compared to identify the
potential benefits and risks of the MC technology. [208] suggests an
electro-thermal simulation based approach to analyze the thermal stress
of the power semiconductors. The performance and implementation ef-
fort of a VSMC and VSBBC are described in [209]. Semiconductor loss
and efficiency comparisons between the VSBBC and CSBBC are per-
formed in [210-213]. Performance assessments between the CMC and
IMC are investigated in [214,215].

Another topic area of comparison deals with the converter modula-
tion. [216] describes a unified modulation scheme for voltage and current
source topologies. In [217] the CMC and IMC are analyzed regarding
their SVM schemes.

Further research work investigated the input and output power qual-
ity of different converter topologies. In [218], the harmonic behavior of
the VSR and CSR and in [219] of the CMC and IMC is compared.

Contrary to most of the other topology comparisons, a systematic
evaluation is presented in [220,221] not only comparing two but multiple
ac-ac converter topologies. With the proposed method, the individual
topologies are analyzed using weight as a comparison metric.

A rather novel approach are reliability based comparisons of converter
topologies, gaining steadily in importance, as they allow an estimation
of the Mean Time To Failure (MTTF) and ultimately the medium-to-
long-term cost of a certain converter concept. However, the challenge
with this approach is to obtain adequate reliability data and models.
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First publications on ac-ac converters, using failure rates of the indi-
vidual components, compare the reliability between the CMC and the
VSBBC [222] and between the CMC and the 18-Pulse Rectifier [223|
for MEA applications. Another method for determining the reliability
is presented in [224]| for the CMC and determines the thermal stress
of the semiconductors and therewith the MTTF figure of the power
module.

1.4.4 Classification

In order to complete the review of bidirectional, low-voltage, forced
commutated ac-ac converters, a possible classification of ac-ac converter
topologies is depicted in Fig. 1.23. Different criteria for classification are
possible such as for example the number of power conversion stages, the
type of power conversion, the number of semiconductor devices, or the
required galvanically isolated gate drive voltage levels.

In the overview at hand, the individual converter topologies are classi-
fied with respect to the internal (integrated) energy storage in the main
power circuit, which is inspired by the classification presented in [84].
This leads to the following three main categories of ac-ac converters:
converters with dc-link energy storage, hybrid matrix converters, and
matrix converters. Hybrid matrix converter topologies are a mixture of
matrix converters and converters with intermediate energy storage.

Although the fact that the analysis in this work is confined to two-
level topologies, the Three-Level Neutral Point Clamped VSBBC (3L-
NPC VSBBC) is listed as well for completeness. The converter names
marked with “*” (e.g. USMC") refer to unidirectional topologies.

1.5 Summary

In this chapter an overview of the key bidirectional, hard-switched ac-
ac converter topologies including their properties is presented that are
suitable for low-voltage application. Bidirectional ac-ac converters can
be basically classified into topologies with intermediate energy storage
and without intermediate energy storage. The four converter topologies
investigated in this work are the VSBBC and the CSBBC with dc-link
energy storage and the CMC and IMC without intermediate energy
storage.
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Fig. 1.23: Classification of ac-ac converter topologies.
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The detailed literature review reveals that although a wide variety
of different aspects have been investigated for the considered converter
topologies, research work performing a comprehensive comparison of ac-
ac converters is very rare. This finding forms the basic motivation for
this thesis to develop a methodology that allows for a holistic compari-
son of ac-ac converter systems, and then to perform such a comparison
for the VSBBC, CSBBC, IMC and CMC. A further contribution based
on the literature review is the compilation of former and present coun-
tries and their universities with considerable research activities in the
topic area of MCs, and an overview of the research on MCs in industry.
It shows that the main research centers for MCs are in North America,
Chile, Europe, and Japan and that currently only Yaskawa, a Japanese
drives manufacturer, offers commercial MCs.

Most of the industrial, state-of-the-art, low-voltage ac-ac converters
belong to the category of converters with dc-link energy storage and
are mainly voltage-source-type topologies. Therefore, the properties of
the VSBBC serve as benchmark for the converter topology comparison
performed in this thesis, as it is the most widely used bidirectional ac-ac
converter.



Chapter 2

Power Semiconductor
Devices

The requirements for state-of-the-art semiconductor switching devices
are demanding. In the on-state, their on-state voltage drop (forward
voltage drop) and on-resistance should be as low as possible to reduce
the conduction losses, and they should be capable of conducting suffi-
ciently high currents. In the off-state, the power semiconductors should
provide an adequate blocking voltage capability to guarantee safe opera-
tion. In addition, the switching losses should be minimal. Furthermore,
the semiconductor material should have minimal degradation effects,
withstand elevated temperature levels to enable safe transient device
overloading, be insensitive to high irradiation levels, and allow for simple
and thermo-mechanical, stress-minimal packaging to ensure long-term
reliability.

Strong efforts have been undertaken in the research and further de-
velopment of existing and also new power semiconductor technologies
for the past decades, such as the silicon carbide (SiC) technology, due
to the key position and significance of semiconductor devices in power
electronic converter systems. First of all in this chapter, a summary
of the potential benefits of SiC power devices compared with the Si
devices is presented. Then a brief overview of state-of-the-art Si and
SiC power semiconductors, suitable for low-voltage ac-ac converters, is
provided that are commercially available or close to commercialization.

49
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Special attention is directed to the normally-on SiC Junction Field Ef-
fect Transistor (JFET). Thereby, the challenges of its normally-on char-
acteristic in terms of the application in a power circuit are discussed.
Next, the design and implementation of a suitable gate drive circuit for
the normally-on SiC JFET are described, followed by an experimen-
tal switching performance analysis and conduction and switching loss
measurements.

This chapter concludes with a semiconductor loss evaluation and
modeling for different characteristic semiconductor devices and tech-
nology configurations, applicable to ac-ac converters.
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2.1 Silicon and Silicon Carbide

2.1.1 Basic Material Properties

Currently, primarily two semiconductor materials are used to fabricate
power semiconductor devices: silicon and silicon carbide. Compared with
silicon, silicon carbide (4H-SiC) has an approximately three-times higher
band gab energy Eq, an approximately ten-times higher critical electric
field F..t, a two-times higher average saturation carrier drift veloc-
ity vgat, a three-times higher maximum operating junction temperature
T3 max and higher thermal conductivity A¢,, and provides a chemical in-
ertness and irradiation hardness. Further properties of silicon and silicon
carbide are summarized in Tab. 2.1.

A higher critical electric field allows for thinner drift regions, higher
doping concentrations Na, Np, higher specific conductivity oo, and a
smaller chip area Agnip for a given breakdown voltage. It further en-
ables the implementation of power devices with an increased blocking
and break down voltage. A higher saturation carrier drift velocity allows
for higher operating frequencies suitable for high switching frequency
applications. Consequently, silicon carbide features excellent material
properties for the implementation of high-voltage, high switching fre-
quency, and high temperature power semiconductor devices. Unfortu-
nately, some of the potential advantageous of SiC material properties
cause considerable technological difficulties in the device fabrication pro-
cess of SiC devices, as for example material defects or degradation ef-
fects, which are not all solved yet.

Various silicon carbide structures exist, such as 3C-SiC, 4H-SiC, and
6H-SiC, whereas 4H-SiC, and 6H-SiC are typically used for power de-
vices. 4H-SiC is the preferred material due to its two-times higher elec-
tron mobility u, compared with 6H-SiC. Additionally, the much lower
thermal minority carrier generation of 4H-SiC results in lower device
leakage currents.

Fig. 2.1 visualizes the main properties of silicon and 4H silicon car-
bide for power devices, normalized to silicon. It is important to note that
besides the actual electrical and thermal properties also the mechanical
and thermo-mechanical material properties are crucial for power semi-
conductor devices in terms of packaging and reliability. As can be seen
in the diagram below, the largest differences between 4H-SiC and Si
are the high critical electric field and the low intrinsic carrier density
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Property  Unit Si 4H-SiC  6H-SiC
Eq eV 1.12 3.26 3.02
Erp MV /em 0.3 2.8 2.5
ni 1/cm? 1.4-10° 5.107° 1.6-10°°
fin cm?/ (Vs) 1500 900 400
p cm?/ (Vs) 450 115 100
VUsat.n cm/s 1-107 2107 2.107
Er - 11.9 9.66 9.66
T max °C ~ 200 ~ 600 ~ 700
Ath W/ (Kem) 1.5 3.9 4.9

o ppm/K 2.5 2.2 2.2

p g/cm? 2.3 3.2 3.2
Kgy GPa 100 205 205
Kg GPa 50 200 195
Hyk kg /mm? 1100 2400 2400

Tab. 2.1: Material properties of silicon and 4H and 6H silicon carbide
at 25°C, compiled from [225-227].

ni, enabling the implementation of power devices with high blocking
voltage and small on-state resistance and/or chip area. SiC is char-
acterized by its superior thermal conductivity and maximum junction
temperature compared with Si. The main difference in the mechanical
properties is found in the high structural hardness of SiC, increasing
the requirements for the interface materials between the SiC chips and
the package. Another challenge in the packaging technology is to utilize
the high temperature operation capability of SiC whilst maintaining the
demanded power device reliability.

Contrary to the Si technology, which is very well established in the
semiconductor industry for the fabrication of integrated circuits, power
devices, or photovoltaic cells, the SiC technology is mainly driven by the
increasing demand for nitride based devices (light emitting diodes or
lasers), where it has become the substrate of choice due to its favorable
thermal and structural properties. This explains that competitive SiC
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power device production with corresponding Si devices could not yet be
achieved, which is even complicated by the challenging and elaborate
process technology of silicon carbide.

2.1.2 Figures-of-Merit

Figures-Of-Merit (FOMs) for semiconductor devices enable an analyt-
ical assessment of the device performance for different semiconductor
technologies. In the following, the most intuitive FOMs, suggested for
comparing Si and SiC power devices, are presented. The potential ben-
efits of SiC devices are investigated and described based on [225] by

Electrical

Inverse of intrinsic
carrier concentration
1/ ny~ NA,max; ND,max

Critical 10
electric field
Ecrit ~ UBD

Electron saturation
velocity Ven ~ fow

Max. junction ‘ Bulk module
temperature .
T J,max A KB

\z

Thermal \
conductivity Ay,

Thermal

Sheare module
Ks

Mechanical

Linear thermal Knoope
extension o hardness Hx

Fig. 2.1: Visualization of main electrical, thermal, and mechanical
properties of Si (dark gray area) and 4H-SiC (light gray area), nor-
malized to silicon.
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estimating the dependencies between the forward voltage drop, the
breakdown voltage, and the on-state resistance for a vertical MOSFET

(VMOS) structure.

Assuming an abrupt pn~ junction and neglecting the built-in voltage,
the device breakdown voltage Upp can be estimated according to [228|.

Unpy — Ecritwscr (2.1)
2

wgcr, is the total width of the space charge layer. The space charge
layer primarily extends into the n~ drift region (one-sided junction)
due to the lightly doped n~ drift region, and under the breakdown
condition extends across the whole drift region, in this simplified model.
For this special case, the space charge width wgcr, equals the width of
the resulting drift region w,,.

The specific conductivity o,, in the on-state of a VMOS structure
(forward conduction) is mainly determined by the resistance of the drift
region and may then be written as

oo = S0HnND (2.2)
wIl
if the influence of the channel resistance is neglected. The doping concen-
tration of the drift region is denoted with Np and the electron mobility
with uy,. By using the Poisson equation, which relates the excess electron
and hole concentration to an internal electric field, (2.1) becomes

5Ecrit

= €0ND . (23)

Wn

By combining (2.1) and (2.2) the specific on-state conductivity reduces

to 5
1 _ eopin By (2.4)
Achip,actRon 4 U]%D ’ .

Oon =

where Achip act corresponds to the active chip area and R,y to the on-
state resistance. In [229], Baliga suggests the relationship between con-
ductivity, electron mobility, and critical electric field as an assessment
criterion for semiconductor device properties, which is known as the

Baliga Figure-Of-Merit (BFOM)

BFOM = eu,E2, . (2.5)

crit
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The ratio of the BFOM for 4H-SiC and Si

BFOMuyn_sic
BFOMg;

kBrOM sic—si = (2.6)

is approximately 400. Using (2.4), it can be shown that a 4H-SiC semi-
conductor device would allow for a twenty-times (/400 = 20) higher
breakdown voltage compared with an equivalent Si devices with the
same active chip area Acpip act and the same on-resistance Rop.

As can be immediately seen by inspection of (2.4), the chip area
Achip,act of the SiC device would be considerably smaller than that of
the Si device, provided that the breakdown voltage Ugp and the on-
resistance R, are the same. Although the conduction losses would be
equal for a constant device current I (as R,y is identical), the power loss
density in the SiC device would be considerably higher. Furthermore,
the smaller chip area of the SiC device would lead to a higher thermal
resistance between the chip and the heat sink than for the Si device.
Together with the increased power loss, this would result in a higher
junction temperature of the SiC device compared with the Si device,
which is a limitation of the BFOM.

In order to avoid this discrepancy, Schlangenotto et al. [230] suggests
a Figure-Of-Merit (SFOM) which is formed by extension of the BFOM
and performs the device comparison for a constant on-state conduction
loss density pcond

RonI? I?
Peond = = — = const . (2.7)
Achip,act Achip,act Oon

Using (2.4), the required active chip area can be calculated as

I B 21UsD
\/m v/ Pcond EunEgrit

The on-resistance is then given by

R — 1 o 2 UBD\/,Ocond -~ 1 (2 9)
o Achip,act Oon I E,LLnEgrit v BFOM . .

The conclusion is that the superior material properties of silicon carbide
should not be primarily utilized to reduce the chip size but also to
reduce the on-resistance. For a holistic assessment, both the static device

(2.8)

Achip,act =
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parameters (e.g. breakdown voltage and on-resistance) and the dynamic
behavior need to be considered. In the SFOM, the dynamic behavior is
modeled by considering the capacitive surface charge density ¢ of the
space charge layer, which is assumed to be inversely proportional to the
chip area.

1 _@s

qxX —— —

qs = = eoNpwy (Usy 2.10
Achip,act Achip,act 0 ( ) ( )

The charge (s, which might be designated as an equivalent stored
charge, causes losses during the switching transients when charging and
discharging the space charge layer. The width of the space charge layer
(and the drift region) is not anymore constant as for the presented break-
down condition in (2.1), but is now dependent on the switched voltage
Usw. The capacitive switching loss energy wq gw of an entire switching
cycle, resulting from (g, is given by

WQ,sw = QsUsw - (2.11)

By substituting (2.1), (2.3), and (2.11) into (2.10), the charge density
gs can be written as

Qs wqsw
qs = A ~
chip,act chip,act Usw

= eoNpWh, /gBV]; = e Eoyit /% . (2.12)

Finally, for the overall device assessment the ratio between the specific
conductivity o,, and the charge density qg is determined.

on nE2
Ton _ _ Hneit (2.13)

gs 4/ uswU3p

For the SFOM, we then obtain

SFOM = u, B2, . (2.14)

crit
If the ratio of the SFOMs for 4H-SiC and Si is calculated

SFOMuyn_sic
SFOMg;

ksrom,sic—si = (2.15)

4H-SiC performs better by a factor of 52 compared with Si.
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Many of the existing FOMs are based on semiconductor-physical pa-
rameters and therefore are appropriate to assess the potential of differ-
ent semiconductor materials. However, for a straightforward comparison
of real power devices they can hardly be applied as the required parame-
ters can typically not be found in data sheets. A pragmatic solution has
been suggested by Kolar et al. [231] with a FOM formed by the ratio of
the conductance G and the energy equivalent device output capacitance
Coss,eq(Usw), which depends on the switched voltage ugy-.

G G’
KFOM = = 2.16
\/Coss,eq (Usw) \/Cc/)ss,eq (U’SW) ( )

It is shown in [231] that the KFOM is proportional to the resulting
power density of a power electronic converter system. In order to enable
simple scaling of the device chip area, the ratio can also be expressed by
the conductance G’ and output capacitance C/ o, (Usw), normalized to
the chip area. The conductivity G accounts for the device conduction
losses and the output capacitance Cogs eq(Usw) for the switching losses,
caused by the charging and discharging of the device output capacitance.
In this consideration, the ideal device features a maximal conductivity

and a minimal output capacitance, leading to a maximal value of the
KFOM. The KFOM is closely related to (2.13) and thus to the SFOM.

The comparison of the BFOM and SFOM anticipates superior per-
formance of SiC devices. An experimental evaluation of state-of-the-art
SiC power devices, described in Sec. 2.4, however relativizes the ac-
tual performance gain of SiC power devices predicted by the BFOM or
SFOM. An evaluation based on the KFOM aims at providing a more
realistic assessment.

Silicon carbide has been considered for many years as the most promis-
ing semiconductor material for future power semiconductor devices.
Meanwhile, the gallium-nitride (GaN) device technology is emerging
for power devices where similar performance as with silicon carbide is
expected, but many fabrication processes from the Si technology can be
adopted.
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2.2 Suitable Devices for AC-AC Converters

Industrial, three-phase, low-voltage PWM ac-ac converter for drive ap-
plications with a nominal input voltage of 400V (rms), as considered
in this work, require power semiconductor devices with a blocking volt-

age capability of 1200 V. An overview of suitable devices is provided in
Tab. 2.2.

Present unipolar Si power transistors have beneficial properties com-
pared to bipolar devices, such as moderate on-state conduction losses
and low switching losses, for blocking voltages of up to approximately
600V due to the band gap energy and critical electric field of silicon.
For a blocking voltage capability of 1200V, bipolar devices are primar-
ily utilized. Si high-voltage Metal Oxide Semiconductor Field Effect
Transistors (MOSFETs) or Super-Junction (SJ) MOSFETs (CoolMOS
technology) are typically not used for motor drive converters as the
appropriate blocking voltage cannot be provided (present CoolMOS de-
vices Upssmax = 900 V) and too large chip areas would be required to

Transistor Freewheeling Diode
Si high-voltage MOSFET Si NPT PiN diode

Si SJ MOSFET (CoolMOS < 900V) Si PT PiN diode

Si NPT IGBT Si PiN diode with FS
Si PT IGBT Si FCE PiN diode

Si SPT IGBT

Si T&FS IGBT

Si RB-IGBT

Si RC-IGBT

SiC normally-on JFET (e.g. SiCED) SiC Schottky diode

SiC normally-off JFET (e.g. SemiSouth)
SiC BJT (e.g. TranSiC)

Tab. 2.2: Si and SiC power semiconductor devices, suitable for low-
voltage ac-ac converters and available in large enough quantities for
implementing converter prototypes (Sep. 2009).
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achieve the demanded low level of conduction losses. Additionally, the
switching performance of the intrinsic body diodes is unfavorable. For
this reason, state-of-the-art low-voltage motor drive converter systems
are mainly implemented with Si IGBTs and Si PiN freewheeling diodes.
The first part of the converter topology evaluation is thus performed for
latest generation Si IGBT and diode devices.

Another, for cost reason still rarely applied option in industry, is to
replace the Si PiN diode by a SiC Schottky Barrier Diode (SBD), leading
to a hybrid configuration of a Si transistor and a SiC freewheeling diode.
This combination would generally allow for significantly reducing the
dynamic losses in the power devices, particularly the turn-on losses of
the IGBT and the turn-off losses of the diode.

In addition, there are two IGBT based devices with extended func-
tionality: the Reverse Blocking IGBT (RB-IGBT) and the Reverse Con-
ducting IGBT (RC-IGBT). The RB-IGBT can block forward and re-
verse voltages and thus allows the replacement of a serial connection of
an IGBT and a diode with a single chip. The RC-IGBT features unipo-
lar voltage blocking similar to a conventional IGBT but enables reverse
current flow. It allows the replacement of an anti-parallel connection of
IGBT and diode with a single chip. Both devices, the RB-IGBT and
the RC-IGBT, simplify the implementation of power circuits due to the
reduction of the number of separate devices. However, the simplification
is achieved at the expense of flexibility in combining arbitrary IGBTs
with diodes.

In order to assess the potential of SiC switches and ultimately the
performance of all-SiC ac-ac converter systems, adequate devices have
to be found. When this thesis was started, the device of choice was (and
still is) the 1200V normally-on SiC JFET produced by SiCED due
to its reported promising properties, ruggedness, flexible applicability,
and finally also its availability in large enough quantities to implement
converter prototype systems. Compared with other SiC transistors, this
JFET has an integrated anti-parallel body diode. Meanwhile, also other
1200V SiC transistors can be obtained as pre-commercial devices as
for example normally-off SiC JFETs from SemiSouth or SiC BJTs from
TranSiC. Another option would be 1200V SiC MOSFETs announced
by CREE.

In the following, a brief summary of Si IGBTs, Si RB-IGBTs, Si PiN
diodes, SiC JFETs, and SiC Schottky diodes is presented. These devices
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are utilized in the hardware prototypes implemented in this work.

2.2.1 SilIGBT

Various types of IGBTs exist which differ in terms of semiconductor
structure, properties, or processing technology. Traditionally, there were
two types of IGBTs the Punch-Through (PT) devices, where the elec-
tric field “punches through” the drift region during voltage blocking, and
the Non-Punch-Through (NPT) devices, where the electric field does not
punch through the drift region. Independent of the actual structural de-
tails, the term PT is nowadays used for comparatively thick IGBT chips,
made from epitaxial wafers, which contain an n™ buffer or a field stop
layer, whereas the term NPT is associated with thinner chips fabricated
from (cheaper) float zone wafers, which do not have an additional n™
layer. An overview of the different IGBT device structures is presented
in Fig. 2.2.

Two main technological trends can be observed in the further devel-

Emitter Gate Emitter Gate Emitter Gate Emitter Gate
A ot A A
AN AN AN AN

p J P J p J p
Trench
n- drift region n- drift region n- drift region
n- drift region
n* buffer SPT n*-buffer n* field stop
b ) )
Collector Collector
p* substrate S
Collector
)
Collector
(a) (b) (c) (d)

Fig. 2.2: Schematic structure of different IGBT technologies. (a) PT,
(b) NPT, (c¢) SPT, and (d) T&FS IGBT.
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opment of IGBT devices: the Trench and Field-Stop (T&FS) [232] and
the Soft-Punch-Through (SPT) [233] technology. The T&FS IGBT de-
sign utilizes an n* buffer layer below the n~ substrate as a field stop
layer. The deep trench gate combined with the back side emitter en-
ables a low saturation voltage and a reduction of the chip area. The
SPT chip structure is based on a planar gate NPT IGBT technology.
It requires an additional n™ buffer layer below the n~ substrate similar
to the T&FS technology that prevents a “punch-through breakdown”
of the device as the thickness of the n™ layer is minimized. Due to the

narrow n- layer, lower on-state and switching losses can be achieved
compared to an NPT IGBT.

The currently latest generations of 1200 V devices of both new tech-
nologies are denoted as Trench or T&FS IGBT 4 and SPT+ IGBT. A
comparison of these technologies, performed in [234], reveals that the
static and dynamic loss of both IGBT technologies are in the same
range. The difference is found in the ratio between the power losses and
chip area: the Trench 4 chips allow for a current density of 130 A /cm?
|235] whereas the current density of SPT+ chips is 115 A /cm? [236].

2.2.2 Si Reverse Blocking IGBT

The Reverse Blocking IGBT (RB-IGBT) features a symmetrical volt-
age blocking capability. This means that in its off-state, it can block
forward as well as reverse voltages. Commercial devices are available for
a blocking voltage of typically 1200 V and rarely 600 V. The RB-IGBT
has been mainly applied for current source converter or matrix converter
topologies, where bidirectional or reverse blocking power switches are
required [195, 237, 238]. The implementation effort of a bidirectional
switch can be significantly reduced as the anti-parallel wiring of two
series connections of an IGBT and diode can be replaced by two anti-
parallel connected RB-IGBTs as depicted in Fig. 2.3. This allows low-
ering the number of semiconductor dies for a bidirectional switch from
four to two.

The on-state losses of a RB-IGBT are lower compared to an IGBT
and a diode with an equivalent current rating that are connected in se-
ries as described in [239]. Therefore, it is generally believed that using
RB-IGBTs instead of discrete series connections of IGBTs and diodes
would not only simplify the power circuit layout but also decrease the
semiconductor losses. However, depending on the device optimization
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the dynamic behavior of RB-IGBTs may exhibit large tail currents dur-
ing device turn-off, as reported in [167].

The basic structure of a RB-IGBT is shown in Fig. 2.4. The RB-
IGBT is similar to a conventional IGBT, as it is usually fabricated based
on a NPT device, except for a deep diffusion collector wall surround-
ing the active chip area. This collector isolation allows the RB-IGBT
to block negative collector-emitter (reverse) voltage. The production
of RB-IGBTs is more elaborate and the devices are more expensive

(2) (b) (©)
Fig. 2.3: Different IGBT configurations for bidirectional switches. (a)
Common-collector IGBT, (b) “Graetz” single IGBT, and (c) anti-
parallel RB-IGBT configuration.
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Fig. 2.4: Schematic structure of a RB-IGBT.
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compared with conventional IGBTs. Different new fabrication processes
have been developed and reported, mainly by Japanese semiconductor
device manufacturers [166,240|, to reduce device cost. Currently, the
RB-IGBTs seem to be disappearing from the market due to the lack of
applications.

2.2.3 Si PiN Freewheeling Diode

Modern fast semiconductor switches require fast and powerful free-
wheeling diodes, as they significantly influence the turn-on losses of
the switches. The freewheeling diode is typically commutated at every
turn-on of the switch from its conduction to blocking state. A soft-
and fast-recovery behavior with a low reverse-recovery charge is de-
sired. There are two main types of power diodes to be distinguished: Si
Schottky diodes and Si PiN junction diodes. Mainly Si PiN diodes are
applied for the considered blocking voltage level of 1200 V. A schematic
structure of a typical Si PiN power diode is depicted in Fig. 2.5.

The intermediate layer is not intrinsic but lightly n doped (n™). Either
a PT or a NPT design can be selected similar to the IGBT. PT and
NPT refers in this case to the extension of the electric field in the n™
layer, and on whether it reaches during voltage blocking the n™ cathode
region. In terms of the forward voltage drop a PT design is desirable.

A variety of measures have been taken to optimize the static and
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Fig. 2.5: Schematic structure of a Si PiN power diode.
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dynamic behavior of PiN power diodes. One possibility is to apply the
concept of Controlled Axial Lifetime (CAL) by implanting recombina-
tion centers (He-ions) at the pn junction. This improves the ratio be-
tween the on-state forward voltage drop and the reverse recovery peak
current, which results in diodes with high dynamic ruggedness [241].

A further option is to implement anode emitters with low doping,
which enable small reverse recovery currents without special techniques
like helium irradiation induced recombination centers to reduce the in-
jection efficiency of the anode. This approach is known as emitter con-
trolled (EmCon) technology [242,243]. In the latest generation EmCon4
diodes, a deep Field Stop (FS) layer is integrated in order to further
improve the soft recovery behavior and to prevent a current snap-off
especially at low current levels.

Another state-of-the-art PiN diode technology applies the principle of
Field Charge Extraction (FCE) to enable soft reverse recovery behavior.
The FCE diode structure consists on the cathode side of a SPT buffer
and additional p* islands in the cathode contact region [244].

2.2.4 SiC JFET

Basic Device Structure

The Junction Field Effect Transistor (JFET) is the simplest electronic
switching device that is based on the field effect to change its conduc-
tion state. In the JFET an electric field perpendicular to the semicon-
ductor surface is used to control the current flow (resistance) in a semi-
conducting channel area between the drain and source device terminals.
The current flows by majority carriers as in other unipolar devices. Con-
trary to the MOSFET, the field occurs across a conventional pn junction
depletion layer in the bulk region without the requirement for a gate
oxide layer. By applying a bias voltage between the gate and source ter-
minal, the channel is “pinched-oft” and the current flow between drain
and source is impeded.

The JFET offers several advantages like negligible minority free-carrier
charge storage, low noise, high input impedance, and high frequency op-
eration. The simplicity of the structure, which requires only pn junctions
as functional elements, is the main motivation for the implementation
of SiC JFETs with high voltage blocking, fast switching, and high tem-
perature operation capability. Additionally, its structure is beneficial in
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terms of long-term stability and ruggedness due to the absence of a
gate oxide and the integration of the functional parts inside the device
body [245]. The SiC JFET has also proven short-circuit robustness [246|
and excellent cosmic ray resistance [247].

Currently, two main trends can be identified in the SiC JFET de-
velopment: the normally-on lateral-vertical [248,249| device concept,
fabricated by SiICED (Infineon), and the normally-off purely vertical
[250,251] implementation promoted, for instance, by SemiSouth, Denso,
or Hitachi. A schematic cross section of these two SiC JFET structures
is depicted in Fig. 2.6. Purely vertical structures enable typically lower
area-specific on-resistance, as a higher channel density can be achieved
compared with the lateral-vertical implementation. According to [252],
the disadvantages often associated with purely vertical SiC JFETs are:
the sensitivity to deviations in the fabrication process, the compara-
tively high Miller capacitance, difficulties to integrate an anti-parallel
body diode, and limitations regarding short-circuit and avalanche per-
formance. Under these considerations the lateral-vertical JFET struc-
ture seems to be advantageous despite its normally-on characteristic.

The basic operation of the normally-on lateral-vertical SiC JFET is
briefly described by means of Fig. 2.6(a). If the gate-source voltage
ugs = 0V, a lateral n-channel exists underneath the gate structure (n~
epilayer 2) that links the n™" source contact region via the vertically
implemented drift region (n~ epilayer 1) with the n** drain contact

Gate Source

Source ’_4_5 pH
n++
i -i} Channel (epi 2)

A p++

n- drift region (epi 1) n- drift region

nt+

Channel

Drain Drain

(a) (b)

Fig. 2.6: Schematic structure of a (a) lateral-vertical and (b) purely
vertical SiC JFET.
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region. Thus, a conducting channel exists between the drain and source
terminal, and the device is in its on-state. In order to switch the device
off, a negative gate-source voltage ugs < 0V is required. If the gate-
source voltage is reduced from 0V to negative values, the pn junction
below the gate structure is reverse biased, and the resistance of the
lateral n-channel increases. If the pinch-oftf voltage level Upinch—of is
reached, the channel is fully diminished (pinched-off), and the device is
blocking.

In this work, primarily the 1200 V normally-on SiC JFET from SiCED
with a chip size of 2.4 mm by 2.4 mm is investigated and implemented
in the converter prototypes.

The pinch-off voltage of the first devices tested varied between —13 V
to —27V due to the fabrication process, whereas most of the devices
had a pinch-off voltage greater than —24 V. Meanwhile, the pinch-off
voltage variation could be reduced to approximately —17 £ 0.8 V. Re-
verse current flow is provided by the integrated body diode, even if the
channel is blocking. This diode is formed by the p™™ layer, connected
to the source, the n~ epilayer 1, and the n™t drain region. The body
diode hence features a similar structure to that of a PiN diode.

Normally-On vs. Normally-Off

The normally-off characteristic of a power transistor generally is a sig-
nificant advantage in terms of operational safety of power electronic
systems during start-up or regarding failure handling and facilitates the
implementation of SiC switches from a conceptual point of view. The
normally-off behavior of SiC switching device is therefore frequently
advertised as a guarantee for a “drop-in” replacement of a Si power
transistor by a SiC transistor. However, in many cases the gate drive
circuit needs to be adapted in order to fully exploit the SiC device per-
formance, even if it is a normally-off device such as the SiC JFET from
SemiSouth [253]. From this perspective, the resulting effort for modify-
ing the gate drive circuit can be assumed to be similar, independent on
whether a normally-off or a normally-on SiC JFET is applied for the
replacement of a silicon transistor.

The SiC JFET from SiCED can be utilized either as a normally-on,
or if connected in series with a low-voltage MOSFET, as a normally-off
device (cascode configuration [254,255], also known as “Baliga configu-
ration” [256]). In order to further increase the blocking voltage, multi-



Suitable Devices for AC-AC Converters 67

ple JFETs in a cascode configuration can be connected in series, lead-
ing to the so-called “SuperCascode” [257]. It should be noted that the
normally-on characteristic is not a precondition for a cascode configu-
ration.

The question that evidently arises in the context of this work is, on
whether the normally-on behavior may be beneficially used for ac-ac
converters. An evaluation of different converter topologies and switch
configurations leads to the following conclusions: The best match be-
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Fig. 2.7: (a) IMC with normally-on SiC JFETs in the output stage
and (b) USMC with normally-on SiC JFETs in the input stage.
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tween power semiconductor and converter topology can be achieved
with current-source-type converter topologies as for example with the
CSBBC, shown in Fig. 1.7, as it naturally favors the normally-on char-
acteristics. Under fault conditions, such as for example power loss of
the gate driver supply, a natural freewheeling path is provided for the
dc-link inductor current as the JFETs become conducting. The same
argument is also valid for a three-phase buck-type CSR [258,259|.

Another option is to only partly replace normally-off devices of a
power circuit by normally-on SiC JFETs such that the converter topol-
ogy as a whole provides “cascode functionality”, and the normally-on
behavior of the JFETs does not affect the main operating behavior. A
precondition for such a switching device replacement obviously is that
the SiC JFET would allow for a considerable loss reduction. The first
example in Fig. 2.7(a) shows an IMC in which only the Si IGBTs of the
output stage are replaced by normally-on SiC JFETs with anti-parallel
body diodes. The switching losses, which are generated for the standard
modulation scheme (cf. Fig. 3.10(a), modulation scheme A) mainly in
the switches of the output stage, can be considerably reduced by utiliz-
ing SiC JFETs. Mains phase short-circuiting in case of gate drive supply
failures is inhibited by the (normally-off) Si IGBTs in the input stage.
Another possibility is found with an USMC topology, as presented in
Fig. 2.7(b), in which only the Si IGBTs of the input stage are replaced
by normally-on SiC JFETs, whereas the output stage is implemented
with conventional Si IGBTs and diodes. This semiconductor configura-
tion would be particularly attractive for the modulation scheme, where
the input stage is switched hard and the output stage is switched at zero
voltage (cf. Fig. 3.10(b), modulation scheme B). The major part of the
switching losses would then occur in the SiC JFETs and consequently
be low. In order to further reduce the semiconductor losses, the diodes
of the input stage could be implemented with SiC Schottky diodes.

The third example, depicted in Fig. 2.8, refers to a three-level T-
type VSI [260], of which the bidirectional switches to the midpoint m
are implemented by a common-drain configuration of two in anti-series
connected normally-on SiC JFETs with anti-parallel body diodes. The
output stage bridge-legs are implemented with conventional Si IGBTs
and diodes. The normally-on behavior of the JFETs has no influence on
the current path between the positive bus p and the midpoint m and
the current path between m and the negative bus n as the normally-
on JFETs are connected in series with a normally-off IGBT (intrinsic
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Fig. 2.8: Three-level T-type VSI with normally-on SiC JFETs for the
switches between the midpoint m and the output terminals A, B, C.

cascode configuration). The common-drain configuration of the JFETs
is advantageous compared with the common-source configuration as it
requires only five isolated gate drive voltage levels. It further enables a
passive turn-off of the three JFETs connected to the midpoint m dur-
ing precharging of the dc-link capacitors by providing a negative bias
for their gates with a high-ohmic resistive voltage divider connected be-
tween m and n. This T-type VSI topology may be applied to fully utilize
the low-voltage range (e.g. 690 V mains applications) and consequently
would require 1200V SiC JFETs and 1700V Si IGBTs and diodes.

2.2.5 SiC Schottky Diode

SiC Schottky diodes [261,262] are the first commercialized SiC power
devices introduced as a product in 2001 by Infineon. The main benefit of
the SiC Schottky diode is the almost complete elimination of the reverse
recovery charge that exists in the conventional bipolar Si PiN power
diodes. State-of-the-art 1200V SiC power diodes are implemented as
Junction Barrier (JBS) and Merged PiN Schottky barrier (MPS) diodes,
in which short regions of pn and Schottky barrier junctions are alter-
nated. A simplified SiC MPS diode structure is illustrated in Fig. 2.9.
The advantages of the integrated JBS or MPS SiC diode structures can
be summarized as follows: At lower (nominal) current levels, the MPS
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Fig. 2.9: Schematic structure of a SiC MPS diode.

diode behaves like a conventional SiC JBS diode. Above a certain cur-
rent level, the p™ regions of the MPS structure start to inject carriers
and thus limit the forward voltage drop. The MPS diode features now
the characteristic of a SiC PiN diode. Thus, by integrating an MPS
structure the forward voltage drop at high currents can be lowered, and
the surge current capability of the diode can be improved [263].

2.3 SiC JFET Gate Driver

2.3.1 Circuit Concept

Various challenges are faced in designing a high-frequency gate driver
circuit for normally-on SiC JFETSs such as varying pinch-off voltages at
a comparatively large negative voltage of up to —24V, high dv/dt of
15kV/us, and the requirement for a small gate signal propagation delay
in the isolation circuitry. The suggested gate drive topology is based on
a driver concept with a capacitor in series to the gate resistor, which
was demonstrated in [249]. A separate gate signal and driver power
supply path are provided. This enables to select the switching state
of the JFETs without temporal restrictions contrary to a boots-trap
solution [264].

The gate driver circuit utilizes an Analog Devices magnetic isolator
(ADuM1100), with a common mode immunity of up to 25kV/us and
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Fig. 2.10: Circuit schematic of the normally-on SiC JFET gate driver.

a propagation delay variation between 10ns to 18 ns, and an IXYS 4 A
gate driver IC (IXDN404). The —25V supply is generated with an iso-
lated point-of-load de-dc converter off a 5 V auxiliary voltage bus, which
is implemented with a Maxim H-bridge IC (MAX256), and a custom
made transformer with a toroidal core from EPCOS (R6.3, T38). A
schematic of the circuit is shown in Fig. 2.10. The black colored com-
ponents are mandatory, the gray colored components could be provided
to enhance functionality and safety.

2.3.2 Principle of Operation

The gate driver circuit requires a capacitor in series with the JFET gate
to block any dc current that would flow due to the variation in the JFET
pinch-off voltage and the onset of a gate-source diode (reverse) break-
down. This can occur because —25V is applied to all JFETS to ensure
that the maximum pinch-off voltage level of —24V is exceeded for all
JFETs to guarantee safe turn-off. However, if a JFET with a consider-
ably lower pinch-off voltage level is in the circuit, then the gate-source
diode reverse voltage rating may be exceeded by applying the —25V
and a negative gate current would start to flow. The series resistance
R; is used to adjust the turn-on switching speed of the JFET. The
turn-off switching speed can be controlled with Ry and D5. In order to
always guarantee a gate-source voltage close to 0V during turn-on, the
diode D is connected in parallel to the series capacitor C7, preventing
a voltage drop ucy across the capacitor that is larger than the forward
voltage drop of D;. The resistor R3 provides high-ohmic discharging for
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Fig. 2.11: SiC JFET gate driver waveforms. (a) Desired operation: uc, ,
1V/div; ugs, 10V/div for C; = 47nF and R; = 109. (b) Undesired
operation as the gate-source voltage is too small to turn off the JFET:
ugs, b V/div for C; = 1nF and Ry = 1012,

C1. The Zener-diodes D3 and D, protect the gate, and the resistor R4
is used to turn-off the JFET if the driver IC output is high-ohmic.

Fig. 2.11(a) demonstrates the functional principle of the series ca-
pacitor C for a JFET with a pinch-off voltage of —23.5V. When the
JFET is on (ugs = 0V), the voltage drop across C1 is zero (uc, = 0V).
During turn-off the gate-source voltage is clamped to —23.5V as the
gate-source junction starts conducting at the pinch-off level. The volt-
age difference between the driver IC output and the gate drops across
the series capacitor C7. Without this capacitor, the current flowing into
the gate, when the JFET is turned off, would only be limited by the
series resistors Ri, Rs, and the internal gate resistance, which could
thermally destroy the gate-source junction or the bond wires. The se-
ries capacitor C7 and the resulting input capacitance of the JFET form
a capacitive divider. Therefore, the value of C| needs to be selected con-
sidering the power semiconductor parameters. If the capacitance is too
small, a voltage drop across C occurs during the switching transient,
which prevents the JFET from proper turn-off. This effect is demon-
strated in Fig. 2.11(b).

The value for C'; must be selected based on device measurements.
The measured input capacitance when the device is turned off (ugs =
Upinch—oft and ups = 0V) is considered as the maximum (worst case)
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value Cissmax and equals approximately 1nF. Proper switching (turn-
off) of the JFET can be achieved if C; is selected at least ten times
larger than the resulting input capacitance of the JFET. For the ac-
tual converter prototypes, a value of 47 nF is selected for C';. A further
increase of the capacitance does not improve the switching behavior.

2.4 Power Device Loss Data

In order to assess different power device technologies for ac-ac converter
applications, accurate semiconductor loss data is required. The semicon-
ductor losses can be subdivided, as commonly known, into conduction
losses and switching losses. The forward and reverse characteristics

up/r (i, Ty) = Up/r(T3) + re/r (i, Ty) - (2.17)

are modeled as a function of the device current ¢ and the junction tem-
perature T with a forward (or reverse) voltage drop Up/g and a for-
ward (or reverse) differential resistance 7y, g. It should be noted that
for unipolar devices Up /g = 0V, whereas for bipolar devices the current
dependency of rg /g is not required.

The switching loss energy of an entire switching cycle Eop of is de-
scribed based on the turn-on energy E,, and the turn-off energy F g
(or for diodes alternatively reverse recovery energy Fi,), where the ac-
tual switching energies depend on the switched current iy, the switched
voltage usy, and the junction temperature T7.

+ Eoff

Eon,oft o (2.18)

Tow sUsw 1T D ow s Usw, T3 Tow s Usw 1T

This generalized calculation approach is applicable to all power de-
vices and ac-ac converter topologies considered and ultimately allows
the determination of the average semiconductor losses (cf. Chap. 4). The
loss data can be obtained from various manufacturers for conventional
1200V Si IGBTs and PiN power diodes, preferably from power mod-
ules as their data sets are typically more comprehensive compared with
data sets from discrete components. However, for the transistor-diode
configurations implemented with SiC JFETs and SiC JBS diodes, that
were considered in this work, adequate loss data is missing and there-

fore needs to be experimentally determined. The following compilation
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presents results of the conduction and switching loss measurements per-
formed for a bridge-leg configuration of SiC JFETs and Si IGBTs with
Si PiN and SiC JBS diodes.

2.4.1 Measurement Equipment
The semiconductor losses are measured using the equipment below:

e oscilloscope: LeCroy, Waverunner, LT584L, 2.5 GHz,
e passive low-voltage probes:

— LeCroy, PP005, 10 : 1, 500V, 500 MHz,
— PMK, PHV621, 100 : 1, 2kV, and

e current transducer: custom, implemented with a R6.3 toroidal core
(EPCOS, MnZn ferrite, T38), cf. [265], pp. 48-51.

The current is measured with a custom current transducer, which is put
over the drain or the collector pin of the package. For the conduction
loss measurements, the drain-source or the collector-emitter voltage is
measured with the PP005 voltage probe, and for the switching loss
measurements with the PHV621 voltage probe. The delay between the
voltage and current measurement signal on the scope is compensated to
ensure accurate loss data.

2.4.2 Normally-on SiC JFET

At least two different device configurations are required for a compre-
hensive semiconductor loss evaluation:

e a series configuration of a SiC JFET with an additional switch and
a freewheeling diode (Fig. 2.12(a)) to determine the conduction
losses and

e a half-bridge configuration of two SiC JFETs (Fig. 2.12(b)) to
measure the switching losses.

The series connection of the JFET with, for instance, a Si IGBT and a
SiC Schottky freewheeling diode is required to avoid strong chip heat-
ing during the conduction loss measurement process. By applying just
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Fig. 2.12: Power device configurations for (a) conduction loss and (b)
switching loss measurement.

a short current pulse (typically 0.1 ms to 0.3 ms) and measuring the de-
vice voltage drop with an accurate low-voltage oscilloscope probe, the
influence of the chip temperature rise on the measurement result can be
minimized. The half-bridge configuration is used to measure the JFET
turn-on, turn-off, and body diode turn-off (reverse recovery) switch-
ing losses. The JFET body diode is not a Schottky diode and therefore
exhibits a stored charge. The implemented devices are 1200 V normally-
on SiC JFETs provided by SiCED and packaged in a standard TO-220
package, with a typical (suggested) current rating of 5 A to 6 A. The SiC

SiC JFET SiC' SBD
Manufacturer SiCED CREE
Part number Prototype C2D10120A
Blocking voltage 1200V 1200V
Rated current 6A 10 A
Chip dimensions 2.4mm X 24mm 3.1mm X 3.1 mm
Total chip area 5.8 mm? 9.8 mm?
Active chip area  ~ 4 mm? ~ 7mm?

Tab. 2.3: SiC JFET and SiC Schottky Barrier Diode (SBD) chip data.
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Fig. 2.13: Example of a power semiconductor loss measurement board.

JFET device chip data are summarized in Tab. 2.3 and contrasted with
the chip data of a 1200 V SiC Schottky diode from CREE (C2D10120A)
rated for 10 A. This diode is implemented in the All-SiC JFET CSBBC
(cf. Sec. A.6). Switching losses should ideally be measured with the ac-
tual converter hardware in order to properly account for the influence
of the circuit layout, especially if fast switching devices such as JFETs
are utilized. However, in a typical converter design process this is not
possible and an additional loss measurement board is required. The fol-
lowing brief calculation of the specific layer-to-layer capacitance Cpap
per unit area Ay = 1cm? of a standard 4-layer Printed Circuit Board
(PCB) highlights the difficulty. Assuming a constant relative permet-
tivity €, pra = 4.5 of the FR4 insulator base material and a distance
between the layers of dy = 0.53 mm, the specific layer-to-layer capaci-
tance can be estimated as follows

FRaA
Chop = 5055% — 7.5pF /em® &~ 10 pF /cm® . (2.19)

If the total capacitive charge of the selected SiC diode Q¢ = 61 nC is
compared with the charge of the board capacitor at the rated diode
blocking voltage of 1200V, it is found that for a PCB area of less than
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Fig. 2.14: SiC JFET switching waveforms at 500 V, 6 A, and a junction
temperature of 125°C. (a) Turn-on: ip, 3 A/div; upg, 100V /div. (b)
Turn-off: ip, 3 A/div; upsg, 100V /div.

2.5 cm by 2.5 cm the same capacitive charge is stored in the layer-to-layer
capacitor as in the diode. This uncertainty is mitigated by implementing
an optimized gate driver circuit and commutation path layout similar
as in the final converter power circuit layout. An example of such a
measurement board layout is depicted in Fig. 2.13. Typical switching
waveforms, from the bridge-leg configuration according to Fig. 2.12(b),
are shown in Fig. 2.14. The average switching speed achieved at 500V
is in the range of 30 ns to 40 ns.

Fig. 2.15 presents the conduction behavior of the JFET channel and
the integrated anti-parallel body diode for different junction tempera-
tures. The reverse conduction behavior is investigated for both cases:
when the JFET channel is turned off (only the body diode is conduct-
ing), and when it is turned on (channel and diode may conduct in par-
allel). As a consequence of the high voltage drop across the body diode
compared with the channel, the JFET should be always turned-on for
negative drain-source current flow to reduce the conduction losses. The
body diode would then be solely used as a commutation diode.

m¢ Ty +273.15 K\ 2
RDS,on(ID87 TJ) = (272 mS) + 4OTID5> < 99815 K > (220)

dependent. By evaluation of the measurement data the (forward) on-
resistance Rpg on may be approximated as a function of the drain-source
current Ipg and the junction temperature T5. The measured JFET turn-
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Fig. 2.15: SiC JFET conduction behavior for a junction temperature

of Ty = 25°C to Ty = 175°C.

ki Unit  Esonoff.25 Ep off 25 Es onoff,175  ED,off,175
kB —8.57-1072 —2.89-10"! 1.33 —9.71-107¢
ko AM2JV 2.01-10-3 ~-893.10°% 197-.-10"3 5.58 - 104
ks % —733.1003 —163-1003 —2.01-10"2 4.46-10"3
k4 A?Q 3.63-10"° 4.20-106 4.74-10-° 2.32.107°
ks HV 5.42 . 102 2.09-10—2 7.32-1072 2.88 1072

Tab. 2.4: SiC JFET switching loss coefficients k; to k5 evaluated for the
sum of JFET turn-on and turn-off losses Eg on o and the body diode
turn-off losses E'p o for a junction temperature of 25°C and 175°C.
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Fig. 2.16: SiC JFET switching losses at a junction temperature of
Ty = 25°C and 15 = 175°C.

on, turn-off, and body diode turn-off (reverse recovery) losses are shown
in Fig. 2.16 as a function of the switched voltage and the switched cur-
rent. The JFET turn-on and turn-off switching losses vary less than 10%
in the considered junction temperature range of 25°C to 175°C. There-
fore, only the loss energies for a junction temperature of 25°C and 175°C
are plotted. The body diode turn-on losses are negligible. For simplifying
further loss calculations, the switching loss energies are approximated
with a loss polynomial function that depends on the switched current
1sw and the switched voltage ugy,.

w(iswa usw) — kl 'isw+k2 'igw'usw+k3'isw‘usw+k4'isw'ugw"l’kf)'usw (221)

The individual terms of is,, and usy, are related to the actual loss genera-
tion. The product igy - usyw, for instance, represents the power loss due to
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the overlapping of voltage and current during the switching transients.
Depending on the characteristics of the nonlinear capacitances of the
switching devices (e.g. output capacitance of a transistor), it may be
advantageous to replace ks - ugy by ks - u2,,. However, for the SiC JFET,
a linear term of ugy, in the loss polynomial leads to a better matching
between the fitted and measured loss energies. The junction tempera-
ture dependent loss coefficients k1 to ks are compiled in Tab. 2.4. The
loss data of the SiC JFET are mean values of multiple measurements
and should be understood as a realistic approximation for a practical
converter system, implemented with discrete components and standard
4-layer PCB technology.

2.4.3 Si IGBT with SiC Schottky Diode

Another option for reducing the transistor switching losses instead of
utilizing SiC switch technology is to combine a Si IGBT with a SiC
Schottky freewheeling diode. Such a device configuration is investigated
based on the commercially available 1200 V FII50-12E bridge-leg mod-
ule with Si NPT3 IGBTs (third generation) and Si fast recovery diodes
from IXYS, implemented in an ISOPLUS-i4 package. The Si IGBT is
rated for 32 A, whereas the freewheeling diodes are rated for 25 A at a
case temperature of T = 90°C. Fig. 2.17 shows the DBC substrate, the
semiconductor chips, and the bond wires of an open FII50-12E device.
These modules are implemented in the IMC prototype with an output
power of 6 kW, leading to a nominal device peak current of 15 A.

A custom module (FII50-12E-SiC) was developed in which each Si
diode chip was replaced by two SiC Schottky diode chips from SiCED-
Infineon each rated for 15 A, such that for the desired junction temper-

Si diode chip

S1IGBT chip

Fig. 2.17: Open FII50-12E (IXYS) bridge-leg module, showing the
DBC substrate and the bonding of the Si IGBT and Si diode chips.
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Fig. 2.18: Si and SiC freewheeling diode forward voltage drop Ur at a
junction temperature of Ty = 25°C and T = 125°C.

ature of 125°C and the nominal device peak current of 15 A the same
diode forward voltage drop occurs as with the silicon diodes. With these
two modules, a pragmatic loss comparison is enabled as the same DBC
substrate and chip wiring layout is applied. In Fig. 2.18, the diode con-
duction behavior of both modules is illustrated, indicating that for a
diode current of 15 A and a junction temperature of 125°C, the forward
voltage drop Ur of the Si and SiC diode is identical as requested.

Fig. 2.19 presents a comparison of the IGBT turn-on, turn-off, and
diode turn-off losses for both modules at a junction temperature of
125°C. In Fig. 2.20, the switching loss data is shown for a switched
current of 15 A, evaluated for various junction temperatures. The IGBT
turn-on losses with a SiC freewheeling diode are significantly reduced,
on average by a factor of 2.5, whereas the IGBT turn-off losses are
hardly affected by the diode technology. As expected, the SiC Schottky
diode turn-off losses are negligible compared with the turn-off losses of
the Si diode.

Apart from the different reverse recovery behavior, the most signifi-
cant difference between Si PiN and SiC Schottky diodes regarding con-
duction behavior is found in the temperature coefficient, which is neg-
ative for Si PiN diodes and positive for SiC Schottky diodes.
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Fig. 2.19: Comparison of the switching losses of a Si IGBT and diode
bridge-leg module (FII50-12E) with a custom module with SiC Schottky
diodes (FII50-12E-SiC) at a junction temperature of Tj = 125°C.
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Fig. 2.20: Comparison of the switching losses of a Si IGBT and diode
bridge-leg module (FII50-12E) with a custom module with SiC Schottky
diodes (FII50-12E-SiC) at a switched current of I = 15 A.
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2.5 Initial Semiconductor Technology
Assessment

So far, two semiconductor configurations have been presented as an
alternative to 1200 V Si IGBTs and Si diodes: Firstly, Si IGBTs with SiC
diodes and secondly SiC JFETs. The question that arises is on how they
compare or on how to assess the performance of different semiconductor
devices and technologies.

For a given set of power devices with ideally similar blocking voltage,
current rating, packaging, and cooling requirements the most straight-
forward method is to simply compare the conduction and switching
losses. In practice, for a fixed blocking voltage class but different semi-
conductor technologies the ratings of the available devices vary, espe-
cially if prototype or pre-series devices are considered. Therefore, an
adequate measure is required. For this purpose, the semiconductor chip
area is introduced as an additional assessment quantity, as in the SFOM
(cf. Sec. 2.1.2), since various device properties are determined by the
chip area.

e The on-state resistance (voltage drop) decreases with an increasing
chip area and thus, for a constant current, the conduction losses
reduce.

e The thermal impedance between junction and case decreases with
an increasing chip area and hence enhances the chip cooling.

e Consequently, the chip current handling capability rises with an
increasing chip area.

e The device capacitances increase with an increasing chip area,
leading to higher switching losses.

e The reliability of the device is declining for an increasing chip area.

e The chip cost is proportional to the chip area.

The most desirable power semiconductor chip technology would there-
fore enable minimal conduction and switching losses for a defined chip
area when a certain voltage and current level is switched. These crite-
ria form the basis of a measure for the semiconductor chip technology
assessment suggested below. The FOM presented in (2.16) is formed by
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the ratio of the conductivity G and the energy equivalent device out-
put capacitance Cogs eq(Usw) for a given switched voltage level ug,,. The
conductance accounts for the conduction losses and the output capaci-
tance for the dynamic losses caused by the charging and discharging of
the output capacitance. This modeling approach of the dynamic losses
is suitable for switching devices or switching transients where the loss
energy, caused by the overlapping of the voltage and current transients,
is negligible. For typical transistors of ac-ac converters, such as IGBTs,
this is not the case and the energy loss due to the overlapping of voltage
and current during the switching transients needs to be considered. By
simply replacing the energy equivalent device output capacitance Cogg eq
in (2.16) by the switching energy equivalent device capacitance Cyy eq,
an extended total Figure-Of-Merit F'O Mem; can be defined that allows
modeling the total dynamic loss energy.

G(Achip,ac‘m Z.condy TJ)

Csw,eq(Achip,act7 lswy Usw TJ)

(2.22)

The suggested FFOMgem; represents the chip area specific ratio of the
conduction to the switching losses. Both the conductance and the equiv-
alent capacitance are determined for a defined active chip area Achip,act
and junction temperature Ty and depend on the average conducted cur-
rent icond, the switched current iy, and the switched voltage ugy . The
switching energy equivalent capacitance equals to

2 (Eon + Eoff)
U2

. (2.23)

Achip,act ylswrUsw

Csw,eq(Achip,act7 lswy Usw TJ) =

With the above figure-of-merit, four different 1200V power device
configurations suitable for ac-ac converters are assessed: third genera-
tion Si NPT3 IGBTs with anti-parallel Si HiPerFRED diodes (IXYS),
latest (fourth) generation Si T&FS IGBTs with anti-parallel EmCon4
diodes (Infineon), Si NPT3 IGBTs with anti-parallel SiC Schottky diodes
(custom module), and normally-on SiC JFETs (SiCED). In this compar-
ison, the performance of the different switching devices is investigated
for a half-bridge configuration as shown in Fig. 2.12(b) for a switched
voltage of 600 V and a current level of 35 A. For the NPT3 IGBT devices,
the data of the IXYS FII50-12E IGBT modules, analyzed in Sec. 2.4.3,
is adopted. The loss data of the T&FS IGBT4 with EmCon4 diode are
generated by evaluation of different 35 A power modules from Infineon.
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The reference value for the active chip area equals 24 mm? and is de-
termined by the T&FS IGBT4 chip. The active chip area of the NPT3
IGBT chip differs only by 4% from the reference value and is compen-
sated by linear scaling of the semiconductor losses. As the active chip
area of the considered normally-on SiC JFET is only 4 mm?, six devices
in parallel are assumed in this calculation and the loss data, presented
in Sec. 2.4.2, is scaled accordingly. 1200 V Si MOSFETs are not included
in this comparison as for the same chip area the considered current level
of 35 A could not be conducted due to the comparatively high resulting
on-resistance of approximately Rpgon = 4.5 at 25°C (cf. e.g. IXYS
IXFP 3N120 MOSFET).

The resulting values of the F'OMgepn,; are plotted versus the junction
temperature in Fig. 2.21(a). The latest generation T&FS IGBTs per-
form better at least by 15% than the older NPT3 IGBTs. By replacing
the Si HiPerFRED freewheeling diode of the FII50-12E module by SiC
Schottky diodes, the FOM of the NPT3 IGBT can be raised by 60%.
The normally-on SiC JFET outperforms the Si IGBT and diode tech-
nology at least by a factor of 7. If Si NPT3 IGBTs are combined with
SiC Schottky diodes, the gain is reduced to a factor of 5. These perfor-
mance indicators for 1200 V devices can be considered as a more realistic
estimation than the results of the BFOM and the SFOM presented in
Sec. 2.1.2, predicting a general SiC-to-Si switching device performance
gain of approximately 20 to 50. To summarize, for a blocking voltage of
1200 V the normally-on SiC JFET considered are beneficial in terms of
losses compared with currently available Si or hybrid Si transistor and
SiC diode device configurations.

Finally, in Fig. 2.21(b), a comparison between the conductivity of
the T&FS IGBT4 technology and the normally-on SiC JFET tech-
nology is presented, again for the same active power transistor chip
area of 24 mm?. Only for junction temperatures below 75°C the con-
sidered normally-on SiC JFET technology provides higher conductivity
and thus lower conduction losses than the Si IGBT4 technology. This
is obviously not an intrinsic limitation of the SiC JFET technology but
is caused by the different temperature characteristics of unipolar (SiC
JFET) and bipolar (Si IGBT) power devices and the actual design of
the normally-on SiC JFET. Nevertheless, for ac-ac converters that are
primarily sensitive to conduction losses, the considered normally-on SiC
JFET might not provide the expected improvement especially if aiming
for higher operating temperatures. With respect to Fig. 2.1, indicating
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superior conductivity of SiC compared with Si, it might be desirable
for a future generation of SiC JFETs to further optimize the devices
for low on-state resistance at the expense of switching performance, in
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Fig. 2.21: Comparison of 1200V power transistors and diodes with
an active transistor chip area of 24 mm?. (a) FOMgey; versus junction
temperature T at a current level of 35 A and a switched voltage of
600 V. (b) Conductance G versus junction temperature T at 35 A.
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order to outperform the conduction behavior of Si IGBTs at least in the
temperature range from 25°C to 175°C for the same active chip area.

2.6 Semiconductor Cost

A key issue in the discussion of the application of SiC power switch
technology is semiconductor costs. Unfortunately, a clearly defined price
level for future commercial SiC power transistors has not yet been com-
municated by the semiconductor industry. The pricing pressure for SiC
switching devices is enormous due to the well established Si technology
with a vast variety of well-known and reliable devices. In Tab. 2.5, the
approximate costs of the main commercially available power semicon-
ductor technologies are summarized.

Semiconductor Technology Cost ($/cm?)
600 V 1200 V

Si T&FS IGBT 7 10.5

Si NPT IGBT 4.5 6

Si CoolMOS 14.5 15.5¢

Si fast recovery PiN diode 3.5 4

SiC Schottky barrier diode 90 100

2900V CoolMOS transistor

Tab. 2.5: Overview of typical semiconductor costs per square centime-
ter for a blocking voltage of 600V and 1200V, provided by a semicon-
ductor power module manufacturer (Sep. 2009).

2.7 Summary

For three-phase low-voltage ac-ac converters, power semiconductors with
a blocking voltage capability of typically 1200V are utilized. Currently
available state-of-the-art 1200V silicon power devices are Trench and
Field-Stop and Soft-Punch-Through IGBTs and emitter-controlled di-
odes or diodes with a controlled axial lifetime.
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A modified figure-of-merit for power semiconductors is suggested to
compare the latest Si IGBTs (T&FS IGBT4) with the normally-on SiC
JFETs provided by SiCED. With this figure-of-merit it is shown that
for an equal active transistor chip area, the 1200V normally-on SiC
JFET is superior in terms of losses compared with latest generation Si
IGBT and Si diode or hybrid Si IGBT and SiC diode configurations as
long as the junction temperatures are below 75°C. However, contrary
the popular belief, for junction temperatures above 75°C, the area spe-
cific (equivalent) on-resistance of the SiC JFET is higher than for the
Si IGBT4, for instance. In conclusion, the difference in performance be-
tween the considered 1200V Si IGBT4 devices and the normally-on SiC
JFETs is not that significant, particularly not for industrial applica-
tions with switching frequencies where the total semiconductors losses
are dominated by the conduction losses.

In order to test the normally-on SiC JFET in a circuit, a high-speed
gate driver based on [249] is presented, which can provide the compar-
atively high negative voltage of —25V to turn-off the JFET and handle
different pinch-off voltage levels.

Additionally, a custom 1200V IGBT phase-leg (half-bridge) mod-
ule with anti-parallel SiC Schottky freewheeling diodes is developed to
quantify the expected reduction of the switching losses. The contribu-
tion of this investigation is that the turn-on losses of the IGBT can be
reduced by up to 60%, when the Si diodes are replaced by SiC Schottky
diodes providing the same forward voltage drop at the nominal operat-
ing point as the Si diodes.






Chapter 3

Modulation and Control

The basic functionality, the electrical properties, and the semiconduc-
tor losses of ac-ac converters are significantly determined by the imple-
mented modulation schemes. In this chapter, the space vector modu-
lation schemes for the considered ac-ac converter topologies are briefly
discussed and the resulting space vector diagrams are shown.

Based on the modulation of the VSBBC and CSBBC, the modulation
scheme for the IMC is developed similar to the approach in [84], and a
generalized description is provided, demonstrating the relationship be-
tween the VSBBC, the CSBBC, and the IMC topology. The modulation
of the CMC is described by mapping the switching states of the IMC to
the corresponding switching states of the CMC topology. Subsequently,
the challenges regarding the commutation of the CMC are pinpointed,
and the concepts of different multi-step commutation schemes are dis-
cussed.

Next, the relationship between the converter topology and its basic
control structure is presented and an overview of the typically controlled
converter system quantities is provided. Finally, the impact of the con-
trol on the design of the main energy storage (passive) components is
discussed.

91
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3.1 Modulation

3.1.1 Mains System Definition

For the considerations in this work, a symmetrical three-phase voltage-
current mains system is assumed with a voltage amplitude Uy, a current
amplitude [, and a current-to-voltage displacement angle ®1.

u, = Uy cos (w1t)

A 2
u, = Uy cos (wlt — %)

~ 2
uc = Uj cos (wlt + %) (3.1)

i, = I1 cos (wit — ®q)

A 2
ib = Il COS (wlt — ?ﬂ- — @1)

A 2
ic = I cos (wlt + ?ﬂ — <I>1> (3.2)

3.1.2 Criteria for Modulation Schemes

The possible modulation schemes of the considered ac-ac converter topol-
ogies may differ, for instance, in terms of losses, harmonics, complexity,
or involved transitions per switching cycle. In order to enable a fair
comparison, it is hence essential to apply the same selection criteria for
the modulation schemes. The following listing specifies the criteria with
descending priority. The desired modulation scheme should:

e allow for low power semiconductor losses in the entire converter
operating range,

e uniformly distribute the losses to the individual devices,
e minimize the number of required (lossy) switching transitions,
e enable safe commutation, and

e be beneficial regarding resulting EMI behavior.
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3.1.3 Voltage Source Back-to-Back Converter

Various SVM schemes are known for voltage-source-type topologies.
They are typically classified as symmetrical or full-wave symmetrical,
discontinuous or half-wave symmetrical, and non-zero vector SVM [266—
268]. The selected modulation scheme for the VSBBC is described by
considering only the PWM VSI output stage. The switching function is
defined by

s; =0,1 1=A,B,C (3.3)

according to the denomination of the switches in Fig. 3.1. In the follow-
ing explanations, the safety interval (interlock delay) T4e > 0 between
the switching of the high-side switch S;,; and the low-side switch S, is
neglected for simplification. The switching function s; = 1 means that
the corresponding output phase (A, B, () is connected to the positive
dc-bus p and s; = 0 that the corresponding output phase is connected
to the negative dc-bus n. Consequently, s; can directly be considered as
the control signal for the high-side switch Sp;. Sp; is turned-on if s; = 1
and turned-off if s; = 0. The control signal for the low-side switch S;,
is generated by negation of s;. The switching state of the VSI output
stage can then be described by the triple k& = (sa, sB, sc), formed by
the switching functions of the individual output phases or alternatively
by replacing s; with the corresponding connection to the dc-bus p or n.
The state (100), for instance, is then translated to (pnn), which is the
naming convention utilized for further considerations.

The (two-level) VSI features 23 = 8 switching states that form with
the definition of the output voltage space vector

—

Uz x = (UAk + aup,k + a*uc k)

(oD ralon D e (o)) o

- 270

Q:eJB

C»JI[\DC»JI[\D

the space vector diagram depicted in Fig. 3.2(a). The switching states

Uo ,(pnn)» Uo .(ppn)s U2, (npn)> Us ,(npp) » Us ,(nnp) > and 1o ,(pup) are referred to
as active states with a voltage space vector magnitude of 2/3U and
Ug, (nnn) and Uy (ppp) as zero or freewheeling states with a voltage space
vector magnitude equal to zero. The reference output voltage space
vector U, is typically formed by two adjacent voltage vectors as shown
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Fig. 3.1: Voltage Source Inverter (VSI) topology, showing the deno-
mination of the transistors and the diodes.

in Fig. 3.2(b). For a general phase angle ¢g; of i3 within the interval
pay € [0,7/3], the reference output voltage vector can be calculated as

1 TP — — — ~
2 = / Uk dbw = d(Pnn) " U2, (pnn) T d(ppn) " U2, (ppn) T do - 0
TP 0

> T

2
Uels | (3.5)

2
= dpun) 3U + dippn) 3

where t, refers to the local time within a pulse period Tp. The relative
turn-on times d(pnn) and d,pny of the space vectors Uy (pnn) and U (ppn)
with respect to Tp are given by

T
d(pnn) = M> cos (goﬁ; + E) (3.6)

d(ppn) = M2 sin (g@g;) (37)

with the modulation index

—[0...1] (3.8)

for sinusoidal modulation. During the remaining relative zero or free-
wheeling state interval

do = d(nnn) + d(ppp) =1- (d(pnn) + d(ppn)> (3.9)
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the zero voltage space vectors s (ppp) and/or s mnn) are applied. In
summary, the desired output voltage vector u; is formed by the dec-link
voltage. Contrary to the voltage conversion the transformation of the
output phase currents into the dc-link is determined not only by the
output current amplitude fg, the switching state, and the modulation
index M, but also by the phase displacement ®5 between i5 and Uy .
The mean value of the dc-link current is thus given by

3 ~
layve = 1 = ——=Ms15 cos (Py) . 3.10
g Wi (®2) (3.10)

As the instantaneous sum of the modulated output terminal voltages
referenced to ground (ua o, uB,0, uc,o) differs from zero, a zero sequence
voltage is generated, which is referred to as common-mode (CM) voltage

U2,.CM -

U2 CM = 3 (uA,o + uB,0 + UC,O) (3.11)

The following summary of modulation strategies is considered for a

general phase angle gz of @y within the interval pgzx € [0,7/3]. The

zero state time interval is equally distributed between the switching

state (nnn) and (ppp) for symmetrical SVM, leading to the switching
sequence

(nnn) — (pnn) — (ppn) — (ppp)

Tp

tx=0 le=—5"

(ppp) — (ppn) — (pnn) — (nnn) (3.12)

RPN
It is advantageous to reverse the switching sequence at half of the pulse
period Tp /2 to guarantee that only one bridge-leg needs to be switched,
when the next voltage space vector is applied. Within a pulse period Tp
six switching transitions are required. This strategy further allows the
minimization of the CM voltage steps between the individual switching
states.

In discontinuous or half-wave symmetrical SVM, only one of the two
possible zero vectors is utilized. @5 is then formed by three instead of
four voltage space vectors per pulse period compared with the symmet-
rical SVM. Thus, the number of switching transitions is reduced from
six to four and therewith also the switching losses and the number of
CM voltage pulses are lowered. The maximum amplitude of the CM
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c” (a) (b)

Fig. 3.2: (a) Space vector diagram for the VSI. (b) Voltage space vec-
tor sector showing the formation of the dc-link current ¢ by projection of
the current space vector io onto the instantaneous voltage space vectors

Uz, (pnn) and Uz, (ppn)-

voltages remains the same as for symmetrical SVM. Two different main
switching sequences are possible

(nnn) — (pnn) — (ppn)

(ppn) — (pnn) — (nnn) tnz;.. (3.13)
and
|, _otrp) = () = (prm)|
(prn) = (ppn) = (ppR)|, o (3.14)

whereas the switching sequence reversal at half of the pulse period is
applied for the same reasons as stated above.

Another possibility to form the desired voltage space vector without
any zero voltage vector is to apply two additional active vectors during
the zero state interval that cancel each other [269]. A suitable switching
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sequence to form 45 is

(pnp) — (pnn) — (ppn) — (npn)

Tp

trn=0 te=—o"

(npn) — (ppn) — (pnn) — (pnp) (3.15)

LTy .

The advantage of this non-zero vector strategy is that the maximum
CM voltages are limited to the voltage level of the active switching
states [270]. However, similar to the symmetrical SVM six switching
transitions occur within a pulse period.

The analysis in this research work is based on a discontinuous SVM
scheme, formed by combining the sequence in (3.13) and (3.14), as this
provides the best compromise between switching losses and CM voltage
pulses. In this modulation scheme, the zero vector remains the same for
an interval of /3. For this purpose, the space vector diagram is sub-
divided into 12 instead of only 6 sectors as illustrated in Fig. 3.3(a).
Within the gray shaded sectors the zero vector s (,pp) is selected,
whereas in the other sectors iy (ynn) is utilized. Assuming an output
current-to-voltage phase displacement angle 5 = 0, it can be seen that
for instance in the sectors I and XII, where the maximum current oc-
curs in the output phase A, the bridge-leg connected to the phase A
is not switched but clamped. Hence, the gray shaded sectors are also
denoted as clamping sectors or intervals. The clamping of the bridge-
leg conducting the largest current is beneficial in terms of reducing the
switching losses. The resulting switching sequences are summarized in
Tab. 3.1. The clamping sectors would then be shifted by +®5 for an
output phase displacement different from zero, such as ®5 ~ 7 /6, when
supplying induction machines. Loss-optimal clamping may be achieved
by steadily tracking ®, and adapting the clamping interval boundaries.
Fig. 3.3(b) depicts the space vector diagram for loss-optimal clamping
with the modified sector boundaries, which is valid for 0 < &, < 7/6.

The same discontinuous SVM scheme is utilized for the input stage
(VSR) of the VSBBC as has been illustrated for the output stage (VSI).
The modulation of the input and output stage is synchronized with
a phase displacement ¢,,,q = 0, such that the dc-link voltage ripple
is minimized [271]. This leads to a center-alignment of the input and
output stage pulse pattern. Contrary to the symmetrical SVM, where a
minimum of the dc-link voltage ripple occurs at 04 = 0 and @04 = T,
for the discontinuous SVM there is only one minimum at ¢4 = 0.
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U3 (pup)

(b)

Fig. 3.3: Space vector diagram of the selected loss-optimal modulation
scheme for the VSBBC, shown for the output stage (a) for &3 = 0 and
(b) for 0 < &5 < 7/6.

Sector  Switching Sequence (0...Tp)

I ... (pnn) — (ppn) — (ppp) — (ppn) — (pnn) . ..
11 (ppn) — (pnn) — (nnn) — (pnn) — (ppn) . ..
111 .(ppn) — (npn) — (nnn) — (npn) — (ppn) . ..
IV - (npn) — (ppn) — (ppp) — (ppn) — (npn) . ..
\Y - (npn) — (npp) — (ppp) — (npp) — (npn) . ..
VI ... (npp) — (npn) — (nnn) — (npn) — (npp) . ..
VII ...(npp) — (nnp) — (nnn) — (nnp) — (npp) . ..

VIII -(nnp) — (npp) — (ppp) — (npp) — (nnp) . ..
IX . (nnp) — (pnp) — (ppp) — (pnp) — (nnp) . ..

X .(pnp) — (nnp) — (nnn) — (nnp) — (pnp) . ..
XI .(pnp) — (pnn) — (nnn) — (pnn) — (pnp) . ..
XII -(pnn) — (pnp) — (ppp) — (pnp) — (pnn) . ..

Tab. 3.1: Switching sequences of the selected loss-optimal modulation
scheme for the VSBBC (cf. Fig. 3.3(a), shown for the output stage for
0 S (I)Q S 7'('/6
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3.1.4 Current Source Back-to-Back Converter

The considered SVM for the CSBBC is described by means of its input
(rectifier) stage, as this facilitates later the explanation of the modula-
tion for the IMC.

The switching state of the CSR is defined with | = (xy), for exam-
ple, based on the denomination of the individual switches as shown in
Fig. 3.4. The first digit of [ (“a”) designates the input phase connected
to the positive bus p, whereas the second digit (“b”) designates the input
phase connected to the negative bus n. The safety interval (over-lapping
delay time) Tge < 0 required to commutate the current between the in-
dividual phases is again neglected.

Compared with the previously presented VSI topology the CSR pro-
vides 32 = 9 instead of eight switching states that can be represented
with the corresponding input current space vector.

- 2

i, = 3 (a0 + @iny + a’icy) (3.16)

wly

a=¢

The resulting input current space vector diagram is shown in Fig. 3.5(a).
There are again active and zero states to be distinguished. The switch-
ing states forming the current space vectors i1 (ab), i1,(ac)s 1,(bc)s ¢1,(ba)>

;1,(ca), and ;1,(Cb) are denoted as active states with a space vector mag-
nitude of 2/v/3I, and ;1,(aa)7 271,(bb), and 271,(“) are occurring for the

zero states. The desired input voltage space vector ;1* is then typically
formed by two adjacent current vectors as depicted in Fig. 3.5(b). For a
general phase angle @;. of i within the interval Py € [—7/6,7/6] the
reference input current vector is given by

1 [T

_T_PO

“x

(1 i1, Aty = d(apy * 11.(ab) + d(ac) 11, (ac) + do -0

:d(ab)%fe 76 +d(a0)%le]6 . (317)

The relative turn-on times dap,), d(ac), and dy equal to

d(ap)y = M cos (go;l* + g) (3.18)
d(ac) = M cos (907;1* — g) (3.19)
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Fig. 3.4: Current Source Rectifier (CSR) topology, indicating the des-
ignation of the transistors and diodes.

do=1— (d(ab) + d(ac)> . (3.20)

The range of the modulation index M; for sinusoidal modulation is
given by )
I*

M1:71:[0...1]. (3.21)

It should be noted that the input (mains) current amplitude I;* and
the phase displacement angle ®{ are typically predefined in order to
fulfill the converter power balance. The desired input current vector ;1*
is directly generated from the dc-link current. The output voltage (dc-
link voltage) of the CSR depends on the input voltage amplitude Ul,
the switching state, the modulation index M;, and the required phase
displacement angle ®;". The mean value of the dc-link voltage equals to

3 .
Uavg = §M1U1 cos (P1) . (3.22)

Similar to the VSI also for the CSR a CM voltage is generated at its
output terminals across the link. Assuming that the star-point of the
mains system at the input of the CSR and thus also the star-point of the
input capacitors C¥ inp is at ground potential, the resulting CM voltage
seen in the link can be written as

up,O + un,O

2 (3.23)

UCM, link =
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where uy, o is the voltage between the positive bus and ground and uy, o
the voltage between the negative bus and ground.

A variety of different modulation schemes for current source convert-
ers can be found in the literature [52,54,210,272|, which are classified in
a similar way as for voltage source converters. Basically in all these mod-
ulation strategies, usually two active vectors and one or two zero vectors
are used per pulse period. The main differences between the individual
modulation strategies are found in the number of switching transitions
involved in one modulation cycle, the semiconductor losses, and the
different dependencies between the semiconductor losses and the refer-
ence current-to-voltage displacement angle. Aiming for low switching
losses, it is hence beneficial to keep a transistor in the on-state within
a pulse period, which can be achieved by proper selection of the zero
vector. This functionality is provided by the following three switching
sequences, whereas (3.24) features two zero states and (3.25) and (3.26)
only one.

: tﬁzo(ac) — (aa) — (ab) L _Tp (ab) — (aa) — (ac) RPN (3.24)
. tn:o(ac) — (ab) — (aa) L _Tp (aa) — (ab) — (ac) RPN (3.25)
. tn:o(ab) — (ac) — (aa) L _Tp (aa) — (ac) — (ab) RPN (3.26)

Regarding the overall average losses, the modulation scheme based on
(3.25) is the most desirable. The magnitude of the CM voltage of the
zero state is maximal as the phase with the largest instantaneous voltage
is clamped.

In the selected modulation scheme for the VSBBC, the switching
losses are reduced by clamping the phase conducting the largest cur-
rent. The same principle can be applied to the CSBBC. The switched
current always equals the dc-link current for current source converters.
Therefore, the clamping strategy cannot influence the switched current
level but should minimize the commutation voltage, when the dc-link
current is commutated from one phase to another. With this goal in
mind an alternative switching sequence to (3.25) with the same average
losses but a different zero state can be found

(ac) — (ab) — (bb) (bb) — (ab) — (ac) oy (3.27)

ty=0 to=1B to=Tp
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Fig. 3.5: (a) Space vector diagram for the CSR. (b) Current space
vector sector showing the formation of the dc-link voltage u by projec-
tion of the voltage space vector 4, onto the instantaneous current space
vectors zﬁlﬁ(ab) and zﬁlﬁ(ac).

leading to a lower magnitude of the zero state CM voltage. Neverthe-
less, by comparing the modulation schemes in (3.25) and (3.27), the
resulting modulating scheme based on (3.25) provides a more uniform
loss distribution and thus is selected for the CSBBC. For that purpose
the current space vector diagram of the CSR, depicted in Fig. 3.6, is
again subdivided into 12 sectors. Minimal switching losses can then be
achieved by applying the switching sequence (3.25) to the sector I and
mapping it accordingly to the other sectors. In the gray shaded sectors,
the switch connecting the corresponding input phase with the positive
bus is not switched, whereas in the other sectors the switch connecting
the corresponding input phase with the negative bus is not switched.

Utilizing this modulation scheme, the magnitude of the average com-
mutation voltage is formed in sector I, for example, by |uap| and |up|
and thus is minimized as the line-to-line voltage with the largest in-
stantaneous magnitude |u,c| does not appear as a commutation volt-
age, which corresponds to the clamping in the VSBBC. The resulting
switching sequences are listed in Tab. 3.2. If the desired phase displace-
ment & differs from zero, the sector boundaries can be shifted as is
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11 (ba)

Fig. 3.6: Space vector diagram of the selected loss-optimal modulation
scheme for the CSBBC, shown for the input stage (a) for ®; = 0 and
(b) for 0 < & < 7/6.

N—

Sector  Switching Sequence (0...Tp

I ...(ac) — (ab) — (aa) — (ab) — (ac) ...
I1 ...(ac) = (be) — (cc) — (be) — (ac) . ..
I11 ... (bc) = (ac) — (cc) — (ac) — (be) . ..
v ... (be) = (ba) — (bb) — (ba) — (bc) . ..
\Y% ... (ba) — (bc) — (bb) — (bc) — (ba) . ..
VI ...(ba) — (ca) — (aa) — (ca) — (ba)
VII  ...(ca) — (ba) — (aa) — (ba) — (ca) ..
VIII  ...(ca) — (cb) — (cc) — (¢b) — (ca) ...
IX ...(ch) — (ca) — (cc) — (ca) — (cb) ...
X ...(cb) — (ab) — (bb) — (ab) — (cb) ...
XI .. (ab) — (¢b) — (bb) — (cb) — (ab) ...
XII  ...(ab) — (ac) — (aa) — (ac) — (ab) ..

Tab. 3.2: Switching sequences of the selected loss-optimal modulation
scheme of the CSBBC, shown for the input stage for 0 < & < 7/6.
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shown Fig. 3.5(b), in this case by +®;, to provide loss-optimal clamp-
ing [273] and to maintain the same level of switching losses. Analogous
to the VSBBC, for the CSBBC the same SVM scheme is utilized for
the output stage (CSI) as has been derived for the input stage (CSR).
The modulation of both stages is also synchronized with a displacement
angle ¢moq = 0 in order to minimize the dc-link current ripple.

3.1.5 Indirect Matrix Converter

The SVM for the IMC is typically derived by a sequential approach,
starting with calculating the voltage transformation from the converter
input to the output to form a sinusoidal output voltage with the de-
sired amplitude, followed by determining the current conversion from
the output back to the input such that sinusoidal input currents are
generated. A detailed description of various methods of derivation can
be found in [131]. This section aims at providing an intuitive description
of the modulation for the IMC based on the SVM of the current and
voltage source converter as presented in [84].

With regard to its modulation, the IMC topology, depicted in Fig. 3.7,
represents a combination of the input stage of the CSBBC, with the dc-
link inductor shifted to the load (e.g. motor inductance), and the output
stage of the VSBBC, with the dc-link capacitor shifted to the mains side
(input capacitors CF inp). For a given input voltage 1, the modulation
of the converter is implemented such that only positive mains line-to-
line voltages are switched to the link in order to prevent mains phase
short-circuiting due to the polarity of the diodes of the output stage. The
desired output voltage i, is generated simultaneously with a sinusoidal
input current Zl* with a phase displacement angle ®; relative to ;.
The input current amplitude is formed by the load current segments,
which are transferred through the output stage and the link to the
input, such that the power balance between input and output is fulfilled.
Consequently, the resulting input current amplitude is determined by
the load. On the converter input side, only the input current phase angle
©; - and therewith the input current-to-voltage displacement angle @/

may be actively controlled by the modulation.

In the following, the SVM of the IMC is described based on the space
vector representation of current and voltage source converters. The mod-
ulation of the input stage is visualized by the space vector diagram of
the CSR (cf. Fig. 3.8(a)) and the modulation of the output stage by the
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Fig. 3.7: Indirect Matrix Converter (IMC) topology, showing the de-
nomination of the switching devices.

space vector diagram of the VSI (cf. Fig. 3.8(b)). For the explanation of
the input-to-output voltage conversion, the phase angle at the input is
limited to the interval ¢z, € [0,7/6]. By projecting of #; onto the space
vector axes, the resulting link voltages can be found. Within the consid-
ered interval, positive dc-link voltages are generated for the switching
states (ab), (ac), and (be) of the input stage or correspondingly, for the
line-to-line voltages u.y1,, Uac, and uy.. For each of these link voltages, a
space vector hexagon is formed for the output stage, whereas the size
of the individual space vector hexagons changes with the instantaneous
amplitude of the line-to-line voltages. This results in a total of 18 active
output voltage vectors and different zero output voltage vectors. The
zero voltage vector can be generated either only by the freewheeling
states (nnn) or (ppp) of the output stage or only by the freewheeling
states (aa), (bb), (cc) of the input stage or by combination of all. Thus,
the IMC can provide up to three different output voltage levels. Con-
trary to a three-level voltage source converter, for the IMC the three
voltage levels vary as a function of ¢z, . For example for ¢z, = 0, uap
equals to u,. and the outer two hexagons in Fig. 3.8(b) are congruent
and thus only 12 active voltage vectors are available.

For the output-to-input current conversion, the consideration is re-
stricted, in this case to the output current phase angle interval 7 €
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[0,7/6] with ia > 0, ig < 0, and i¢ < 0. In this angle interval, positive
link currents occur for the output stage switching states (pnn), (ppn),
and (pnp) leading to i(pnn) = 1A, i(ppn) = —ic, and ipnp) = —ip. Neg-
ative link currents are generated for the inverse output stage switching
states (npp), (nnp), and (npn) leading to impp)y = —iA, imnp) = tc, and
i(mpn) = iB. Depending on the switching states of the input stage the
link currents are translated into the corresponding input current space
vectors, as shown in Fig. 3.8(a).

If the output stage is in the zero state (nnn) or (ppp), no link current
and thus no input current is formed. The same applies to the zero states
(aa), (bb), and (cc) of the input stage, which close the link current path
across the input stage and thus prevent a current flow to the mains.

Finally, the desired output voltage vector u5 can be generated si-
multaneously with the desired input current phase angle Pix through
an appropriate combination of input and output stage switching states.
©7. is determined based on the phase angle oz, of the input voltage

1
t7 and the desired phase displacement angle ®;. In order to enable a

continuous rotation of the input current space vector i, and the out-
put voltage space vector u,, at least two different active input stage
and two different active output stage switching states and a zero state
have to be combined in the switching sequence of the IMC. In order to
obtain the maximal possible output voltage amplitude, the input switch-
ing states resulting in the largest (ac) and second largest (medium) (ab)
instantaneous link voltage have to be selected. Consequently, in the con-
sidered intervals of the phase angles ¢;. € [0, 7/6] and pgzs € [0, 7/6],
the resulting active switching states are (ac)(ppn), (ac)(pnn), (ab)(ppn),
(ab)(pnn), with the zero states (zz)(ppp) and (zx)(nnn) or (aa)(xzx),
(bb)(zxx), and (cc)(zzx).

Two fundamentally different modulation schemes may be found for
the IMC based on these switching states. In the standard modula-
tion scheme, the input stage is first kept in the switching state (ac)
while the output stage cycles through the switching state sequence
(pnn)—(ppn)—(ppp). Then, the input stage switching state is changed to
(ab) and subsequently the same output stage switching state sequence is
repeated, advantageously in reverse order (ppp) — (ppn) — (pnn). There-
with, the first pulse half-period is completed and the same switching
sequence is repeated in inverse order. Thus, for a complete switching
sequence of the input stage, the switching sequence of the output stage
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Fig. 3.8: Space vector diagrams of the IMC for (a) the input stage and
(b) the output stage.
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is run through twice for two different link voltage levels u,. and wu,p.
Accordingly, the switching frequency of the output stage is twice the
switching frequency of the input stage. The resulting switching sequence
may be written as

: tnzo(ac)(pnn) — (ac)(ppn) — (ac)(ppp)—

(ab)(ppp) — (ab)(ppn) — (ab)(pnn)| .
(ab)(pnn) — (ab)(ppn) — (ab)(ppp)—

(ac)(ppp) — (ac)(ppn) — (ac)(pnn) NP (3.28)

As can be seen in (3.28), the switching sequence of the output stage is
embedded in the switching sequence of the input stage. The advantage
of this modulation scheme is that the switching state of the input stage
is changed during the freewheeling state of the output stage, i.e. when no
current flows in the link. Consequently, Zero-Current-Switching (ZCS)
of the input stage is enabled, and no switching losses occur in the input
stage apart from losses due to component parasitics. The resulting link
voltage and current waveforms are depicted in Fig. 3.9(a).

An alternative modulation scheme is given by interchanging the input
and output stage switching cycle. Starting with the same input and
output switching state (ac)(pnn), the switching state of the output stage
remains fixed while the input stage is cycled through the switching states
(ac)—(ab)—(aa). The switching state of the output stage is then changed
from (pnn) to (ppn). Afterward, the input stage is cycled through the
preceding switching sequence in reverse order (aa) — (ab) — (ac), and the
first pulse half-period ends. During the second half of the pulse period,
the first half of the sequence is repeated in reverse order and results in

(ac)(pnn) — (ab)(pnn) — (aa)(pnn)—

(aa)(ppn) — (ab)(ppn) — (ac)(ppn)|, _a,
(ac)(ppn) — (ab)(ppn) — (aa)(ppn)—
(aa)(pnn) — (ab)(pnn) — (ac)(pnn)| (3.29)

Surprisingly, this switching state sequence has not until recently [84,131]
been described in literature for IMCs, despite its similarity to known
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Fig. 3.9: Schematic representation of the link voltage v and link current
i waveforms for the modulation scheme (a) enabling ZCS of the input
stage (modulation strategy A), and (b) enabling ZVS of the output
stage (modulation strategy B).

switching sequences for current source converters. Contrary to the ZCS
modulation scheme, in the alternative modulation scheme the switching
sequence of the input stage is embedded in the switching sequence of the
output stage. The switching state of the output stage is changed within
the freewheeling interval of the input stage and thus occurs at zero link
voltage. The resulting link voltage and link current waveforms are de-
picted in Fig. 3.9(b). Switching losses in the output stage are avoided
apart from losses resulting from component parasitics as a result of the
Zero-Voltage-Switching (ZVS) strategy. The switching losses primarily
occur in the input stage. However, the disadvantage with the ZVS mod-
ulation scheme is that a fairly intricate multi-step commutation scheme
is required, to provide always a path for the link current and to prevent
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short-circuiting of the mains input phases. The challenge with the ZVS
modulation scheme can be best explained by comparison with a current
source converter. The switching state transition of a CSR, for instance,
is obtained by a strategy with overlapping commutation, whereas the
overlapping of the turn-on and turn-off of the two switches in the com-
mutation path ensures that there is always a path for the link current.
Short-circuiting of the input phases cannot occur as the current source
topology provides bipolar voltage blocking and unidirectional current
flow. Contrary to the CSR, in the IMC overlapping commutation by
turning on and turning off simultaneously both switches, forming the
bidirectional switches in the commutation path, is not possible, as it
would immediately lead to a short-circuit of a mains line-to-line volt-
age. Instead, a multi-step commutation, which typically involves four
steps as there are four switches in the commutation path, has to be
applied. An example of a four-step commutation scheme is provided in
Tab. 3.3 for the switching transition (ac)(pnn) — (ab)(pnn) of the se-
quence given in (3.29) for P7s € [0,7/6], @ ~ 0, and pgz; € [0,7/6].
(“1” means that the corresponding switch is turned on, “0” that it is
turned off.)

The switching sequence in this commutation scheme only depends on
the measured converter input voltages. In the considered interval of the
input current P7 € [0, 7w /6], the input line-to-line voltage uyp. is positive
(upe > 0). The switch Sy, can then be turned on in the initial state
(step 0), shown in Tab. 3.3, without changing the switching state of the
converter. Correspondingly, also the switch S, in the last commutation
step (step 4) may be turned on without affecting the switching state.
This fact can be utilized to reduce the number of commutation steps and
finally enables the implementation of a two-step commutation scheme,
providing ZVS of the output stage for an IMC topology. The resulting
switching sequence is presented in Tab. 3.4. The two-step commutation
strategy is first described in [117] for the CMC.

For the implementation of the ZVS modulation scheme for a bidirec-
tional IMC an input stage topology is required that allows for indepen-
dent control of the switches for both current directions. Therefore, this
modulation scheme cannot be applied to the VSMC. A special case re-
garding ZVS of the output stage is found with the unidirectional USMC.
The functionality of its input stage is identical with a CSR as only uni-
directional link currents are possible. Thus, the application of the ZVS
modulation scheme for the USMC is simplified significantly. In this case,
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the input stage of the USMC is modulated identically to a CSR with
overlapping switch commutation. Hence, a multi-step commutation is
not required.

Opposed to the ZVS modulation scheme, the application of the ZCS
modulation scheme for an IMC is very simple and safe and can be di-
rectly implemented as shown in (3.28). Only a small interlock delay
(safety time) is required to avoid short-circuiting of the mains phases
as the bidirectional switches of the input stage can be switched at zero
current, and the two switches forming a bidirectional switch can be

Switch  Step 0  Step 1 Step 2 Step 3 Step 4

Sap 1 1 1 1 1
Spa 1 1 1 1 1
Shn 0 0 0 1 1
Sb 0 1 1 1 1
Sen 1 1 1 1 0
She 1 1 0 0 0

Tab. 3.3: Standard four-step commutation for the ZVS modulation
scheme, shown for the switching transition (ac)(pnn) — (ab)(pnn) for
7. €[0,7/6], @7 =~ 0, and pgz; € [0,7/6].

Switch  Step 0 Step 1 Step 2

Sap 1 1 1
Spa 1 1 1
Sba 0 0 1
Sub 1 1 1
Sen 1 1 1
She 1 0 0

Tab. 3.4: Suggested two-step commutation for the ZVS modulation
scheme, shown for the switching transition (ac)(pnn) — (ab)(pnn) for
P7e € [0,7/6], ;" ~ 0, and gy € [0,7/6]. The highlighted switching
signals do not affect the overall switching state of the converter.
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turned on and turned off simultaneously. Likewise, the commutation of
the output stage is unproblematic as simply an interlock delay between
the high-side and low-side switch of a bridge-leg is required similar to
voltage source converters. In conclusion, for a practical implementation
of a bidirectional IMC, the ZCS modulation scheme is clearly preferred
to the ZVS modulation scheme. Both modulation schemes lead approx-
imately to the same complexity for the unidirectional USMC. Finally,
it should be pointed out that for the ZVS modulation scheme an appro-
priate selection of the input stage power devices is essential. If the input
stage is implemented with RB-IGBTs and the output stage with con-
ventional IGBTS, as is a possible semiconductor configuration for IMCs,
the application of the ZVS strategy for the output stage would lead to
significantly higher losses than the ZCS strategy for the input stage,
due to the rather unfavorable switching behavior of RB-IGBTs [167].

The resulting voltage and current transfer ratio of the IMC does not
depend on whether the ZCS or ZVS modulation scheme is selected. The
input-to-output voltage transformation can be determined by substitut-
ing (3.8), which describes the relationship between the link voltage and
the output voltage of the VSI, into (3.22), which indicates the formation
of the link voltage of the CSR as a function of the mains input voltage.

A 1 13 . o V3o .
U2 = ﬁMzuavg = %M2§M1U1 COS ((I)l) = 7M12U1 COS ((I)l)
M, =10...1] My =10...1] My =10...1] (3.30)

The maximum output voltage of the IMC for sinusoidal modulation is
obtained for M1 =1 and ®{ = 0 and is limited to

UQ,max - gﬁl . (331)

The output-to-input current transformation is calculated accordingly
and can be written as

. 3 .
Il = ngglg COS ((I)Q) . (332)

As can be seen from (3.32), for a purely reactive load (P9 = +7/2)
without any additional measures, no stationary input current can be
formed (I; = 0).
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In the two basic modulation strategies considered so far, the out-
put voltage is always formed with the largest and medium instanta-
neous line-to-line voltages in order to enable the formation of the max-
imum output voltage. This input voltage selection is hence referred to

as High output Voltage SVM (HVSVM) scheme (Fig. 3.8, 271,(ac),(xxx),

;1,(ab),(xxx)7 ﬁ2,(ac),(xxx): and ﬁ2,(ab),(xxx) for 90?1* S [07 7T/6] and (I)l* - O)
and is applicable in the whole output voltage range.
. 3 .
Us; = : \é_ Ui =[0%...86.6%] Uy (3.33)

The resulting characteristic waveform of the link voltage is shown in
Fig. 3.10(a). If only a reduced output voltage is required

U, = [0%] Uy =[0%...50%] U , (3.34)

it is advantageous to select the medlum and lowest positive instanta-
neous line-to-line voltages (Fig. 3.8, zl J(ab), (xxx)> 21 (o), (xxx)s U2, (ab), (xxx)>
and 1z, (be), (xxx) for 7. € [0,7/6] and ®;* = 0) to generate the output
voltage, as the switching losses of the output stage are reduced. Addi-
tionally, the modulation index of the output stage has to be increased
compared to the HVSVM, and thus the transistors and the freewheel-
ing diodes of the converter output stage are more equally loaded for
the same output voltage than with the HV modulation scheme. Corre-
spondingly, this strategy is called Low output Voltage SVM (LVSVM)
and leads to the link voltage according to Fig. 3.10(b). The disadvan-
tages of the LVSVM are that the current ripple at the converter input
is larger for Mjs > 0.2 compared with the HVSVM [131]. Further-
more, the risk of input phase short-circuits is increased at the transi-
tions ¢ = {0,7/3,27/3, 7, 4xw /3,57 /3} for p1 = Pie = Py, when the
link voltage is close to zero (u = 0). Due to the voltage ripple across the
input capacitors CF 1np, the link voltage can temporarily become nega-
tive (u < 0) at these transitions, and the corresponding input phases are
short-circuited across the freewheeling diodes of the output stage. This
can be avoided if within a safety interval of £5° at the critical tran-
sitions, the HVSVM scheme is applied. In order to reduce the output
current ripple for output voltages in the range of

1 V3

Sy U, = [50%...86.6%] U , (3.35)
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all three line-to-line voltages can be utilized within a pulse period to
form the desired output voltage vector (Fig. 3.8, i1 (ac), (xxx)s 11, (ab),(xxx)>

/I'T)l,(bc),(xxx)v U2,(ac),(xxx)7 ﬁ2,(ab),(xxx)7 and ﬁQ,(bC),(XXX) for 80;1* S [077‘-/6]
and ®; = 0). This modulation scheme enables to minimize the output
current ripple by minimizing the freewheeling or zero vector intervals
and is based on a combination of the HVSVM and LVSVM strategy.
The resulting waveform of the link voltage is depicted in Fig. 3.10(c).
This modulation scheme is referred to as Three-Level output voltage
SVM (TLSVM) as three different link voltage levels are available to
form the required output voltage and clearly demonstrates the “quasi
three-level” characteristic of MCs [274].

0
@, =-1/3 -1t/6 0 +71/6 +7/3

Fig. 3.10: Link voltage waveforms for the (a) HVSVM, (b) LVSVM,
and (c) TLSVM for ZCS of the input stage (¢ = Pre = Oz, )-
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Various combinations of the modulation and commutation schemes
are possible to change the operating characteristics or to extend the
operating range of IMCs. In the following, several extended and alter-
native modulation schemes are briefly introduced. An overview of the
most important SVM schemes is compiled in Tab. 3.5.

The Switching Loss Shifting (SLS) modulation strategy [127] aims at
balancing the switching losses between the input and output stage. If
the IMC, for instance, is operated with the ZCS strategy of the input
stage, switching losses are only generated in the output stage. This leads
to a non-uniform semiconductor loss distribution. In the SLS modula-
tion scheme, a part of the commutations generating switching losses is
performed such that the switching losses do not any more occur in the
output stage but in the input stage. The shifting of the losses is achieved
by initiating and terminating the freewheeling state of the output stage
by means of switching the corresponding switches of the input stage at
current. This switching strategy is only possible for positive link cur-
rents ¢ > 0 and thus restricts the application of the SLS strategy to loads
leading to a phase displacement angle at the output of |®5| < 7/6.

As an alternative to the modulation schemes enabling ZCS of the
input stage or ZVS of the output stage, also modulation schemes that
were originally developed for the CMC and hence require a multi-step
commutation scheme can be applied to the IMC. Such a modulation
scheme is the so-called Conventional Space Vector Modulation (CSVM).
The switching sequence of the CSVM is designed based on the optimiza-
tion rules presented in [275] to minimize the number of commutations

per switching state transitions. The resulting switching sequence for
Py € [0,7/3), pay €1[0,7/3], and & =0 is

|, _olab)(pnn) — (ab)(ppn) — (ac)(ppn) -

(ac)(pnn) — (ac)(nnn) L _Tp

(ac)(nnn) — (ac)(pnn) — (ac)(ppn)—
(ab)(ppn) — (ab)(pnn)

As can be seen from the switching sequence in (3.36), for the CSVM the
switching losses occur in the input and the output stage and thus the
power semiconductors are more evenly loaded compared with the HV-

or LVSVM.

(3.36)

kr—1P
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An Improved Space Vector Modulation (ISVM), providing a lower
maximum CM voltage compared to the CSVM, is suggested in [276].
The ISVM is based on the CSVM, and for ¢;. € [0, /6] gz € [0,7/3],

and ®; = 0, the switching sequence is identical to (3.36). However,
for ¢z. € [7/6,7/3] and @gs € [0,7/3] the switching sequence is then

changed to
|, _pab)nnn) = (ab)(pnn) — (ab)(ppn)—
(ac)(ppn) = (ac)(prn)|

(3.37)

Thus, the zero states in the ISVM are generated using always the in-
put voltage with the medium instantaneous magnitude, and therewith,
the maximum CM voltage is lowered. In addition to the CM voltage
reduction, the ISVM leads to lower switching losses.

Another possibility to limit the CM voltage to the maximum voltage
of the active states is to use no zero states [177]. This modulation scheme
is referred to as Non-Zero Space Vector Modulation (NZSVM). It is
derived from the CSVM, whereas the zero state interval is subdivided
into three intervals. The switching sequence of the NZSVM for pi- €

[0,7/6], pay € [0,7/3], and & = 0 then equals to
|, _o ) pnn) = (ab)(pnn) — (ab)(ppn) -

(ac)(ppn) — (ac)(pnn) — (be)(pnn)| 4,

te="3"

(be)(pnn) — (ac)(pnn) — (ac)(ppn)—
(ab)(ppn) — (ab)(pnn) — (cb)(pnn) e (3.38)

t.=1p

The main disadvantage of the NZSVM is the increased number of switch-
ing transitions compared with the CSVM or the ISVM, as a pulse period
consists of 11 instead of only 9 different states.

Basically, the input current of MCs is proportional to the real output
power, as can be seen from (3.32). Thus, also the reactive power at
the converter input depends on the real output power. The Reactive
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Power SVM (RPSVM) schemes, presented in [128], enable to generate
reactive power at the converter input for a purely reactive load or to
generate reactive power at the converter input for a real load. The basic
principle is to utilize the fundamental feature of MCs that enables to
separate the formation of the desired output voltage space vector 4y
from the formation of the desired input current space vector ;f . In this
way, the switching sequence is subdivided into two intervals, where in
one interval the required output voltage with an average input current
equal to zero is generated, and in the other interval the required reactive
input current is formed with an average output voltage equal to zero.

Unfortunately, the extended converter functionality such as the reduc-
tion of the CM voltage with the ISVM or the reactive power transfer
with the RPSVM is achieved at higher complexity and lower robustness
of the modulation or commutation scheme. Therefore, for a practical
implementation of a bidirectional IMC, the HV strategy with ZCS of

Modulation Scheme Reference
High Voltage SVM (HVSVM)

- ZCS of input stage [84,92]

- ZVS of output stage® [84,277|

- SLS between input and output stage [127,131]
Low Voltage SVM (LVSVM)

- ZCS of input stage [127]

- ZVS of output stage® [131]

- SLS between input and output stage [127,131]
Three-Level SVM (TLSVM)

- ZCS of input stage [131,274]

- ZVS of output stage® [131]
Conventional SVM (CSVM)* [275,278]
Improved SVM (ISVM)¢ [276,278]
Non-Zero SVM (NZSVM)* [177,278|
Reactive Power SVM (RPSVM) [128,131,279|

2Requires a specific (multi-step) commutation scheme.

Tab. 3.5: Overview of modulation schemes for IMCs.
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the input stage (HVZCS) provides the best compromise, as it covers the
entire output voltage range at low losses and enables a simple and safe
commutation and implementation. Therefore, it is defined as the refer-
ence modulation scheme for the IMC in this research work. The only
limitation of the HVZCS modulation scheme is that a minimal duration
of the freewheeling interval of the output stage is required to enable a
safe commutation of the input stage. In practice, the maximum modu-
lation index thus must be limited to Mi2 max =~ 98%, which leads to a
small reduction of the maximum attainable output voltage.

Regarding the clamping strategy for the output stage, two main pos-
sibilities exist. Firstly, the same loss-optimal clamping may be utilized
as shown for the VSI. Alternatively, the clamping of the output stage
can be synchronized with the phase ¢y, of the input voltage. This en-
ables to minimize the CM voltage generated by the IMC, and hence is
referred to as CM-optimal clamping. The zero states (nnn) and (ppp) of
the output stage can then be determined as shown in Tab. 3.6. Accord-
ing to [131], the CM-optimal clamping allows for a reduction of the rms
value of the CM voltage only by 6% and leads to an increase in the total
average semiconductor losses. As efficiency is given higher priority for
the selection of the modulation scheme than the generated CM voltage,
the loss-optimal clamping is favored and the CM-optimal clamping is
considered as an additional option at low output frequencies to reduce
the locale average semiconductor losses. To conclude with, the following
relationship between the clamping strategy of the CSR, VSI, and IMC

Vi, Zero State
[0...7/C] (ppp)
[7/6...7/2] (nnn)
/2. 57T/ 6] (ppp)
[57/6...77/6] (nnn)
(77 /6. 37T/ 2] (ppp)
[Br/2...117/6] (nnn)
[117/6...0] (ppp)

Tab. 3.6: Zero states of the output stage for the HVZCS modulation
scheme with CM-optimal clamping.
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shall be mentioned. The loss-optimal clamping strategy of the VSI (cf.
Tab. 3.1), results also in loss-optimal clamping for the IMC (at max-
imum output voltage), whereas the optimal clamping of the CSR (cf.
Tab. 3.2), applied to the output stage of the IMC, leads to CM-optimal
clamping.

The relative turn-on times of the HV modulation scheme for sinu-
soidal SVM can be determined based on the relative turn-on times of
the CSR and VSI, given in (3.6), (3.7), (3.18), and (3.19). Compared
to the CSR and VSI, the switching sequence of the IMC features four
different active states (cf. Fig. 3.9) instead of only two. Therefore, also
four different turn-on times are required apart from the zero state. The
relative turn-on times of the IMC can be directly calculated by com-
bination and multiplication of the relative turn-on times of the CSR
and VSI as the IMC topology consists of a CSR input stage and a VSI
output stage. By utilizing the definition for M5 according to (3.30) and
assuming that ®; equals to zero, the relative turn-on times of the active
states for ¢;. € [—7/6,7/6] and gy € [0,7/3] can be calculated to

d(ac)(pnn) = M2 cos (goi* — g) COS (g@g; + %) (3.39)
d(ac)(ppn) = M12 cos (gpz — g) sm g; (3.40)
d(ab)(ppn) = M12 cos (gpg 7;) sm (3.41)
d(ab)(pnn) = M12 cos (gpi 7;) coS (gpu2 —) : (3.42)

frorn CSR from VSI

The remaining relative zero state or freewheeling time then equals to

do = d(ac)(ppp)  d(ab)(ppp)
=1 — (d(ac) (pun) + d(ac)(ppn) + d(ab)(ppn) T d(ab)(pnn)) > 0. (3.43)

It does not matter when within the freewheeling interval the switching
state of the input stage is changed, since during this interval the output
voltage equals to zero. The total freewheeling time is typically equally
distributed between the two input states of a switching sequence.

do
d(aC)(ppp) = d(ab)(ppp) = 9 (3.44)
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If ®; differs from zero, the relative turn-on times are modified according
to (3.30) and may be written as

d _&COS( Y cos (pas + T)
(ac)(pnn) == COS ((I)l*) gDil* 3 SOU; 6
M12 ( 7T) ( 7'(')
- 7 T = ar + — 3.45
COS((I)l*)Sln S01+6 cos SOz—i_6 ( )
M
d(ac) (ppn) = ———— cos (‘P** - E) S (ﬁpﬁ)
cos (P7) T3 5
My ™ .
~ cos (D) S (SD*; + E) sin (i) (3.46)
Mo 7'('
d(ab)(ppn) = W cos (90?1* + §) sin (%72)
M2 ( 7r) .
- T i3 3.47
cos (@) A\ T g0 (35 (3.47)
M
d(ab)(pnn) = St COS (QO"* + z) COS (gpﬁ* + Z)
cos (P7) T3 2T %
M12 . ( 7T) ( 7'('>
= cos (PF) i T ar + =) - 3.48
CcOS ((I)l*) St S011 6 cos |\ ¥ 2 + 6 ( )

¢, cannot be arbitrarily chosen as for |®{| > 7/6 the link voltage can
temporarily become negative (u < 0), which would result in a short-
circuit of the input phases that are connected to the link. (3.45) to (3.48)
are only valid for |®;| < 7/6. An extension of the operating range to
|®;| > /6 can be achieved by inversion of the switching states of the
output state, which is explained in detail in [131].

The derivation of (3.39) to (3.42) for the relative turn-on times can be
verified by the following consideration. First, Pi- and ¢z are assumed
to be constant within the intervals given above, and the corresponding
input current space vector ;1* and output voltage space vector g is
formed. Next, ¢z is still kept constant and ©; s is varied within the

interval [—m/6,7/6]. In order to keep on generating the same output
voltage space vector with a constant magnitude, the resulting average
link voltage of the active states should remain constant. This corre-
sponds exactly to the conditions of the link voltage of a CSR and is
represented by the cosine terms labeled with “from CSR” in (3.39) to
(3.42). The formation of the link voltage is depicted in Fig. 3.11. If the
average link voltage of the active states is now assumed to be constant
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o1 =3 /6 0 6 3

Fig. 3.11: Instantaneous link voltage u, average link voltage u,y,s, and
average link current i,y for the HVZCS modulation scheme (p; =
P = i, ), averaged over a switching period Tp.

and gy is varied within the interval [0, 7/3], the desired rotating out-
put voltage vector w5 (with a constant magnitude) is generated if the
relative turn-on times are additionally modulated as required for a VSI.
This is represented by the cosine and sine terms labeled with “from
VSI” in (3.39) to (3.42). The same consideration can also be performed
in reverse order for the formation of the input current space vector
i and finally proves the calculation of the relative turn-on times in a
figurative way. The modulation functions of the additional modulation
schemes can be calculated correspondingly.

Considering Fig. 3.11, it is found that with this modulation scheme
only real power is transferred across the link as already stated. The
average power (flow) in the link P}, is constant and may be calculated
based on the average link voltage and current according to

3 [3
Pk = ;/0 u(p1)i(e1) dp1 = Uayg - tayg = const. (3.49)

The resulting input and output space vector diagrams of the IMC
are each subdivided into 12 sectors as for the VSI (cf. Fig. 3.3) and
the CSR (cf. Fig. 3.6), leading to 144 different input and output sector
combinations. An extract of the resulting switching sequences for the
selected HVZCS modulation scheme is listed in Tab. 3.7.
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Input  Output  Switching Sequence (0...Tp/2)

I I ... (ac)(pnn) — (ac)(ppn) — (ac)(ppp)
ab)(ppp) — (ab)(ppn) — (ab)(pnn) ..

(ab)(
I 11 .. (ac)(ppn) — (ac)(pnn) — (a )(mm)
(ab)(nnn) — (ab)(ppn) — (ab)(ppn) . ..
I 111 .. (ac)(ppn) — (ac)(npn) — (ac)(nnn)
(ab)(nnn) — (ab)(npn) — (ab)(ppn) . ..
I IV .- (ac)(npn) — (ac)(ppn) — (ac)(ppp)
(ab)(ppp) — (ab)(ppn) — (ab)(npn) . ..
I \ .- (ac)(npn) — (ac)(npp) — (ac)(ppp)
(ab)(ppp) — (ab)(npp) — (ab)(npn) ...
I VI .. (ac)(npp) — (ac)(npn) — (ac)(nnn)
(ab)(nnn) — (ab)(npn) — (ab)(npp) . ..
I VII ... (ac)(npp) — (ac)(nnp) — (ac)(nnn)
(ab)(nnn) — (ab)(nnp) — (ab)(npp) . . .
I VIII .- (ac)(nnp) — (ac)(pnp) — (ac)(ppp)
(ab)(ppp) — (ab)(pnp) — (ab)(nnp)
I IX .- (ac)(nnp) — (ac)(pnp) — (ac)(ppp)
(ab)(ppp) — (ab)(pnp) — (ab)(nnp) ...
I X .- (ac)(pnp) — (ac)(nnp) — (ac)(nnn)
(ab)(nnn) — (ab)(nnp) — (ab)(pnp) . ..
I XI .- (ac)(pnp) — (ac)(pnn) — (ac)(nnn)
(ab)(nnn) — (ab)(pnn) — (ab)(pnp) . . .
I XII .. (ac)(pnn) — (ac)(pnp) — (ac)(ppp)
(ab)(ppp) — (ab)(pnp) — (ab)(pnn) ..
II I .. (ac)(pnn) — (ac)(ppn) — (ac)(ppp)
(be)(ppp) — (be)(ppn) — (be)(pnn) ..

Tab. 3.7: Switching sequences of the IMC for the selected HVZCS
modulation scheme at ®; = 0, shown for various combinations of the
input (reference current i;") and output (reference voltage u5) sectors.
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3.1.6 Conventional Matrix Converter

In this section, the space vector modulation of the CMC is described
based on the IMC. Contrary to the IMC, for the CMC each input phase
a, b, ¢ can be directly connected with each output phase A, B, C via a
four-quadrant switch. The CMC topology in Fig. 3.12(a) may therefore
be represented as a switching matrix as depicted in Fig. 3.12(b) and
features a total of 3% = 27 possible switching states.

DA DaA

a

a
O
a
O o ° °
— —
b b SaAa SaBa SaCa
O O ° ° °
[ l 2l ~
C SbAb SbBb Sbe
O : ° ° °
c — o
o )\‘ I AI' ScAc Sch ScCc
Cewp 04 OB OC
3 55
SbC SCb
oo 5
(a) S s (b)

Fig. 3.12: (a) Conventional Matrix Converter (CMC) topology and
(b) its representation as a switching matrix, indicating the designation
of the switching devices.
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The switching states are coded using a triple as for example (acbh),
which means that the input phase a is connected to the output phase
A, the input phase c is connected to the output phase B, and the input
phase b is connected to the output phase C. Depending on the connec-
tions between the input and output phases, the switching states may be
classified into three groups according to Tab. 3.8.

For the switching states of Group 1, all output phases are connected
to the same input phase, and a zero output voltage space vector is gen-
erated (@l; = 0). These switching states are hence referred to as zero
or freewheeling states. For all 18 states of Group 2, always two output
phases are connected to the same input phase. The third output phase
is switched to one of the remaining input phases, and thus an output
voltage space vector different from zero (s # 6) is formed. The states
of Group 2 correspond exactly to the active switching states of the IMC.
Finally, Group 3 consists of the remaining six switching states, which
generate rotating output voltage or input current space vectors as each
output phase is connected to a different input phase. These states are
only possible for the CMC but not for the IMC topology. The use of
rotating space vectors has been widely discussed when the CMC was
first introduced, but has become less important with the availability
fast switching IGBT devices. For this reason, the following considera-

Group Switching States Description

1 (aaa) (bbb)  (ccc)  Zero states

2 (cca)  (ceb)  (aab)
(aac)  (bbc)  (bba)
(acc)  (bec)  (baa)  Active states with non-
(caa) (cbb) (abb)  rotating space vectors
(cac) (cbc) (aba)
(aca)  (beb)  (babd)

3 (abc)  (cab) (bca)  Active states with

(acb)  (cba) (bac)  rotating space vectors

Tab. 3.8: Classification of the switching states of the CMC.
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tions are limited to the switching states of Group 1 and 2, which are also
known from the IMC. The modulation of the CMC can then be simply
considered with reference to a fictitious IMC, and the required switch-
ing sequences can be obtained by recoding the corresponding switching
states of the IMC. The switching state (ab)(pnn) of the IMC, for in-
stance, is then translated into the switching state (abb) of the CMC.
For both topologies, the same input current and output voltage space
vector is generated. The resulting space vector diagrams of the CMC
are depicted in Fig. 3.13 and are identical to those of the IMC.

With this approach, all modulation schemes of the IMC can be map-
ped to the CMC topology. The HVZCS modulation schemes with CM-
optimal clamping (cf. Tab. 3.6) and with loss-optimal clamping (ref-
erence modulation scheme for the IMC, cf. Tab. 3.7) are of particular
interest for the CMC, as they have proven to be advantageous for the
IMC. The mapping of the modulation scheme with loss-optimal clamp-
ing reveals that, for example, the switching sequence of the IMC for
P7s € 0, 7/6], pgs € [1/6,7/3], @1 =0, and ®2 =0

(ac)(ppn) — (ac)(pnn) — (ac)(nnn)—

(ab)(nnn) — (ab)(pnn) — (ab)(ppn) e

(ab)(ppn) — (ab)(pnn) — (ab)(nnn)—

(ac)(nnn) — (ac)(pnn) — (ac)(ppn)| - (3.50)

results in an undesirable switching sequence for the CMC
|, _, (aac) — (ace) — (cec) -

(bbb) — (abb) — (aab)| .,
(aab) — (abb) — (bbb)—ﬁ_ 2
(cec) — (ace) — (aac)| ... (3.51)

due to the sequenced switching of freewheeling states (bbb) — (ccc) and
(cce) — (bbb). In a practical system, the commutation of all output
phases between two input phases does not occur simultaneously and
leads to intermediate switching states and additional switching losses.
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However, by applying the modulation scheme with CM-optimal clamp-
ing to the CMC, the switching of the freewheeling state can be avoided.
The switching sequence of the IMC with CM-optimal clamping for the
same intervals of Pi- and pgzs then equals to

(ac)(pnn) — (ac)(ppn) — (ac)(ppp)—

(ab)(ppp) — (ab)(ppn) — (ab)(prn)| -,

(ab)(pnn) — (ab)(ppn) — (ab)(ppp)—

(ac)(ppp) — (ac)(ppn) — (ac)(prn)| ... (3.52)

and is mapped to the following switching sequence of the CMC
: tﬁzo(acc) — (aac) — (aaa)—

(aaa) — (aab) — (abb) L _Tp
(abb) — (aab) — (aaa)—
(aaa) — (aac) — (acc) NESEEEE (3.53)

Besides the absence of undesired state transitions, there are additional
advantages for the CMC involved in this modulation scheme. Contrary
to the IMC, according to [131], for the CMC the average semiconductor
losses do not increase for the CM-optimal clamping compared to the
loss-optimal clamping as no sequenced switching of freewheeling states
occurs. The commutations always occur between the two largest input
line-to-line voltages without any zero voltage crossing and thus enables
the implementation of a voltage dependent, robust multi-step commu-
tation scheme. This modulation strategy is described in detail in [280].
Nevertheless, the commutation sequence of the CMC still depends on
measurement signals, which is not the case for the IMC.

It is also possible to map the modulation schemes of the IMC, allow-
ing for ZVS of the output stage, to the CMC. The disadvantage of the
resulting switching sequences, however, is that two output phases are
switched simultaneously. This again may lead to undesired intermedi-
ate switching states and increases the switching losses. Therefore, these

modulation schemes are not further considered for the CMC. Alterna-
tively, also the CSVM or the ISVM can be utilized for the CMC.
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(a) I1,(cbb) —_I»’(bbb)
1 1,(cce)
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\

o switching states
U (cac) TV s Lfac M U2 (aac)

»- — —a — Re, 4
Uy (bee) U (abb) U2, (acc)
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flga(aaa) U3 (aca)
U (bbb)

u2,(ccc)

(b)

Fig. 3.13: Space vector diagrams of the CMC for (a) the input stage
and (b) the output stage for the switching states of Group 1 and 2.
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Due to the benefits stated above, the switching strategy with CM-
optimal clamping is selected as the reference modulation scheme for
the CMC in this work and is denoted as CMOSVM. An extract of the
resulting switching sequences is summarized in Tab. 3.9. The input and
output space vector diagrams are again subdivided into 12 sectors each;

and the calculation of the relative turn-on times can be directly adopted
from (3.45) to (3.48) of the IMC.

Opposed to the IMC, the change of the switching state of the CMC
must be accomplished considering the impressed input voltage and the
impressed output current. Suitable multi-step commutation schemes
were first suggested in [103,116]. The commutation is thereby executed
depending on the sign of the commutation voltage (voltage difference
of those input phases between which the commutation is carried out, in
this case wu,p) or/and depending on the sign of the current in the out-
put phase that is to be switched to another input phase. In Fig. 3.14(a),
the commutation sequence of a voltage dependent four-step commuta-
tion scheme, suitable for the selected CMOSVM scheme, is presented

Input  Output  Switching Sequence (0...Tp/2)

I I, IT ... (acc) — (aac) — (aaa) — (aab) — (abb) . ..
I IIL, IV ... (cac) — (aac) — (aaa) — (aab) — (bab) . ..
I V, VI ...(cac) — (caa) — (aaa) — (baa) — (bab) . ..
I VII, VIIT ...(cca) — (caa) — (aaa) — (baa) — (bba) . ..
I IX, X ... (cca) — (aca) — (aaa) — (aba) — (bba) . ..
I XI, XII  ...(acc) — (aca) — (aaa) — (aba) — (abd) . ..
IT I, IT ... (aac) — (acc) — (cec) — (bee) — (bbe)
II I, IV ... (aac) — (cac) — (ccc) — (cbe) — (bbe)
IT V, VI ... (caa) — (cac) — (ccc) — (cbe) — (cbb)
II VIIL, VIIT ...(caa) — (cca) — (ccc) — (ccb) — (cbd)
I1 IX, X .. (aca) — (cca) — (ccc) — (ecb) — (bed)
IT XI, XII  ...(aca) — (acc) — (ccc) — (bee) — (bed)

Tab. 3.9: Switching sequences of the CMC for the selected CMOSVM
scheme for ®; = 0, shown for various combinations of the input (refer-
ence current i;") and output (reference voltage i) sectors.
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DBa DaB 4t DBa DaB
++
a a
SaB SBa SaB SBa
a 4 & . U] —3 & .
Initial Zl _ Pm o is>0 Zl _ Dw R ig>0  [pitjal
State Spp=3 T SB;_iB <0 SpB=% SB;_iB <0 State
Cc o— Cc o—
-3 & -3 &
Step 1
Step 2
Step 3
Step 4

Fig. 3.14: Voltage dependent (a) four-step and (b) two-step commuta-
tion scheme for the transition of the connection a — B to b— B, assuming
Uy > Up > U, Uy > 0 (+4), up < 0 (=), and ue < 0 (——). The tran-
sistors shown on a gray background are in the on-state; a dashed line
surrounding a transistor indicates a change of the switching state.



130 Modulation and Control

for the switching state transition (aab) — (abb) of a single branch of
the CMC. The transistors on a gray background are in the on-state
and those surrounded by a dashed line indicate that a change of the
switching state has happened in the present commutation step. Prior
to a transistor turn-off, the corresponding transistor of the branch that
is going to carry the current has to be switched on in order to always
provide a current path. The transistor Syg, that has to be turned on in
the first step, is selected such that no input phase short-circuit occurs
for the applied commutation voltage. This requires the series diode Dy
to block the commutation voltage. Consequently, two current paths are
available for ig > 0 and therefore, in the second step the transistor S,p
is turned off. In the third step, Sy, can be turned on and Dy, blocks
the commutation voltage. Finally, in the fourth step, the transistor Sg,
can be turned off as well. Hence, a bidirectional current path between
the input phase b and the output phase B is established.

As proposed in [119], the standard four-step commutation strategy
can also be reduced to a three-, two-, or even a one-step commutation.
The two-step commutation, derived from the four-step commutation in
Fig. 3.14(a), is depicted in Fig. 3.14(b). The strategy is to always keep
as many transistors as possible in the on-state to minimize the number
of commutation steps, when a switching state transition is required.
The advantage of the two-step commutation of providing additional
freewheeling paths for the output current is outweighed by a higher
sensitivity to voltage measurement errors and an increased complexity
as the number of device state combination is doubled compared to the
four-step strategies.

In this work, the voltage-based four-step commutation strategy shown
in Fig. 3.14(a) is applied for the implementation of the CMOSVM. The
reliability of the commutation is further increased by utilizing besides
the measured input voltages also the measured output currents to verify
the commutation sequence.

3.1.7 Implementation

Finally, the actual implementation of the modulation schemes is briefly
discussed. By considering the modulation schemes of the individual con-
verter topologies, it can be seen that all selected modulation scheme
require four different active states per pulse period. This allows the im-
plementation of a configurable, generic modulator, which is applicable to
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all four converter topologies and shall be presented in the following. The

modulation functions are given for p;. € [0,7/6] and @z € [0,7/6],

assuming ® = 0 (¢;. = ¢g,) and ®, = 0, which corresponds to the
1

input and output sector I in the space vector diagrams.

VSBBC

The modulation of the input and output stage of the VSBBC is imple-
mented according to the following timing diagram. The interlock delay
(T4e1 > 0), utilized to avoid short-circuits in the bridge-legs during the
switching state transitions, are not shown.

Input Stage

(pnn)’ (ppn)” | (ppp)’ | (ppn)’ (pnn)’
T1 T2 T3 T2 T1
Output Stage
(pnn) (ppn) (ppp) (ppn) (pnn)
T4 T5 T6 Ts T4
0 Tp /2 Tp

The absolute turn-on times 7; to 7¢ of the resulting six intervals within
a pulse period Tp can be calculated to

Tp Tp ™

1 = 2 dpnay = - My cos (7, + %) (3.54)
T 1 .

Ty = 7]? d(ppn), = 7PM1 sin (90’71*) (3.55)
T T

T3 = 2P d(ppp)’ = 2 (7]? I (3.56)
Tp Tp T

1= 5 Aoy = 5 Mz cos (s + ) (3:57)
Tp Tp .

5= d(ppn) = 7M2 sin (¢ay ) (3.58)
1 1

w= Edgy =2 (F - m) (3.59)

(3.54) to (3.59) are valid for Y7 = Pu, € [0,7/3] (input sector I and
IT) and @z; € [0,7/3] (output sector I and II). The modulation index
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of the input stage M; and of the output stage M5 is defined as

_ VAU

M = =0...1] (3.60)
V3U;
My =2 =[0...1] . (3.61)

CSBBC

The modulation of the CSBBC can be implemented by applying the
same structure for the timing of the switching states as for the VSBCC.
The overlapping delay time (Tge < 0) in order to always provide a cur-
rent path during the switching state transitions, are not depicted in the
timing diagram below.

Input Stage

(ac) (ab) (aa) (ab) (ac)
Output Stage
(AC) (AB) | (A4) | (AB) (AC)
0 Tp/2 Tp

The absolute turn-on times 7; to 7¢ of the resulting six intervals within
a pulse period Tp can be determined as follows

T = % d(ac) = %Ml cos (90;1* — g) (3.62)
Ty = % d(ap) = %Ml cos (go;l* + g) (3.63)
T3 = % d(an) = 2 (% — 71— 7'2) (3.64)
T4 = % dacy = %Mz COS (gpgg — g) (3.65)
o = % diap) = %Mg cos (% n g) (3.66)

T T
7'6:7Pd(AA):2<7P—T4—T5> . (367)
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(3.62) to (3.67) are valid for ¢;. € [=7/6,7/6] (input sector I and XII)
and . € [—7/6,7/6] (output sector I and XII). The modulation index

of the input stage M; and of the output stage My of the CSBBC is
defined as

=[0...1] (3.68)

=[0...1] . (3.69)

IMC

Opposed to the VSBBC and the CSBBC, the modulation of the input
and output stage of the IMC is cascaded and leads to the following
timing diagram. The interlock delay and safety times of the input and
output stage switches are not depicted.

Input and Output Stage

(ac) (ac) (ac) (ab) (ab) (ab)
(pnn) (ppn) | (ppp) | (ppp) | (ppn) (pnn)
0 Tp /2

The absolute turn-on times 7; to 7¢ of the resulting six intervals within
a pulse half-period Tp /2 can be calculated to

T T

T = 7P d(ac)(pnn) - 7PM12 Cos (90;1* - ) Cos (90 + ) (370)
T Tp

Ty = 713 d(ac) (ppn) = 5 ~® M4 cos <g0~ — —> sin gp ) (3.71)
Tp 1 TP

™= 5 d(ac)(ppp) = 9 (7 —T1— T2 —T5 — 7'6> (3.72)
Tp 1 TP

T4 = 7 d(ab)(ppp) = 5 (7 —T1 — T2 —T5 — T6> (373)
Tp TP

5= d(ab)(ppn) = 7M12 Ccos (%*1* + g) in (piy) (3.74)

Tp Tp ™ ™
Te = 7 d(ab)(pnn) = 7M12 COS (90;1* + §> COS (8062* + g) ’ (375)
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(3.70) to (3.75) are valid for ¢;. € [=7/6,7/6] (input sector I and XII)

and @gs € [0,7/3] (output sector I and II). The modulation index M
is defined as

M= 22 —0...1] . (3.76)

CMC

The individual commutation steps of the selected four-step commuta-
tion scheme are visualized with the vertical bars in the timing diagram
below.

(acc) (aac) (aaa) | (aaa) (aab) (abbd)

! T2 73 T4 T5 76

0 Tp /2

The absolute turn-on times 71 to 7¢ (neglecting the commutation time)
of the resulting six intervals within a pulse half-period 7% /2 can be
determined as follows

T = % d(ace) = %Mlg cos (% — —) cos (gp + ) (3.77)
Ty = % d(aac) = 1; Mo cos( > sin go (3.78)
T3 = %d(aaa) - % <%_7—1_7—2_7—5_7—6> (3.79)
=Tl =3 (F-n-n-m-w) (3.50)
Ts = % d(aab) = EMlg COS (gpg ) sin (gp ) (3.81)
Te = % d(abb) = %Mlg cos (cpfl + 3) COS (gpu2 + %) : (3.82)

(3.77) to (3.82) are valid for ¢;. € [=7/6,7/6] (input sector I and XII)

and @gs € [0,7/3] (output sector I and II). The modulation index M,
is defined identically to the IMC as

M= 22 —0...1] . (3.83)
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Conclusions

e For the selected modulation schemes, the same modulator based
on six turn-on times 7y to 7g, can be applied to all four topologies.

e The computational effort for the modulation functions of the con-
sidered converter topologies is approximately the same.

e The multi-step commutation of the CMC is the most intricate
regarding the actual implementation. The complexity of imple-
mentation of the modulation scheme for the VSBBC, CSBBC,
and IMC is identical as they require the same number of different
switching states per pulse period and similar safety concepts for
the commutation (interlock delay or overlapping time intervals).

e Contrary to the IMC and CMC, the modulation of the input and
output stage of the VSBBC and CSBBC do not depend on each
other as shown by the individual timing diagrams, apart from a
(optional) common clock basis (center-aligned SVM).

e For arbitrary input and output sector combinations, the turn-
on times can be calculated by an angular transformation of the
voltage and current reference vectors to the scope of validity of
the equations for 7 to 7g, since the modulation functions are 7 /3-
periodic.
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3.2 Control

3.2.1 Overview

In addition to the modulation, the control significantly impacts the per-
formance of the investigate converter topologies and should therefore be
considered as a further assessment criterion. The overall control system
of an electric drive involves the interaction of the actual converter con-
trol and the motor control. The motor of choice is the PMSM due to its
high power density and efficiency [281] and the absence of a magnetizing
current compared to the IM.

The focus of this consideration is to investigate the typically con-
trolled or controllable system variables, the estimation of the implemen-
tation effort of a simple control for a PMSM, and the identification of
basic limitations in the operating behavior, which are relevant to decide
on the converter topology and for the drive dimensioning. In doing so,
parameters of commercially available PMSMs are assumed (cf. e.g. Lust
LTi Drives, LST PMSM series: stator inductance Lg = 1mH...5mH
and stator resistance Rg = 25mf2. .. 200 m{2 for a power level of 5 kW to
15kW). A detailed analysis of different control concepts and their per-
formance, however, remains out of consideration in this work. Intense
research has already been conducted in this topic area. The correspond-
ing references are provided in Sec. 1.4.2.

3.2.2 Considered Control Concept

Cascaded feedback control combined with feedforward control is a wide-
spread control concept for industrial low-voltage drive systems. There-
fore, this concept is applied for the following investigations and is also
utilized to control the converter prototypes implemented in the course

of this thesis. An example of such a cascaded feedback control scheme
is depicted in Fig. 3.15 for the IMC.

The main purpose of the control for general drive applications is to
enable speed (voltage) and torque (current) control of the motor and
to ensure sinusoidal currents and unity power factor at the converter
input. For motion control applications, additionally, position control is
required, which is of minor importance for this comparison and thus
is disregarded. The control is typically implemented in the rotating dq
reference frame to enable a uniform description of the drive system
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Fig. 3.15: Implemented, simple, cascaded feedback control scheme for
a MC to control a PMSM.

from the mains input to the motor shaft. The corresponding system
variables are specified in Fig. 3.16 for all converter topologies. In order
to simplify the notation of the variables in the dq reference frame, the
following convention is used

2(t) = [i;‘gﬂ . (3.84)

It is important to note the difference between the unfiltered and fil-
tered input current (i, i; g¢) and output current (i, iy g,) for the CS-
BBC, the IMC, and the CMC. The filtered input current always refers to
the current flowing from the input terminals (a, b, ¢) to the input capac-
itors CF inp, Whereas the unfiltered input current refers to the current
flowing from the input capacitors to the semiconductors (cf. CSBBC,
IMC, and CMC in Fig. 3.16). For the CSBBC, the unfiltered output cur-
rent then corresponds to the current flowing between the semiconductors
and the output capacitors Cr o4, and the filtered output current to the
current flowing between the output capacitor and the output terminals
(A, B, C).

In this work, cascaded PI feedback controllers are used. The funda-
mental principle of cascaded feedback control is based on the difference
of system time constants. The closed-loop bandwidth of the innermost
(“fastest”) loop typically needs to be approximately a factor of 10 below
the switching frequency fsw. The control performance is enhanced by
feedforward of off-line calculated, measured, or estimated system vari-
ables.
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Fig. 3.16: Definition of the filtered and unfiltered input current (i,
i1.a¢) and output current (is, g2 g¢) and labeled nodes for the (a) VS-
BBC, (b) CSBBC, (c¢) IMC, and (d) CMC; (e) equivalent circuit of
the motor.
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3.2.3 Control Properties

In order to compare the main control properties, the individual con-
verter topologies are analyzed regarding

e typical control variables,
e common feedforward and auxiliary control,
e required measurement signals, and

e characteristic operating modes

for a basic feedback control scheme as specified in Sec. 3.2.2. From
a control point of view there is no significant difference between the
input-to-output behavior of the IMC and CMC. Hence, it is sufficient
to restrict the considerations to MCs in general. The resulting control
properties for the VSBBC, CSBBC, and MC are compiled in Tab. 3.10,
Tab. 3.11, and Tab. 3.12. The variables f.; are used to indicate the
typical relationship between the 3 dB closed-loop bandwidth of the in-
dividual control loops, whereby it is assumed that

fc,l > fc,2 > fc,S > fc,4 . (385)

In the following, the major differences of the individual converter topolo-
gies are briefly discussed.

Motor Control

Both the VSBBC and the MC feature a switched voltage-source-type
output. Consequently, the standard control scheme for PMSMs with
an outer speed control loop and two inner current control loops can
be applied. The inner control loops enable to independently control
the torque (q-axis current igq) and the flux (d-axis current igq) of the
PMSM. If field-weakening operation of the PMSM is not considered,
the reference d-axis stator current always equals to zero (i§4 = 0).
(3.86) and (3.87) represent the stator quantities of the PMSM in the dq
reference frame, assuming Lg = Lgq = Lgq and d¥p/dt = 0.

di . .

LS% + Rgtsq = usq + walgtisq (3.86)
diSq . .

Lg—— + Rszsq = USq — woLgisq — Ypwo (3.87)

dt
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The d- and g-axis current control loops are decoupled by feedforward
of the stationary equations of the PMSM (cf. Fig. 3.15) according to
(3.88) and (3.89), derived from (3.86) and (3.87).

Uga.fr = —waLgisq (3.88)
Ugq,ff = woLgtgq + Ypwa (3.89)

For the input current controllers of the VSBBC, the corresponding de-
coupling and feedforward control concept can be applied as is utilized
for the PMSM at the converter output

Although the CSBBC has output filter capacitors Cp out, in princi-
pal the same cascaded control scheme for the PMSM can be utilized as
for the VSBBC and MC. The prerequisite is to account for the output
capacitors in the control model. In the following consideration for the
CSBBC, a simple control scheme is assumed, in which the dc-link in-
ductor current, the speed of the PMSM, and the motor currents (output
currents) are controlled. With reference to Fig. 3.16(b), the differential
equations for Cr out can be calculated to

dqu

CF,outT = iaq — %24 8t + W2CF outUcq (3.90)
duc . .
CF,outh = 12q — 12q,fit — wQCF’Outqu . (3.91)

Solving (3.90) and (3.91) for ucq and ucq and substituting

Usd = ucd Usq = UCq 12d,At = 1Sd 192q,8t = 1Sq (3.92)

in (3.86) and (3.87) leads to

dis | ' ' duc 1
L e R = - _C ou . 393
+ waLgigq
dis | ot duca)
dise o[ o 3.94
s~y T 118%q ( 24 T8+ CFou g >W2CF’°“‘3 .

— wyLgigg — Ypws .

The equations required to compensate the reactive current of the output
filter and to feedforward the stationary currents of the PMSM can be
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determined by setting the terms with derivations in (3.93) and (3.94)
equal to zero and solving for iaq and 79q.

isaff = (1 — W3CF outLs) isa — woCFr out Rsisq — w3Cr out¥p  (3.95)

ioq. = (1 — w%CFthS) i5q + w2CF out FTsisd (3.96)

A complete decoupling of the d- and g-axis is achieved if additionally the
derivations of the capacitor voltages are considered. Hence, the motor
control for the CSBBC is more intricate compared with the VSBBC and
MC.

Controlled versus Impressed Input Currents

The characteristics of the converter topologies regarding voltage and
current impression, identified in Sec. 1.4.2, are to be found again in
control. The VSBBC allows for (direct) feedback control of the input
currents i; = i g, that are impressed in the boost inductors Lg. The
CSBBC also permits feedback control of the input currents. However,
the filtered input currents i; g, at the input terminals are impressed by
the differential mode filter inductors Lpn 2 (cf. Fig. 3.18). Accordingly,
the input currents are controlled by controlling the voltages across the
input capacitors. The dynamics of the input current control loop is
proportional to 1/CfF inp and therefore lower compared with the VSBBC.
In the simplest control scheme as considered here, active (damping)
control of the input currents is omitted.

Unlike the VSBBC and CSBBC, the MC does not provide controlla-
bility of the input current amplitude independent of the output voltage
us and output current i, as the input current is impressed by the load.
Only the phase angle ¢;« of the reference input current can be adjusted
to compensate the reactive input filter current and is implemented by
feedforward control. Consequently, feedback control of the unfiltered
currents i, and the filtered currents i, g, is not possible for MCs.

Voltage Step-up and Reactive Power Compensation

Output voltage step-up (boost operation) and reactive input power com-
pensation capability are desired features of ac-ac converters. Both the
VSBBC and the CSBBC provide voltage step-up functionality and thus
can maintain the nominal output voltage also at reduced input voltages.
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This enables a less conservative motor design with a higher nominal
voltage and a lower nominal current. As already previously described,
the maximum output voltage of MCs is limited to 86.6% of the input
voltage, and hence the control, for example, cannot compensate for a
mains voltage dip (if the modulation index is maximum, M2 = 1) since
output voltage step-up operation is not possible.

The reactive power compensation capability of the VSBBC and the
CSBBC is primarily limited by the component ratings, whereas for MCs
there are different restrictions given by the topology. For the selected
modulation schemes of the CMC and IMC, the real input power P; and
the reactive input power ()1 can be quantified by the following equations
if the converter losses are neglected.

3v/3

Pl = TM12U1f2 COS ((I)l*)COS ((Dg) (397)

Ql = ¥M1201f2 sin ((Dl*)COS ((I)g) (398)
P

S1 =181 = | [Qj =\ PP+ 0 (3.99)

For the selected modulation of the IMC, the reference input phase dis-
placement angle is limited to ®; € [—7/6...7/6] to restrict the link

Fig. 3.17: Formation of the apparent input power S; of the CMC and
IMC based on the apparent output power S5.
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voltage to positive values. With respect to (3.30), the maximum output
voltage amplitude

. 3.
U2 max = %Ul cos (®;) (3.100)

is limited by ®;. In terms of providing a maximum output voltage
control range, a large input phase displacement angle should be avoided
for both, the IMC and the CMC.

Fig. 3.17 visualizes the formation of the apparent input power S,
based on the apparent output power S,. The limiting operating point re-
garding reactive input power compensation of a MC supplying a PMSM
drive occurs at high speed (maximum output voltage) and no load. In
this case the output current amplitude is minimal and the input phase
displacement should be zero in order not to reduce the maximum out-
put voltage. Consequently, according to (3.98), also the reactive input
power is minimal. Even by applying special reactive power modulation
strategies (cf. Tab. 3.5, RPSVM) if the instantaneous output current
equals to zero, also the instantaneous input current is zero, which is a
fundamental property of MCs. These interdependencies demonstrate in
a figurative way the limitations of reactive input power control for drive
systems with MCs.

Startup and Emergency Shutdown

The converter startup and emergency shutdown behavior impacts the
reliability and robustness of the overall drive system and hence is com-
pared for the individual converter topologies. Thereby it is assumed
that resistors with a positive temperature coefficient are implemented
in series with the input phases of the EMI input filters to enable a soft
charging of the filter capacitors when the converter system is connected
to the mains. After the precharging of the filter capacitors, the PTC
resistors can be bypassed by a relay.

The converter startup is uncritical for all considered topologies. The
simplest startup procedure can be performed for the MC due to its buck-
type characteristic and lacking intermediate energy storage element.
The regular modulation can be utilized during startup. The input stage
of the CSBBC features also a buck-type characteristic and thus does not
require specific startup circuitry similar to the MC. On the contrary, the
VSBBC requires precharging of the dc-link capacitor prior to activation
of the regular modulation. A possible measure of comparison is the
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startup energy loss, which is significantly larger than the energy loss for
charging the input filter capacitors. With regards to this consideration,
the VSBBC is disadvantageous compared with the CSBBC and MC
due to the energy loss Epc, generated during the precharging interval
[0...7pc] in the resistance Rpc of the precharging path.

TPC 1 2
Epc = / Rec ipe dt ~ 5Cno (\/éUl) —3ChcU2.  (3.101)
0

The emergency shutdown is considered for the scenario of a motor
phase over-current, such that the motor currents cannot anymore be
feedback controlled and a converter shutdown is inalienable. With the
VSBBC, emergency shutdown is handled by deactivating the PWM sig-
nals of the output stage switches as a freewheeling path for the mo-
tor currents across the output stage diodes and the dc-link capacitor
is inherently provided. For the CSBBC, enabling emergency shutdown
capability is more elaborate. A solution is to implement powerful pas-
sive over-voltage protection devices for the output capacitors that can
dissipate the whole energy stored in the drive train. In case of an over-
current, the output stage is then switched to a zero state and the motor
is de-energized with the limited voltage of the output capacitors. The
MC features the most unfavorable emergency shutdown procedure. Due
to the lack of a freewheeling path, the converter needs to be switched
to a zero state when a severe failure is detected. This leads to a short
circuit of the motor terminals and results in transient motor currents
that may exceed the nominal motor current by a factor of three [282]
and hence increases the stress on the power semiconductors and the
risk for a demagnetization of the PMSM. Thus, when supplying motor
loads with high inertia and/or are operating at high speed, particularly
for MCs but also for CSBBCs a clamp circuit combined with a brake
chopper and for VSBBCs a brake chopper across the dc-link capacitor
should be implemented that can dissipate the energy of the load during
emergency shut-down.

3.2.4 Dimensioning of Passive Components

Finally, the relationship between the control and the dimensioning of
selected passive components is briefly discussed. The basic idea is to
identify those passive components which have a limiting impact on the
operating behavior of the converter. This is typically given for the main
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energy storage elements of a converter topology. Obviously, a control
based design is only one possibility besides additional design criteria
such as maximum voltage or current ripple (cf. Sec. 6.3).

From an energy point of view the main purpose for an intermediate
energy storage element in ac-ac converters is to decouple the load from
the mains and vice versa. Two main strategies can be identified for the
sizing of the energy storage element:

e A large energy storage combined with a suitable (“smooth”) con-
verter control is implemented to minimize the feedback of load
changes to the mains, accepting an increase in converter volume.

e A small energy storage combined with a suitable (“stiff”) converter
control is implemented to minimize the converter volume, accept-
ing an increase in mains feedback.

For the subsequent calculations the second strategy is pursued as the
converter volume and therewith also the converter cost are typically
higher prioritized than the mains feedback.

DC-Link Capacitor of the VSBBC

The dc-link capacitor is the main energy storage of the VSBBC. In order
to limit the dc-link voltage variation, caused by a load change, it should
be sized with respect to the control. The variation of the dc-link voltage
during a power reversal is minimized by using the estimated output
power as a feedforward signal for the current controller of the input
stage. The instantaneous output power p;™ is estimated based on the
reference output voltages u;y and ug, of the output current controller
and the measured output currents ioq and isq. The feedforward current
of the input stage 714 # then equals to
2ps* Ugglad + Ugglag

7 = = . 3.102
taf 3u1q U1d ( )

For a sufficiently accurate estimation (+£5%) of the output power, the
change of the link voltage due to a load change is not design-critical for
the dc-link capacitor [283] if the load change is initiated by the converter
control. In this case the coupling of the input and output stage control
ensures that the dc-link voltage remains above the line-to-line voltage
level.
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The worst case occurs for an instantaneous load drop at nominal mo-
tor operation, which is caused by changing load or the motor contactor
and therefore cannot be pre-controlled by the converter control. The
input currents, impressed in the boost inductors Lg, then need to be
controlled to zero as fast as possible in order to limit the dc-link volt-
age overshoot Aupc. Assuming regular sampling, the worst case dead
time between the load drop and the effect of the control on the PWM
signals of the input stage is two pulse periods (27p). The relation be-
tween the pulse period and the switching frequency f.,, for the selected
modulation scheme of the VSBBC is

1
Tp = : 3.103
. (3.103)
For an allowable relative overshoot of the dc-link voltage
A
Supe = —DC (3.104)

upc UDC 9

the minimum value of the dc-link capacitance can then be calculated to

P, V3 LpP, n 361
18 UDC(Schnz U12 (\/iUl + %) UDCfsw

C’DC,min - 3
(3.105)
whereas 7 represents the converter efficiency.

DC-Link Inductor of the CSBBC

The minimum value of the dc-link inductance is determined based on the
same considerations as for the boost inductors of the VSBBC. Contrary
to the VSBBC, a step-change of the load is rather uncritical as the dc-
link current and the voltage across the output capacitors can be limited
by switching the input and output stage of the CSBBC into a zero state.

In order to enable proper control of the dc-link current, the maxi-
mum dc-link current rise time from zero to its nominal value has to be
limited to at least two pulse periods if the same sampling strategy is
applied as for the VSBBC. Otherwise, a dc-link current overshoot of up
to 100% of its nominal value would be possible. Assuming a worst case
voltage of 3/ V/2U; across the de-link inductor, which occurs when the
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output voltage equals zero (Us = 0), we then obtain for the minimum
inductance 2
IUin
LDC min — : . 3.106
, Py fon (3.106)
A current ripple based design of the dc-link inductor typically leads to a

higher minimal inductance (cf. Sec. 6.3) than for a control based design.

Filter Components of the MC

The main electrical energy storage of the MC is provided by the in-
put capacitors CF inp, which are part of the EMI input filter. The first
DM stages of such a filter are presented in Fig. 3.18. Variations of the
load (motor) currents are directly transferred to the input capacitors
due to the absence of an intermediate energy storage element. If the
current drawn from the input capacitors (i;) is larger than the current
(41 g¢) supplied through the DM inductors Lp,2 to the input capacitors,
the capacitor voltage drops. Consequently, also the maximum converter
output voltage is reduced as boost operation is not possible. From a
control perspective it is hence reasonable to constrain the voltage drop
Auc across the input capacitors by limiting the slope of the g-axis mo-
tor (output) current in the dq reference frame disq/dt. For unity input
power factor, the slope of the output current is transformed to a corre-
sponding slope di1q/dt of the input current.

(258
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Y ica b
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C
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Fig. 3.18: Segment of a differential mode EMI input filter for a MC (or
CSBBC), showing the first DM stage (CF inp, LbMm,2) and the capacitors
(Cpm,2) of the second DM stage.
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The loop and node equations for the input filter segment, shown in
Fig. 3.18, may be written as

un = U, + Uc (3.107)
i, =i + iy . (3.108)

Assuming unity input power factor with reference to w; and 2, the
voltage drop occurs in the d-axis capacitor voltage ucq when the load
current is increased. The required differential equation can be derived
from (3.108) and is given by

d*u di
UNg = (CF,inp dt;jd + d1td> LDM,Q + Ucq (3.109)

if the coupling between the d- and g-axis is neglected, which is allowable
as is shown later in this section (cf. Fig. 3.19). Solving (3.109) for ucq
leads to

di1gq t
ucd = Una,0 + Lom,2—— |cos —1| . (3.110)
dt [ ( v/ CF inpLDM, 2 ) ]

Considering the output-to-input current transformation of MCs, the
slope of the g-axis output current, which corresponds to the change
of the motor torque in the dq reference frame, results at maximum
modulation index Mps = 1 in the following slope of the d-axis input
current

dita V3 disg

&= 9 @t (3.111)

By evaluating (3.110) for the minimum capacitor voltage and using
(3.111), the relation between the voltage drop across the input filter
capacitors Aucq and the slope of the g-axis output current can be de-
termined. Thereby it is assumed that the current rise time ¢, from zero
to its nominal value is greater or equal than half of the period of the
resonance frequency of Cr inp and Lpy 2, which is given for typical filter
and load (motor) parameters. The drop of the input capacitor voltage
for a given slope of the g-axis output current can then be calculated to

dizg Unuc

- Y trise Z C in L ) 3.112
dt max \/§LDM,2 ﬂ-\/ Foinp b2 ( )
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whereas the relative voltage drop across the input capacitors is defined

as
Aqu

w = = (3.113)
For given filter component parameters and a given constant slope of
the g-axis output current, the voltage drop of the d-axis input filter

capacitor voltage may be written as

J

Aucd = V3Lppa—2 trise > m\/CP,inpLDM,2 - (3.114)

Fig. 3.19 presents waveforms of the input capacitor voltage ucq for
different input frequencies comparing the calculation in the dq reference
frame with the calculation according to (3.110) for typical filter param-
eters such as CF inp = 30 uF and Lpy2 = 150 pH. The maximum slope
of the load current for d, ., = 10% equals to 108 A/ms. As can be seen,
for an input mains frequency of 50 Hz, the coupling terms between the
d- and g-axis can be neglected and the simplifications made in (3.109)
do not lead to a significant error.

340 - x x x -
--- 50 Hz, according to Eqn. (3.114)

330 — 50 Hz, dq reference frame

AN ~\ A\
BN SN SN
o/ N/

\@/— First minimum \V

ucq (V)

290 — 100 Hz, dq reference frame
200 Hz, dq reference frame
280 . I I I \
0 0.2 0.4 0.6 0.8 1.0
t (ms)

Fig. 3.19: Waveforms of the input capacitor voltage ucq, calculated
for an input frequency of 50 Hz, 100 Hz, and 200 Hz in the dq reference
frame and for comparison for 50 Hz according to (3.110). The slope of
the load current starts at ¢ = 0. Cp jinp = 30 uF, Lpm2 = 150 pH, and

Ux = 325V.
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Modulation and Control

Criterion

Description

Typical control variables
(Feedback control)

Feedforward control

Auxiliary control

Measurement signals

Boost operation
Reactive power transfer
Startup procedure

Emergency shutdown

Equivalent dc-circuit

Feedback control of the input stage
Outer loop: dc-link voltage u (fe3)
Inner loops: input currents i; (fc1)

Feedback control of the output stage

Outer loop: motor speed wy (fe,4)

Inner loops: motor currents ig (fc2)
(equals to i)

6 main feedback control loops

Feedforward of the estimated out-

put power to the input current
controller

Feedforward of the input voltage
and the machine model

Compensation of the reactive input
filter current

PLL to track the phase angle ¢,
Hysteresis control for an optional
brake chopper in the dc-link

3 input voltages u,, un, Uc

1 dc-link voltage upc

2 (or 3) input currents, e.g. i,, ip

2 (or 3) output currents, e.g. ia, ip
1 rotary encoder

Us > U; possible

Possible

Precharging of the dc-link capacitor

Noncritical, due to the freewheeling
path across the dc-link capacitor

Boost-buck-type converter

Tab. 3.10: Properties of a basic cascaded feedback control scheme for
a VSBBC based PMSM drive.
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Criterion

Description

Typical control variables
(Feedback control)

Feedforward control

Auxiliary control

Measurement signals

Boost operation
Reactive power transfer
Startup procedure

Emergency shutdown

Equivalent dc-circuit

Feedback control of the input stage
Loop: dc-link current ipc (fe1)

Feedback control of the output stage

Outer loop: motor speed wy (fe4)

Inner loops: motor currents ig (fc 2)
(equals to iy ;)

4 main feedback control loops

Feedforward of the estimated out-

put power to the dc-link current
controller

Feedforward of the input voltage
and the machine model

Compensation of the reactive input
and output filter current

PLL to track the phase angle @y, , ©u,
Hysteresis control of an optional
clamp across the dc-link inductor

3 input voltages u,, uy, Uc

3 output voltages ua, ug, uc

1 dc-link current ipc
2 (or 3) output currents, e.g. ia, ip

1 rotary encoder

Uy > U; possible
Possible

No precharging required

Over-voltage protection of the out-
put capacitors CF oyt required

Buck-boost-type converter

Tab. 3.11: Properties of a basic cascaded feedback control scheme for
a CSBBC based PMSM drive.
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Modulation and Control

Criterion

Description

Typical control variables
(Feedback control)

Feedforward control

Auxiliary control

Measurement signals

Boost operation

Reactive power transfer

Startup procedure

Emergency shutdown

Equivalent dc-circuit

Feedback control

Outer loop: motor speed wy (fe4)

Inner loops: motor currents ig (fc2)
(equals to i,)

3 main feedback control loops

Feedforward of the input voltage

to the output current controller

Feedforward of the machine model

Compensation of the reactive input

filter current, results in a reduction

of the maximum output voltage (!)

PLL to track the phase angle ¢,

Hysteresis control of an optional

clamp across the link (IMC)

3 input voltages u,, uy, Uc

1 link voltage u (IMC)

2 (or 3) output currents, e.g. ia, ip

1 rotary encoder

Not possible, Uz max = 0.866 - Uy

Possible with the RPSVM scheme

(cf. Tab. 3.5)

No precharging required

Special sequence required to provide

in all cases a current path

Buck-type converter

Tab. 3.12: Properties of a basic cascaded feedback control scheme for
a MC (CMC or IMC) based PMSM drive.
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3.3 Summary

The modulation schemes of the VSBBC, CSBBC, IMC, and CMC have
to be selected based on predefined criteria, in order to enable a fair
comparison. In this selection process, the total semiconductor losses, the
loss distribution to the individual devices, the commutation safety, and
the EMI behavior are considered for different modulation schemes. The
evaluation indicates that for all four converter topologies, discontinuous
SVM schemes with only one freewheeling state per pulse period provide
the best compromise. Starting from known commutation strategies, the
discontinuous modulation schemes are adapted, if necessary, such that
for all topologies loss- and /or CM-optimal clamping can be applied.

A configurable, generic modulator based on six relative turn-on times
is suggested, which can be utilized to implement the modulation schemes
of all four considered ac-ac converters. It is shown, that the calculation
of the relative turn-on times of the VSBBC, CSBBC, IMC, and CMC
requires approximately the same computational effort. The actual im-
plementation of the modulator for the CMC is more intricate due to the
multi-step commutation strategy.

Furthermore, a novel three-level output voltage SVM for the IMC
topologies is proposed that can apply all three line-to-line input voltage
levels at the converter output. This modulation scheme is specifically
designed for an output voltage range from 58% to 100% of the maximum
output voltage of MCs and minimizes the current ripple at the converter
output by minimizing the duration of the freewheeling interval.

The major contribution of this investigation on modulation and con-
trol is the derivation of control based dimensioning criteria for the main
energy storage elements of all four converter topologies. The results re-
veal that particularly for the MC the design of the first DM input filter
stage (Cr.inp, LDM,1) is critical for limiting the voltage variation across
the input filter capacitors CF inp for a given slew rate of the converter
output (load) current.






Chapter 4

Semiconductor Losses

With the modulation schemes defined, the characteristic electrical prop-
erties of the converter topologies under comparison are determined, and
therewith the semiconductor losses can be modeled.

For that purpose, design-relevant operating points in the mission pro-
file of ac-ac converters for motor drive applications are identified in the
torque-speed plane, and a generalized procedure to calculate the result-
ing semiconductor losses is provided. Analytical equations are presented
for all considered converter topologies to calculate the average semicon-
ductor losses at different design-relevant operating points.

To conclude with, the similarities and the differences between the
semiconductor losses of the individual topologies are briefly discussed.

155
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4.1 Design-Relevant Operating Points

Bidirectional ac-ac converters for drive applications feature a wide range
of different operating points in their mission profiles, reaching from
stochastic (pulsed) start-stop operation to long-term continuous oper-
ation. For the dimensioning of the power semiconductors and for the
semiconductor loss calculation, it is hence essential to identify adequate
operating points.

The constraint is that at nominal operation all converter topologies
provide the same electrical output power P ,,om and, if for all drives the
same motor efficiencies are assumed, the same mechanical shaft power
Py nom < P2 nom- Furthermore, the resulting operating points should be
considered as stationary operating points in which the system can be
operated without any temporal restrictions. A method to determine the
required operating points is to consider the operating range of the drive
system in the torque-speed plane for stationary continuous operation
(S1 operation, continuous duty according to IEC 60034-1).

For the selection of design-relevant operating points, it should be
noted that the semiconductor losses are modulated with the electrical
input and /or output frequency of the converter. The time constant of the

Torque ~ 1,
A
OP5 OP4 OP2 OP1
0\0\ {/"
>
'fZ,nom 'fl 0 fl fé,nom Speed Nf2

Fig. 4.1: Characteristic operating points of a bidirectional drive system,
shown in two quadrants of the torque-speed plane.
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thermal impedance between junction and sink of typical IGBT power
modules is in the millisecond range. This means that the lower the
resulting frequency that modulates the semiconductor losses is, the more
is the modulation (pulsation) of the losses seen in a variation of the
semiconductor junction temperature. Consequently, in order to limit
the maximum junction temperature over the whole operating range to
a desired value, the maximum output current and thus the available
torque has to be reduced, for instance, at low output frequencies.

Fig. 4.1 depicts the design-relevant operating points that have been
identified in the torque-speed plane based on the above considerations.
For symmetry reasons, it is sufficient to consider only two instead of
four quadrants.

e OP1/0OP5: motor/generator operation at nominal motor speed
(nominal electrical output frequency fo = £f2 nom) and nominal
motor torque Myt nom-

e OP2/0P4: motor/generator operation at reduced motor speed
(electrical output frequency equals the input frequency, fo = £ 1)
and at motor torque My < My nom-

e OP3: motor operation at electrical stand-still (electrical output
frequency equals to zero, fo = 0Hz) and at stand-still torque
Mr,0. At this operating point it is assumed that the output volt-
age is typically restricted to 2% to 5% of the topology dependent
maximum output voltage level. This is due to the ohmic voltage
drop of the PMSM and the cable at stand-still.

From an application point of view, the operating points at nominal
operation (OP1 and OP5) and at stand-still (OP3) are relevant for all
four considered ac-ac converter topologies. Of particular interest are
OP2 and OP4, which are critical operating points for the CMC only.

In order to enable a fair comparison, the switching frequency fs, of
the converters is defined with respect to the change of the switching
states. It is selected such that at the converter output the frequency of
the switching state transitions is identical for all converter topologies.
The switching frequency of the input stage of the VSBBC and CSBBC
is selected to be equal to the switching frequency of their output stage.
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4.2 Semiconductor Loss Calculation

4.2.1 Loss Modeling

The average transistor and diode conduction losses P.onq,5/p are mod-
eled with a junction temperature Tj dependent forward (or reverse)
voltage drop Ug,pr and a differential forward (or reverse) resistance
rs,p,F leading to

Pcond,S/D (TJ) = US/D,F(TJ) ) IS/D,an + TS/D,F(TJ) ) Ig/D,rms . (41)

I /D ave and Ig/p yms denote the average and the root mean square (rms)
current of a certain time interval 77.

1 T . 1 Ty '
IS/D7an - ?1/0 S/D dt IS/D,rms = ?1/0 Z%/D dt (42)

The average transistor or diode switching losses Py, s/p are calcu-
lated based on the switching loss energy functions of the transistor or
diode wg/p tot- These switching loss energy functions model the loss
energies of an entire switching cycle (turn-on and turn-off) depending
on the switched current i, the switched voltage u, and the junction
temperature 1. For the transistors, the turn-on and turn-off losses are
considered. However, for the bipolar diodes only the reverse-recovery
(turn-off) losses are considered, whereas the forward-recovery losses are
neglected. The mean switching loss energy Fg,p is then determined by
averaging of ws/p ot over T7.

1

T
Eg/p (Ty) = ?1/0 Ws /Dot (1, u, Ty) dt (4.3)

The resulting overall switching losses for a given switching frequency
fsw may then be calculated as

Psw,s/p(Ty) = fsw - Es/p (T7) . (4.4)

The total average semiconductor losses of a power device Pemis/p
can then be expressed as the sum of the conduction and switching losses.

Psemi,S/D (TJ) = Pcond,S/D(TJ) + PSW,S/D (TJ) (45)

This loss calculation method is applicable to all considered ac-ac con-
verter topologies and enables to determine the average semiconductor
losses.
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4.2.2 Procedure

In the following, the equations for the global average and rms cur-
rents and the average switching losses are provided for different design-
relevant operating points of all investigated ac-ac converters. The in-
dividual quantities are calculated for the selected modulation schemes
described in Chap. 3 for loss-optimal clamping (VSBBC, CSBBC, and
IMC, cf. Fig. 3.3(b), Fig. 3.6(b), and Fig. 3.8) and CM-optimal clamp-
ing (CMC, cf. Fig. 3.13 and Tab. 3.9). The used calculation procedure
is an extension of the approach shown in [131].

Is/p,....avg and Is/p,. .. rms refer to the global average and rms transis-
tor or diode currents. P,y g/p,... describes the global average transistor
or diode switching losses. The term “global” is used as these mean val-
ues are determined by averaging over at least one input and/or output
period, but is not explicitly stated in the following.

Due to the requirement for unity input power factor, the phase dis-
placement angle ®; at the input is assumed to be either zero for motor
operation or 7 for generator operation. The phase displacement angle
®, at the output is limited to 0 < &5 < 7/6 for motor operation and
to m < ®y < 71/6 for generator operation. Consequently, the equa-
tions can be applied for drives utilizing a PMSM (®5 ~ 0) or an IM
(Py = 7/6).

For OP3, if required, multiple worst case conditions are provided.
Thereby, the phase displacement angle at the output is assumed to be
zero as the comparison in this work is performed for a PMSM.

4.3 Loss Calculation of the VSBBC

The relevant operating points of the VSBBC are nominal motor oper-
ation (OP1), nominal generator operation (OP5), and motor operation
at stand-still (OP3). The following mathematical relations are utilized
for the loss calculation. Upc = U indicates the dc-link voltage.

ia = I cos (@1 — ®1) (4.6)
ia = Iy cos (o — D) (4.7)
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Calculation of the Average Transistor Current of the Output
Stage Is out,avg for 0 < ®, < /6

The method to calculate the average and rms currents is presented,
as an example, for the average transistor current of the output stage
Is out,ave- The averaging is based on the space vector calculus and is
performed for the transistor S,a of the output phase A (cf. Fig. 3.1).
The relative turn-on times d,, and dg are derived from (3.6) and (3.7),
where My =[0...1].

T
dy, (o) = M3 cos (gpg — o + E) (4.8)

dg (po) = Masin (p2 — o) (4.9)
The average transistor current Is ou¢.ave is calculated by averaging the

current in the transistor S,a over the individual sectors of the space
vector hexagon.

5T P2
IS,out,avg,l :/ Z'AdSOZ (410)
0
3
IS,out,avg,2 - / (da (0) + d,B (0)) iAdQDQ (411)
5T P2
5+®2 g,
IS,out,avg,3 - / da (g) iAdQDQ (412)
3
3T+ dy
IS,out,ang - 0- iAd902 (413)
5 +®2
= 4
TN .
IS,out,avg,5 = dﬁ (?) ZAdSO2 (414)
3T+ d,
Uz 4 ¢,
6 O 5% )
IS,out,avg,6 = / (da <_> + dﬁ (_>> ZAd(PQ (415)
5z 3 3
2m
IS,out,avg,'? :/ Z.Ad902 (416)
Ur 1o,

7
- 1 (ZI )
S,out,avg — 5 _ S,out,avg,i

2m 1=1

_ 6+ \/§7Ti7\242 cos (®2) i, (4.17)
T
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4.3.1 Nominal Motor Operation (OP1)

Input Stage Average and RMS Currents (®; = 0)

Is inp,ave = 6_1/2_—3:% e (4.18)
T2 s = Am — \/325; A g (4.19)
ID inp,ave = 6+1/2_—3:M I (4.20)
I} i ems = S \/ifjf M) | ? (4.21)

Input Stage Switching Losses (®; = 0)

1 6 .
Psw,S,inp - %fsw (/ WS tot (Zay UDC7 TJ) d901+

N[ )

WS tot (%a, Unc, I) dﬁPl) (4.22)

o

o3

1 B .
Psw,D,inp = %fsw (/ WD tot (la7 UDC7 TJ) d901+

VB )

WD, tot (ia, UDC,TJ) dg01> (4-23)

o

Output Stage Average and RMS Currents (0 < &, < 7/6)

6 + /37 M, cos (P-) i

Is out,ave = Ton -1 (4.24)
12 eme = 2 V3 (3 ;4‘5‘42 cos(®2)) s (4.25)
I outng = \/gﬂii\g;cos (®2) 5, (4.26)
12 ot = 2 V3 ; ;MQ cos(®2)) 2 (4.27)
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Output Stage Switching Losses (0 < &5 < 7/6)

—51+2

1 .
Psw,S,out = fsw / WS, tot (ZA, UDC7 TJ) d902+
2m —5+P2

5 +P2
/ ws tot (%A, Upc, Ty) dps
5+ P2

—5+P2

1 .
Psw,D,out = fsw / WD, tot (ZA7 UDC7 TJ) d902+
2m R

5+®2
/ W ot (14, Upc, T) depo
5T P2

4.3.2 Nominal Generator Operation (OP5)

Input Stage Average and RMS Currents (®; = =)

6 +3rM; -
IS inp,avg — — 14 _ Il
9 p, g 127.‘.
2 :27r+\/§(3—|—4M1)'j2
S,inp,rms 247 1
6 —V3rM; -
ID inp,avg — L : Il
hPavE 127
ID inp,rms — ’ Il
T 241

Input Stage Switching Losses (®; = )

5T
1 6 ,
Psw,S,inp - %fsw (/ WS tot (Zay UDC7 TJ) d@l"’
2

N

WS tot (%a, Unc, T7) d@l)

T

o=|§"

1 )
Psw,D,inp = —fsw ( WD, tot (Za7 UDC7 TJ) d@l"’

27

o

N

WD tot, (%a; Unc, T7) d@l)

T

(4.28)

(4.29)

(4.30)
(4.31)
(4.32)

(4.33)

(4.34)

(4.35)
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Output Stage Average and RMS Currents (7 < &5, < 77 /6)

6 + /37 My cos (®-) i

IS,out,avg — 197 - 19 (436)
) 41 — /3 (3 — 4Mycos (®3)) -,
IS,out,rms - €U ) I2 (437)
6 — V31 Mycos (P2) -
ID,out,avg — 1971 . 12 (438)
21 + /3 (3 — 4My cos (®2)) -
I%,out,rms = WU ’ 122 (439)

Output Stage Switching Losses (7 < &, < 77 /6)

1 —5+P2
Psw,S,out = 9 fsw / WS, tot (iA: UDC: TJ) d902+
T — 5 +P2
2

5 +P2
/ ws tot (%A, Upc, Ty) dps (4.40)
5TP2

1 —5+P2 '
Psw,D,out - —fsw / WD tot (ZA7 UDC7 TJ) d@2+
2m — T4y

5 +®2
/ wp ot (i, Upc, T) dep2 (4.41)
5T P2

4.3.3 Total Semiconductor Losses (OP1 or OP5)

The total average semiconductor losses Piemi tot at OP1 or OP5 can be
calculated by summing the semiconductor losses of all input and output
stage transistors and diodes.

Psemi,tot =6 (US,F,ianS,inp,avg + TS,F,inplg,inp,rms+
UD,F,ianD,inp,avg + TD,F,iHPI]%,inp,rms—i_
Psw,S,inp + Psw,D,inp)+
6 (US,F,outIS,out,avg + rS,F,outIéout,rms—i_
UD,F,outID,out,avg + TD,F,outI[%,out,rms"i_

Psw,S,out + Psw,D,out) ’OPI v OP5 (442)
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4.3.4 Motor Operation at Stand-Still (OP3)

The worst case semiconductor stresses for motor operation at electrical
stand-still occur in the output stage of the VSBBC. The maximum
semiconductor losses are determined for the transistor S,4 and the diode
D, A of the bridge-leg of the output phase A.

Output Stage Transistor Sp,a and Diode Dy at 2 =0
((I’]_ = 0 and (1)2 = 0)

Ispa,avg = 12 (4.43)
I3 oA rms = 15 (4.44)
Ipna,avg = 0 (4.45)
IfnA rms =0 (4.46)
Py spa =0 (4.47)
Piy.pua =0 (4.48)

Output Stage Transistor S,ao and Diode Dy at ¢ = 7/6
(‘1’1 = 0 and (1)2 = 0)

J3

ISpA,avg = 7M2 1o (449)
3 A

IgpA,rms = ZMZ ) I22 (450)
V3 .

IDnA,an = 7 (1 - MZ) : 12 (451)
3 .

I]%nA,rms - Z (1 o MZ) ) 122 (452)

V3.
Py spa = fswwS,tot(212: Upc, T (4.53)

3.
Py Dna = fswwD,tot<7I27 Ubc, T (4.54)
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4.4 Loss Calculation of the CSBBC

Similar to the VSBBC, the relevant operating points of the CSBBC are
nominal motor operation (OP1), nominal generator operation (OP5),
and motor operation at stand-still (OP3). The subsequent mathematical
relations are required for the loss calculation. Ipc = I denotes the dc-
link current, %com,inp refers to the commutation voltage of the input
stage, and Ucom,out to the commutation voltage of the output stage.

Ucom,inp = — V3 Uy sin (p1 — D) (4.55)
Ucom,out = V30U, sin (2 — P2) (4.56)

4.4.1 Nominal Motor Operation (OP1)
Input and Output Stage Average and RMS Currents

The average transistor and diode current and the rms transistor and
diode current of the input and output stage are identical and do nei-
ther depend on the phase displacement at the input nor on the phase
displacement at the output.

IS,inp,avg - IS,out,avg - ID,inp,an = ID,out,avg = Iavg - § : IDC (457)

1
=12 = 3 I3 (4.58)

IS,inp,rms - IS,out,rms - ID,inp,rms - ID,out,rms rms

Input Stage Switching Losses (®; = 0)

1 3
Psw,S,inp - %fsw (/0 WS tot (ID07 Ucom,inp TJ) d‘Pl""
/ WS, tot (IDC7 Ucom,inp TJ) d@l) (459)

-
Psw,D,inp = _fsw ( WD, tot IDC7 —Ucom,inp; TJ) d@l"’

/ WD tot ID07 —Ucom,inp; TJ) dg01> (460)
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Output Stage Switching Losses (0 < &5 < 7/6)

1 §+<I)2
Psw,S,out — 2_fsw / WS, tot (IDC7 Ucom,out s TJ) d(PQ"i'
T o
7T+CI)2
/ WS, tot (IDC: Ucom,out TJ) d902 (461)
2T 4Dy
T+ &y
Psw,D,out / WD, tot IDC7 —Ucom,out TJ) d(PQ"i'
71'—{—(1)2

271'—{—(1?2
/ WD, tot (ID07 —Ucom,out TJ) d902 (462)
4P,

4.4.2 Nominal Generator Operation (OP5)

Input and Output Stage Average and RMS Currents

IS,inp,avg - IS,out,avg - ID,inp,avg - ID,out,avg - Iavg - § : IDC (463)

1
=12 = 3 T3 (4.64)

IS,inp,rms = IS,out,rms = ID,inp,rms = ID,out,rms rms

Input Stage Switching Losses (®; = )

4
1 3
Psw,S,inp = %fsw </ WS, tot (IDC7 Ucom,inp; TJ) d@l"’

27
ﬁ WS, tot (IDC: ucom,inp7 TJ) d@l) (465)

27
3

1

%
—fsw (/ WD, tot (IDC: —Ucom,inp» TJ) d901+
0

Psw,D,inp - o

/ WD, tot (IDCa —Ucom,inp> TJ) d@l) (466)

27
3
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Output Stage Switching Losses (7 < &, < 77 /6)

1 z+®2
Psw,S,out — %fsw / WS, tot (IDC7 Ucom,out s TJ) d‘PQ""
[}

2

7T+CI)2
/ WS, tot (IDC: Ucom,out TJ) d902> (467)
2T 4Dy

T+ &y
Psw,D,out = _fsw / WD tot IDC7 —Ucom,out TJ) d‘PQ""
71'—{—(1)2

271'—{—(1?2
/ WD, tot (ID07 —Ucom,out TJ) d902 (468)
4@,

4.4.3 Total Semiconductor Losses (OP1 or OP5)

The total average semiconductor losses of the CSBBC at OP1 or OP5
may be calculated by summing the semiconductor losses of all input and
output stage transistors and diodes similar to the VSBBC. Compared
with the VSBBC, the average and rms currents are the same for all
power devices.

Psemi,tot =6 ((US,F,inp + UD,F,inp + US,F,out + UD,F,out) Iavg+
2
(TS,F,inp + T'D,F,inp + I'S,F,out + 7"D,F,out) Irms+
Psw,S,inp + Psw,D,inp"’

Psw,S,out + Psw,D,out) |OP1 v OP5 (469)

4.4.4 Motor Operation at Stand-Still (OP3)

At this operating point the worst case semiconductor stresses occur in
the output stage of the CSBBC. The maximum semiconductor losses
are determined for the transistor Sp,a and the diode Dy of the phase-
leg of the output phase A. The switching losses of the transistor and
the diode can be neglected at OP3 as the output voltage and thus the
commutation voltage is close to zero.
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Output Stage Transistor S,a and Diode Dy at 2 =0
(‘1’1 = 0 and @2 = 0)

Ispaavg = 12 (4.70)
I3oA s = 13 (4.71)
Inpaavg = I2 (4.72)
I3 oa s = 13 (4.73)
Psw spa =0 (4.74)
Psw.ppa =0 (4.75)

Side note: At stationary electrical stand-still, the output stage of the
CSBBC with its filtering capacitors may be considered as a boost type
dc-dc converter which is operated with a switched input voltage.

4.5 Loss Calculation of the IMC

The relevant operating points of the IMC are the same as for the VS-
BBC and the CSBBC: nominal motor operation (OP1), nominal gen-
erator operation (OP5), and motor operation at stand-still (OP3). The
following mathematical relations are utilized for the loss calculation.

Uah = \/501 COS (gol + %) (476)
~ s

Uae = V3 U cos (gpl — E> (4.77)

iA = jg COS (QDQ — @2) (478)

. 2
ic = Iy cos <g02 + ?ﬂ — <I>2> (4.79)
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4.5.1 Nominal Motor Operation (OP1)

Input Stage Average and RMS Currents ($; = 0 and
0 < &, < 7/6)

Due to the bidirectional switches in the input stage of the IMC, the
current path of the input stage can be subdivided into a forward and
a return path with the corresponding transistor and diode average and
rms forward currents Is/p r inpave @nd Is/D Finp,rms and reverse cur-
rents IS/D,R,inp,avg and IS/DJ{,inp,rms-

The forward path involves all power semiconductors that enable a
current flow from the mains to the positive bus p and from the negative
bus n back to the mains (cf. Fig. 3.7). Likewise, the reverse path involves
all power semiconductors that enable a current flow from the mains to
the negative bus n and from the positive bus p back to the mains. For
a phase displacement angle of 0 < &5 < 7/6, the link current is greater
or equal than zero (¢ > 0) and thus the reverse currents Is/p R inp,ave
and Is/p R,inp,rms €qual to zero.

The derivation of the equation for Is,p r inp,ave 1S shown as an exam-
ple for the calculation of the average and rms input currents at OP1.
The required total relative turn-on times d, and dg are derived from

(3.39) to (3.42), and Mo = [0...1].

de, (o) = Mio cos (¢1) cos (@2 — o + %) (4.80)
dlg (gﬂo) = M12 COS (@1) sin (@2 — gO()) (481)

For the input currents, we then obtain the equations below.

IS,F,inp,avg = ID,F,inp,avg

3 [ (AL
-2 / do(0)in — da(0) ic dpat
_z 0
6
3
/ da(0) in — dy(0) ic dm] do,
5T P2
3M P -

_ V3M;5 cos (D) i, (4.82)

27

M12 (3—|—2COS (2@2)) ~
I%,F,inp,rms - I%,F,inp,rms - )72 ) I22 (483)

_ . _ 712 _ 72 .
IS7R7in,an - ID,R,IHI%&V% — IS,R,inp,rms — ID,R,inp,rms =0 (484)
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Output Stage Average and RMS Currents (#; = 0 and
0 < &, < 7/6)

The average and rms currents of the output stage are calculated based
on the same principle as shown for the VSBBC in (4.17).

2 + v/3Mj5 cos (Pa)

Is out,ave = i - I (4.85)
T — (2r +3v3) Zijz\/g Mz cos (@) 2 (4.86)
ID out,aveg = 2= \/5]\{11; cos (@) 1 (4.87)
J%QMJmSZ7T@W__3v§);ij;§A62aﬁ(®ﬁ-f§ (4.88)

Output Stage Switching Losses (1 = 0 and 0 < &, < 7/6)

The voltage-source-type output stage of the IMC is modulated similarly
to the VSBBC with loss-optimal clamping. Contrary to the VSBBC, the
switched voltage, which corresponds to the link voltage, is not constant,
but varies with the input phase angle 5 (cf. Fig. 3.10(a)). Consequently,
the average switching losses of the output stage have to be calculated
by averaging over the switched link voltage and the switched output
current.

fsw refers to the switching frequency of the output stage and is twice
the switching frequency of the input stage for the selected modulation
scheme.

3 fou [F[ [
Psw,S,out - ? / / WS tot (ZA, Uab, TJ)+

§ [/-gte

WS tot (iAa Uac, TJ) dS02+

5+®2
/ WS tot, (1A, Uab, L)+
5T P2

WS tot (1A, Uac, L) dpa | dpr  (4.89)
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3 faw [T | [TFF .
Psw,D,out - 2 WD, tot (ZA7 Uab, TJ)"’
27T 2 _% _%_{_@2

WD tot (iA, Uac, TJ) d902+

5+®2
/ WD, tot (ZAa Uab, TJ)+
5T P2

WD, tot (iA, Uac, TJ) ngQ dgpl (490)

4.5.2 Nominal Generator Operation (OP5)

Input Stage Average and RMS Currents ($; = w and
T < Py < 77/6)

For a phase displacement angle of 7 < ®5 < 77 /6, the link current is
less or equal than zero (i < 0), and thus the mean forward currents
Is /D Finp,ave @0d Is/p F inp,rms €qual to zero, whereas the reverse cur-
rents Is/p R, inp,ave @d Is/D R inp,rms are different from zero.

IS,F7inpaan - ID,F,inp,avg = I%,F,inp,rms - I%,F,inp,rms =0 (491)
V/3Mis cos (P .
IS,R,inp,avg - ID,R,inp,avg - - 12271' ( 2) : I2 (492)
M12 (3 + 2 cos (2(132)) A
Ig,R,inp,rms = I]?),R,inp,rms = ) ) 122 (493)

Output Stage Average and RMS Currents (®; = 7w and
T < Py < 77/6)

2 4+ V/3Myycos (Bs) -

IS,out,avg - At : 12 (494)
12 _ (47 —3v/3) + 12V/3My5 cos (02) 72 (4.95)
S,out,rms 2471‘2 2
2 —+3M d N
ID,out,avg - \/_ 417_‘2_ COS( 2) . 12 (496)

) T (27T + 3\/3) — 124/3 M5 cos (P3) ~
ID,out,rms = 2472 ) I2

(4.97)
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Output Stage Switching Losses (1 = 7w and 7 < &, < 77/6)

3 fou [F[ [
Psw,S,out - WS tot (ZA7 Uab, TJ)"’

2
2 2 % _%_{_@2

WS tot (iA7 Uac, TJ) dS02+

5+®2
/ WS tot, (1A, Uab, 1)+
5T P2

WS tot (iA, Uac, TJ) d902] dg01 (498)

3 fow [T [TFTT .
Psw,D,out - WD, tot (ZA7 Uab, TJ)+

2
2 2 % _%_{_@2

WD, tot (iA, Uac, TJ) d902+

5 +®2
/ WD tot (A, Uab, Ty)+
5T P2

WD, tot (iA7 Uac, TJ) dg@g] ngl (499)

4.5.3 Total Semiconductor Losses (OP1 or OP5)

As a result of the restriction imposed on the phase displacement angle
®, at OP1 and OP5, either the transistors and diodes of the forward
current path or of the reverse current path are conducting for a constant
phase displacement angle at the output. Consequently, only six of the
twelve power semiconductors of the input stage need to be considered
for the calculation of the total average semiconductor losses.

Psemi,tot =6 (US,F,ianS,F/R,inp,an + 7HS,F,inpjg,]E‘/R,inp,r]rms—i_
UD,F,ianD,F/R,inp,avg + 7HD,F,ianIz),]E‘/R,inp,r]rms)—i_
6 (US,F,outIS,out,avg + rS,F,outIéout,rms_F
UD,F,outID,out,avg + TD,F,outI[2)7out7rms+
Psw,S,out + Psw,D,out) |OP1 v OP5 (4100)
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4.5.4 Motor Operation at Stand-Still (OP3)

At this operating point the maximum semiconductor stresses occur in
the output stage of the IMC and are calculated for the transistor Spa
and the diode D, of the bridge-leg of the output phase A. Due to the
voltage-source-type output stage the maximum losses in Spa and Dya
are generated at o = 0 or ¢y = /6 similar to the VSBBC.

Output Stage Transistor S,ao and Diode Dy at 2 =0 (®1; =0
and &5, = 0)

4.101
4.102
4.103
4.104

4.105
4.106

ISpA,avg - f2
IgpA,rms = f22
IDnA,avg =0
Il%nA,rms =0

Psw,SpA =0

(4.101)
(4.102)
(4.103)
(4.104)
(4.105)
Psw pna =0 ( )

Output Stage Transistor S,o and Diode D,s at ¢, = /6
(‘1’1 = 0 and (1)2 = 0)

3V 3M A
ISpA,avg = % 1o (4107)
9M A
oA s = ?12 12 (4.108)
3(m—3M .
Tona.ave = V3(m ~ 12) (4.109)
3(m—3M A
12 p rms = ( = 12) | 2 (4.110)
3 fow A T
Psw - - o (I (_>7 a:T)
SpA T 75 /_%ws,tt 2 COS G Uab, LJ |+
WS tot (fg cos (%) , Uac, TJ) doq (4.111)
3 SW -
Psw pna = J / WD tot (12 cos (z):uab:TJ>+
T 2 _% 6

WD tot (fg cos (%),uac, TJ> doq (4.112)
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4.6 Loss Calculation of the CMC

Due to its fully symmetrical power circuit, all transistors and all diodes
of the CMC are evenly loaded if the input frequency f; is different
from the output frequency fs and both are different from zero. Besides
nominal motor operation (OP1), nominal generator operation (OP5),
and motor operation at stand-still (OP3), also motor operation (OP2)
and generator operation (OP4) at equal input and output frequency
need to be considered as further relevant operating points (cf. Sec. 4.1).
The equations (4.76) to (4.79) from the IMC are utilized for the loss
calculation.

4.6.1 Nominal Motor Operation (OP1)

Average and RMS Currents ($; = 0)

I =1 _ L i d
S,avg — 4D,avg — § : % 0 ZA’@'A>O P2
IR 1.
_ indpy = — - I (4.113)
1 1 21
2 _ 712 _ .= -2
IS,rms — ID,rms — 3 27 0 ZA‘@'A>O d902
1 %—1_@2 2 1 /‘2

Interestingly, the average and rms currents do neither depend on the
selected modulation scheme nor on phase displacement angles!

Switching Losses ($; =0 and 0 < &, < 7/6)

The average switching losses can be determined by averaging over one
input and output period as the time constant of the thermal impedance
between junction and sink 7, jst is in general larger than 100ms for
standard 1200V IGBT power modules with a current rating greater or
equal than 10 A (cf. e.g. FP10R12W1T4, Infineon, 1200V/ 10 A PIM
power module with a diode rectifier and a VSI). 7y, js increases with
increasing current rating (chip size) of the power module.

ITime to reach 90% of the stationary value of the thermal impedance Zin,Js-
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1 ﬁw ERES
Pavs = / / W or (i ey Ty) dpadipr +

> +P2

</ WS, tot (ZAa Uab, TJ)+
—5+®2

WS, tot (iA7 Uac, TJ) dS02+
5 +P2

wS,tOt (iA7 Uab, TJ)+

o3
3

o

WS, tot (iA: Uac, TJ) d902> d@1+

5/ 3
/ ( / WS, tot (ZA7 Uab, TJ)+
0 — 5 +P2

WS tot (7;A7 Uac TJ) d902+
5+®2

WS tot, (1A, Uab, L)+

o

WS, tot (iA: Uac, TJ) d902> d@l

5+P2
/ / WS, tot ZA7uac:TJ)d902d901] (4115)

5 +®2

L fow | [TF( [7F .
PSW,D — m 9 B WD, tot (ZA, Uab, TJ) d902+

-5 \J-g+e,

-+,
/ WD tot (1A, Uab, L) dﬁPz) do1+

3

VS 28 8
/ (/ WD tot (1A, Uab, 17) dp2+
- — 5 +P2

WD tot, (1A Uac, L) d<p2> dp1+

5/ (%
/ </ WD tot (1A Uac, Ty) dpa+  (4.116)
G —5+P2

5+P2

o

WD tot (iA, Uac, TJ) d802> d@l]
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4.6.2 Generator Operation (OP5)

The resulting average and rms currents and the switching losses at OP5
are identical to those at OP1 owing to the symmetry of the power circuit
of the CMC.

Average and RMS Currents ($; = 7)

1 ~

Is,avg = ID,avg - 3_7'(' : IQ (4117)
1 A

Ig,rms - Il%,rms - E ) 122 (4118)

Switching Losses (; = 7 and w# < &5, < 77 /6)

1 5+®2
PSW,S = 4— / / WS, tot ZA: Uab, TJ) d902d901+
5+®2
/ < WS, tot (ZAa Uab, TJ)+
& \ g

WS, tot (iAa Uac, TJ) dS02+

5 +P2
/ WS tot (1A, Uab, L)+

2m
3

WS ot (1A, Uac, 1) d@z) dp1+

/ (/ ws ,tot ZAauabaTJ)+
5+P2

oy

WS, tot (ZAa Uac, TJ) d‘PQ""

Nl:l

ws tot (A, Uab, IT7)+

_ 27
3

WS, tot (iAa Uac, TJ) d802> d901

5 5+ P2
/ / W 1ot (i ttaes Ty) dipodipy | (4.119)
5 J-gee
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21

1 fow -5 e '
Psw,D — 4—2 2 WD tot (ZA7 Uab, TJ) d@2+
T —5+P2

_T
2

5+®2
/ WD, tot (iAa Uab, TJ) dng) d901+

2m
3

5/ pEees
/ < / WD, tot (2A7 Uab, TJ) d§02+
- —5+®2

WD tot (iA: Uac, TJ) d902> d@l"l’

2 S
/ ( WD tot (ZA, Uac, TJ) d(P2+
5 \J-z+e,

27
3

5 +P2
/ WD ot (1A Uac, 1) d902>d901 (4.120)

4.6.3 Total Semiconductor Losses (OP1 or OP5)

The total average semiconductor losses at OP1 or OP5 can again be de-
termined by summing all loss components of the transistors and diodes.

Psemi,tot = 18 (US,FIS,an + 7"S,Fjé,rms + UD,FID,an + 7"D,FI12),MHS‘|’

4.6.4 Motor or Generator Operation at Equal Input
and Output Frequency (OP2 or OP4)

If at the output of the CMC a voltage with exactly the same frequency
as the input frequency is generated (f; = f2), then always the same
semiconductors are loaded, and thus the output current needs to be re-
duced compared to the nominal value to limit the junction temperature.
Consequently, operating the CMC at equal input and output frequen-
cies can be considered as a sort of an “electrical stand-still” in terms of
the loading of the semiconductors.

The absolute value of the input frequency and output frequency is
identical at the operating points OP2 and OP4. For motor operation at
OP2, the input phase angle ¢ and output phase angle @2 change in the
same direction, whereas for generator operation at OP4 they change in
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the opposite direction. Thus, the output phase angle can be expressed
as a function of the input phase angle with a constant angular shift ®15.

OP2: Y2 = 1 + (I)lg (4122)
OP4 Y2 = —P1 — @12 (4123)

The semiconductor stresses are investigated by calculating for OP2 the
losses of the transistor S,a and the diode D, and for OP4 the losses
of the transistor Sa, and the diode Dpa,. Under these assumptions,
the maximum semiconductor losses in the corresponding power devices
occur for ®15 = 0. The current in the output phase A may then be
written as

OP2: iy + = I cos (1 — ®y) (4.124)
OP4: iy - = Ircos(—p1 + o). (4.125)

Transistor S,a and Diode D,a at g2 = 1 (7 = 0 and
0 < ®; < 7/6)

At OP2, the average and rms transistor and diode currents become
maximum for ®5 = 0, and thus the total semiconductor losses of Saa
and D, are determined for this phase displacement angle. As can be
seen in (4.129), for &, = 0, the switching losses of D,a equal to zero.

ISaA,avg|(I>2:0 = IDaA,an’q)2:0

M N
_ 3+ f 12 7 (4.126)
s

2 R
ISaA,rmS|<1>2:0 - ID&A71“ITIS’<I>2:0

_ (V3 +2) _152(9 SV M g
0

1 fau | [7F .
Psw,SaA - % 2 [/727+<1>2 WS tot (ZA7¢T7uab7TJ> dg01—|—

jus
2

ws ot (ia, i+ e T ) dipr (4.128)

o

1 fow [T2F% |
PrwDor = 5" / WD, tot (—@Aﬂ,uab,TJ) dpr  (4.129)

VE
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Transistor Sa, and Diode Da, at w3 = —¢p; (1 = 7 and
T < Py < 77/6)

The maximum average and rms transistor and diode currents at OP4
are found for ®5 = m, and thus the total semiconductor losses of Sa,
and D, are calculated for this phase displacement. Opposed to OP2,
at OP4 for &, = 7, the switching losses of Sa, equal to zero.

ISAa,avg ’ Fp—— = IDAa,avg | Py

M -
_ %& i (4.130)
T

2 R
ISAa,rms’q)2:7r - IDA&,YYDS{(I&:W

8B 30w g
T

3
1 fow [T7F% .
Powsaa = o f2 / WS, tot (@A,wl— , Uab, TJ) dp1 (4.132)

T
2

s

1 fsw s .
Psw,DAa = % 9 [/32#—’_@2 WD, tot (_ZA,gol_ ) uabyTJ> dg01—|—

jus
2

WD, tot (_iA,gol_ y Uac TJ) d@l] (4133)

o

By comparing the results, it can be seen that at OP2 for &5 = 0, no
switching losses are generated in the diodes. Correspondingly, at OP4
for &, = 7, no switching losses are generated in the transistors.

4.6.5 Motor Operation at Stand-Still (OP3)

At this operating point the worst case semiconductor stresses are again
investigated for the transistor S, and the diode D,s. The maximum
losses occur at o = 0.
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Transistor S,ao and Diode D,a at 2 = 0 ($; = 0 and $, = 0)

>

ISaA,avg - IDaA,avg - © 42 (4134)

N

2 _ 72
ISaA,rms _ IDaA,rms _

W = W[
>

(4.135)

[\

1 fsw _% .
Psw,SaA = % 9 WS, tot (12: Uab, TJ> dSD1+
/ WS tot (f27 Uac, TJ> d@l] (4136)

1 fsw _% -
Psw,DaA = 5 WD tot (127 Uab, TJ)+

27 2

jus
6

WD tot (f27 Uac, TJ) d@l] (4137)

4.7 Summary

Analytical equations to calculate the average and rms currents of all
power semiconductors of the VSBBC, CSBBC, IMC, and CMC and
the average conduction and switching losses are derived for the selected
SV modulation schemes. Opposed to previous work, the resultant equa-
tions are presented for various characteristic converter operating points,
that are: nominal motor operation (OP1), nominal generator operation
(OP5), motor operation at zero output frequency (OP3), and for the
CMC also motor and generator operation at equal input and output
frequency (OP2, OP4).

Due to the selected modulation schemes with loss-optimal clamping,
the switching losses of the VSBBC, the CSBBC, and the IMC at OP1
and OP5 do not depend on the phase displacement angles ®; and P in
the considered ranges of 0 < &5 < 7/6 and 7 < &3 < 77/6 for 1 =0
and ®; = 7. Contrary to the two-stage topologies, the conduction losses
of the CMC remain constant at OP1 and OP5, independent of the phase
displacement angles.

The semiconductor loss generation and the worst case conditions of
the IMC at OP3 are identical to those of the VSBBC as a result of the
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voltage-source-type output stage of the IMC and the similarity of the
modulation for their output stage. The CSBBC is the only topology that
features virtually no switching losses in the output stage at OP3, as the
commutation voltage is close to zero due to the low modulation index
of the output stage at this operating point. At OP3, the loss equations
of the CMC have a similar structure as those of the input stage of
the CSBBC at OP1. This can be verified by considering the impressed
output current of the CMC at electrical stand-still as the impressed dc-
link current of the CSBBC and comparing the power semiconductors in
the current path of both converter topologies.

The worst case semiconductor stresses of the CMC at OP2 or OP4
are less severe compared with the worst case semiconductors stresses in
the output stage of the VSBBC or IMC at OP3, as the transistor and
diode losses of the CMC are still modulated with the output frequency

Jfo==*xf1.






Chapter 5

Semiconductor Area Based
Comparison

The power semiconductors and their packages are core components of
any power electronic converter. They do not only determine the key per-
formance figures such as efficiency, power density, switching frequency
range, and partly EMI emissions, but also contribute to the overall con-
verter costs by approximately 25% [284|. For any comprehensive con-
verter topology comparison, a distinct figure-of-merit is essential to as-
sess the semiconductor-expenditure-to-converter-performance relation-
ship.

In this chapter, a novel semiconductor chip area based method for
comparison of power electronic converter systems is presented. It allows
the determination of the total semiconductor chip area and the optimal
partitioning of the transistor and diode chip areas of a converter topol-
ogy depending on the operating point and predefined boundary condi-
tions. With this data, the resulting semiconductor losses and therewith
also the volume and the weight of the semiconductor module and the
cooling system can be calculated. Additionally, the knowledge of the
required transistor chip areas enables an estimation of the power con-
sumption, the volume, and the weight of the gate drivers.

183
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5.1 Semiconductor Area Based Converter
Comparison

5.1.1 Basic Concept

Semiconductor related comparisons of power converters are frequently
applied. A commonly used method is to compare different converter
topologies by determining the losses using the same semiconductors for
all topologies, as shown in [210,215,285]. In this approach, the semi-
conductors have to be selected such that they fulfill the ratings of all
compared converter topologies and thus are not matched to the individ-
ual topologies. Another possibility, presented in [208], is to perform the
comparison based on the thermal stress of the power semiconductors. In
this method the rating of the compared converter topologies is adapted
depending on the operating point in order not to exceed the thermal
limits of the semiconductor devices. The general limitation with these
methods is that the semiconductor chip area required by the individual
converter topologies is not considered and possibly only a simple semi-
conductor device of the converter under investigation could limit its
performance and thus significantly affect the result of the comparison.

The basic concept of the Semiconductor chip Area based Converter
Comparison (SAC2) can be best explained with Fig. 5.1, depicting an
IGBT with an anti-parallel diode, which is a standard semiconductor
configuration in many PWM power electronic converters. Depending on
the applied voltage ug,p, the average and the rms values of the current
is,D, the current direction, the switching frequency, and the modulation

Is/D

Achip,S Achip D

Us/p OJ A

Fig. 5.1: IGBT with anti-parallel diode implemented with two semi-
conductor chips.
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scheme, the IGBT and diode are loaded differently. This consequently
leads to unequal semiconductor losses for the IGBT and diode chip.
The total power loss is dissipated through the thermal interface, in this
case through the base plate of the power module to the heat sink, as
shown in Fig. 5.2. The transistor and diode current rating is propor-
tional to the active chip area Achip act, Whereas the resulting thermal
impedance between the junction and the heat sink Z), ;5 depends on
the total chip area Achip > Achip,act, the semiconductor module as-
sembly, and the cooling system. The electrical equivalent circuit of the
thermal impedance corresponds to a RC' network with low-pass char-
acteristic and can be written as a complex transfer function Gy js(w).
The resulting time behavior of the junction temperature Ty can be calcu-
lated based on the heat sink temperature Ty and the Fourier transform
Pehip(w) of the semiconductor chip losses pepip.

Ty (t) =1Tg (t) + f_l{GthJS (w) . Pchip (w)} (5.1)

Thereby it is assumed that for the time behavior of the semiconductor
losses, Pepip(w) exists or that it can be represented sufficiently accurately
by superposition of a finite number of sinusoidal functions (Fourier se-
ries). If only the average stationary junction temperature is of interest,
Gin,ys(w) in (5.1) can be replaced by the corresponding thermal resis-
tance Rin js and P(w) by the average semiconductor chip losses Pepip
leading to

Ty =Ts + Rn,is - Penip - (5.2)

The important point is that if the same transistor and diode chip con-
figuration is implemented in different converter topologies and analyzed
regarding losses at different operating points, it is most likely that for
one topology the transistor chip is over- and the diode chip is under-
dimensioned, whereas for an another topology the opposite is true. That
is exactly where the SAC2 provides benefits. The implemented algo-
rithm allows the determination of the minimum required semiconduc-
tor area for the individual transistor and diode chips for a given con-
verter topology, operating point, and semiconductor module assembly
such that the maximum average transistor and diode junction temper-
atures T max and the maximum junction temperature swings ATy max
are equal or less than a predefined maximum value. This method does
not only guarantee optimal chip area partitioning and semiconductor
material usage but also provides a common basis for converter topology
comparisons: the required total semiconductor chip area. Furthermore,
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IGBT Diode
Cu Cu

DBC — ALO; 155°C
140°C

Solder + 125°C
110°C

Cu base plate 95°C

80°C

Thermal L

grease ——

eat sm
(a) (b)

Fig. 5.2: (a) Cross-section of the considered semiconductor module
assembly. (b) Typical thermal simulation result of a single chip for the
module assembly on the left, showing the heat spreading.

the chip area data can be directly used to determine the semiconductor
costs. Another advantage seen in the SAC2 is that with the average junc-
tion temperature, the junction temperature swing, and the associated
loss energy also the reliability of the power module may be modeled,
which however is not investigated in depth in this thesis.

The SAC2 is obviously also applicable to semiconductor technologies
where the transistor and diode are integrated in a single chip, as for
instance for Si RC-IGBTs or SiC JFETs. In this case, the loss data of
the transistor and diodes is not utilized to find an optimal partitioning
of the transistor and diode chip area, but to minimize the total chip area
and to identify on whether the investigated device technology leads to a
balanced thermal loading of the chip for transistor and diode operation.

5.1.2 Algorithm

The algorithm developed for the SAC2 comprises three sequential steps:
the initialization, the calculation, and the post-processing. The corre-
sponding flowchart is depicted in Fig. 5.3.

In the initialization step, the calculation software is parameterized
with the characteristic model equations of the selected converter topol-
ogy, the load, the semiconductor technology, the operating point, etc.
The start values for the transistor and diode chip areas are set by de-
fault to the minimal possible chip areas. In order to reduce the calcu-
lation time, the chip areas are typically initialized with a start value
which is determined by the analytical semiconductor model equations
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(cf. Chap. 4). The chip area determination is implemented with a con-
ditional loop and is applied separately to all transistor and diode chips
of the considered converter. In this loop the chip area is increased by an
incremental area AApip as long as the maximum average junction tem-
perature or the maximum junction temperature swing specified are ex-
ceeded. In every optimization step, the resulting losses and the thermal
impedance are recalculated for the incremented chip area value, consid-
ering boundary conditions such as the maximum chip current density.
Symmetry relations of the converter topologies are utilized to minimize
the calculation effort. When the minimal chip areas are determined,
various post-processing calculations can be performed on the captured
data such as for example calculating the ratio between the transistor
and diode chip areas to estimate the total semiconductor costs.

A point of criticism of the SAC2 may arise from the fact that commer-
cial power semiconductor chips are only available with a limited number
of different chip sizes and the result of the chip area optimization would
therefore not be applicable to a practical converter system. However, by
comparing for instance the available power 1200V IGBT4 T&FS chip
portfolio from Infineon, it is found that 11 different chip sizes between
7mm? and 142mm? are available, thus providing a sufficiently small
grading for selecting the chip area. An even better matching of the cal-
culated and implementable chip area can be achieved with SiC power
devices, which currently feature a small chip area compared to Si devices
and thus need to be paralleled anyway for higher current ratings.

5.2 Semiconductor Models

The prerequisite for a SAC2 are sufficiently accurate semiconductor
models. In Chap. 2, the properties and losses of suitable Si and SiC
power semiconductors for ac-ac converters are investigated. Due to their
performance and the diversity of available devices and power modules,
the latest (fourth) generation of 1200V Trench and Field-Stop Si IG-
BTs (T&FS IGBT4) and the corresponding 1200 V Emitter Controlled
(EmCon4) Si diodes from Infineon are selected as reference silicon tech-
nologies for this research work. Both device technologies are rated for a
maximum junction temperature of 175°C. The 1200 V normally-on SiC
JFETs, manufactured by SiCED, are selected as reference technology
for silicon carbide switching devices.
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Fig. 5.3: Simplified flowchart of the SAC2.
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The required semiconductor loss and chip size data of the T&FS IG-
BTs and the EmCon diodes is determined based on a statistical analysis
of power module data sheets and manufacturer data, whereas for the
SiC JFETs the essential data is primarily derived from the measurement
results compiled in Sec. 2.4.2. The extracted data is fitted to a set of
voltage, current, chip area, and temperature dependent model equations
with reference to [286-288] and Sec. 4.2.1.

5.2.1 Basic Relations

The key semiconductor chip quantities required for a SAC2 are the
active chip area Acpip act and the total chip area Acpip tot- The nominal
current rating of the chip is proportional to the active chip area, whereas
the differential resistance and thermal resistance (impedance) between
the semiconductor junction and the case or the heat sink are inversely
proportional to the total chip area. This enables to express the transistor
and diode loss modeling quantities, defined in (4.1) to (4.5), not only as a
function of the device current, the voltage, and the junction temperature
but additionally also as a function of the active chip area. The total chip
area is utilized to determine the thermal impedance and thus the cooling
properties of the semiconductor chip. Hence, the active and total chip
areas provides the linkage between the electrical and thermal properties
of a semiconductor chip. The ratio between the total and the active chip
area of the selected semiconductor technologies is presented in Fig. 5.4.

The relation between the nominal chip current density for a given
active chip area at a given junction temperature can be expressed with
the nominal transistor or diode chip current density

IS/D,avg

JS/D,nom = (53)

Achip,act

The chip current density is mainly determined by the cooling proper-
ties of the chip and can be up to 140 A/cm? at Tj = 175°C for the
considered Si IGBT4 and packaging technology. The same nominal chip
current density is assumed for the SiC JFETs as the JFET devices of
the implemented converter prototypes are operated at this chip current
density. The admissible repetitive peak current density for a duration
of the peak currents of 1ms is higher by a factor of two for the IGBTs
and even higher by a factor of three for the JFETs. The maximum junc-
tion temperature of all power semiconductors is set to Ty = 175°C. For
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Fig. 5.4: Relation between the active chip area Achip,act and the total
chip area Achip,tot- The ratio of the total to the active chip area reduces
for increasing chip areas. However, it does not exactly converge to one
as an inactive chip boundary remains for manufacturing purposes.

the IGBT4 and the EmCon4 diode, this limitation is imposed by the Si
semiconductor technology, whereas for the SiC JFET it is given by the
standard packaging technology utilized for the prototype devices.

For reasons of conciseness, in the following, only the key equations of
the semiconductor loss models are presented, which are valid within the
ranges of values specified in Tab. 5.1.

Parameter Range of Value

Active chip area Achip.act = [6...120] mm?
IGBT4 chip current density JIGBT4,n0om = [0...140] c?ﬁ
EmCon4 chip current density  JEmCon4,nom = [0 . .260] c£2

JFET chip current density JIFET nom = [0 ... 140] C%
Junction temperature Ty =1[25...175]°C

Tab. 5.1: Ranges of values of the key semiconductor chip parameters
within the semiconductor loss models are valid.
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5.2.2 1200V T&FS Si IGBT4 and 1200V EmCon4
Si Diode

Conduction Losses

The IGBT and diode on-state losses are modeled with an active chip
area and junction temperature dependent forward voltage drop Us,p v
and differential resistance rg,p r as both the IGBT and the diode are
bipolar devices. (The forward voltage drop is represented as a function of
the active chip area to account for possible chip area dependent changes
in the doping profile and therewith in the conduction behavior.) The
corresponding mathematical relations are provided in (5.4) and (5.5)
for the IGBT and in (5.6) and (5.7) for the diode. The numerical values
k; ; of the loss parameters immediately allow the identification of the
sensitivities of the individual input quantities.

Us,p(Achip,act, T3) = k1,us Achip,act + k2,05 Ty + k3,us (5.4)
kius = —2.353-1074 m\éﬂ kous = —1.348 - 10—3%

ksu. = 9.525- 1071V

1 ]{32,1'3 (TJ+k3,rS)
78,k (Achip,act; Ty) = Firg <mAChip,aCt> (5.5)
kl’rs — 2-990 . 10_3 Q kz’rs e —9.896 . 10—1%
ke = 185.4°C
UD,F(AChip,acb TJ) = kl,UDAChip,act + k2,UDTJ + k3,UD (56)
kl,UD - 1.354 . 10_4 m\l’/nZ kQ,UD = —1.928 . 10—3%
ks v, = 1.010V
1 k2,rD (T3+k3,rD)
TD’F(AChip’aCt’ Ty) = k1p (mAchip,act> (5.7)

ki = 6.551-1074Q ko, = —9.971-107
ks, = 404.8°C

L
°C
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Switching Losses

The switching loss energies are modeled separately for the IGBT and
the diode. Thereby, it is important to extract the switching loss ener-
gies from the manufacturer data at consistent switching conditions and
realistic switching speeds for all considered chip areas. For that pur-
pose, the chip area specific current rise-time during turn-on and the
voltage rise-time during turn-off are considered for verification and al-
ways the lowest practically achievable switching energies specified by
the manufacturer are adopted for the models. This leads to an area
specific current rise-time during turn-on of the IGBT in the range of
70 A /(mm?ps) for the smallest considered chip with an active chip area
of 7mm? to 40 A /(mm?us) for the largest chip with an active chip area
of 113mm?. The minimum voltage rise-time during turn-off equals to

3.5kV /us.

(5.8) represents the sum of the IGBT turn-on and turn-off loss en-
ergies wg ot Of an entire switching cycle as a function of the active
chip area, the junction temperature, the switched forward current ig ,
and the switched forward voltage ug r. The additional turn-on losses of
the IGBT, resulting from the reverse recovery charge of a freewheeling
diode with a similar current rating as the IGBT, are included in the
loss parameters. This enables to use this switching loss equation to all
considered ac-ac converter topologies, as transistor turn-on losses are
always generated when the current is commutated from a diode to a
transistor.

wS,tot(Achip,act7 Z'S,Fa Uus,r, TJ) = (58)
2 .
(kl,ws Achip,act + k2,ws Achip,act + kS,wS Achip,athS,F+
.9 .
ki wsi§ p + Kswsis®) (Ty + ke ws) (k7 wstis F + ks ws)

k1ws = 9.741-107° m3n2 kg we = —1.244-1078 min‘l
kaws = —1.937-107 51— kywe =1.203-10765
ks,ws = 6.939-107% % k6.we = 120.5°C

krws = 1.998 - 107° 5 ks ws = —1.989- 10711

Accordingly, in (5.9) the turn-off (reverse recovery) energy of the
diode wp tot is approximated as a function of the active chip area, the
junction temperature, the diode forward current ip g prior to turn-off,
and the reverse (blocking) voltage up r after turn-off.
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WD, tot (Achip,act» ID,Fs UD,R, 1) = (5.9)
2 .
(kl,wD Achip,act + kQ,WD Achip,act + k3,wD Achip,athD,F"l’

.2 .
kawoid r + ks wpinF) (T + ke wp ) k7,wpUn R

k1 wp = 1.996 - 10741 ko wp, = —6.670- 1077 2

mm? mm?2
By = 3549 1070 s K = —8.617- 10775
Fswp = 1.902- 1075 ke wp = 98.73°C

k7 wp = 1.667 - 1073 224

5.2.3 1200V Normally-on SiC JFET

Compared with the IGBT, the normally-on SiC JFET is a unipolar
device and features an intrinsic anti-parallel diode. This leads to three
possible conduction states. As only one chip size could be investigated
for the SiC JFET, the dependency of the loss models on the active chip
area is determined by linearly scaling the determined loss quantities of
the SiC JFET prototype devices with respect to their active chip areas.

Conduction Losses

JFET Forward Conduction

In this conduction state, only the JFET channel of the chip is utilized
and the current flows from the drain to the source terminal. The forward
resistance rg p (drain-source on-resistance), given in (5.10), is modeled
depending on the active chip area, the junction temperature, and the
transistor forward current ig .

E1rs + k21sls,F (TJ + ks,rs>k5’rs (5.10)
Achip,act

TS,F(Achip,acm Z'S,Fa TJ) = 2
4,1‘3

Fire = 1.088-1072Qmm? kg, = 1.587 - 10~2 2mm’

k3ars = 273.15°C k4,rs = 9298.15°C

kseg = 2.0
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Diode Forward Conduction

When the JFET channel is in the off state and the current flow direction
is from the source to the drain terminal, the intrinsic diode is conduct-
ing. The diode characteristic is represented by an equivalent forward
voltage drop Up r and a differential forward resistance rp g shown in
(5.11) and (5.12). It should be highlighted again that the intrinsic body
diode of the JFET is not a SiC Schottky barrier diode but a conventional
SiC PiN diode.

UD7F(TJ) = kLUDTJz + kQ’UDTJ + k3,UD (5.11)

kiup = —2.047-107%:;  kou, = —8.373-107455
ksup, =2.935V

ki Ty + kot
TD,F(Achip,acmTJ) = & 21 };] 21D (512)
chip,act

ki, = 1.893-10732m0 o — 1,623 Qmm?

JFET Reverse and Diode Forward Conduction

In this conduction state, the JFET is turned on, and the current flows
from the source to the drain terminal. Depending on its magnitude and
the junction temperature, the current may flow in the JFET channel
as well as in the reverse diode. At a junction temperature of 175°C,
for instance, the current flows in the channel and in the diode if it
is larger than 6 A. For the considered maximum chip current density
of 140 A /mm?, it is sufficient to approximate the conduction behavior
only with a reverse resistance rsp r according to (5.13), which depends
on the active chip area and the junction temperature.

kivan Ly + Ko
TSD,R(Achip,acmTJ) = & Sil };] i 215D (513)
chip,act

Klrep = 8.444-10738mm% o —8290-10~! Q mm?
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Switching Losses

The sum of the turn-on and turn-off loss energy of the JFET wg 1ot is
again expressed as a function of the active chip area, the junction tem-
perature, the switched forward current g, and the switched forward
voltage ug p. Correspondingly, the diode turn-off energy loss (reverse
recovery energy) wp ot is modeled depending on the active chip area,
the junction temperature, the diode forward current ip r and the diode

reverse voltage up r. The resulting mathematical relations are compiled
n (5.14) and (5.15).

wS,tot(Achip,act7 Z.S,F7 us,r, TJ) = (514)

1S F i3 FUS,F 1S FUS F
Achip,act <k1,ws Y + E2 we VL + E3.we I ——

chip,act chip,act chip,act

kQ,WS
9 i F Ty + k7w
k47WSuS7F + k5aWSuSaF k6 yWS A + <—S
chip,act kS,WS

k1ws = 1.246 - 10~ 1“J ko ws = 1.792- 10~ 3uJAr2n\r;1

Fg,ws = —4.661 - 10 3% ks = 6.375 - 1070 ot
Ky e = 3881 1072 20 g g = 61682225

k7 ws = 273.15°C ks ws = 298.15°C
ko we = 3.306 - 1071

WD tot (Achip,act, D,F, UD,R, L7) = (5.15)
. )
ID,F D FUD,R 9
Achip act | F1,wp 1 + k2 wp VO + k3 wpUpD r T K4,wpUD,R
chip,act chip,act

k
Ty + k7 WD
k D F <k D F + 1) ( ;WD )
( 2D Achlp,act 0:wp Achlp,act kS,WD

kl,wD = —3.517 - 10_2%‘] k2,WD — —1.383. 10—5 pJ mm?

AZV
kgwp = 7451 - 1070 2 kg = 8.409 - 1074 AL,
mm2 mim
k5,WD - —2157T k6,WD - 2258 : 10 1T
k7 wp, = 273.15°C ks wr, = 298.15°C

ko w, = 1.615
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5.3 Semiconductor Module

5.3.1 Module Assembly

In order to determine the thermal impedance between the semicon-
ductor junction and the heat sink, a well defined thermal interface
between the chip and the heat sink is required. For that purpose, a
model of a semiconductor module is developed, which is inspired by the
EconoPACKS3 from Infineon with a footprint size of 122 mm x 62 mm.
The reason for selecting this module type is that a VSBBC topology in-
tegrated in the EconoPACK3 is available as commercial product (F12-
series, Infineon) and thus provides a volumetric reference for the inte-
gration of a bidirectional ac-ac converter in a semiconductor module.

The modeled semiconductor module features a standard assembly
with a 3 mm thick copper base plate and a 380 ym thick aluminum oxide
(Al;03) substrate. The cross section of the selected module assembly
is depicted in Fig. 5.2(a) and the corresponding layer thicknesses are
compiled in Tab. 5.2. For the thermal grease layer between the power
module base plate and the heat sink, a rather conservative value of
100 pm is assumed compared to the commonly assumed thickness of
50 pm.

Module Layer Thickness (mm)
Si chip 0.115
Solder 0.09

Cu top layer 0.3
Al O3 (substrate) 0.38

Cu bottom layer 0.3
Solder 0.2

Cu base plate 3.0
Thermal grease 0.1

Tab. 5.2: Thickness of the individual layers of the semiconductor mod-
ule model.
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5.3.2 Thermal Impedance

The dependency of the thermal impedance Z,;, j5 between the semicon-
ductor junction and the heat sink on the total chip area is determined
by transient thermal simulations with the simulation software ICEPAK.
The simulations are performed for five different total chip areas between
10mm? and 142 mm?, using the previously defined semiconductor mod-
ule assembly with the material parameters summarized in Tab. 5.3.
Fig. 5.5 depicts a schematic top view on the semiconductor module
model. The light gray shaded area indicates the chip placement region.

The size of the copper plane (top copper layer of the substrate) on top
of which the chip is soldered, significantly impacts the heat spreading
and therewith the thermal properties of the semiconductor chip. In order
to provide well defined conditions for determining the thermal proper-
ties of different chip areas, a spacing dcu,chip between the edge of the
chip and the copper plane needs to be specified. The trade-off is that by
increasing this spacing, the thermal impedance is reduced, whereas the
parasitic capacitance between the copper plane under the chip and the
base plate increases proportionally to the area of this plane, which is un-
desirable regarding EMI. A detailed analysis for the considered module
assembly reveals that a spacing larger than 1.5 mm to 2.0 mm does not
provide significant benefits in terms of reducing the thermal impedance
between the junction and sink, which is in accordance to guidelines pro-
vided by semiconductor module manufacturers. Consequently, dcy,chip
is set to 1.5 mm. The transient thermal simulations for the five different

Material p(g/em®) A (W/(mK))  con (/(kgK))
Aluminum (Al) 2.7 205 900
Ceramic (AlyO3) 4.1 25 880
Copper (Cu) 8.9 388 397
Silicon gel 1.0 0.2 -
Silicon (Si) 2.3 180 770
Solder 8.3 50 200
Thermal grease 1.3 1 -

Tab. 5.3: Density, thermal conductivity, and specific heat capacity of
the materials utilized for modeling the semiconductor module.
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Fig. 5.5: Top view on the module model with a single semiconductor
chip. The light gray shaded area highlights the allowable chip placement
region and the dark gray area the copper plane under the chip.

chip areas are run sequentially. The semiconductor chip is placed in the
corner, as shown in Fig. 5.5, in order to obtain a conservative result for
the thermal impedance.

From the implemented converter prototype systems it is known that
for an optimized, custom aluminum heat sink with forced air cooling a
Cooling System Performance Index (CSPI) [289] between 10 W /(K dm?)
to 12W /(K dm?3) can be implemented with a justifiable manufactur-
ing expenditure. The typical height of such a cooling system equals to
hes typ = D cm. Assuming a CSPI of 11 W /(K dm?), the specific thermal
power flow through the heat sink cooling surface can be calculated to

W
Sth,Pcs = CSPI - hCS,typ = 550K 5 - (516)

m

This quantity is utilized to define the boundary conditions required for
the thermal simulations. The resulting thermal impedance curves are
approximated with RC networks and interpolated with chip area de-
pendent functions as the thermal impedance is inversely proportional
to the total chip area. Fig. 5.6 presents the equivalent circuit for the
thermal impedance between the semiconductor junction and the heat
sink of the cooling system and between the heat sink and the ambi-
ent air. Another modeling approach for the semiconductor module is
to determine the thermal impedance Zyy, jo between the junction and
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the case (base plate) of the semiconductor module independently for
all semiconductor chips and to apply a common thermal impedance be-
tween the case and the heat sink. The disadvantage with this approach
is that the resulting junction temperature of a single heavily loaded chip
tends to be too low as the model does not account for the local temper-
ature rise of the base plate under the chip. Therefore, this model is not
utilized.

The thermal impedance between the junction and the heat sink Zy, 5q
is modeled with a fourth-order foster network (R1. 4th s, C1..4.th,Js)s
whereas the cooling system (heat sink) is represented by a first-order
equivalent (Rin,cs, Cin,cs)- (5.17) to (5.20) present the functions of the
resulting thermal resistances R, 4 th js-

1 ko rq
Ry th,38 (Achip,tot) = k1,R, <mAchip,tot> + (5.17)

1 k4,R1
k3R, | —— Achip,tot
sl me chip,to

kiR, = 58.62: kogr, = —2.48
ksmr, =3.02-107%%  kagr, = —6.90- 1072

1 k2 Rroy
R3 th,35(Achip,tot) = F1,R, <mAchip,tot> + (5.18)

1 k4,R2
k3R, | ——5 Achip,tot
s V2 me chip,to

kir, =348%  kogr, =—3.23-1071
ksr, = —1.30% kagr, = —1.49-1071

1 k2,R3
R3 th,35 (Achip,tot) = K1,Rs (mAchip,tot> (5.19)

kir, =5.09% kor, =—7.72-107"

1 k2 ry
R4,th,JS(Achip,tot) = kl,R4 (wAchip,tot> (520)
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p L,semi(t)

Ry s = Cimss —_
RonJs = Co.ns =
R3,th,JS —_ C3’th’JS —
==
R4,th,JS —_ C4’th’_]s =
T_ﬁ

Rth,CS

Fig. 5.6: RC network to model the thermal impedance between the
junction, the heat sink, and the ambient air.

kir, =3.94-1071%  kor, =—2.91-107"

The corresponding time constants 7 4 js of the impedance function
of Zi ;s are obtained by (5.21) to (5.24).

Tl,th,JS(Achip,tot) = kl,ﬁ Achip,act + k2,7'1 (521)

ki, =4.28-107°—25 ko, =5.92-10"%s

mim

7_2,1:h,JS(félchip,tot) = kl,rg Achip,act + k2,7‘2 (522)
ko, =894-1075—5, ky, =7.29-10"3s

mim
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T3.0n3s = 5.00- 10?5 (5.23)

3 2
T4,th,JS(Achip,tot) = kl,mAchip,act + k2,7'4Achip,act+ (5-24)

k3,7‘4 Achip,act + k4,7’4

ki, =1.37-1077—5; ko, =—2.95.1077-%

mmS6 mm#4

ks =1.30-10"3—%, k. =520-10"'s
s T4 s T4

mim

The equivalent thermal capacitances C . 4nh js can then be calculated
using the following relation

Ti,th,JS

Ci th, 78 (Achip tot) = (5.25)

Riths
By solving the differential equation resulting from the RC' network and
substitution the functions for Ri. 4+th,Js and 71 .4tn,Js, the step re-
sponse, i.e. the transient thermal impedance between the junction and
the heat sink can be expressed as a function of the total chip area.

4 —t
Zin,38 (Achip,tot, 1) = Z R; tn,35 <1 - 6”’““*]3) (5.26)
i=1

Accordingly, the step response of the thermal impedance between the
junction and the ambient air may be approximated by

4 —t
Zin,3A (Achip,tot, t) = Z R; tn,Js (1 — e7isth,JS ) + (5.27)

=1

-t
Rin,cs <1 — 6““) :

Teh,cs = Cin,csRen,cs

The stationary thermal resistance between the junction and the heat
sink Ry, js and between the junction and the ambient air Ry, ja equals
to

4
Rin, s (Achip tot) = Im Zin 35(Achip tots t) = R; th,3s (5.28)
t—o0 —

4
Rin,ga(Achip,tot) = > Rins + Rinsa - (5.29)
i=1
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Fig. 5.7: Transient thermal impedance Zyj js for various total chip
areas and a CSPI of 11 W/(K dm®), calculated with the semiconductor
module model.

Finally, in Fig. 5.7 the transient thermal impedance Zyy, jg is plotted
using (5.26) for four different chip areas. The stationary values show
good agreement (deviation < £6%) with manufacturer data of the same
semiconductor module assembly.

5.3.3 Volume

The total required semiconductor chip area of a power electronic con-
verter can be used to determine the volume of its semiconductor module.
For that purpose, the ratio

Achip,sM

VAchip—sm = (5.30)

Asm
between the total implemented chip area of a semiconductor module
Acnip,sm and the area of the base plate Agy needs to be determined.
By inspection of different semiconductor modules with the same assem-
bly as employed for the considered module model, a realistic value for
YAenip_su 18 found to be 15%. Assuming a constant height of the semi-
conductor module of hgyy = 15 mm, the volume of the module can then
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be calculated to

Achip,sM L

SM - (5.31)
YAchip—sm

Vam (Achip,sm) =

With reference to Fig. 5.5, it is assumed that the length [gy of the
semiconductor module remains constant and only the width wgys is var-
ied to modify the base plate area of the module. This corresponds to
a parallel connection of multiple modules, as typically found in indus-
trial converter systems to increase the current rating. The width of the
semiconductor module is then given by

Acni A
wsm (Achip,sm) = hip,SM M (5.32)
lSMfyAchip—SM Ism

The required electrical and mechanical parameters of the semiconductor
module are compiled in Tab. 5.4. In order to provide a relation between
the average semiconductor losses Pi.mi and the base plate area Agyg, the
maximum specific power flow through the base plate ¢pg,, max is limited
to 10 W/cm? based on manufacturer data.

Psemi
max 5.33

ASM — gPSMa a; ( )
Parameter Value
Length Ism = 122 mm (constant)
Nominal width WSM nom = 62mm (variable)
Height hsy = 15 mm
Volumetric density psm = 2.4 g/cm3
Maximum specific power SPeys.max = 10 W/cm?

flow through the base plate
Ratio of chip-to-base-plate area  ya ;g = 0.15

Tab. 5.4: Electrical and mechanical parameters of the module model.
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5.3.4 Weight

By comparing volume and weight of various power converter topologies
implemented in an EconoPACK3 (reference module), an average density
psm of 2.4 g/cm? is found. Thus, the weight of the semiconductor module
can be estimated as a function of the total implemented chip area.

Achip,SM

msM (Achip,sm) = Vsmpsm = hsmpsm (5.34)

YAchip—sm

5.4 Cooling System

5.4.1 Design

The cooling system design aims for a simple and compact construction
with an average CSPI of 11 W /(K dm?®) as specified for the thermal sim-
ulations (cf. Sec. 5.3.2). The demanded characteristics can be achieved
with a forced air cooled, optimized aluminum heat sink. For the cus-
tom heat sink, a sub-optimum design, suggested in [290], is applied to
simplify the manufacturing while still maintaining superior cooling per-
formance compared to commercially available extruded aluminum heat
sinks. The schematic profile and the cross section of a single heat sink
element are depicted in Fig. 5.8. Such a heat sink element consists of a
high-performance 12V dc fan from Sanyo Denki (SanAce 40, GA-series)
and a custom aluminum heat sink with a length Ig between 142 mm and
202 mm, a width wg of 40 mm, and a height hg of 46 mm. Depending on

Air
flow h
—» | Fan Heat sink S

(a) (b)

Fig. 5.8: (a) Schematic profile and (b) cross section of a heat sink
element, showing the dimensions and the direction of the air flow.
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the cooling requirements and the base plate area of the semiconductor
module, ng heat sink elements are arranged in parallel, thus forming a
heat sink such that the required thermal resistance of the cooling sys-
tem is obtained and the base plate area of the module is smaller than
the base area of the heat sink. (Obviously the resulting heat sink is fi-
nally manufactured from a single piece of aluminum.) The length of the
heat sink hence can be varied continuously within the given margins,
whereas the width of the heat sink can only be varied by increments of
40 mm depending on the number of paralleled heat sink elements ng.
This restriction is motivated by the fact that only a limited number
of different high performance fans is available, and that from a logistic
point of view it is too costly to develop custom fans matching the cross
section of any heat sink design. The overall dimensions of the cooling
system are then given by

lcs = ls + 28 mm = [170...230] mm (5.35)
wes = ngws = 40 mm - ng (5.36)
hCS = hS =46mm . (537)

The components and dimensions of the designed cooling system are
summarized in Tab. 5.5.

0.16 ¢
0.14 |
- Wee = 80 mm
R —
§ i T
o 010}
~ i Weg = 120 mm
g 008
- - Wee = 160 mm
= 006 ———
0.04 |
oo+——rrr—nurono— ]
160 180 200 220 240

lcg (mm)

Fig. 5.9: Thermal resistance Ry cs of the cooling system depending
on its length [cs and width wcs.
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5.4.2 Thermal Resistance

The thermal resistance of the cooling system between the heat sink and
the ambient air Ry cs is determined according to (11) to (14) in [290].
For that purpose, the heat sink (cf. Fig. 5.8) is modeled by the thermal
resistance of the base plate, the fins, and the interface between the fin
surface and the air flow through the heat sink. Ultimately, the resulting
thermal resistance of the cooling system Ry, cs can be represented as
a function of the length [cg and width wcg of the cooling system. In
Fig. 5.9, the thermal resistance of the cooling system is plotted as a
function of its length.

1
Rin,cs(lcs, wes) = (kl,RCSl%S + k2 Roslos + k3, ros) wos (5.38)

klaRCS — 1-50 : 10_4ﬁ k27RCS e _8.86 . 10—2%

k3 Res = 21.0157m

5.4.3 Thermal Capacitance

In the model of the thermal impedance Ziy, j5 between the semiconduc-
tor junction and the heat sink, the effective thermal capacitance of the
base plate underneath the chip within the heat spreading region is con-
sidered to accurately describe the transient response. Hence, the total
thermal capacitance of the base plate does not need to be determined
separately. The thermal capacitance of the cooling system Cip cs can
be simply approximated by the thermal capacitance of the aluminum
of the heat sink as a function of the length Icg and width wcg of the
cooling system.

Cin,cs(lcs, wes) = (k1,coslos + k2,cos) Wes + k3,coq (5.39)

k1,0os =4.78 1072 2 ko o = —1.452

Km Kmm
J
k3,CCS - 165K

5.4.4 Volume

The volume of the cooling system Vg is the boxed volume of the heat
sink and the fans and is modeled using the length lcg and width wcs
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of the cooling system.

Ves(les, wes) = (k1 veslos + k2 ves) wes (5.40)

kives = 4.60- 107250 fy o= —1.68- 1071

mm?2 mm
The free space required for a proper air intake of the fans is not consid-
ered. By dividing (5.38) by (5.40), the resulting CSPI can be determined.
W

Kdm

for lcg = [230...170] mm

As can be seen in (5.41), the achieved CSPI is above 11 W/(K dm?) as
demanded by the design specifications.

CSPI =[11.3...12.8] (5.41)

3

Component  Parameter Value
Heat sink Manufacturer Custom
Material Aluminum (e.g. Ac-112)
Length 142mm. .. 202 mm
Width 80 mm, 120 mm,
160 mm, 200 mm
Height 46 mm
Fin height 40 mm
Fin thickness ~ 1l mm
Fin spacing 2mm
Fan Manufacturer Sanyo Denki
Type SanAce 40, 9GA0412P3J01
Rated voltage 12V
Rated input power 5.88 W
Rated speed 18 000 rpm
Air flow 0.67 m3/min = 23.7 CFM
Static pressure 535 Pa
Dimensions 40mm X 40 mm X 28 mm
Weight 53 g

Tab. 5.5: Cooling system component specifications.
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5.4.5 Weight

With the density of aluminum and the weight of a fan, the total weight
of the cooling system mcg is given by the length [cs and width wcg of
the cooling system.

mes(les, wes) = (k1 mesles + k2.mes) Wes + k3,mes (5.42)

klﬂfﬂcs =5.33-1072 m§n2 k2,mcs = —-3.20 - 10_1If—m
k3,mcs - 18.4g

5.4.6 Fan Power Consumption

The fan power consumption Pcg can be calculated with the number of
the heat sink elements ng as every element is equipped with a fan.

PCS (Tls) =59W. ns (5.43)

5.5 Gate Driver

5.5.1 Losses

The SAC2 also enables to estimate the losses of the gate driver as the
active transistor chip area Ag chip,act 1S proportional to the gate charge.
For a given gate charge (Qg, a difference between the maximum and
minimum gate-emitter or gate-source voltage Ugg /s max and UGE/s, min;
and a switching frequency fsw, the losses generated in the gate resistor
can be calculated to

P = Qc (Uck/s,max — UGE/S min) fow - (5.44)

The required values of the gate charge are determined from data
sheets and SPICE models provided by the semiconductor manufacturer
for a switched voltage of 600 V and a nominal chip current density of
140 A /em?. In order to provide a fair comparison between the IGBT
and the JFET, the difference between the maximum and minimum gate
voltage is set to 18 V. Thereby, it is assumed that the gate-emitter volt-
age ugg of the IGBT is switched between —3 V and +15V, whereas the
gate-source voltage ugsg of the JFET is switched between —18V and
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0V.In (5.45) and (5.46) the resulting gate charge of the IGBT and the
JFET are approximated as a function of the active transistor chip area.

nC
QG,IGBT (AS,chip,act) = 65I1’1I1’12 AS,chip,act +4.9nC (545)
nC
Qa,IFET (AS,chip,act) = 11-OmAS,chip,act (5.46)

The losses in the gate resistor can be utilized to estimate the resulting
gate driver losses Py,.. For that purpose, a model of a gate driver circuit
is developed, which comprises a H-bridge oscillator and a transformer
for the galvanically isolated gate driver power supply, a magnetic cou-
pler for the gate signal isolation, and a gate driver IC with a half-bridge
MOSFET output stage. The power consumption of the driver IC is de-
rived from the IXDN4xx gate driver series from IXYS and verified with
the results of gate driver power consumption measurements performed
with the hardware prototypes. The overall power consumption of the
gate driver is then given by

Pq

Py (P y Jsw) —

are (PG fo) 0.053In (f; few) + 0.074
fow = [1...300] kHz

+0.1W (5.47)

and thus can be expressed with (5.44) to (5.46) as a function of the
active chip area and the switching frequency. The constant term of 0.1 W
accounts for the stand-by losses of the gate driver. (5.47) is valid for
switching frequencies between 1kHz and 300 kHz.

5.5.2 Volume

The gate driver model allows the calculation of the boxed volume of the
gate driver based on the active chip area Ag chipact and the required
power of the gate driver Py, .

[ If AS,chip,acthrv < 20 W mm?
6.0 cm?
Vaare (As,chip,acts Parv) = 4 Tf Ag chip.act Pire > 20 Wmm?  (5.48)

-3 3
310 M/crrlrllm2 AS,Chip,acthrv
+5.9 cm?
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It should be noted that only the components of the gate driver supply
and the driver IC scale with the active chip area and the switching
frequency.

5.5.3 Weight

Correspondingly, also the weight of the gate driver can be estimated
based on the active transistor chip area Ag chipact and the required
power of the gate driver Pyy.

(If AS,chip,acthrv < 20 Wmm2
90¢g
mdrv(AS,chip,act7 Pdrv) = 4 If AS,chip,acthrv > 20 Wmm? (549)

9- 10_3m AS,Chip,acthrv
\ +8.8¢

5.6 Classification of Junction Temperature
Variations

To conclude with, the origin of periodic variations of the junction tem-
perature of ac-ac converters for drive systems are briefly discussed and
classified. By analyzing the formation of the semiconductor losses in the
considered converters, four characteristic sources can be identified:

1. The variation of the junction temperature AT} ¢ with the switch-
ing frequency at a fixed operating point of the drive system.

2. For matrix-type converters, the variation of the junction temper-
ature ATy, ATy, and ATy ¢, _g,| with the electrical input fre-
quency fi, the electrical output frequency f5 of the converter and
with the difference between the input and the output frequency
|f1 — f2| at a fixed operating point of the drive system.

3. The variation of the average junction temperature ATy op,;—; due
to a change of the operating point (OPi to OPj), demanded by
the mission profile of the drive system.

4. The variation of the junction temperature during failure modes or
emergency shut-down of the drive system.
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For a given operating point, converter design and assembly concept, the
variation of the junction temperature according to point 1, 2, and 4
can only be lowered by increasing the semiconductor chip area and thus
can be utilized as comparison or optimization criteria for the SAC2. By
contrast, the variation and the gradient of the average junction temper-
ature, addressed in point 3, may be influenced by the control scheme if
reduced control performance of the converter system is tolerable. The
fan motor of a ventilation system, for example, could be accelerated
slowly by ramping-up the motor current in such a way that a smooth
transition of the average junction temperature from its low to its high
level is ensured in order to increase the lifetime of the power converter.
Such a control strategy might be referred to as “Lifetime Enhancing
Control Scheme”.

5.7 Summary

The performance and cost of a power electronic converter system are
substantially determined by the power semiconductors. In a converter
trade-off study, it is hence essential to carefully consider and compare
the semiconductor requirements and their impact on the overall system
performance.

It is difficult to identify with known approaches a common (fair) basis
for comparison. For this purpose, a new Semiconductor chip Area based
Converter Comparison (SAC2) is suggested that allows the calculation
of the total semiconductor chip area and the optimal partitioning of
a total chip area to the transistors and diodes of a converter topology
depending on the operating point and predefined boundary conditions,
such as for instance the maximum average junction temperature. The
suggested SAC2 does not only guarantee best semiconductor material
usage, but implicitly provides with the chip area information a distinct
characteristic quantity for comparison.

In order to perform the SAC2, semiconductor loss models of the con-
sidered Si IGBT4, EmCon4 diode, and SiC JFET technology are de-
rived that enable to determine the conduction and switching losses as a
function of the chip area, the device current and voltage, and the junc-
tion temperature. The required relationship between the chip area and
the chip cooling properties is obtained by numerical simulation of the
transient thermal impedance between the junction and the heat sink
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surface of a typical module assembly (reference module: EconoPACKS,
Infineon) for a predefined cooling system. Different placements of the
chips within the module are investigated and the worst case (highest
thermal impedance) for a given chip area is selected.

The semiconductor losses, the required cooling system performance,
and the gate driver requirements of the compared converter topologies
can be calculated for the considered operating point based on the re-
sulting chip data. Models are developed that ultimately allow the deter-
mination of the volume, weight, and power consumption of the cooling
system and the gate drivers.

The actual mechanical placement of the individual chips of a circuit
topology in the semiconductor module has a minor impact on the re-
sulting junction temperature and therewith on the total chip area deter-
mined by the SAC2, as for a typical ratio of the chip-to-base-plate-area
of 15%, which is valid for the selected module assembly, the thermal cou-
pling between the chips is low. By considering the thermal impedance
between the junction and the heat sink and not between the junction
and the base plate, the impact of the heat spreading due to the base
plate is implicitly included in the thermal impedance model, which fur-
ther reduces the influence of the placement of the chips on their thermal
properties. However, if a SAC2 is performed for custom modules with
a high integration density, the mechanical placement data of the chips
should be used as additional input parameters.



Chapter 6

Passives and EMI

Capacitors and inductors, generally referred as passive components, play
a key role in ac-ac converter systems. They are utilized to provide lo-
cal energy storage and filtering of switched discontinuous voltages and
currents to ultimately enable compliance to power quality and EMC
standards. Passive components have a significant impact on the overall
converter volume and weight due to their physical properties and there-
fore need to be considered when comparing different converter concepts.

In this chapter, firstly, the relation between the volume and weight of
capacitors and inductors are derived for commonly used capacitor and
inductor technologies. Subsequently, the EMI noise models of all consid-
ered converter topologies for line conducted emissions including a motor
load are determined. Based on that, an EMI input filter topology and a
filter design procedure are presented in order to provide compliance to
the EMC standards.

Finally, the influence of the passive component design on the con-
verter performance is discussed and design guidelines are provided. This
chapter concludes with a set of EMI measurements providing practical
evidence of the suitability of the suggested passive component and filter
design for a drive system with an IMC.

213



214 Passives and EMI

6.1 Passive Components

6.1.1 Capacitors

A frequently used argument in favor of the MC is that with the ab-
sence of the dc-link capacitor, a converter lifetime limiting component
due to thermal aging is implicitly omitted. This argument shall provide
the starting point for the subsequent investigation of dc-link and EMI
suppression capacitors.

With respect to state-of-the-art capacitor technologies, the above ar-
gument has to be considered carefully, which is briefly shown by the
following example. For that purpose, a foil and an electrolytic dc-link
capacitor are considered that both provide a capacitance of 100 uF at an
operating temperature of 85°C. Despite the maximum dc-link voltage
of the considered VLBBC is assumed with 770V (4+10% of the nomi-
nal voltage of 700 V), the operating voltage of the dc-link capacitor is
selected with 900 V to ensure a sufficiently long service lifetime. In this
example, the dc-link capacitance is implemented with polypropylene
foil capacitors (3277x-series, EPCOS) and a series-parallel connection
of 450 V aluminum electrolytic capacitors (B43699-series, EPCOS). In
order to highlight the characteristics of the considered capacitor tech-
nologies, the dc-link capacitors are designed for a minimum useful life
of 100000 h at a constant operating temperature of 70°C and a boxed
volume of 250 cm?® based on the rated voltage and the tolerable rms
current ripple at 10 kHz using reliability data provided by the manufac-
turer [291,292|. The characteristic quantities of the two dc-link capaci-
tors are summarized in Tab. 6.1 and lead to the following conclusions:

e With both technologies a considerable useful life of the dc-link
capacitor can be achieved.

e Under the restriction of a given maximum volume, foil capacitors
should be selected, if maximizing the allowable current ripple and
the lifetime are the relevant design criteria. However, if maximiz-
ing the capacitance is the relevant design criterion, electrolytic
capacitors should be considered.

e The specific weight of both capacitor technologies are similar.

From this perspective the provided internal energy storage at a specified
lifetime of the energy storage components or simply the lifetime of the
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Parameter Foil Electrolytic
Capacitor Capacitor

Component B3277x, EPCOS B43699, EPCOS
Capacitance 100 puF 230 uF
Volume 250 cm? 250 cm?
Weight 300 g 290 g
Max. current at 10kHz 50 A 14 A
Operating voltage 900V 900V
Operating temperature 70°C 70°C
Useful life 170000 h 100000 h

Tab. 6.1: Polypropylene foil versus electrolytic dc-link capacitors.

passive components are more adequate criteria for comparing different
converter concepts than the rather general argument of “thermal aging
of the dc-link capacitor” stated above.

In order to enable superior capacitor lifetime, the considerations are
restricted to polypropylene foil and Class II ceramic multi-layer capac-
itors that are made of a ferroelectric X7R dielectric. Fig. 6.1 to Fig. 6.4
present the volume and weight of the two characteristic capacitor types
that are required for ac-ac converters: dc-link and EMI suppression ac
capacitors. In this comparison, X2 capacitors, providing a peak surge
voltage capability of 2.5kV and Y2 capacitors with a peak surge volt-
age capability of 5kV, both rated for a continuous rms voltage of 305V,
are considered for EMI suppression. The X-type capacitors are typically
placed between a phase and a common star-point or across two phases
and thus are utilized for Differential Mode (DM) filtering. The Y-type
capacitors are connected between the phase and ground and are re-
quired for Common Mode (CM) filtering. The reference manufacturers
selected is EPCOS for foil capacitors and Murata for ceramic capacitors
as components of these manufactures are implemented in the hardware
prototypes. The component ratings of different manufacturers are very
similar and do not need to be considered separately.

The volume of the foil capacitors is given by the boxed volume of their
cubical cases. The volume of the ceramic capacitors is determined based
on 2220 chip capacitors (foot print area: 5.7 mm x 5.0 mm), whereby a
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Fig. 6.1: Volume versus capacitance of polypropylene (PP) foil de-link,
X2, and Y2 capacitors from EPCOS at T,,, = 85°C.
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Fig. 6.2: Volume versus capacitance of X7R ceramic dc-link, ac, X2,
and Y2 capacitors from Murata at 75, = 85°C.

volumetric fill factor of 65% is assumed to ensure proper mechanical
mounting (cf. Chap. A.3, ceramic input capacitors of the USMC pro-
totype). This corresponds approximately to the achievable fill factor of
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Fig. 6.3: Weight versus capacitance of polypropylene (PP) foil de-link,
X2, and Y2 capacitors from EPCOS at T,,, = 85°C.
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Fig. 6.4: Weight versus capacitance of X7R ceramic dc-link, ac, X2,
and Y2 capacitors from Murata at 75, = 85°C.

commercially available pre-stacked chip capacitor assemblies. By com-
paring Fig. 6.1 with Fig. 6.2 and Fig. 6.3 with Fig. 6.4, it can be seen
that X7R ceramic capacitors generally enable a more compact imple-
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Fig. 6.5: Product of volume and weight of polypropylene foil capaci-
tors (B3277x-, B3292x-, and B3202x-series, EPCOS) and X7R ceramic
capacitors (GRM255- and GA355-series, Murata).

mentation of a given capacitance at the cost of a higher weight compared
to polypropylene foil capacitors. In order to find the best compromise
between the volume and weight, the product of the capacitor volume
Ve and weight m¢ is formed and plotted in Fig. 6.5. The evaluation
shows that for dc-link capacitors the volume-weight-product of X7R ce-
ramic capacitors is half as large as for polypropylene foil capacitors,
whereas for X2 capacitors it is exactly contrariwise. When ceramic ca-
pacitors are utilized, it is important to account for the temperature and
voltage dependent variations of the capacitance. Ferroelectric Class 11

DC-Link
B3277x-series

EMI Suppression

B3292x-series (X2)
B3202x-series (Y2)

Parameter

Part number

Rated voltage at 85°C 920V 305V (rms)
Operating temperature 70°C 70°C
Desired useful life > 100000 h > 100000 h

Tab. 6.2: Specifications for the selected EPCOS capacitors.
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dielectrics are sensitive to dc voltages. In all cases, a decrease in the
dielectric constant occurs under dc-bias that depends on the number
and the thickness of the individual dielectric layers. Basically, the larger
the number and thickness of the layers is, the lower is the reduction of
the capacitance under dc-bias. For X7R capacitors, the reduction typi-
cally varies between 10% to 30% [293]. Consequently, for X2 capacitors,
the ceramic X7R dielectric does neither provide an advantage regarding
the volume nor regarding the weight. In order to provide an industry
oriented converter design, in the comparative evaluation performed in
this work only foil capacitors are considered. Therefore, the following
considerations are limited to metalized polypropylene foil capacitors.

The volume per capacitance scales with the rated voltage and the
surge voltage capability. If the relation between volume and capaci-
tance is evaluated for instance for the dc-link capacitors (B3277x-series,
EPCOS), it is found that the volume scales for a given rated voltage lin-
early with the capacitance and for a given capacitance with the square
of the rated voltage, which is proportional to the stored energy.

Ve(C,U) o< C and oc U? (6.1)

The subsequent relations are all based on single capacitor devices (no
parallel connection), which explains why the capacitance value is limited
to 40 uF. As can be seen in Fig. 6.1, the volume of the 920V dc-link
capacitors, which are going to be used for the VSBBC, scales similarly
with the capacitance as for the considered X2 capacitors. The resulting
scaling between the volume V- and the capacitance, evaluated for an
operating temperature T, of 70°C, yields to

Vc(C) = kl,VCC + ]{727\/0 047 uF < C <40 uF . (6.2)

Frve = 2.38-1069% oy = 6.45cm®

This scaling law is used to determine the volume of the dc-link and X2
capacitors. By utilizing the average density of foil capacitors pc avg, the
resulting weight of the capacitors can be calculated.

mC(C) — pC,angC(C) PC,avg ~ 1-3C§13 (63)

The remaining dependencies to be considered are the relation between
the capacitor losses, the capacitor lifetime and the capacitance value.
The capacitor losses scale with the volume of the dielectric material and
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therewith with the capacitance and with the resulting current ripple at a
given operating voltage. The resulting total losses can be modeled with
an Equivalent Series Resistance (ESR). For the considered polypropy-
lene capacitor technology, the ESR represents the dielectric and the
ohmic (skin effect) losses of the metallic contacts. Evaluated for a cur-
rent ripple frequency of 10 kHz and an operating temperature of 70°C,
the ESR of the selected dc-link capacitors can be expressed as

tan d 1 k2, BSR
ESRCDC,lok(C) = 27TfC = kl,ESR (F C) . (64)

2uF < C <40 pF

kl,ESR =6.07-107%Q kQ’ESR = —1.89-1071!

In order to meet the lifetime requirements of the dc-link capacitors of
at least 100000 h (cf. Tab. 6.2), the rms current ripple of the dc-link
capacitors needs to be limited. The maximum tolerable current ripple,
determined for a current ripple frequency of 10 kHz and an operating
temperature of 70°C, is then given by

ICDc,rmSJOk(C) = kl;IC,IOk C+ k2;IC,10k QMF <C <40 MF . (6'5)

Kilo o = 3.92-10°8  koyo . =4.87TA

For current ripple frequencies different from f = 10kHz, the maximum
allowable current ripple may be approximated by

1 + (f'TC)2 :
/ a4 - N =7
ICDc,rms,f’(ICDc,rms,fyf:f ) ~ Icpe,rms,f (1 (f,TC)Q : (6-6)

Thereby, the time constant 7¢ is used to model the frequency depen-
dency of the dissipation factor of the capacitor. The progression of 7¢
can be modeled as a function of the capacitance and the case height hc
of the capacitor. The fundamental relations can be found in [291].

k1 roh2 + ko rohe + ks
70(Cyho) = Szt L RmeRe Tlore y g,y (6)

kiqo=112-1071225, kb = —6.77-10711 1=

mm?2 mm

ksro =1.08-1079Fs kiro =2.59-1075s
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f2uF <C<95uF  31.5mm
hopex.(C) = ¢ H95uF <C <25uF 41.5mm (6.8)
f25uF <C <40puF  57.5mm

For polypropylene X2 capacitors of typical input filters, the result-
ing losses are significantly lower than for an equally sized dc-link ca-
pacitor in a VSBBC as the voltage respectively the current ripple of
the input filter capacitors is low. The losses are mainly determined by
the reactive currents generated by the mains voltage and are uncritical
for 50 / 60 Hz applications. An exception is provided by the input filter
capacitors CF inp of the MC and the input and output filter capacitors
CFr,inp and Cr oyt of the CSBBC as they absorb block-shaped (switched)
currents. The resulting series resistance of the considered X2 capacitors
is approximately two to three times larger than for dc-link capacitors of
equal capacitance.

1

kQaRs,x2
RS,CX2 (C) = kl,Rs,xg (ﬁ C) 0.47/JF S C S 40 /LF (6.9)

FlRsxo = 1.97-1074Q  kypey, = —3.69-107"

By using (6.9) and the dissipation factor for polypropylene, the resulting
ESR of the X2 capacitors can be approximated by

tan (dp)
E ~ — . 1
SRCX2 (07 f) RS,CX2 (C) + 27 fO (6 O)
0.47 uF < C < 40 uF tan (6p) = 2-10~*

In terms of a worst case estimation, this has to be considered together
with (6.5) as a constraint for the X2 input filter capacitors of the MC
and the input and output filter capacitors of the CSBBC. An additional
important constraint for the X2 capacitors is given by the maximum
admissible voltage rise and fall time, which is inversely proportional to
the lead spacing of the capacitor case. The physical reason is that the
block-shaped foil capacitor structure can be compared with an LC (line)
network. The wider the lead spacing is, the larger is the capacitor block
and thus the parasitic inductance. In order to ensure that the whole
capacitor structure can homogeneously absorb the a voltage variation,
the rate of change of the voltage has to be reduced with increasing
capacitance (capacitor volume). With reference to [291], the maximum



222 Passives and EMI

time derivation of the capacitor voltage for the selected X2 capacitors
is limited to

duc(C
U,(C]li ) < kl,duCC + k?,duc \3/5 + k3,duc . (611)
0.47 uF < C < 40 uF
k1 aue = 2.30 - 1095 F2,due = —8.91 - 10% 5

k3,duc = 2.52-10%

Finally, the resonance frequency of the X2 capacitors needs to be mod-
eled to derive a second-order impedance equivalent of the capacitors
for the EMI input filter design. The resonance frequency can then be
calculated as

kot
1 sIres
fI‘eSXQ (C) = klyfres (F C) + k?’afres . (612)

k1. =19.73Hz ko, =837-1071

yrres

kss =6.59-10*Hz

y res

The Y capacitors have a marginal impact on the filter volume as the
maximum allowable capacitance is limited by the specified current in the
Protective Earth (PE) conductor and is small compared to the required
DM input capacitors. Assuming a maximum tolerable PE current of
IoM, v max < 3mA (residential application), for a 400V /50 Hz mains
system, the maximum Y capacitance value is then limited to

IcM, Y max

=41.5nF . 6.13
27Uy f1 N (6.13)

CY,tot,max S

By inspection of the curves in Fig. 6.1, this Y capacitance value hardly
contributes to the overall filter volume and is accounted for with a de-
fault volume of 8.5 cm3. Thereby it is assumed that the total Y capac-
itance is implemented with 18 identical 2.2 nF capacitors, in order to
provide enough degree-of-freedom for the placement of the capacitors.

The second-order impedance equivalent of the capacitors equals to

1

e T 20 fESLc(T) + ESRG(T, f) . (6.14)

ZC(Ta f) -
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The dielectric leakage resistance (modeled in parallel to C) can be ne-
glected for the considered frequency range. The equivalent series induc-
tance S L typically varies within 5nH to 25nH and is adopted from
manufacturer data sheets.

6.1.2 Differential Mode Inductors

DM inductors are required to implement the boost inductors of the
VSBBC, the dc-link inductor(s) of the CSBBC, and obviously the DM
filter inductors of all topologies. In this comparison, gapped amorphous
tape-wound C-core inductors (comparable with gapped toroidal cores)
and toroidal powder core inductors are considered. They provide a good
compromise between achievable inductance per volume, ac and dc mag-
netization properties. Additionally, these inductors feature a soft sat-
uration curve, which is desirable regarding the converter control. The
materials selected are the amorphous core alloy Powerlite 2605SA1 from
Metglas and the powder core alloys High Flux HF 60, and Molypermal-
loy MPP 60, manufactured by Magnetics. A summary of the core mate-
rial data including the intended application of the individual materials
is provided in Tab. 6.3

Parameter 26055A 1 MPP 60 HF 60
Manufacturer Metglas Magnetics Magnetics
Core shape 2 x C Toroidal Toroidal
Saturation flux density 1.56T 0.75T 1.5T
Density 7.2g/cm? 8.0g/cm? 7.6g/cm?
PA{elative core loss at

B=01T, f =10kHz 28 mW/cm?® 16 mW/cm?® 78 mW /cm?3
B=01T, f=50kHz 0.31W/cm® 0.16 W/cm® 0.56 W/cm?
Application Ly, Lpc Ly, Lpc Lpw (filter)
Switching frequency < 20kHz > 20 kHz -
Conductor Multi-wire Single-wire  Single-wire

Winding structure

Multi-layer

Single-layer

Single-layer

Tab. 6.3: Core material and inductor parameter overview.
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The main inductor parameters are the inductance at zero current
Lpwm,o, the inductance at the peak current value Lpy and the rms in-
ductor current I, ,ms at a given frequency and temperature. Based on
these quantities, the inductors are designed such that the desired DM
inductance Lpy is provided at the peak inductor current fL = ﬂIL,rms
and the inductance value drops at the peak current to v, = 80% of its
initial value at zero current. This inductor design enables at a minimal
input voltage (nominal voltage —20%) an inductance of typically 60%
of Lpm,o. The main steps in the DM inductor design process are ex-
emplarily shown for the toroidal input filter inductors (HF 60 powder
cores) and can be summarized as follows.

The core data are extracted from the manufacturer data sheets to
generate a core data base. The start value of the wire diameter d,, (cur-
rent conducting cross section) is selected such that a maximum rms
current density Jy max of 8A/ mm? results, whereby an insulation coat-
ing thickness of d.;/2 = 0.05 mm is assumed. In order to minimize the
parasitic winding capacitance, only single-layer designs are considered.
The maximum number of turns Ny, max for a core with an inner diameter
d; is then given by

N1, max = (6.15)

T V1w d; 4
Tw 2 IL,rms + v 7T‘]W dct ’

whereas 7y, accounts for the spacing between the individual wires. The
required effective core cross section Acqre can be expressed by the flux
linkage equation

I1.Lpwm
MOMr,ini’YﬂHmax(f7 ’Y/L,Ur,ini) NL
Y = 80% Hr ini = 60

Acore = (6.16)

and is used by substituting Ni, with (6.15) to find the smallest core.
The inductance at zero current and at the peak current for the selected
core can be calculated to

Lomo(L, Nu) = ALo(f) - Nf (6.17)
Lpm (I, Nu) = Au(ly, f) - Nf (6.18)

and is utilized to verify, on whether the analytically found design fulfills
the requirements.
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Fig. 6.6: Volume versus inductance of single-layer, toroidal DM filter
inductors based on High Flux 60 core material (Magnetics) that are
utilized for the DM inductors of the EMI input filter.

In analogy to the capacitors, the inductor volume scales for a given
peak current approximately linearly with the inductance and for a given
inductance approximately with the square of the peak current, which
again corresponds to the stored energy.

Vipy (I, L) o< L and o I?

The resulting relation between the boxed inductor volume and the in-
ductance of toroidal HF 60 cores is depicted in Fig. 6.6 as a function of
the peak inductor current and can be expressed as

Vi (In, L) = (6.19)
(k1,v,Low I} + k2 v Lw I, + k3 v,Low ) L+

(/f4,v,LDMfE + k5,v,LDMfL + k6, v, Low ) -

K1V Lpy = 8.32- 102 221; ko v Loy = 4.91-103 ‘jfﬁ
k3,v,Lpn = 3.84 - 104% kav 1oy =3.12-1073 Cgf
k5,V,LDM - 942 . 10_1% k6,V,LDM = —-2.02 Cm3

For the above scaling factors k; v 1p,,, the inductance value and the
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peak inductor current are restricted to
ILL = [50...4000)ApH I =[5...35]A.

The corresponding scaling factors for the MPP 60 and Powerlite 2605SA1
core material are compiled in Tab. 6.4.

The ratio between the weight of the core material and the copper wire
within the boxed inductor volume V1, is not constant. The weight of
the inductor thus can be estimated by using an average density pr,,,; ave-

MLpMm (fL7 L) = pLDM;anVLDM (ij L) (620)

~ g
pLDMaan ~ 3'00m3

The major loop core losses at the mains frequency, referred to as Low-
Frequency (LF) core losses, are modeled with the standard Steinmetz
equation according to

A\ O B
Pcore,LF,LDM (Ba f) =k- (?) ’ (é) . (621)

The Steinmetz parameters are summarized in Tab. 6.5. The minor loop
core losses due to the current ripple, referred to as High-Frequency (HF)
core losses, are more intricate to estimate, as the bias of the core varies
with the mains frequency. If the Steinmetz parameters were known as
a function of the dc-bias, the HF core losses could be determined by a
calculation approach based on the modified Steinmetz equation [294].
However, the Steinmetz parameters are typically only provided for zero
dc-bias and sinusoidal excitation. The pragmatic approach, chosen here,
is to perform core loss measurements on sample inductors with a square-
wave voltage that is generated with a switched bridge-leg. This bridge-
leg was implemented with two normally-on 1200 V SiC JFETSs to enable
switching frequencies of up to 800 kHz at a dc-bus voltage of 600 V. The
measurement results prove that for the chosen DM inductor design, the
core losses hardly depend on the resulting dc-bias of the minor loop and
that the HF core losses can be approximated by the first component of
the Fourier-series (n = 1) of the resulting flux density.

n A\ ¢ s
~ B; i
PCOI"G,HF,LDM (Bv T, f) ~k- Z <T> | <I§Z> (6'22)

=1
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Parameter 26055A 1 MPP 60 HF 60
kv oy (S55) 7.00-107°  2.08- 10 8.32 - 102
kov Lon (S20) 1.19-10"2  —4.23-10°  4.91-10°
kav o (220) ~5.89-10"2  6.19- 10 3.84 - 10
kav iou (9%) 1.44-10""  —2.59-10~2 3.12-103
kv o (220) ~5.90 1.88 9.42-10~1
k6. v Loy (cm?) 8.22 - 10! —4.70 —2.02
Plow.ave (23) ~ 2.9 ~ 2.9 ~ 3.0

Range of I, (A) 5...35 5...35 5...35
Range of I L (AgH) 250...8000  50...3000  50...4000

Tab. 6.4: Volumetric scaling factors, average density, and range of va-
lidity of the considered DM inductors at 8 A/mm?.

This quasi-linear loss behavior results from the selected core material
and the applied inductor design, limiting the variation of the relative
permeability in operation to 7, = 80% of its initial value i ini.

The wire losses can be calculated by means of the wire resistance
R,,, which is split into a dc (low-frequency) component R, pc and an
ac (high-frequency) component Ry ac. Under the assumption that the
wire diameter is significantly larger than the skin depth, the resulting
wire resistance is approximated by

RW(T7 f7 lW) = RW,DC + RW,AC (623)

41, w(T) p
%Wda,(PCu(T)WL\/pr;)M )

The temperature dependency of the specific dc resistance of copper pcy
is modeled by

pcu(T) = pcu2o (1 + acyr (T —20°C)) . (6.24)

pcu20 = 1.76-1078Qm gy, =3.9-107355

If not differently specified, the default wire temperature is 20°C. The
maximum (worst case) wire temperature is assumed with 100°C for the
inductor design.



228 Passives and EMI

Parameter 26055A1 MPP 60 HF 60
k(72Y-) 1.38-107%  6.40-107%  3.39.1071
o 1.74 2.24 2.56

15 1.51 1.41 1.23

Tab. 6.5: Steinmetz parameters of the considered DM inductor mate-
rials for sinusoidal excitation, normalized to mW /cm?.

It is assumed that the toroidal DM and CM filter inductors are pas-
sively cooled, whereas the boost and dc-link inductors are placed in the
air flow of the cooling system. For passive cooling, the relation between
the average inductor temperature 71, and the total inductor losses P, tot
can be expressed as a function of the inductor surface area Agp 1, and
the ambient temperature T’y. The relation between the inductor sur-
face area and the volume for the considered toroidal cores is shown in

Fig. 6.7.

T1, = Ron L.(Asr L, ATLA) Pr,., tot + 1A (6.25)
ATia =11, —Ta

The maximum average inductor temperature is limited to 100°C. The
relation between the inductor surface area and the inductor volume for
the considered HF 60 DM filter inductors may be written as

Vi k2, Aqp
Asp 1oy (1L, L) = k1 Ay ( Cerg/I) + k3 Agp - (6.26)

I, L =1[50...4000)ApH I, =1[5...35]A

k1v Agp = 7.84 cm? kov Asp = 6.03-1071
ks v aqe = —5.84 cm?

For the sake of brevity, a detailed model of the resulting thermal re-
sistance of the DM inductor Ry 1, and its surface area is not pre-
sented, as different empirical relations are provided by core manufac-
turers. Based on [295,296], the thermal resistance of the DM inductors
in free air and for a low-profile arrangement is modeled as a function of
the inductor surface area and the difference AT1,po between the average
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Fig. 6.7: Relation between the surface and the volume of toroidal DM
inductors.

inductor temperature and the ambient temperature.

ks r
ASF,LDM> ok

cm?

Rin, Lo (AsF Lons AT1A) = (k1R o ATLA+F2,Re 1) (

ASF Loy = [6...200)cm? ATy, = [10...40] K (6.27)

kiR, = —5.043  kag,, =6.70-102&

k3, Ry = —1.00
The impact of the temperature on the lifetime of the considered in-
ductors is significantly less critical compared to capacitors as for the
selected cores no temperature sensitive compound material is utilized.
A temperature dependent variation of the core parameters is not re-

quired as within the considered temperature range from 20°C to 100°C
the permeability of the selected core materials changes less than 3%.

The second-order impedance equivalent of the inductors is given by
1
(T7 f)+Rcore,s(fLa f) + jQFLDM(jL7 f)

Zy (I, T, f) = ( - (6.28)

~1
+j27TfC’p> :
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The parallel winding capacitance C}, is determined according to [297] or
adopted from measurement data. Rcore,s models the core losses at the

considered operating point by a series resistance and is calculated based
on (6.22).

6.1.3 Common Mode Inductors

For the CM filter inductors, toroidal cores from Vacuumschmelze (VAC)
are considered with a tape-wound, nanocrystalline core, which is fabri-
cated of the core material Vitroperm 500 F. The main design parameters
of a CM inductor are the impedance |Z| (insertion loss) provided at a
certain frequency, the CM saturation current and/or the correspond-
ing voltage-time area product, and the rms DM inductor current. In
order to minimize the parasitics, again a single-layer winding design is
assumed. The main design steps are similar to those shown for the DM
inductors and therefore are not presented here. The scaling law for the
boxed CM inductor volume, evaluated at 100 kHz, equals to

Vicu (jln ‘ZD - (6'29)
<k17V7LCMIE + kzaVaLCM IL + ksaVaLCM) ‘Z’ +

<k47V7LCMIAE + k5aVaLDMIAL + k6aVaLCM) :

3 3
kl,V,LCM — 9-78 . 10_5 ZI;IQ kQavaLCM — 7.82 . 10_4CAH;2

3 3
ks v Loy = 9-85- 10_5% ko v Loy = 1.48 - 102 e
ks v Loy = 9.71- 10_1% k6.v Loy = 4.49 cm®

The peak inductor DM current and CM impedance values for the above
scaling factors k; v 1., are limited to

I|Z)=[4...50]AkQ I =[5...35]A.

The weight of the CM inductor thus can be approximated using an av-
erage density pr,,,.ave- By considering (6.20), it follows that the density
of the DM filter inductors is twice the density of the CM filter inductors.

MLem (ij ‘ZD = pLCM,anVLCM (ij ‘ZD (6'30)

~ g
pLCM,avg ~ 1'6cm3

CM inductors have core losses similar to any other magnetic com-
ponent. However, for the considered filter topology (cf. Sec. 6.5.2) and
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Fig. 6.8: Volume versus impedance of the CM filter inductors based on
Vitroperm 500 F core material (Vacuumschmelze).

switching frequency range considered in the comparative evaluation of
ac-ac converters, the losses of the CM inductors are dominated by the
copper losses, and hence the core losses can be neglected.

For the CM inductors the same second-order impedance equivalent
model, according to (6.28), is applied as for the DM inductors.

6.2 Energy Storage

6.2.1 Topological Relations

The internal energy storage is a key feature of a converter system and
has to be considered when comparing different converter concepts. Con-
cerning the energy flow, the dc-link capacitor Cpc of the VSBBC en-
ables to decouple load variations from the mains input and to absorb the
discontinuous (block-shaped) dc-link currents generated by the switch-
ing of the input and output stage. In analogy to the VSBBC, the dc-link
inductor(s) Lpc of the CSBBC decouple load variations from the mains
input and absorb the discontinuous dc-link voltages that result from
the switching of the input and output stage. Correspondingly, the input
capacitors CF inp of the MC provide the major energy storage between
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the mains and the load and smooth the discontinuous input currents
that are impressed by the load. The input capacitors are the key pas-
sive components due to the absence of intermediate energy storage that
limit the feedback of load changes into the mains and determine the
control behavior of a MC system. From a topological view, in MCs the
intermediate energy storage of the VSBBC or CSBBC has been shifted
to the input filter and the load.

The boost inductors Ly of the VSBBC absorb the discontinuous
(switched) voltages of the input stage, whereas the input filter capaci-
tors Cp inp of the MC and CSBBC smooth the discontinuous currents
generated by the input stage. Both the boost inductors and the input
filter capacitors ultimately enable continuous input currents. For switch-
ing frequencies of industrial converter systems, the stored energy in the
boost inductors and input filter capacitors is low compared with the
stored energy of the dc-link capacitor or dc-link inductor.

In summary, VSBBCs have impressed currents at the input (boost
inductors) and output (inductive load). In contrary, CSBBCs have im-
pressed input and output voltages (input and output filter capacitors).
MCs, however, require impressed voltages at the input (input capaci-
tors) and impressed currents at the output (inductive load), which again
represents the topological relation of its input with a CSR and its output

with a VSI.

The input currents have a continuous sinusoidal waveform with a cer-
tain distortion level for all four converter topologies. In order to comply
to the specified power quality and EMI standards, these remaining dis-
tortions have to be attenuated by an EMI input filter, which again
provides a certain amount of energy storage by its passive components.

6.2.2 Energy Content of Capacitors and Inductors

Next, the energy content of dc and three-phase ac capacitors and in-
ductors is determined. For dc-link capacitors and inductors, the energy
content equals to

1 1
Wape = 5CDCUI%C Wipe = §LDCI%C . (6.31)

Assuming a symmetrical three-phase (input) voltage-current system
with a phase voltage U; and a phase current [;, the energy content
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of three star-connected filter capacitors Cr and three phase inductors
Ly (boost inductors or DM filter inductors) is given by

3, 3. .
We, = ZCFUl2 Wi, = ZLFIE : (6.32)

First, the dc-link capacitance of the VSBBC and dc-link inductance
of the CSBBC are compared for a given input phase voltage Uy, a dc-
link voltage Upc, and a dc-link current Inc = 2P/(30;) (at maximum
modulation index of the CSR), whereby the losses are neglected. Under
the assumption of equal dc-link energy storage, the ratio between the
dc-link capacitance and dc-link inductance can be calculated to

1 1 1 2P \?

—CpncU2~ = —=Lpcl?2~ = =L A 6.33

5CpclUne = 5 Lpclpe 2DC<3 1) (6.33)
Che 4 p2 _ Veoe

Loc  9U2U%.  Vipe

(6.34)

As can be seen from (6.34), independent of the volumetric scaling fac-
tor between the dc-link capacitors and dc-link inductors, for a given
mains phase voltage Uy, the higher the converter power, the smaller be-
comes the dc-link inductor compared with the dc-link capacitor. This is
one reason why current-source-type converters are favorably applied for
higher power levels. Another interesting aspect is the comparison of the
energy storage density of the capacitors utilized for VSBBCs and MCs.
By determining the required capacitor volume, using (6.2), it is found
that for the considered foil capacitors and an input rms phase voltage
of U; = 230V, the energy storage density in a MC is three-times lower
compared to a VSBBC with a typical dc-link voltage of Upc = 700 V.

6.3 Dimensioning of the Passives

6.3.1 Control and Energy Based Criteria

In order to meet the dynamic requirements that are imposed by the
load, for all four converter concepts a minimal internal energy storage
needs to be provided. For the VSBBC and CSBBC, the energy storage
is implemented by the dc-link capacitor Cpc and/or by the dc-link
inductor Lpc, whereas for the MC the internal energy storage is mainly
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provided by the input capacitors CF inp. The suggested control based
dimensioning criteria are derived and described in Sec. 3.2.4.

DC-Link Capacitor and DC-Link Inductor

The worst case considered for the VSBBC occurs for a step change
from nominal motor operation to no-load, which is initiated by the load
and therefore cannot be pre-controlled (prevented) by the converter
control. In order to limit the relative overshoot of the dc-link voltage
dupe = Aupc/Upc, a minimal dc-link capacitance is required that can
be calculated to

P, V3 LgPs N 367

Cpc > )
18 UDC5ch772 U12 (\/§U1 + %) UDCfSW

(6.35)

assuming regular sampling and a worst case dead time of two pulse
periods (2Tp = 2 f;}). The corresponding control based criterion for
the dc-link inductance of the CSBBC yields to

(6.36)

Besides the control based design criterion, the minimal dc-link ca-
pacitance may also be determined by an energy based dimensioning
guideline, which is typically represented by a capacitance value per out-
put power. The minimum dc-link capacitance of HEVs, for instance, is
selected between 5 uF/kVA to 10 uF/kVA for typical dc-link voltages
and switching frequencies [298]. Energy based criteria are either used
to ensure a certain ride-through capability or can be considered as a
simplification of (6.35) when the dc-link voltage and the switching fre-
quency remain constant or vary only within a small range as in the
above example for HEVs.

Input Capacitors

A similar criterion can be derived for the input capacitors CF inp of the
MC by considering the input EMI filter (cf. Fig. 6.11). Opposed to the
VSBBC, a step change of the load from nominal motor operation to no-
load is uncritical regarding over-voltages across the input capacitors, as
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the stored energy in the total DM inductance of the second filter stage
Lpwm,2tot = Lpom,2 + Lpwm,2,q is low compared with the energy stored in
the capacitors CF inp. The design relevant operating condition occurs,
when the current drawn from the input capacitors Cf inp is larger than
the current supplied to them, and thus the capacitor voltage uc drops.
Consequently, also the maximum converter output voltage is reduced, in
case the maximum modulation index is already applied. From a control
perspective it is hence reasonable to constrain the voltage drop Auc
across the input capacitors. Assuming that the capacitor voltage is in
phase with the inductor current iy, , (unity power factor) and a load
step is initiated by increasing the g-axis motor current at the output
i2q, @ voltage drop of the d-axis capacitors voltage ucq is observed. The
voltage drop Aucq depends on the DM inductance Lpy 2 tor (forming
together with the input filter capacitors a resonant circuit), the input
capacitor CF inp, and the variation of the input current due the variation
of the load current. As is shown in Sec. 3.2.4, for mains frequencies of
50Hz /60 Hz and typical filter parameters, the voltage drop Aucq =
due U, across the input capacitors can be calculated to

di1q t
Aqu = LDM,2, ot—— | COS -1 . (6.37)
Ot v/ COF inp LDM, 2, tot

By inspection of (6.37), two cases for the duration of the current rise
time t,ise have to be distinguished.

trise < W\/CF,ianDM,Ztot and trise 2 W\/CF,ianDM,Ztot (638)

Typically, the second case is design relevant, and the capacitance of
the filter capacitors only indirectly limits the voltage drop Aucq across
the input filter capacitors with the ratio of Lp 2 tot/Cr,inp that results
from the filter design.

The relative voltage drop is assumed with d,,., = 0y, = 10% for
both the VSBBC and the MC.

6.3.2 Ripple Based Criteria
DC-Link Capacitor and DC-Link Inductor

The voltage ripple across the dc-link capacitor generally is not a relevant
design criterion for the VSBBC, except for converters with a reduced
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dc-link capacitance or for two-phase operation. For a center-aligned syn-
chronization of the modulation of the input and output stage of the VS-
BBC, an input rms phase voltage of U; = 230V, and a dc-link voltage
of Upc = 700V, the maximum rms dc-link capacitor current equals to

ICDc,rms,max ~ 0.60 - f2 (639)

for a maximum modulation index of the output stage M> = 1 and a
phase displacement at the output of &5 = 0.

Similar to the VSBBC, also for the CSBBC the dc-link inductor is
mostly dimensioned based on the control performance or the stored
energy, whereby the maximum current ripple is considered as a sub-
ordinate design criterion. However, for CSBBCs that operate at high
switching frequencies in order to minimize the volume of the dc-link
inductor [299], the dc-link current ripple becomes design relevant. The
required dc-link inductance for the considered modulation scheme to
limit the maximum peak-to-peak dc-link current ripple to

AiLDc7pp7maX = 5iLapp Inc (6'40)
can be calculated to

3(2-3) U,
Lpc = : 6.41
pe 4IDCfsw51L,pp ( )
Thereby, it is assumed that the modulation of the input and output

stage is again center-aligned sychronized.

Boost Inductors

The boost inductors Ly of the VSBBC are designed based on the cur-
rent ripple at the switching frequency. In this comparison they are di-
mensioned for a maximum peak-to-peak current ripple Airg np max Of

8i, pp = 20% of the input current amplitude 1.

At ppomax = 01 pp 11 (6.42)

di, pp typically varies within 5% to 40% depending on the converter
system and the application area. The inductance value of the boost
inductors can be calculated as follows.

1 . 302
Ip=—— U, — =2 (6.43)
IlfswfsiL,pp 2 UDC
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Input and Output Capacitors

In analogy to the boost inductors of the VSBBC, the input and output
filter capacitors CF inp and Cf out of the CSBBC are dimensioned for
a maximum peak-to-peak voltage ripple. Besides the control based di-
mensioning criterion, also for the MC the voltage ripple across the input
capacitors at the switching frequency needs to be considered.

In order to enable safe operation, the maximum peak-to-peak voltage
ripple Auc, pp across the input and output filter capacitors should be
limited to 6y ,, = 20% of the input voltage amplitude U; and output

voltage amplitude Us, respectively and can be calculated to

Inc
CSBBC:  Chinp/out = — (6.44)
p/ 4 Ulfsw(suc,pp
I
MC: CF inp = 2 (6.45)

4 Ul fsw(suc,pp .

The switching frequency f in the above equation for the MC refers to
the switching frequency of the output stage when considering the IMC.
The maximum voltage ripple across the input capacitors is is obtained
for &5 = 0 for the considered modulation scheme.

Compared with the current ripple in boost inductors, the voltage
ripple across the input capacitors of the CSBBC and MC has a stronger
impact on the operating behavior of the converter, since the voltage
measurement signal directly affects the modulation, or even determines
the commutation sequence as in the case of the CMC. Therefore, in this
comparison, the maximum ripple Auc pp max i limited to dy,pp = 10%
of the input voltage amplitude.

In analogy to the dc-link capacitor, ultimately, also for the input
capacitor CF inp of the MC (main energy storage), the current loading is
determined. For the selected modulation schemes of the CMC and IMC,
the maximum rms current I, rms max Of the input capacitors occurs at
two-third of the maximum modulation index and ®5 = 0 and equals to

ICp rms.max = 0.41 - I . (6.46)
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6.4 Power Quality

6.4.1 Standards

The motivation for power quality standards is to limit the harmonic cur-
rent injection from individual loads into the supplying mains, in order to
avoid unacceptable voltage distortion levels and to define and limit the
overall harmonic distortion of the mains voltage provided by the util-
ity (power supplier). The essential standards are EN50160, IEC 61000
(IEC 61000-3-4), IEEE 519, IEEE 1159, UL 1741, and DO-160D for

airborne equipment.

IEEE 519, for instance, suggests a shared responsibility between the
power supplier and the consumer for controlling the harmonic voltage
and current levels. The power supplier has to control the harmonic volt-
age distortion (cf. Tab. 6.6), whereas the consumer has to ensure that
the current harmonics injected at the Point of Common Coupling (PCC)
are within given limits.

The two important figures for assessing the input power quality of

a switched power electronic converter system are the Total Harmonic
Distortion (THD) or the Total Demand Distortion (TDD). For the input
current I1, the THD and the TDD are defined as follows.

VIS By,

THD;, = o (6.47)
Zh OOI2
TDDy, = v ;j L0 (6.48)
1l,dem

Opposed to the THD, the TDD is referred to the 15 or 30 minutes
average maximum demand current (in this case the maximum demand
input current Iy gem). The limits should be applied for the worst case
under normal operation. Tab. 6.7 summarizes the recommended current
distortion limits for a bus voltage between 120 V and 69 kV, whereby Isc
equals to the available short circuit current at the PCC.

Compared to the IEEE 519, the IEC 61000-3-4 standard does not
only define limits for the individual equipment but for the whole system
installation.
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Bus Voltage Individual Voltage Maximum Voltage
at PCC Distortion (%) THD (%)

< 69kV 3.0% 5.0%
115kV ... 161 kV 1.5% 2.5%

> 161kV 1.0% 1.5%

Tab. 6.6: Recommended voltage distortion limits for different bus volt-
age levels according to IEEE 519.

Parameter % < 20 % <20...50 % < 50...100
h <11 4.0 7.0 10.0
11<h<1T 2.0 3.5 4.5
17 < h < 23 1.5 2.5 4.0
23 < h < 35 0.6 1.0 1.5
35<h 0.3 0.5 0.7
TDD 5.0 8.0 12.0

Tab. 6.7: Recommended current distortion limits for a general distri-
bution system (120 V...69kV) according to IEEE 519.

According to the IEEE 519 standard, the maximum voltage THD for
low-voltage mains systems is limited to 5%. Assuming an ohmic behavior
of the load, the same distortion level is found for the input current. For
this purpose, the design goal for the four investigated ac-ac converters is
to limit the total harmonic distortion of the the input current to < 5%.

6.4.2 THD Measurement

With state-of-the-art power analyzers, mains frequencies of up to 2.5 kHz
can be tracked with the integrated PLL circuits. This high fundamen-
tal frequency tracking capability is required for aircraft power systems
with a nominal mains frequency range of 400 Hz to 800 Hz to provide
an adequate resolution for the FFT calculation.

For standard 50 Hz/60 Hz mains systems, the THD is typically deter-
mined up to the hundredth harmonic (5 kHz/6 kHz) of the fundamental
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frequency. This harmonic range is also considered for the THD calcula-
tions and measurements performed in this work.

6.4.3 THD and Switching Frequency

The input current THD requirements can be utilized to determine the
suitable (maximum) switching frequency for a given mains frequency
f1. For converter systems with an active rectifer input stage (PFC),
as considered, the higher the switching frequency fs, the more input
current vectors Nfl can be formed per mains period T} = 1.

e
hf
The higher the switching frequency, the lower is the number of different

possible duty cycle values Npwn due to the digital implementation of
the PWM generators with a finite clock frequency fcik pwwm.

(6.49)

Npwwy = fC“}ﬂ (6.50)

A suitable switching frequency regarding the THD can be found when
Ny, equals to Npww, assuming that the digital control is executed every

pulse period Tp = f;}. By equalizing (6.49) and (6.50) and solving for
fsw, the searched switching frequency fsw Tup can be calculated to

fsw _ fClk,PWM

fl fsw
Jsw,mHD (f1, fsw) = V/ f1fck,pwm - (6.52)

Evaluated for a mains frequency of 50 Hz, 400 Hz, and 800 Hz leads to

(6.51)

fSW,THD,5OHZ = 70.7kHz (653)
fsw,THD 400, = 200.0kHz (6.54)
fsw . THD 8000z = 282.3 kHz . (6.55)

The PWM clock frequency fcikx,pww is assumed with 100 MHz for the
above calculation as is used in the hardware prototypes. This corre-
sponds to an absolute PWM resolution of 10 ns.

The maximum switching frequency for the comparative evaluation of
the ac-ac converters is selected with fow max = 72kHz based on (6.53).
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6.5 EMI Input Filter

6.5.1 EMI Standards

In this work EMC standards, that are published by the International
Special Committee on Radio Interference CISPR, are considered, which
have also been adopted by the IEC. The most important documents
are the CISPR 11, the CISPR 16, and the CISPR 22 standard. The
CISPR 11 standard defines the disturbance voltage limits for Conducted
Emissions (CE), the CISPR 16 the measurement equipment and setups,
and the CISPR 22 the measurement data processing.

The emissions limits for drive systems, investigated in this thesis, are
typically defined in the product specific standard EN 61800-3. As shown
in [300], this standard comprises two different sets of disturbance limits
for industrial drives. The limits are identical to CISPR 11 Class B,
whereas the second limits depend on the branch of industry and on the
agreement among manufacturers. This second set of limits often leads to
a relaxation of the allowable disturbance levels compared to the ones of
the CISPR 11 Class A. Consequently, in practice the disturbance limits
defined in CISPR 11 are also valid for ac drive systems and thus can be
applied for the EMI filter design of ac-ac converter systems.

According to CISPR 11, Group 1 contains all Industrial, Scientific,
and Medical (ISM) equipment and appliance in which there is intention-
ally generated and /or used conductively coupled radio-frequency energy
which is necessary for the functioning of the equipment.

Frequency Class A (dB/uV) Class B (dB/uV)
(MHz) Quasi-peak Average Quasi-peak  Average
0.15...0.5 79 66 66 ...56% 06 ...46°
0.5...5 73 60 56 46
5...30 73 60 60 50

@Linearly decreasing with logarithm of frequency

Tab. 6.8: Mains terminal (conducted emission) disturbance voltage
limits for Class A and Class B Group 1 ISM equipment according to
CISPR 11 (fourth edition, 2003-03).
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Class A refers to equipment suitable for use in all establishments other
than domestic and those directly connected to a low-voltage mains sup-
ply which supplies buildings used for domestic purposes. Consequently,
Class A equipment is intended for use in an industrial environment.
Class B equipment is equipment suitable for use in domestic establish-
ments and in establishments directly connected to a low-voltage mains
supply which supplies buildings for domestic purposes. The considered
Class A and Class B disturbance voltage limits for the conducted emis-
sion are summarized in Tab. 6.8. A detailed description of the different
EMC standards, the measurement data processing, and the required
measurement equipment can be found in [300] (Chap. 1 and Chap. 2).

It should be noted that in this work only the CE disturbance levels

within the frequency range of 150 kHz to 30 MHz are considered, which
is defined by the EMC standards.

6.5.2 EMI Input Filter Design

Impact Factors

The EMI input filter design is a multi-dimensional design problem. The
main factors impacting the filter design in dependency of the frequency
are depicted in Fig. 6.9.

The input filter should allow for a highly efficient power transfer at
the mains frequency with a minimal voltage-to-current phase lag and
meet the specified CE EMI and power quality standards. Additionally,
in order to avoid oscillations that could occur at resonance (corner)
frequencies of the input filter above the converter input current control
bandwidth and/or around the switching frequency, passive damping has
to be provided. In the frequency range of the input current control
bandwidth, filter resonances should be avoided. If this is not possible,
active damping concepts have to be implemented. An overview of active
damping strategies for input filters is provided in [301].

Filter Topology

Fig. 6.10 shows the corner frequencies for a one-, two-, and three-stage
LC EMI input filter, providing all an attenuation of 100dB at 150 kHz.
Thereby, it is assumed that the corner frequencies of the two-stage fil-
ter (f.2) and the three-stage filter (f.3) are each identical. Regarding
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Power transfer

Conducted EMI

Power quality

f«w (passive damping)

Current control bandwidth

-
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Fig. 6.9: Main impact factors on the EMI input filter design in depen-
dence of the frequency with increasing priority on the ordinate.

the resulting filter volume the three-stage filter leads to the most com-
pact filter solution, which can be immediately seen by considering the
attenuation Attrc 1 of a single LC filter (single-stage filter).

2
o 20 - g (‘”‘*1) (6.56)

AttLC’l(w) =20 - lg ( w

1
Wel] = ———
T OL
2

As can be seen in (6.56), the filter attenuation is proportional to w™*.
Correspondingly, for a three-stage LC filter with identical corner fre-
quencies, the filter attenuation is proportional to w™°. The product of
C' and L of the three-stage filter is smaller compared to that of the
single-stage filter for an equal filter attenuation

ot
11 —w?CL|

CL|3—stage =V CL’l—stage (657)

and thus enables a more compact implementation. However, under the
assumption of equal (or similar) corner frequencies of all filter stages,
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Fig. 6.10: Corner frequencies f.; of a one-, two-, and three-stage LC
input filter to obtain an attenuation of 100dB at 150 kHz, assuming
identical corner frequencies for the two- and three-stage filter each.

the disadvantage of a three-stage filter is that no attenuation can be
provided in the lower frequency range which is relevant for power qual-
ity (cf. Fig. 6.10). This means that the specified power quality standards
together with the selected switching frequency f leads to a limitation
of the number of input filter stages and additionally defines the selec-
tion of the individual corner frequencies. The gray shaded triangle in
Fig. 6.10 represents the available optimization area for the EMI input
filter design with respect to power quality and input impedance require-
ments for a maximum number of three LC filter stages. (Example: For a
MC with a switching frequency above 100 kHz and a maximum electri-
cal output frequency of 2kHz, it is assumed that load variations occur
at 1 kHz. These periodic load variations are transfered to the converter
input and impair the input current quality if the corner frequencies of
the input filter are selected above 1 kHz.)

Although different advanced filtering concepts have been presented
for ac-ac converters, as for instance in [302] for the CMC, in this com-
parison a conventional multi-stage LC filter topology is applied, in order
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to establish comparability with commercial EMI filters. The considered
filter topology is presented in Fig. 6.11. Cpy,1 corresponds to the input
filter capacitors CF inp of the CSBBC, CMC, or IMC. The boost induc-
tors L of the VSBBC (not shown here) are connected to the terminals
a1, b1, and c; and represent the DM filtering inductors Lpy,; of the
input filter. The protection devices (e.g. varistors) are not shown. This
consideration simplifies the modeling of the DM and CM noise sources.
The corner frequencies of the individual filter stages are selected differ-
ently. Only the last capacitor stage (Cpwm.1) is equipped with bleeding
(discharging) resistors Ry,.

The main attenuation is provided with the first two DM and CM
stages. The third capacitor stage Cpy,3 together with the (DM) leakage
inductance Lo, 2,1k of Lo,z is utilized to suppress the HF-noise above
5MHz and thus hardly contributes to the overall volume. If possible
Lpn,2 is implemented with the leakage inductance Lo, 1,1k of Lo 1.

6.5.3 Filter Design Procedure

Main Steps

The first step in the filter design is to investigate the parameter varia-
tions of the passive components. The Ay -value respectively the perme-
ability of the considered High Flux HF 60 DM inductor material varies
within £8%. For the Vitroperm 500 F material, which is utilized for
the CM inductors, a permeability variation of +45%/—25% is specified.
The variation of the capacitance for the considered polypropylene foil
capacitor technologies is limited to +10%. These parameter variations
provide a natural physical limitation for the optimization and minimiza-
tion of passive components in general and particularly for EMI input
filters.

In the following, the specified nominal values are adopted for the
calculation models, whereas the component variations are utilized to
determine the minimal design margin of the filter attenuation. Thus,
for the DM filter attenuation, a minimal margin of +3.3dB and for
the CM filter attenuation a minimal margin of 4+6.8dB is required.
An additional safety margin of 3dB is added in this comparison. The
resulting filter design margins is set to 6 dB for the DM attenuation
and 10dB for the CM attenuation. The actual difference of the noise
spectrum of the individual converter topologies has a minor impact on
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Fig. 6.11: Considered multi-stage input EMI filter topology.
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the resulting filter size due to the variation of the filter component
parameters. Assuming a difference of the DM noise level of 50% just
corresponds to the DM filter design margin.

Lemp i Lpnog Ly 2 Ly= LDM 1
1 [=T"1
UpIsN l Rpmad l Upm
ZLISI\T Com TCDM 2 Cpwm, 1T

Uewm,12

ULisN l Zyisn/3

11
ICCM,Z ICCM,I

(@) ~

Lema i LDM 2 Loma
[T 1= 1
ULIsN l Rpn2d Ipm
LISI\T Cowms T DM.2 Com 1T

Ucm,12
Lo Lew,y Lpc/4 —_—
1
ULISN l Ziisn/3 Zyvom
Iccm ICM
Lemak Lpmaa  Lomp

- 1=1"1
Ursn l Rom 2d ipm
ZLIST\T CDM3 TCDMz ,1T

Ucm,12
Lemn Ley, —_—
11
ULisN l Zisn/3 Zyom
ICCM,Z Con,

() ~

Fig. 6.12: Simplified DM and CM equivalent circuits for (a) the VS-
BBC, (b) the CSBBC, and (c) the MC (CMC or IMC).
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The next step is to design the input capacitors CF inp and boost induc-
tors Ly according to the ripple, control performance, and energy based
criteria defined in Sec. 6.3. Therewith, all three converter topologies
are operational, and the required filter attenuation can be calculated.
The filters are designed for nominal converter operation to meet the
CISPR 11 Class A or B Quasi-Peak (QP) level for conducted emission
(cf. Tab. 6.8). The required simplified DM and CM equivalent circuits
are depicted in Fig. 6.12. The dc-link inductance Lpc of the CSBBC is
equally split between the positive and the negative dc-bus, leading to a
resulting dc-link CM inductance of Lp¢/4.

The resulting DM and CM noise sources ipm, Upm, and ucn, 12 are an-
alytically calculated with the modulation functions derived in Sec. 3.1.
ucwM, 12 represents the resulting equivalent CM voltage between the con-
verter input and output and may be calculated to

Ula,0 - Ulb,0 + Ulc,0  U2A,0 T U2B,0 + U2C,0
3 3

U1a,05 Uib,0, a0d u1c,0 are the voltages between the connecting nodes of
the input phases to the bridge-legs of the input stage and ground (cf.
Fig. 3.16). Correspondingly, usa o, u2B,0, and usc,o indicate the voltage
between the connecting nodes of the output phases to the bridge-legs of
the output stage and ground. The CM voltages at the converter input
and output are actually calculated relative to the voltage midpoint of
the converter. However, when the difference between these CM voltages
is formed to determine ucn, 12, the midpoint voltage cancels, and ucw, 12
can be directly calculated with reference to ground according to (6.58).

UCM,12 = (6.58)

The actual filter design is performed with a custom developed, au-
tomated filter design software, implemented in MATLAB, that incor-
porates the filter transfer function, the second-order equivalents of the
passive components, and models of the whole CE measurement setup. A
detailed description of the CE measurement chain can be found in [300]
and is not repeated here for the sake of brevity. It consists of the fol-
lowing main components:

e the Line Impedance Stabilizing Network (LISN)
e the test receiver,
e the power converter (DUT), which is supplied from the LISN, and

e the load (motor).
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In this case the LISN for the required three-phase converter is imple-
mented with three single-phase LISNs. The DM impedance of each of
the considered 50 €2/50 pH LISNs is given by

2 .
w?CrisNnLrisn Rierm — JwLiisN
w2CLisnCrisny — 1 — jwCLisn Rierm

ZLISN = (6-59)

CLISN = 250nF LLISN = 50nH Rterm =50 Q

Correspondingly, the three-phase CM impedance of the LISN can be
determined by paralleling the three LISNs.

For the DM filter design, the impact of the load is marginal and is ne-
glected. However, for the CM filter design, a second-order equivalent of
the CM impedance Zy; o\ g of the motor load is used. The impedance
is parameterized based on measurement results of a PMSM (LST-series,
LTi Drives) including a 3 m long motor cable.

1
J2mCym oM HF

Zn,eMHF = + j2n fLm,omur + Rvempr  (6.60)

CM,CM,HF =2nF LM,CM,HF =435 nH RM,CM,HF =21 Q

The impedance parameters are valid within the frequency range of
100 kHz to 8 MHz, which is required for the high-frequency CM filter
design. In order to ensure that the CM inductors do not saturate in the
frequency range of the electrical input and output frequency of the con-
verter, a low-frequency equivalent CM impedance of the load Zy; o\ 1r
is required. For the considered load setup, it is given by

1

J2mCm, oM LF

Z\, oM LF R + Rwm,om,LF - (6.61)

Cv,em,Lr = 60nF  Ryomur = 0.4Q

The parasitic capacitance to the heat sink (grounded) per unit area
(cm?) of the considered semiconductor module assembly can be ap-
proximated by

pF
cm?

Cim pe ~ 20 (6.62)
By comparing the load impedance data of Zy; oy pr and Zy om e
with Cpy; pg justifies the omission of this capacitance in the derived
DM and CM equivalents in Fig. 6.12.
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The DM noise of the CMC and IMC are identical for the considered
modulation schemes, and the CM noise spectrum mainly differs in the
low-frequency range at multiples of the input and output frequencies.
Thus, it is sufficient to consider the EMI filter requirements for MCs in
general.

Filter Volume Optimization

The remaining question is on how to optimally design the individual
filter stages in order to obtain a compact EMI filter. The degrees-of-
freedom for the CM filter design are restricted due to the limitation
of the maximum Y2 capacitance (cf. Sec. 6.1.1). Thus, for all converter
topologies the same inductor is utilized for Lcn, 1, and a total CM capac-
itance of 40 nF is implemented. The difference in the required CM atten-
uation is compensated with the second inductor Lcy2. Consequently,
the overall filter volume can mainly be minimized by an adequate design
of the DM filter stages with regard to the volumetric scaling factors of
the capacitors and inductors. The basic principle can be best explained
by considering the corner frequency f.pwm of a single LC filter stage
(e.g. CDM’2 and LDM,Z in Fig. 611)

1
oo = e VeT

The lower the corner frequency, the higher is the filter attenuation. The
linkage between the total filter volume Vot and the attenuation can
be established by expressing the capacitance and inductance value as a
function of the component volume.

(6.63)

Vi
C=— L=—1 WVLCZW—’L (6.64)

YW,C YV,L ’ YW,C

By substituting C' and L in (6.63) with (6.64), the corner frequency is
then given by

fepM =
¢ 9 Ve WL 27‘(’ VE tot — Ve
’Yv c

Yv,C TV,LC
= : : . 6.65
2 \/VC( ( )
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Fig. 6.13: Corner frequency f. of an LC filter for different partitioning
of the total allowable filter volume of 100 cm?® between capacitors and
inductors.

fc.pMm 1s minimum and thus the attenuation is maximum for

VF,tot
5 .

VC,opt - VL,opt - (666)

In other words, independent of the volumetric scaling vy 1,c between the
capacitors and inductors, the maximum attenuation of a single LC' filter
stage at a minimal filter volume is achieved if one half of the total filter
volume is utilized for the capacitors and the other half for the inductors.
The absolute value of the filter attenuation evidently varies depending
on v Lc, however, the criterion of optimality remains invariant. This
is a well-known result of the optimization problem, where the product
of two factors (in this case Vo /yv.c - Vi./7yv,1) is maximized under the
constraint that the sum of the two factors is limited (Vi tor = Vo + V1).
This optimization approach was suggested in [298] for optimizing the
drive train of an electric vehicle. The same design guideline can also be
applied for maximizing the attenuation and minimizing the weight of
an LC filter stage. In Fig. 6.13, the resulting corner frequency is plotted
versus the partitioning of the capacitor and inductor volume for different
scaling factors between the inductor volume and its inductance and the
volumetric scaling of capacitors provided in (6.2). The minimum of the
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corner frequency is flat and always occurs at Vo = Vi, = Vi tot/2, as
shown in Fig. 6.13.

It is important to note that the above design guidelines are not suf-
ficient for an optimal filter design. The implemented filter design algo-
rithm additionally ensures that

e the filter resonances do neither occur at the switching frequency
nor at the beginning of the EMI measurement range at 150 kHz,

e passive damping according to [303| is provided for the resonances
above the current control bandwidth of the converter,

e the output impedance of the filter is minimized (i.e. in a multi-
stage filter the higher the value of a DM capacitor stage is, the
closer it is placed at the converter input terminals),

e the lifetime based loading limits of the passive components (cf.
Sec. 6.1.1) are fulfilled,

e the total reactive power of the filter including the input capacitors
(Cr) is below 15% of the nominal converter output power, and

e a nominal efficiency of the EMI input filter of at least 99.6% is
achieved.

Special attention is directed to the sizing of the input filter capaci-
tors CF inp of the MC in order to fulfill the requirements for the input
power factor. For that purpose, in the above filter design algorithm the
total reactive power of the input filter is limited to 15% of the nomi-
nal converter output power Ps nom. With reference to (3.98) the desired
maximum voltage-to-current displacement angle ®7 ;.. at the input of
the MC can be varied for a practical implementation within —25° to
25° in order to limit the reduction of the output voltage to 90% of the
maximum output voltage. This design guideline enables to provide unity
input power factor down to a minimum output power P> ¢, =1, min 0f one

third of the nominal output power.

0.15 P2,n0m77
tan (<I>*

1,max)

P3¢, =1,min = ~03l-Poyom 1 =9% (6.67)
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6.5.4 Limitations of the Suggested EMI Modeling

It is important to briefly discuss the limitations of the considered EMI
modeling approach. The applied filter design algorithm uses second-
order equivalents of the passive components (cf. (6.14) and (6.29)).
However, the resulting filter impedance within the EMI measurement
frequency range from 150 kHz to 30 MHz is not only determined by the
first-order approximation of the filter components, but obviously also de-
pends on the PCB layout (parasitics) and the radiated electromagnetic
coupling between the individual components, as shown in Fig. 6.14.

If the simulated CE noise levels of the implemented hardware pro-
totypes are compared with the EMI measurement results, deviations
between the predicted (simulated) and measured noise levels are typ-
ically observed for frequencies above several MHz [304]. One reason
is that in this frequency range the interaction of the filter compo-
nents with the PCB parasitics start having an impact on the resulting
filter impedances. By inspection of the implemented filter PCB lay-
outs, it is found that the maximum parasitic board capacitances are
limited to Cpcp max =~ 50pF. The parasitic capacitance between the

A

Power Transfer

T

Specified component values

Component parasitics

PCB layout

Impact on Filter Impedance

Radiated EM coupling

-

10 100 1k 10k 100k IM 10OM  100M
Frequency (Hz)

Fig. 6.14: Main impact factors on the input filter impedance in depen-
dence of the frequency with increasing priority on the ordinate.
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individual copper layers of a standard 4-layer PCB are compiled in
Tab. 6.9. The maximum DM filter inductance utilized in the hardware
prototypes equals to 127 pH. Assuming a maximum DM inductance of
Loy max = 130 pH, the resulting corner (resonance) frequency can be
calculated to

1
fepcs = ~ 1.97MHz . (6.68)

2m \/CPCB,max LDM,maX

This simple calculation provides an explanation why deviations from the
ideal filter behavior start to occur in the lower MHz range. Additional
factors impacting the resulting input filter performance are identified
with the EMI measurements performed in Sec. 6.5.5. Nevertheless, the
suggested EMI modeling and input filter design procedure is sufficiently
accurate to design an input filter that meets the EMI standards (cf.
Sec. 6.5.5) and to determine the filter volume, since for the considered
switching frequency range, the maximum filter attenuation is required
between 150 kHz and 200 kHz, where the suggested EMI modeling pro-
cedure provides accurate results.

6.5.5 Experimental Results

To conclude with, practical evidence is provided to verify the suggested
EMI modeling and input filter design procedure by a characteristic set
of CE noise measurement. The measurements are exemplary shown for
the RB IMC prototype (cf. Sec. A.2) with SiC JBS freewheeling diodes
in the output stage. The input stage of the converter is switched with
12.5kHz and the output stage with 25kHz. Based on the suggested

PCB Layers Capacitance per cm?
Layer 1 to layer 4 ~ 2 pF
Layer 1 to layer 3 ~ 4 pF
Layer 2 to layer 4 ~ 4 pF
Layer to layer ~ 8 pF

Tab. 6.9: Parasitic PCB capacitances per cm? in a standard 4-layer

PCB (FR4, e, = 4.5) with a total thickness of 1.6 mm and a copper
layer thickness of 35 pum.
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design procedure, the input filter is dimensioned to meet the CISPR 11
Class A QP noise level. The maximum attenuation has to be provided
at 150kHz at six times the switching frequency of the output stage.
The component parameters of the implemented EMI input filter are
summarized in Tab. 6.10.

The developed laboratory converter prototypes are not implemented
with an enclosure to enable simple access to the hardware for testing.
However, when EMI is experimentally investigated, the enclosure has a
significant impact on the measurement results, not only for the radiated
emissions but also for conducted emissions, since, for instance, the re-
sulting impedance of the ground path on the filter PCB can typically be
reduced by utilizing an enclosure and thus the CM filtering performance
can be improved. For this reason, the RB IMC is installed in a metal
enclosure (cf. Sec. B.2) for measuring EMI. Both the enclosure and the
heat sink of the converter are grounded (connected to PE).

Component  Value Description
Cbm,1 10pF, ac|| MKP, Icel
33nF X7R, X2 Murata
CpmMm, 1/ 2 x 10nF X7R, X2, Murata
CbM,2 2.2 uF MKP, X2, Epcos
CpwM,3 2 x 33nF X7R, X2, Murata
Lpwma 18.?3,LLH High Flux 60, Magnetics
at [y =13 A 58378, 18 turns, dy, = 1.2mm
Lpn, 14 24.% uH High Flux 60, Magnetics
at [y = 13 A 58378, 22 turns, dy, = 1.2mm
Com i 3 x 4.7nF XT7R, Y2, Murata
Cowm,2 2 x 4.7nF XT7R, Y2, Murata
| Zem i 460 Q2 Vitroperm 500 F, VAC
W380, 3 x 7 turns, dy, = 1.2mm
| Zcm 2| 198 ) Vitroperm 500 F, VAC

W523, 3 x 8 turns, dy, = 1.2 mm

Tab. 6.10: Parameters of the implemented EMI input filter for the
RB IMC at 150 kHz.
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The measurements are performed for motor operation at the nomi-
nal line-to-line input voltage of 3 x 400V at 50 Hz with a three-phase
50€2/50 uH LISN and a three-phase DM /CM noise separator [300]. The
RB IMC supplies an IM (HAC-145, cf. Sec. B.1). The load for the IM
is provided by a PMSM (LST-127, cf. Sec. B.1), which is connected
to a three-phase resistor. Another power converter is deliberately not
utilized for loading the IM in order to avoid any electromagnetic inter-
action with the RB IMC. A standard unshielded five-wire supply cable
and a shielded motor cable, both with a length of 3m, are utilized for
the cabling.

The provided CE measurements can be subdivided into (maximum)
Peak (PK) and Quasi-Peak (QP) measurements. Compared with the
QP measurements, the PK measurements are considerably faster and
are utilized to identify the sensitivities of various modifications on the
drive system setup. The final CE measurements to verify the suggested
EMI modeling and filter design procedure are performed with the QP
detector. Measurements with the PK detector typically lead to noise
levels that are 6 dB to 10 dB above the QP noise levels.

ABmW 120 1l MH=x 10 MH=

11D

£
2 FE

VIZW

Class A, QP

R;w{_ N not connected to PE | Al ?%m I A

&

N connected to PE

1o

120 kH=z 30 MH=x

Fig. 6.15: PK CE measurements of the total noise when the neutral
conductor (N) is connected and not connected to PE at the mains supply
connector terminals of the converter enclosure.
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Fig. 6.16: PK CE measurements of the total noise with a removed
enclosure lid and a removed front wall and with a removed lid only.
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Fig. 6.17: PK CE measurements of the total noise with a removed
enclosure lid and with a closed enclosure.
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Fig. 6.18: QP CE measurements with a three-phase noise separator,
showing the DM, the CM, and the total noise and the dominant par-
asitics depending on the frequency. The red circle indicates the total
noise level at the design relevant frequency of 150 kHz.

The neutral conductor (N) of the standard five-wire supply cable is
not required for the IMC. Fig. 6.15 presents the impact on the CE
noise level when unused conductors of the supply cable are not properly
connected to PE. The two measurements show the difference in the
resulting noise when N is only connected to PE at the LISN and is kept
floating at the converter enclosure terminals, and when it is connected
to PE at the LISN and at the enclosure terminals. As can be seen from
the measurement results, when the unused neutral conductor of the
supply cable is on both ends of the supply cable connected to PE, the
noise level can be reduced by up to 7dB between 1 MHz and 2 MHz. In
Fig. 6.16 and Fig. 6.17, the lid and the front wall of the enclosure are
removed separately to investigate the impact on the CE noise level. The
measurement results support the initial assumptions. The maximum
noise reduction, obtained with a fully closed enclosure compared to a
enclosure with removed lid and front wall, equals to 8 dB at 5 MHz.

Ultimately, in Fig. 6.18, the QP measurement results are presented
in order to verify the suggested filter design procedure. These measure-
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LeCraoy

KRR %(i'ms./cﬁv

Fig. 6.19: Input and output current waveforms of the RB IMC at an
input phase-to-phase voltage of 3 x 400V for a load step from 300 W
to 3kW. i,: current of the input phase a, 5A/div; ia: current of the
output phase A, 5 A /div.

ments are performed at a converter output power of 3 kW, which is given
by the thermal loading limits of the IM for steady-state operation. This
means that the resulting DM noise level is 8 dB lower than at nomi-
nal output power of 6 kW of the RB IMC (6dB for the factor two in
power and 2 dB for the lower apparent DM inductance due to the higher
currents). As can be seen from the QP noise measurement curves, the
RB IMC meets the Class A QP limits over the whole frequency range as
desired, even for an increase of the total noise at nominal output power
by 8 dB. If the increase of the DM filter inductance due to reduction of
the output power to 3kW is considered in the EMI input filter model,
the resulting noise level (cf. red circle in Fig. 6.18) can be predicted
accurately at the design relevant frequency of 150 kHz. The dominant
noise component at this frequency is DM noise. The deviation between
the calculated and the measured noise level is in between 1dB to 2 dB.

The peak in the DM noise spectrum between 600kHz and 1 MHz
originates from an additional DM capacitor bank Cpy,1» = 20 nF that
was deliberately added between the CM inductor Lcy,; and the DM
inductor Lpw,1 (cf. Fig. 6.11 to locate the actual placement) to visualize



260 Passives and EMI

the impact of possible resonances between DM capacitor stages and the
leakage inductance of CM inductors (Lo, 1,1k = 2.3 pH, measured). The
calculation of the resulting resonance frequency based on Cpy1r and
Lcw i,k leads to

1
2m/Cpm,1r Lom, 1,1k

— 742kHz (6.69)

fres7CDMLCM,1k

and justifies the above assumption. For this reason, in the considered
EMI filter topology, depicted in Fig. 6.11, no capacitors are placed be-
tween the CM and DM inductors.

Fig. 6.19 finally depicts the input and output current waveforms for
a load step from 300 W to 3kW. As can be seen from the measured
waveforms, the input current virtually shows no peaking when the load
step occurs, which is an experimental prove for a well-damped input
filter.

6.6 Summary

The volume, weight, and cost of a power electronic converter system is
significantly determined by the passive components. They are mainly
required to implement locale energy storage and filters and therefore
have also an impact on the dynamic characteristic of the converter.

In this chapter, models of dc-link and EMI filter (suppression) capac-
itors and inductors are derived to design the storage elements and EMI
input filters of the considered ac-ac converter topologies. The polypropy-
lene foil capacitor technology is selected for the filter as well as for the
dc-link capacitors as it offers a good compromise between the capaci-
tance per volume, the stability of capacitance regarding operating pa-
rameters, and the tolerable rms capacitor current. The core materials
are selected to provide good matching between the material properties
and the intended usage of the inductor. For boost and dc-link inductors,
applied at switching frequencies below 20 kHz and for the CM inductors,
amorphous cores are considered, whereas for boost and dc-link induc-
tors for switching frequencies above 20 kHz and for DM filter inductors,
powder cores are selected.

Next, the design guidelines for sizing the main energy storage com-
ponents of the VSBBC, CSBBC, IMC, and CMC are analyzed. The
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control based dimensioning criteria, derived in Chap. 3, for the input
and output filter capacitors, the dc-link capacitors and inductors, and
the boost inductors, are reconsidered and extended with energy and
current ripple or voltage ripple based criteria.

The CE EMI filtering concept is based on a multi-stage DM /CM input
filter that can be used for all four converter topologies. Commencing
from the EMI filter topology, the DM and CM equivalent circuits are
derived, and the key filter design steps are discussed. The CMC and IMC
do not need to be considered separately, due to the selected modulation
schemes and their functional equivalence. The motor load is represented
with an impedance function that includes the motor cable.

Besides the derivation of all design equations, the major contribution
of this chapter is the linkage that is established between the passive
component models, the various design criteria for the main energy stor-
age components, and the actual EMI input filter design. With this ap-
proach, a comprehensive basis for a multi-dimensional filter and passive
component design is provided.

The theoretical findings are substantiated by CE measurements, which
show that the suggested design procedure leads to an input filter design
that meets the desired EMC standard. Various test measurements have
shown that inadequate grounding of non-utilized conductors in supply
cables or the absence of a proper enclosure may lead to a reduction of
the EMI attenuation. The converter enclosure plays an important role in
the grounding concept of the converter system. Only if a low impedance
connection of the EMI input filter to PE is established, the desired fil-
ter attenuation can be achieved, which is of particular importance for
frequencies above 1 MHz.

This fact highlights the importance of efficient and fast simulation
software, which enables to simulate complex electromagnetic structures
such as an ac-ac converter in combination with its metal enclosure.






Chapter 7

Comparative Evaluation
and Conclusions

In this chapter a systematic comparison of the VSBBC, the CSBBC,
the IMC, and the CMC for a 15 kVA drive system with a PMSM is pre-
sented, applying the models, the design equations, and the optimization
concepts derived in the previous chapters. The results of the compari-
son are then used to provide a holistic and unbiased assessment of the
individual ac-ac converter systems and to analyze the achievable per-
formance gain by utilizing SiC JFETs instead of latest generation Si
IGBTs and Si diodes.

This ultimately enables to identify the application areas of the con-
sidered converter topologies and the 1200V SiC JFET technology in
the field of industrial low-voltage drives.

263
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7.1 Methodology of the Comparison

7.1.1 Converter and Drive System Specifications

All four converter systems are designed to operate on a balanced three-
phase 50 Hz mains system with a nominal rms line-to-line voltage of
3x400V for a rated, continuous output power of 15 kVA and to meet the
CISPR 11 Class B EMI standard for conducted emission. The considered
drive system is based on a PMSM to ensure a high electro-mechanical
power /torque density. The resulting current-to-voltage displacement an-
gle at the converter output ®, can hence be assumed with ®5 ~ 0. The
converters are controlled to provide unity power factor at the input, and
the dc-link voltage of the VSBBC is assumed with 700 V. The impact of
the current-to-voltage displacement on the semiconductor losses of the
converter systems is mitigated due to the selected modulation schemes,
as shown in Chap. 4. For the VSBBC, for instance, this means that the

Parameter Value
Electrical ~ Nominal line-to-line voltage 3 x 400V
Mains frequency 50 Hz
Rated output power 15kVA
Nominal output frequency 150 Hz
Switching frequency 8 kHz, 32 kHz,
72kHz
Power factor at the input > 0.99
at rated output power
EMI compliance (CISPR 11) Class B
DC-link voltage (VSBBC) 700V
Thermal  Maximum junction temperature 150°C
Maximum sink temperature 95°C
Maximum ambient temperature 50°C
Nominal ambient temperature 20°C

Tab. 7.1: Main electrical and thermal specifications of the converter

systems.
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semiconductor switching losses remain invariant for the same output
current amplitude, independent on whether a PMSM ($5 ~ 0) or a IM
(P = 7/6) is supplied. However, the highest conduction losses in the
transistors of the output stage of the VSBBC occur at (®2 = 0) for mo-
tor operation. This fact provides another reason besides the argument
with the PMSM why ®5 = 0 is a reasonable choice for a comparative
evaluation.

In order to enable a fair comparison, the rated voltages of the PMSMs
are matched to the corresponding output voltage ranges of the VSBBC,
CSBBC, and MC such that at 90% of the maximum output voltage of
the individual converters and at an equal electrical output frequency of
150 Hz, all drives deliver the same nominal shaft power. This operating
point is defined as the nominal operating point for motor and generator
operation (cf. Fig. 4.1, OP1 and OP5). For nominal motor operation, all
PMSMs absorb a power of 15 kW. The nominal motor voltage is defined
at 90% of the maximum output voltage of each converter to provide
sufficent voltage control margin. The main electrical and thermal spec-
ifications of the converter systems are summarized in Tab. 7.1.

The switching frequencies are considered within a range of 8 kHz to
72 kHz with three selected main values at 8 kHz, 32 kHz, and 72 kHz. The
switching frequency of the input and output stage of the VSBBC and
CSBBC is identical. In the case of the IMC, the specified frequency refers
to the switching frequency of the output stage. Although the switching
frequency of the input stage of the IMC is half the switching frequency
of the input stage of the VSBBC and the CSBBC, a fair comparison
with the other topologies is still enabled: Firstly, no switching losses are
generated in the input stage of the IMC. Secondly, the input current of
the IMC contains the spectral components of the switching frequency of
the input and the output stage. This leads, with respect to the effective
frequency components at the converter input, to similar conditions for
the design of the input capacitors of the IMC as for the input capacitors
of the CSBBC and CMC or the boost inductors of the VSBBC.

7.1.2 Converter Design Approach

The performed multi-domain ac-ac converter design and optimization
approach is visualized in Fig. 7.1 and can be compared with a “trickle-
down” design flow. It consists of two main design and parameter adapta-
tion loops: one for the semiconductors and cooling system and the other
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for the passive components and EMI input filter. The converter design
outputs can be subdivided into electrical and mechanical converter prop-
erties, which can be subsequently used for custom post-processing.

Drive System

Specs
Operating
Points
Converter
Topology
Modulation
1— --------------------- bl
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Fig. 7.1: Suggested converter design approach. The iterative de-
sign/optimization feedback paths are marked with dashed arrows.
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7.2 Transistor Performance Maps

7.2.1 Description of Concept

Prior to performing the actual semiconductor design, a pre-evaluation
of possible Si and SiC semiconductor devices is presented, in order to
provide a better understanding of their characteristic properties. For
that purpose, the concept of transistor performance maps is introduced.

With the possibility provided by the models of the SAC2 to deter-
mine the thermal impedance between the junction and the heat sink as
a function of the chip area, the relation between the electrical and ther-
mal properties of a semiconductor chip is mathematically described for
stationary and transient operating conditions. This allows a refinement
of the initial semiconductor assessment performed in Sec. 2.5 by apply-
ing the algorithm of the SAC2 to generate various performance maps
for the analyzed Si IGBT4 and normally-on SiC JFET technology. For
that purpose, a bridge-leg in a buck-type arrangement, according to
Fig. 7.2, is considered, which is a typical semiconductor configuration
of VSIs. The switches S; and S represent the power transistors to
be investigated. In the case of the IGBT with a discrete anti-parallel
(freewheeling diodes), the diodes are implemented for instance with Si
EmCon4 diode chips, whereby the chip area is selected such that the
junction temperature of the diodes does not exceed the maximum junc-
tion temperature specified for the IGBT. In the case of the JFET, the

5\ ¥

Une | (=)
S\ \':}L }DUT D Jioad

Fig. 7.2: Circuit used to determine the performance maps of the IGBT
and the JFET. The transistor S; is the Device Under Test (DUT). The
devices on gray backgrounds conduct current for Ijo.q > 0.
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anti-parallel diodes are an integral element of the chip and thus cannot
be selected independently of the chip area of the JFET.

The power device performance maps are generated for the following
operating conditions. The high-side switch S5 is kept turned off, whereas
the low-side switch S is operated at a given switching frequency fs, and
a duty cycle D within the interval D = (0...100)%. The minimum and
maximum duty cycle Dy, and Dy,.x are selected such that a switching
of the transistors still occurs. The load current I,,q may be varied
within the interval lioaqa = [0...Jioad,max]- The resulting average and
rms transistor currents are given by

IS,avg = DIload (71)
IS,rms - \/Blload . (72)

This basically corresponds to the operating range of a bridge-leg of a
pulse-width modulated VSI within an electrical half-period of the out-
put. A dc-link voltage Upc of 600V is selected as this voltage level
equals to the average switched voltage of all the considered ac-ac con-
verter topologies. It is further assumed that the semiconductor chips
are integrated in a semiconductor module as specified in Fig. 5.2. All
additional quantities and relations are adopted from the models and
definitions presented in the previous chapters.

7.2.2 Load Current versus Duty Cycle

The performance maps in Fig. 7.3 to Fig. 7.4 compare the maximum
load current of the IGBT4 and the JFET technology as function of the
duty cycle and the switching frequency at a heat sink temperature of
90°C and 120°C, and a junction temperature of 175°C for a predefined
chip area. These comparisons allow the visualization of the impact of the
conduction and switching losses on the device performance for given op-
erating conditions. In accordance to Sec. 2.5, an active transistor chip
area of 24 mm? is selected, which corresponds to a total chip area of
35mm?. The maximum load current of 35 A at the maximum duty cy-
cle is determined based on the maximum current density specified for
the transistor chips. The gray areas in the figures highlight the differ-
ence of the load current between the JFET and the IGBT for the lowest
switching frequency, at which the JFET chip allows for a higher load
current over the whole duty cycle range than the IGBT. This frequency
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Fig. 7.3: Load current Ij,,q versus duty cycle D such that Ty = 175°C
for Achip,act = 24 mm?, Ts = 90°C, and Upc = 600 V. The gray shaded
area shows the difference in current for the minimum switching fre-
quency of 8.7 kHZ, where Iload'JFET > Iload‘IGBT4VD = (O “e 100)%
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Fig. 7.4: Load current Ij,,q versus duty cycle D such that Ty = 175°C
for Achip,act = 24 mm?, Ts = 120°C, and Upc = 600 V. The gray shaded

area shows the difference in current for the minimum switching fre-
quency of 5.8 kHZ, where Iload'JFET 2 Iload‘IGBTALVD = (0 NN 100)%
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Fig. 7.5: Load current I,,q versus duty cycle D for the IGBT4 and
HS3 IGBT technology such that Tj = 175°C for Achipact = 24 mm?
TS = 9000, and UDC =600 V.

limit occurs between 6 kHz and 9 kHz for the two considered tempera-
ture differences between junction and sink of 55 K and 85 K.

In order to complete the picture of the Si IGBT technology, Fig. 7.5 fi-
nally presents a comparison between the considered T&FS IGBT4 tech-
nology, optimized for low conduction losses, and the latest generation
High-Speed3 (HS3) IGBT technology, both produced by Infineon. The
loss data of the high-speed IGBTs are adopted from data sheets of dis-
crete components (IKWxxN120H3 series, TO-247 package). At equal
conditions, the HS3 IGBTs have in average 20% higher conduction losses
and 15% lower switching losses compared to the standard IGBT4 de-
vices. As can be seen in Fig. 7.5, for switching frequencies below 10 kHz,
the IGBT4 technology provides better performance over the whole duty
cycle range. Even at 32kHz, the HS3 IGBT outperforms the IGBT4
only by an increase in the load current of 12% at maximum duty cycle.

7.2.3 Chip Area versus Switching Frequency

In order to identify the appropriate switching frequency range of the
different semiconductor technologies, the minimal active chip area re-
quired for given operating conditions is determined as a function of
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Fig. 7.6: Active chip area Acpip act versus switching frequency fgy, for
different junction temperatures Tj; = {125,175}°C at Duyax, licad =
25 A, Ts = 90°C, and Upc = 600V. The gray shaded area represents
the minimal chip area required by the specified current density.
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Fig. 7.7: Active chip area Acpip act versus switching frequency fy, for
different junction temperatures Tj; = {125,175}°C at Duax, licad =
25 A, Ts = 120°C, and Upc = 600V The gray shaded area represents
the minimal chip area required by the specified current density.
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the switching frequency. The load current is selected to be 25 A based
on the results, shown in Fig. 7.3 and Fig. 7.4 for maximum duty cy-
cle. (For comparison, the peak output current of a 15kVA VSI with a
dc-link voltage of 700V equals to 25 A.) It should be noted that the
specification of the junction temperature, the sink temperature and the
chip area implicitly limit the maximum average losses of the switching
device. The analysis is performed for the selected IGBT4 and EmCon4
diode technology, the SiC JFET technology, and for completeness also
for the HS3 IGBT technology with SiC Schottky freewheeling diodes
(SiC SBD). Thereby, the same average reduction ratio of the IGBT
turn-on losses with SiC Schottky freewheeling diodes compared to Si
diodes of 2.5 is assumed as was experimentally determined in Sec. 2.4.3.
The maximum transistor chip area is limited to 120 mm? as specified
for the semiconductor models.

According to Fig. 7.6 and Fig. 7.7, the following conclusions can be
drawn for the considered operating conditions: For switching frequencies
below 5kHz, the required IGBT chip area is smaller than the JFET
chip area, independent on whether the IGBT4 or the HS3 IGBT with
Si or SiC freewheeling diodes are utilized. This is equivalent to the
statement that for an equal chip area the Si IGBTs lead to lower losses
than the JFETs. Not until for switching frequencies above 15kHz the
resulting JFET chip area is smaller than the IGBT chip area. However,
for HS3 IGBTs with SiC Schottky diodes, a significant reduction of the
transistor chip utilizing SiC JFETs occurs only above 20 kHz.

7.3 Converter System Comparison

7.3.1 Required Semiconductor Chip Area

Based on the results of the previous section, the Si T&FS IGBT4 devices
with Si EmCon4 freewheeling diodes and the SiC JFETs are selected for
the comparative evaluation of the VSCBBC, the CSBBC, the IMC, and
the CMC. The Si IGBT4 technologies provides superior performance
for switching frequencies below 10kHz and the SiC JFET technology
for switching frequencies above 20 kHz.

In order to provide a common basis for investigating the semiconduc-
tor requirements of the considered converter topologies, the suggested
SAC2 (cf. Chap. 5) is applied. The implemented optimization algorithm
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Fig. 7.8: Required total semiconductor chip area of the four converters
using Si IGBT4 devices and EmCon4 diodes at 8 kHz and 32kHz, to
provide the rated power of 15 kVA for motor (OP1) and generator (OP5)
operation at T max = 150°C.
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Fig. 7.9: Converter semiconductor efficiency versus switching frequency
for Si IGBT4 devices and EmCon4 diodes, evaluated for motor operation
(OP1) and a switching frequency range of 8 kHz to 32 kHz.
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Fig. 7.10: Required total semiconductor chip area of the four converters
using normally-on SiC JFETs at 8 kHz, 32kHz, 72kHz to provide the
rated power of 15kVA for motor (OP1) and generator (OP5) operation
at TJ’maX = 150°C.

100 ‘
i — VSBBC
| —-= CSBBC 1
987 - = IMC
:\5 —_— CMC
> : 1
g R e B I 1
S e |
Y| S ___T_\_\_\
S : y
8 [
02 [ =imimem — S e
90—
0 50 100 150 200

Switching Frequency (kHz)

Fig. 7.11: Converter semiconductor efficiency versus switching fre-
quency for SiC JFETs, evaluated for motor operation (OP1) and a
switching frequency range of 8 kHz to 200 kHz.
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determines the minimum required semiconductor area for the individ-
ual transistor and diode chips of all converters at given operating points
such that the average junction temperatures of the IGBTs and diodes
Ty s/p are equal or less than a predefined maximum value 77 yax-

In this comparison, for all converter topologies the minimum semi-
conductor chip areas are determined to provide the rated output power
of 15kVA at the specified maximum ambient temperature T of 50°C
and at the maximum junction temperature 7’y y,.x of 150°C for nominal
motor and generator operation (cf. Chap. 4, OP1 and OP5). According
to the specification, for an ambient temperature of 50°C the cooling sys-
tem has to designed for an the average heat sink (surface) temperature
Ts of 95°C. The required total semiconductor areas and the resulting
semiconductor converter efficiencies are plotted in Fig. 7.8 to Fig. 7.11.
The resulting thermal operating conditions of the semiconductors with
a temperature difference between junction and sink of 55 K are demand-
ing but still within the specifications of typical semiconductor modules.
However, for an industrial converter design, the junction temperature
specifications would be typically lowered for the same ambient temper-
ature.

The special feature of the considered SiC JFETSs is that the transistor
and diode are integrated in one semiconductor chip, which doubles the
frequency of the thermal loading and typically leads to a smaller junc-
tion temperature ripple. Regarding the converter implementation with
SiC JFETs it is assumed that all semiconductor devices of a converter
topology are implemented with SiC JFETs. This means that for the CS-
BBC the series diodes are also implemented with JFETs. As the JFET
is a unipolar device that can conduct the current in both directions, the
JFET channel is always turned on, when the diode is conducting in or-
der to reduce the on-state conduction losses. The intrinsic body diode,
hence, is primarily used as a commutation diode, which is conducting
during a safety time of 50 ns to 100 ns.

7.3.2 Passive Component Volume

The next step in the comparative evaluation of the four converter sys-
tems is to design the passive components and the EMI input filter to
meet the CISPR 11 Class B EMI standard for conducted emission ac-
cording to the design equations and optimization guidelines presented
in Sec. 3.2 and Chap. 6.
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Fig. 7.12: Required DM and CM filter attenuation for the VSBBC at
a switching frequency of 8 kHz, 32 kHz, and 72 kHz.
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Fig. 7.13: Required DM and CM filter attenuation for the CSBBC at
a switching frequency of 8 kHz, 32 kHz, and 72 kHz.

All DM filter inductors are implemented with HF 60 powder core ma-
terial (overview of core materials for DM inductors, cf. Tab. 6.3). At a
switching frequency of 8 kHz, for the boost and dc-link inductors HF 60
powder core material and amorphous 2605SA1 core material are consid-
ered. At a switching frequency of 32 kHz, the boost and dc-link inductor
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Fig. 7.14: Required DM and CM filter attenuation for the MC at a
switching frequency of 8 kHz, 32 kHz, and 72 kHz.

are implemented with HF 60 and at 72kHz with MPP 60 powder core
material. This material selection provides a reasonable compromise be-
tween the volume and the losses of the inductors. Only one core material
is considered for the CM inductors (cf. Fig. 6.8).

Based on the attenuation requirements, the EMI input filter design is
performed by considering the boundary conditions stated in Sec. 6.5 and
the interdependencies visualized in Fig. 7.2. The impedance parameters
of a typical PMSM including a 3 m long motor cable are adopted from
Sec. 6.5. The required DM and CM input filter attenuation of the VS-
BCC, CSBBC, and MC to meet the specified EMI standard is shown
in Fig. 7.12 to Fig. 7.14 for a switching frequency of 8 kHz, 32 kHz,
and 72kHz. The presented attenuation values refer to the (additional)
attenuation that has to be provided by the input filter without the at-
tenuation that is already given by the boost inductors Ly of the VSBBC
or the input capacitors CF inp of the CSBBC or MC.

The required boxed volume of the passive components of the EMI
input filter components (without the boost inductors of the VSBBC)
is presented in Fig. 7.15. Ultimately, Fig. 7.16 depicts the total boxed
volume of the passive components without the heat sink and pinpoints
the volume reduction when amorphous core material is utilized for the
implementation of the boost and dc-link inductors instead of powder
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Fig. 7.15: Boxed volume of the EMI input filter components at 8 kHz,
32kHz, and 72kHz (without the boost inductors of the VSBBC.)
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Fig. 7.16: Total boxed volume of the passive components at 8 kHz,
32kHz, and 72 kHz. At 8 kHz, the achievable volume reduction is shown
if the boost and dc-link inductors are implemented with 2605SA1 amor-
phous core material instead of HF 60 powder core material.

core material. The disadvantage of the amorphous cores is the high
costs. For this reason, for standard commercial converter systems with
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a switching frequency of 4 kHz to 8 kHz, the boost inductors are typically
manufactured with laminated iron cores.

Parameter VLBBC CSBBC IMC CMC
Output voltage 256V 201V 175V 175V
Output current 19.6 A 24.9 A 28.6 A 28.6 A
Boost inductors 8k 1.9mH — — —
32k  0.5mH — — —
DC-link inductors 8k — 3.7mH — —
32k — 0.9mH — —
DC-link capacitors 8k 102 uF — — —
32k 75 uF — — —
Input capacitors 8k — 35 uF 38 uF 38 uF
32k — 10 uF 10 uF 10 uF
Output capacitors 8k — 34 uF — —
32k — 8.5 uF — —
Si chip area 8k 3.3cm? 4.1cm? 5.6cm? 4.5cm?
32k  4.3cm? 4.8cm? 6.3cm?® 4.7cm?
Total efficiency 8k  95.7% 92.7% 94.7%  94.6%
(Si, OP1/0P5) 32k  94.1% 92.4% 93.9% 93.8%
Passives 8k 4.0dm® 4.7dm® 2.1dm® 2.2dm°
32k 3.9dm® 4.6dm® 2.3dm® 2.3dm*
SiC chip area 8k 2.1cm? 6.0cm? 4.2cm? 3.4cm?
32k 23cm®  6.2cm?  4.3cm®  3.5cm?
Total efficiency 8k  95.6% 91.7%  93.7%  94.5%
(SiC, OP1/0P5) 32k 95.7% 91.1% 93.6% 94.4%
Passives 8k 4.0dm®> 55dm® 24dm® 2.2dm’

32k  3.3dm>® 5.0dm® 2.5dm® 2.3dm?

Tab. 7.2: Converter system design parameter overview for 8 kHz and
32 kHz.
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7.3.3 AC-AC Converter Design Output

The key performance figures and component parameters of the designed
VSBBC, CSBBC, IMC, and CMC based drive systems are compiled in
Tab. 7.2 for a switching frequency of 8 kHz and 32 kHz. In this switching
frequency range, the converters can be implemented with both Si IGBTs
and diodes and SiC JFETs. This enables a direct comparison of the
two different semiconductor technologies. The passive component design
obviously is assumed to be identical for the Si and SiC converters.

In respect of the commonly used argument that with a MC the bulky
dc-link capacitor of a VSBBC can be omitted, the resulting volume of
the dc-link capacitor Cpc of the VSBBC and of the input capacitors
Cr,inp of the MC are briefly compared. With reference to (6.2) and
Tab. 7.2, the dc-link capacitor requires 249 cm® and the three input
capacitors 291 cm?® at a switching frequency of 8kHz. At 32kHz, the
volume of the dc-link capacitor is 185 cm?® and that of the input ca-
pacitors 91 cm?. Thus, at switching frequencies in the range of 10 kHz,
the volume of the dc-link capacitor of the VSBBC and of the three
input capacitors of the MC are similar, if both converter concepts are
implemented according to the presented design guidelines (for minimal
energy storage). Most interestingly, the stored energy in the VSBBC is
approximately eight times higher than in the MC.

7.4 Conclusions

7.4.1 Main Results

For the considered 15 kW drive system with PMSMs, both the CMC as
well as the IMC enable a more compact implementation than the VS-
BBC and the CSBBC. For the selected components and design, the MC
concept allows for a reduction of the total volume of the passive compo-
nents including the heat sink by a factor of 1.5 to 2 in the investigated
switching frequency range of 8 kHz to 72 kHz. This volume reduction is
mainly due to the absence of the boost inductors or dc-link inductors.
The VSBBC and the CSBBC require approximately the same volume
of the passive components. Unfortunately, the higher achievable power
density of MCs is impaired by the lack of desirable, basic converter
properties such as output voltage step-up capability, unconstrained re-
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active input power compensation, simple feedback control of the input
currents, and the possibility for single-phase operation.

The resulting total efficiency at nominal motor or generator operation
of all four converters for the considered worst case at a sink tempera-
ture of 95°C, a junction temperature of 150°C, and for a minimum
semiconductor chip area varies between 91% and 96% for a switching
frequency range of 8 kHz to 32kHz for both implementation variants
with Si and SiC power semiconductors. Regarding the efficiency, the
VSBBC provides the highest efficiency followed by the MC and the
CSBBC. With Si power devices, only for switching frequencies above
30kHz the MC allows for a higher efficiency compared to the VSBBC.
By utilizing SiC JFETSs, the switching frequency of equal semiconductor
losses (efficiency) occurs at 150 kHz.

For the considered chip area minimal semiconductor design and the
switching frequency range of 8 kHz to 32kHz, the all-SiC converters
with SiC JFETs obviously do not lead to a significant increase in the
efficiency, but allow for a reduction of the total required semiconductor
chip area by a factor of 1.5 to 2 compared to the implementation with
the investigated Si power semiconductors, except for the CSBBC. For
the CSBBC, the intrinsic anti-parallel body diode cannot be utilized as
in the VSBBC and MC and thus additional JFET chips are required
for the implementation of the series diodes in the CSBBC.

This chip area reduction at similar electrical converter performance
clearly shows that the investigated 1200V SiC JFETSs are beneficial for
the implementation of low-voltage VSBBCs and MCs. From a finan-
cial point of view, the determined semiconductor chip area reduction
implicitly defines the prize level for commercial SiC power semiconduc-
tors, which should then be not more than a factor of two more expensive
compared to current Si IGBT devices. Currently, this seems to be very
difficult to achieve.

CMC versus IMC

Most of the properties of the CMC and IMC are identical or at least
can be achieved by adequate modulation and control. The major differ-
ence is found in the symmetry of the converter topology of the CMC
compared to the IMC, which inherently leads to an even loading of all
semiconductors of the CMC and thus allows for a lower semiconductor
area than with the IMC. For the considered semiconductor design, the
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IMC always requires a larger chip area compared with the VSBBC and
CMC. It could hence be stated that the simple commutation of the IMC
due to its two-stage structure is achieved at the expense of more power
devices in the current path, which results in a higher semiconductor
effort compared with the CMC.

The CMC should hence be selected for applications, where the con-
duction losses are dominant. For high switching frequency applications,
where advanced (more expensive) semiconductor devices are indispens-
able, the IMC should be considered. Such an advanced IMC could hence
be built with RC-IGBTs in the input stage that are optimized for reso-
nant switching. (e.g. Infineon, IH-series) and thus provide a low forward
voltage drop. The six switches and diodes of the output stage could be
implemented with only six normally-on SiC JFETs (SiCED) as they
provide an integral body diode. The IMC can then be implemented
with 18 chips (similar to a CMC with RB-IGBTs), whereby only 6 SiC
JFETs are required. If the same performance should be achieved with
a CMC, 18 high-speed IGBTs and 18 SiC diodes (36 chips) or 18 SiC
JFETs with body diodes would be required.

7.4.2 MC versus VSBBC Regarding Reliability of
Passive Components

From reliability analysis it is known that inductors have a lower failure
rate compared with capacitors. Depending on the considered capacitor
and inductor technology, the Mean Time Between Failure (MTBF) of
inductors can be up to a factor of 3 to 20 longer compared to capacitors
[305]. From a conceptual point of view, a reliable topology should hence
apply inductors, wherever a high electrical loading occurs as a matter of
principle. Correspondingly, capacitors should be implemented, wherever
the loading is potentially lower or can even be actively influenced.

Thus, the VSBBC provides an advantageous matching between the
intrinsic lifetime of the passive components and their placement in the
circuit topology as inductors (the boost inductors Lg) are utilized at
the input to absorb the switched voltages and therewith the harmonic
power. In the MC topology the corresponding components are capacitors
(the input capacitors Cr inp) that are not only loaded by the switched
load currents but also by the reactive currents at mains frequency,
which leads to a non-negligible reduction of the component lifetime
particularly when operated at aircraft mains input frequency (360 Hz



Conclusions 283

to 800 Hz). By inspection of (6.39) and (6.46), the maximum rms cur-
rent loading per capacitance can be determined. Evaluated, for instance,
for the VSBBC and MC that are designed for 32 kHz, it is found that
the specific current loading of the input capacitors of the MC equals
to 1.7 A/uF, whereas for the dc-link capacitor of the VSBBC it is only
0.7 A/uF. From this perspective it can be stated that with the omis-
sion of the dc-link capacitance in the MC, the lifetime limiting passive
components are not eliminated but shifted to the mains side.

A further inherent advantage of the VSBBC topology is that the
loading of the dc-link capacitors can be minimized by coordinating the
modulation of the input and output stage, which is not possible for the
input capacitors of the MC. Additionally, the dc-link capacitor allows for
a more effective and flexible adjustment of the lifetime, as increasing the
dc-link capacitance does not lead to an increase in the reactive power,
as is the case for the MC, when more input capacitance is installed.

7.4.3 MC versus VSBBC for More Electric Aircraft
Applications

Although the MC is often suggested as an alternative topology for air-
craft application with a variable frequency mains system (360 Hz to
800 Hz), apart from its potential for a compact implementation, the
properties of the MC do not seem to provide an optimal matching with
the stringent requirements of this application area. The high mains fre-
quency and the capacitive input filter result in a high reactive input
power, which can only be compensated under the previously stated re-
strictions and typically at the expense of a (further) reduction of the
output voltage. Moreover, the input capacitors of the MC are not only
loaded by the switched load currents but are simultaneously exposed
to high reactive currents. Additionally, simple feedback control of the
input currents as with the VSBBC, is not possible with the MC. From
this perspective a voltage source based converter system seems to be
the more appropriate solution for an aircraft drive system. This find-
ing is confirmed by the investigation performed in [221], where different
converter topologies have been analyzed regarding their suitability for
a lightweight, aircraft ac-ac converter system.

Regarding system reliability, shifting the capacitor from the dc-link
to the mains input, as is the case for MCs, seems to be disadvantageous
for converter systems operated at a high mains frequency, as the capac-
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itors are not only loaded with the high-frequency block-shape currents
originating from the switching similar to dc-link capacitors, but are ad-
ditionally loaded by the reactive currents at mains frequency. A 10 uF
X2 capacitor, for example, operated at 230V and 800 Hz leads to a re-
active capacitor current of 11.6 A and capacitor losses of approximately
3 W. Therefore, it is not surprising, that the failure rate of a dc-link
capacitor can be lower (if properly designed) than the failure rate of
the input filter of the input filter of a MC, which is shown by reliability
comparison between the VLBBC and the CMC presented in [222].

7.4.4 Converter Application Areas

Due to its multiple intrinsic limitations, the MC does not seem to be
the appropriate topology for a general purpose, flexibly configurable,
bidirectional, low-voltage ac-ac converter. For such requirements, the
VSBBC clearly is the preferred choice. In general, also the CSBBC is
less favorable compared to the VSBBC as it has twice as many semi-
conductor devices in the current path and is more intricate to control
compared to a voltage source converter. Additionally, for power rever-
sal, the polarity of the link voltages needs to be changed. If a reduced
efficiency is tolerably it may be applied for drives, where a sinusoidal
output voltage is required and the space for an additional output filter
is not available.

The MC represents a converter concept that aims at minimizing the
internal energy storage. This key converter system property should be
considered as an assessment criteria on whether the MC matches well
its intended application. This means that for ac-ac converter applica-
tions that require internal energy storage due to high-load dynamics,
single-phase operation capability, extended ride-through capability, or
unconstrained reactive power compensation, the MC does not provide
the most appropriate solution. Another important aspect when consid-
ering the MC as an alternative converter topology is that there should
be a certain degree-of-freedom on the system design level to adapt the
overall drive system to the MC (e.g. back-emf of the machine) in order
to fully exploit its benefits while minimizing the impact of its limita-
tions. A suitable load for a MC can be characterized in general as a load
with a high inertia and low dynamic performance requirements. Such
“MC friendly” loads and operating conditions are found, for instance,
for compressor, fan, or pump drives for 50 Hz / 60 Hz mains application.
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For most of these applications, actually only unidirectional power flow
is required and thus also a unidirectional MC, could be utilized. Under
this restriction a unidirectional IMC, also known as Ultra-Sparse Matrix
Converter (USMC) [94] could be applied. However, the strong competi-
tor of the MC technology in this application area obviously is the VSI
with a B6 diode bridge rectifier (B6-VSI), which is an industrially well
established and reliable converter concept allowing for a high efficiency
between 97% and 98%. Since the B6-VSI enables an input power fac-
tor above 0.9 and evidently also provides compliance to the considered
Class B (CISPR 11) EMI standards, the main advantages of the USMC
compared to the B6-VSI is its potential for reducing the volume of the
passive components and the sinusoidal input currents. However, by uti-
lizing the same semiconductor technology the USMC cannot achieve the
efficiency of the B6-VSI.

In conclusion, in the low-voltage and low-power ac-ac converter seg-
ment, the MC technology seems to be restricted to niche-applications.

7.5 Future Work

7.5.1 Reliability of AC-AC Converter Systems

Reliability is one of the most important performance indices of a power
electronic converter system. In this work, reliability aspects were con-
sidered for the passive component design, particularly for dimensioning
the dc-link and filter capacitors, in order to ensure a predefined mini-
mum lifetime. For future research work, the derived inner converter de-
pendencies could be used to derive reliability models of the considered
ac-ac converter topologies and to investigate the reliability of the power
semiconductors and the semiconductor modules for different converter
systems and operating points.

The modeling of reliability to predict the lifetime of a semiconductor
module, however, is difficult due to a large number of operating condi-
tions, the lack of data when a module fails in the field, the often long
lifetime, and the small production lots compared to other electronic
components. These conditions often hinder the compilation of a statis-
tically relevant failure data base, which is a prerequisite for developing
accurate models for lifetime prediction.
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Traditionally, the main failure modes of power modules are bond wire
lift-off and cracks in the interfacing (solder) layers between the chip
and the DBC or the DBC and the base plate. These thermo-mechanical
failures basically originate from the different thermal expansion of two
materials, leading to mechanical stress at the material boundaries. This
may result in a damage of the material interface and ultimately in a
failure of the semiconductor module.

The aim of the following considerations is to identify quantities, inher-
ently provided by the SAC2, that can be used to assess the reliability of
a converter topology with respect to its semiconductor module. With-
out studying the individual deformation mechanisms such as disloca-
tion glide, dislocation creep, or diffusion creep in detail, all these failure
mechanisms have in common that the deformation energy is provided
by the difference of the loss energy of the semiconductor chip and the
energy dissipated through the cooling system and the surface of the
package (conservation of energy). Ultimately, the instantaneous differ-
ence of the loss energy and the energy dissipated by the cooling system
results in a variation of the junction temperature. This means that the
progression of the junction temperature is related to the failure mech-
anism of a chip in a semiconductor module and can thus be used for
failure rate predictions. Consequently, in many models for predicting
the reliability of semiconductor modules, the junction temperature is
used as an input quantity. A review of models for lifetime prediction of
power modules is presented in [306].

Based on the above considerations, a Failure Prediction Quadruple
(FPQ) is suggested to compare the failure probability respectively the
reliability of the semiconductor modules of the compared ac-ac converter
topologies.

0T}y
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, far, } (7.3)
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The lowest failure rate and therewith highest reliability is expected when
all elements of the FP(Q are minimal. The average junction temperature
Ty models the temperature dependent aging mechanisms and can be
compared with an activation energy. The variation of the junction tem-
perature (junction temperature swing) ATy accounts for the energy dif-
ference involved in a temperature cycle and allows the determination of
the minimal and maximal junction temperature. The average gradient
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of the junction temperature

1/ faT;
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is a measure for the homogeneity of the temperature variation. Finally,
the frequency of the temperature cycle far, considers the time depen-
dency of the failure mechanisms. The advantages of the SAC2 with
respect to the reliability prediction are twofold: Firstly, all quantities
of the FP(Q can be extracted from the calculation and optimization al-
gorithm of the SAC2. Secondly, when the required semiconductor area
of a converter topology is determined for a given operating point, with
the criterion of an equal average junction temperature a common basis
is not only provided for the comparison of the semiconductor areas but
also for the comparison of the failure probability.

It should be noted that the FPQ based failure prediction only provides
a comparative criterion. The sensitivities of the four input quantities on
the total lifetime and the absolute value of lifetime of a semiconduc-
tor module can only be determined with a detailed reliability model,
which needs to be parameterized with statistically significant failure
data. These data sets depend on many parameters such as the module
assembly structure, the packaging technology, the production process,
the quality management, and most importantly the test procedure that
was used to acquire the failure data. Consequently, the main point in fa-
vor of the suggested FPQ based comparative analysis is that it provides
general criteria.

o1,
ot

0T}y

it (7.4)

7.5.2 Stability of AC-AC Converter Systems in
Smart Grids

In a similar manner as in this thesis, a comprehensive stability analy-
sis of three-phase ac-ac converter topologies could be performed in the
emerging field of research on smart grids, where many power electronic
converter systems are expected to interact with each other in future.

The aim of this research would be to investigate on whether a certain
converter concept (e.g. voltage source, current source, or matrix con-
verter) would (inherently) provide significant advantages or disadvan-
tages regarding stability and to identify and quantify stability margins
for different characteristic converter topologies.
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7.5.3 Advanced Control Strategies for MCs

Although a wide variety of control strategies have already been analyzed
for MCs, there are still a few strategies that have been hardly investi-
gated until now. These control strategies, however, might be rather of
academic interest as most of the characteristic limitations of MCs re-
main the same.

One idea is to analyze on whether the motor load of a MC for appli-
cations with low dynamic requirements (e.g. fan or pump drives) could
be used as a dynamic energy storage by magnetizing and demagnetizing
(primarily) the d-axis. This energy might then be used to enhance the
converter stability.

Another option is to try to improve the input current quality of MCs
by feedback control of the input currents and feedforward control of
the output currents at the expense of a reduced output current control
performance. A similar approach is suggested in [307] for the input
current control of a CSR. Such a control strategy is of particular interest
for the USMC in combination with the basic modulation strategy B (cf.
Fig. 3.9), which enables ZVS of the output. The switching frequency of
the input stage is twice the switching frequency of the output (could
theoretically be even more) for this modulation scheme. The input stage
could then even be operated such that the relative turn-on times of the
input stage are updated at the beginning and in the middle of the pulse
period of the output stage (double-up-date mode).
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Hardware Prototypes

A.1 Overview

This section presents the ac-ac converter prototypes implemented within
the scope of this thesis to experimentally verify the analytical converter
models and to investigate the in-system performance of the SiC power
semiconductors. For every hardware prototype, firstly, the motivation
for its implementation is stated, followed by a brief description of the de-
sign, the construction concept, and characteristic measurement results.
The description of a converter prototype is completed with a compila-
tion of its main specifications and key performance figures such as the
measured efficiency and THD, the power density, the power-to-weight
ratio, etc. including an indication of the utilized active semiconductor
chip area.

The measurement quantity to be specified at this point is the input
current THD which is determined in accordance to the IEC 61000 stan-
dards for the first 100 harmonic input current components. For a 50 Hz
mains system, this leads to a THD measurement frequency range from
50 Hz to 5 kHz. The THD is measured with a Norma D6100 power ana-
lyzer and /or by post-processing of high-resolution current measurement
data based on (6.47).

289
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A.2 RB-IGBT Indirect Matrix Converter

Control boards

AC input by . Power board Auxiliary
supply

Filter board

Heat sink

Fig. A.1: Indirect Matrix Converter (RB IMC) prototype, with RB-
IGBTs in the input stage and conventional IGBTs in the output stage.

A.2.1 Motivation

The motivation for the implementation of this hardware prototype is
to provide an universally applicable IMC system and to simultaneously
investigate the performance of RB-IGBTs.

IMCs offer a reduced complexity modulation compared to CMCs as
presented in Chap. 1 and Chap. 3. Indirect MC topologies typically
have more semiconductor devices in the current path than the CMC
topology, which results in higher conduction losses at the nominal oper-
ating point. The availability of RB-IGBTs enables the implementation
of a bidirectional switch, as required for the input stage of the IMC,
by employing only two devices connected in anti-parallel. Thus, the
RB IMC prototype with RB-IGBTs in the input stage and conventional
NPT IGBTs in the output stage does not only allow for a reduction
of the component count of the input stage but also to take advantage
of the lower forward voltage drop of the RB-IGBT compared to a se-
ries connection of a discrete IGBT and diode with equal current and
voltage ratings. However, the switching losses of the utilized RB-IGBTs
(IXRH40N120) can be high due to the non-optimal switching behavior
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with large tail currents [167]. A solution is to apply a ZCS strategy for
the input stage, which is inherently given by the default modulation
scheme (HVSMYV) considered in this work for the IMC. This enables to
benefit from the low on-state characteristics of the RB-IGBTs without
increasing the total losses due to their unfavorable switching behavior
and indicates that the IMC is a well suited topology for the use of RB-

Quantity Value

Nominal input line-to-line voltage 3 x 400V, 50 Hz
Nominal output power 6.2 kW

Output line-to-line voltage 0V...340V
Output frequency OHz...+250Hz
Output current displacement 0°...360°

Input stage switching frequency 12.5kHz

Output stage switching frequency  25kHz
Maximum ambient temperature 55°C

Default modulation scheme HVSVM

EMI compatibility standard

Input stage semiconductors

Output stage semiconductors

Active chip area of the RB-IGBTs
Active chip area of the IGBTs
Active chip area of the diodes
Efficiency at nominal operation

Input current THD
(with a HAC-145 IM at 3.3kW)

Power density
Specific power
Dimensions

Weight

CISPR 11, Class A

1200V, 28 A RB-IGBTs
IXYS, IXRH40N120

1200V, 32 A phase-legs,
IXYS, FII50-12E

464 mm?

144 mm?

72 mm?

94.5%
5.2%

2.5 kW /liter

2.5 kW /kg

260 mm x 120 mm X 80 mm
2.5kg

Tab. A.1: RB IMC specifications summary.
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IGBTs. The specifications of the implemented RB IMC are summarized
in Tab. A.1. Additional information about this converter prototype can
be found in [167].

In the course of this thesis, the RB IMC prototype served as a “work-
horse” for numerous EMI measurements to test the input filter design
methods, for the verification of the semiconductor loss models, and for
the experimental evaluation of different modulation schemes.

A.2.2 Design

The RB IMC hardware, presented in Fig. A.1, consists of three main
parts:

e the power board with the heat sink, which includes the power
semiconductors, the gate drives, the auxiliary power supply, the
current sensors, and parts of the input filter,

e the filter board with parts of the DM input filter and surge pro-
tection, and

e a pluggable stack of control boards that is composed of a, and

— measurement and signal conditioning board,

— a PWM generation board with two interconnected PLDs
(Lattice ISPMach4512V), incorporating different modulation
strategies,

— and a DSP (Analog Devices ADSP-21992) control board, pro-
viding a software link to a computer and hardware monitor-
ing with a scope.

The cooling system is designed based on the calculated semiconduc-
tor losses at nominal output power in order to maintain the maximum
junction temperatures of all power semiconductors below 130°C. The
cooling system comprises three high performance fans (Sanyo Denki,
San Ace 40/28 1U) and a customized aluminum heat sink (180 mm x
120 mm x 43 mm), dimensioned according to [308]. The resulting ther-
mal resistance between the heat sink and the ambient air equals to
Rinsa = 0.07K/W. The three phase-leg modules of the output stage
are placed along the center line of the heat sink as they generate higher
losses than the RB-IGBTs of the input stage that are placed on both
sides of the output stage devices.
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A.2.3 Experimental Results

The switching performance of the RB-IGBTs is investigated using the
measurement circuit, shown in Fig. A.2. It enables to simulate the cur-
rent commutation between two input phases of the IMC. Fig. A.3(a)
and Fig. A.3(b) depict the current and voltage waveforms of the RB-
IGBT S,p, when the load current ir, is commutated from S, to Sy, by
applying ZCS.

The interlock delay time of the input stage of 1.5 us is determined
based on the switching performance measurements of the RB-IGBTs (cf.
Fig. A.3). It is adjusted to minimize the (parasitic) switching losses in
the input stage, generated mainly by the tail currents of the RB-IGBTs.
A further increase of this delay time would not lead to a considerable
reduction of the input stage losses. By lowering the interlock delay of the
input stage, the input current waveforms and therewith also the THD
can be improved. However, the switching losses would then increase
because the time for the remaining charge carriers (causing the tail
current) to recombine, before the next switching action takes place, is
reduced.

Fig. A.4(a) and Fig. A.4(b) present waveforms of the link voltage
u, the current i}, of the input phase b, and the current g of the out-
put phase B. The link voltage features the characteristic shape of the
selected HVSVM scheme. The measurements prove that the designed
IMC is capable of generating sinusoidal input and output currents, and
that the desired matrix converter functionality can be achieved with
RB-IGBTs in the input stage.
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Fig. A.2: Schematic of the switching performance and switching loss
measurement circuit for the RB-IGBTs.
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Fig. A.3: Measured (a) turn-off and (b) turn-on switching waveforms
of the RB-IGBT S,,, when ZCS is applied. The commutation voltage
equals to AU = 200V and the switched load current to ir, = 10 A.

An important aspect of the RB IMC is the commutation between
the RB-IGBTs of the corresponding input phases when the difference
of the two input line-to-line voltage levels applied to the link is zero.
In this case also the resulting commutation voltage equals zero, which
leads to a slow commutation and results in an increased input current
distortion. This occurs six times within a mains period and corresponds
to the contractions in the link voltage pattern (cf. Fig. A.4, label (1)).

In order to evaluate the switching behavior of the RB-IGBTs in the
RB IMC hardware, the switching waveforms are measured for the situa-
tion, where S, is clamped and the link current is commutated between
Sup and S,.. The measurements are performed for the worst case con-
dition, when the RB-IGBTs conduct the maximum output current of
the actual operating point, right before the output stage is switched
to the active state. The resulting switching transients are presented in
Fig. A.5, showing the collector-emitter voltages of the RB-IGBTs Sy},
and Sp.. The achieved switching time is approximately 200 ns.
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Fig. A.4: Link voltage, input phase current, and output phase current
waveforms at Uy = 230V, f; = 50Hz, and fo = 125 Hz. (a) w: link volt-
age, 100V /div; ip: current of the input phase b, 5 A/div. (1) indicates
an example of a slight distortion of the input current that occurs at the
contractions of the dec-link voltage. (b) w: link voltage, 100V /div; ip:
current of the output phase B, 5 A /div.
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Fig. A.5: Link voltage and collector-emitter voltages of the RB-IGBTs
for (a) turn-on of Sy, and turn-off of S,. and (b) turn-off of S, and
turn-on of Sy at U; = 230V and f; = 50 Hz. u: link voltage, 100 V /div;
UcE,snb: collector-emitter voltage of the RB-IGBT S, 100V /div;
UcE,snc: collector-emitter voltage of the RB-IGBT S, 100V /div.
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A.3 Si-SiC Ultra Sparse Matrix Converter

AC input

\ Power board

Ceramic capacitors

Filter board Auxiliary

supply
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Fig. A.6: Si-SiC Ultra Sparse Matrix Converter (Si-SiC USMC) pro-
totype with Si or SiC Schottky freewheeling diodes in the output stage.

A.3.1 Motivation

The USMC is the simplest topology of the family of Indirect Matrix
Converters as it can only provide unidirectional power flow. Similar to
the IMC, also for the USMC the HVSVM modulation scheme is applied,
which enables zero current commutation of the input stage. The main
switching losses are generated in the output stage. The simplified input
stage switch configuration of the USMC topology restricts the maximum
displacement angle between input and output voltages and currents
to £7/6. An active clamp circuit is therefore employed to protect the
converter from experiencing over-voltages when the restriction of the
phase displacement at the output is not fulfilled.

The purpose for the implementation of this USMC prototype is to
experimentally investigate its operating behavior with a PMSM and the
achievable performance gain by replacing the 1200V Si freewheeling
diodes of the output stage by SiC Schottky diodes, when the output
stage is operated at 50 kHz. Thereby, the SiC Schottky diodes should
have an equivalent forward voltage drop at nominal output current as
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the conventional Si diodes. A summary of the specifications of the Si-
SiC USMC prototype is provided in Tab. A.2. Further technical data
on the basic functional principle of an USMC and on the design of this
prototype are compiled in [143].

Quantity Value

Nominal input line-to-line voltage 3 x 400V, 50 Hz
Nominal output power 5.5 kW

Output line-to-line voltage OV...340V
Output frequency OHz...+250Hz
Output current displacement angle 0°...+ 30°
Input stage switching frequency 25 kHz

Output stage switching frequency 50 kHz
Maximum ambient temperature 55°C

Default modulation scheme HVSVM

EMI compatibility standard

Input stage semiconductors

Output stage semiconductors

Active chip area of the Si IGBTs
Active chip area of the Si diodes
Active chip area of the SiC diodes
Efficiency at nominal operation

Input current THD
(with a LST-127 PMSM at 3kW)

Power density
Specific power
Dimensions

Weight

CISPR 11, Class A

1200V, 32 A BD-switches
IXYS, FII50-12BD
1200V, 60 A diodes
IXYS, DSEP60-12AR

1200V, 32 A phase-legs,
IXYS, FII50-12E-SiC
216 mm?

384 mm?

36 mm?

94%
3.6%

2.2 kW /liter
2.2kW /kg

260mm X 120 mm x 80 mm

2.5kg

Tab. A.2: Si-SiC USMC specifications summary.
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Fig. A.7: Schematic of the USMC, showing the different semiconductor
devices and the integration of the active clamp with the auxiliary supply.

A.3.2 Design

The layout and most of the components of the Si-SiC USMC are iden-
tical with the RB IMC. The main differences of the USMC hardware,
shown in Fig. A.6, are found in the unidirectional input stage and the
additional active clamp circuit. The foil capacitors at the input of the
RB IMC are replaced by a custom made bank of stacked ceramic chip
capacitors (Murata, GA255-series, X7R, 100 nF per chip), which is sit-
uated in the center of the power board. All power switching devices are
placed directly around these capacitors to minimize the parasitic series
inductance for the currents drawn by the input stage to enable high
switching frequency operation.

For the all-Si version of the USMC, the same IXYS FII50-12E phase-
legs are utilized for the output stage as for the RB IMC. Each IGBT
and inner diode combination of an input phase-leg is implemented with
an IXYS FII50-12BD module. The additional diodes of the input stage,
which are directly connected to the positive or the negative bus of the
link, are implemented with discrete IXYS DSEP60-12AR diodes. Cus-
tomized IXYS FII50-12E-SiC modules are employed (cf. Sec. 2.5) for the
semiconductor configuration with SiC Schottky freewheeling diodes in
the output stage, providing the same pin-out and bonding as the com-
mercially available FII50-12E devices. The individual semiconductors
utilized for this prototype are highlighted in the schematic in Fig. A.7.
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Compared with the RB IMC, in the latest USMC prototype, the
stack of control boards is replaced by a single measurement and control
board that can be directly plugged into the power board. This control
board comprises a Texas Instruments TMS320F2808 DSP and a Lat-
tice MachXO LCMX02280C FPGA. It is important to note, that the
whole modulation, PWM generation, and motor control of the USMC is
implemented in the DSP. The FPGA is only used for safety reasons to
provide hardware error detection and shutdown capability, and to con-
trol the active clamp independently of the DSP. This clearly shows that
contrary to the CMC, for the practical implementation of an USMC (or
IMC), no special control hardware, as for example intelligent gate-drives
to detect the direction of the current, is required.

For dynamic regenerative loads such as motors, reverse current flow
is unavoidable and a clamp circuit is needed to provide a current path
for negative link currents. An active clamp circuit is integrated with
the auxiliary supply as depicted in Fig. A.7. The advantage of connect-
ing the clamp circuit across the auxiliary supply capacitor C,,x instead
of directly across the link is twofold: the auxiliary supply dc-bus volt-
age provides a more stable voltage measurement than the switched link
voltage. If clamping was performed on the link, it would fluctuate signifi-
cantly, since it contains no storage. Additionally, the clamping diodes D4
and D, implemented with 1200V, 10 A SiC Schottky diodes (CREE,
C2D10120), provide the converter with a ride-through and shutdown
capability. During mains power outages, for instance, the motor can be
decelerated by feedback controlled generator operation to provide suffi-
cient power to the dc-bus of the auxiliary supply. This keeps the control
hardware active and ensures a controlled ride-through or shutdown of
the system. Thus, during regeneration of the load the USMC becomes
a VSI with a reduced dc-link capacitor (Caux = 11 uF, Rejamp = 60 €2).
The clamp is controlled by a hysteresis control of the dc-bus voltage
Uaux Of the auxiliary supply. In parallel to the active clamp, a varistor
is implemented to provide passive over-voltage protection.

A.3.3 Experimental Results

The experimental results demonstrate that the reduced switch configu-
ration of the input stage performs as desired and the USMC can gener-
ate sinusoidal currents at both the input and output (cf. input current
THD in Tab. A.2). The following measurements show waveforms of the
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Fig. A.8: (a) Acceleration from 300 rpm to 2700 rpm and (b) decelera-
tion from 2700 rpm to 300 rpm at U; = 230V and f; = 50 Hz. n,.¢: refer-
ence motor speed, 1800 rpm/div; n: actual motor speed, 1800 rpm/div;
i2q,ref: OUtPUt q-axis reference current, 8 A /div; is: current of the output

phase A, 10 A /div.
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Fig. A.9: Deceleration from 2700 rpm to 300rpm at U; = 230V and
fi = 50Hz. nyes: reference motor speed, 1800 rpm/div; n: actual mo-
tor speed, 1800 rpm/div; uaux: de-bus voltage of the auxiliary supply,
100 V/div; tclamp: clamp control signal, 2 V /div.
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Fig. A.10: Spectrum of the input phase current i, from 0 kHz to 70 kHz
at an output power of 3 kW.

USMC prototype, when supplying a LST-127 PMSM (cf. Tab. A.7). In
Fig. A.8(a) and Fig. A.8(b), the accelerating and decelerating process
is shown. As can be seen in Fig. A.8(b), during deceleration the mea-
sured motor speed n and the output phase current 75 show a continuous
progression, indicating that the clamping concept functions properly.
Fig. A.9 presents the deceleration process in more detail and demon-
strates the ability of the active clamp circuit to protect the converter
from experiencing over-voltages.

As is known from Chap. 3, for the selected HVSVM modulation
scheme the switching frequency of the input stage is half the switch-
ing frequency of the output stage; in this case 25 kHz at the input and
50 kHz at the output. Fig. A.10 presents the spectrum of an input phase
current of the USMC, showing the two main spectral components at
25 kHz and 50 kHz. The peak labeled in Fig. A.10 with “Switching fre-
quency of the input stage” is generated by the switching of the output
stage. It is therefore only marginally influenced by the actual switch-
ing of the input stage as for the HVSVM modulation scheme the input
stage is switched at zero current. Consequently, the spectral components
at 25kHz are primarily generated due to the change of the switching
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Fig. A.11: Efficiency n versus modulation index Mo with Si and SiC
Schottky freewheeling diodes.

state and the clamping of the input stage (e.g. state (ac), (ab)), whereas
the spectral components at 50 kHz originate from the switching of the
output stage.

Finally, the results of the efficiency comparison between the USMC
with Si and SiC Schottky freewheeling diodes in the output stage are
briefly discussed. The efficiency is defined as

=3 (A1)

n
In this comparison, the converter efficiency is measured for a modula-
tion index Mo, ranging from 0.2 to 1 at an electrical output frequency
fo = 40 Hz. For that purpose, the USMC is connected to a linear three-
phase RL load with a resistance of 21.5 €2 and an inductance of 2.5 mH
per phase, leading to a phase displacement angle &5 < 2°. The re-
sistance is adjusted such that for M75 = 1 the converter is operated at
nominal output power. Fig. A.11 depicts the efficiency curves versus the
modulation index for both semiconductor configurations. The parame-

ter sweep of M5 from 0.2 to 1 corresponds to an output power range of
0.2kW to 5.5 kW for the given load. As can be seen from the efficiency
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curves, for nominal operation at Mis = 1, the All-Si USMC features
an efficiency of 92%. The USMC with SiC diodes achieves an efficiency
of 94%, which is equivalent to a reduction of the total semiconductor
losses of 25%. As is shown in Sec. 2.4.3, the customized FII50-12E-SiC
phase-leg modules with SiC Schottky diodes is designed such that at
15 A, which corresponds to the nominal output current of the USMC,
the conduction losses of the Si and SiC diodes are identical. The gain
in efficiency with SiC diodes for an increasing modulation index can
be explained as follows: Due to the linear characteristic of the load,
the output current increases proportionally to the modulation index.
Therewith also the turn-off (reverse recovery) losses of the Si freewheel-
ing diodes increase. For a modulation index below 0.6, the converter
efficiency is the same for both diode configurations, since the absence of
reverse recovery losses of the SiC diodes is outweighed by their higher
forward voltage drop at low current levels compared to the Si diodes.

The efficiency measurements clearly show that the mission profile of
the drive determines whether the replacement of the Si diodes with
SiC diodes is worthwhile and pinpoints the importance of a holistic
consideration when selecting the semiconductor technology of an ac-ac
converter for a given drive application.
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A.4 All-SiC Indirect Matrix Converter
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Fig. A.12: (a) All-SiC Indirect Matrix Converter (All-SiC IMC) pro-
totype with (b) EMI input filter board.

A.4.1 Motivation

The All-SiC IMC prototype is constructed to analyze the in-system per-
formance of state-of-the-art normally-on SiC JFET pre-series devices
for a demanding ac-ac converter application and to verify the converter
models. The target switching frequency is set to 200 kHz, well aware
that 200 kHz is within the considered (CISPR 11, Class A) EMI mea-
surement range that starts at 150 kHz. The reason for selecting such
high switching frequency is to provide a large enough switching fre-
quency range for testing. The main specifications of the All-SiC IMC
are compiled in Tab. A.3. Further data of this prototype are summarized
in [170].
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Different advantages are associated with the IMC topology in view of
the properties of the SiC JFETs. Since the IMC comprises both bidi-
rectional switches in the input stage and bridge-legs with anti-parallel
diodes in the output stage, it provides an attractive topology for testing
new devices. Additionally, the SiC JFETs have an intrinsic body diode
and thus enable the implementation of a bidirectional switch with only
two devices. Due to the absence of a dc-link capacitor, initial failures
that may result from the normally-on characteristic of the JFETSs cannot
lead to a short circuit of a large energy storage, which would potentially
destroy the whole prototype.

Quantity

Value

Nominal input line-to-line voltage
Nominal output power

Output line-to-line voltage

Output frequency

Output current displacement angle
Input stage switching frequency
Output stage switching frequency
Default modulation scheme

EMI compatibility standard

Semiconductors

Active chip area of the SiC JFETs
Efficiency at nominal operation
Input current THD

(at nominal operation with an RL load)
Power density

Specific power

Dimensions

Weight

3 x 400V, 50Hz
2.8 kW
0V...326V
OHz...+ 1000 Hz
0°...360°

100 kHz

200 kHz

HVSVM

CISPR 11, Class A

1200V, 6 A normally-on

SiC JFETs, SiCED

72 mm?

93.5%
2.5%

2.2 kW /liter

2.8 kW /kg

220mm x 80 mm X 73 mm
1.0kg

Tab. A.3: All-SiC IMC specifications summary.
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A.4.2 Design

Compared with the physical construction of the RB IMC or the Si-SiC
USMC, the All-SiC IMC, shown in Fig. A.12, is designed as a stacked ar-
rangement of PCBs with the SiC JFETs mounted on an aluminum base
plate. This base plate has a thickness of 6 mm and forms the thermal
interface between the TO-220 packages of the JFETs and an arbitrary
cooling system, which can be either a conventional forced air-cooled or
a liquid-cooled heat sink or the case of an electric motor.

The splitting of the power circuit into a gate drive and a power board
enables a small footprint design and the placement of the ceramic input
capacitors (Murata, GA255-series) close to the terminals of the JFETSs
without increasing the distance from the gate drive circuit to the gate.
A further advantage of this design approach is that it allows for a sepa-
ration of tracks carrying the switching currents from the signal circuitry
of the gate driver board.

A CM output filter is constructed with a single toroidal core which is
mounted in a cut-out in the power board and the base plate to reduce
the CM voltage and the dv/dt applied to the load. The EMI input filter
is placed on a separate board. It can be mounted on top of the control
boards and connected to the ac input terminals of the power board.

The main control loop of the DSP (Analog Devices, ADSP-21992)
is executed at a frequency of 33 kHz and therefore updates the space
vector sequences and turn-on times of the JFETs every third pulse pe-
riod. The pulse patterns are generated by a FPGA (Lattice, MachXO
LCMXO02280C) with a resolution of 10ns, leading to a total of 500
different discrete values for the modulation index.

Special attention is paid to the implementation of the normally-on
SiC JFETs as there are three fundamentally different options.

e The most straightforward approach, which is applied to the All-
SiC IMC prototype, is to replace every IGBT (with an anti-parallel
diode) by a JFET. In order to avoid short-circuiting of the input
phases when the converter is connected to the mains, relays are
placed on the input filter board.

e Another well-known option, shown in Fig. A.13(a), is to utilize the
SiC JFET in a cascode configuration with a low-voltage Si MOS-
FET by directly connecting the gate of the JFET to the source of
the MOSFET and thus forming an normally-off switching device.
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e A further possibility, depicted in Fig. A.13(b), is to implement
the SiC JFET in series with a low-voltage Si MOSFET, whereby
the gate of the JFET is connected to the source of the low-
voltage MOSFET with a resistor (R3 > R3). Opposed to the
conventional cascode, which is controlled by the gate of the low-
voltage MOSFET, with this modified configuration the MOSFET
is merely used prior to the start-up of the converter, to provide
the JFET with a normally-off characteristic. For regular opera-
tion, the MOSFET is kept in its on-state and the JFET is directly
controlled with its own gate.

Optionally, the voltage drop across the MOSFET (cf. Fig. A.13(b),
pin CS) can be used to detect over-currents or for an temperature-
compensated signal conditioning circuit even as a current measure-
ment shunt.

A.4.3 Experimental Results

Fig. A.14 provides experimental evidence of the high switching fre-
quency capability of the All-SiC IMC prototype. It shows the char-
acteristic pattern of the link voltage and the output phase current at
nominal power and a switching frequency of the output stage of 200 kHz.

Gate driver ov Gate driver 0V -18V Gate driver

(a) (b)

Fig. A.13: Simplified schematics of different cascode configurations of
a low-voltage Si MOSFET with a normally-on SiC JFET. (a) Standard
cascode which is controlled by the gate of the low-voltage MOSFET.
(b) Modified multi-functional cascode, enabling independent control of
the MOSFET and the JFET.
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Fig. A.14: Characteristic waveforms of the link voltage and output

phase current at Uy = 230V, f; = 50Hz, and fo = 85Hz. u: link
voltage, 100V /div; ia: current of the output phase A, 2 A /div.

This measurement is performed at maximum modulation index and an
output frequency of 85 Hz, utilizing an adjustable three-phase RL load
with a phase inductance of 2 mH.
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A.5 All-SiC Conventional Matrix Converter

Input filter board

Alb lat
ase plate CM inductor

(b)

Current sensor

Fig. A.15: All-SiC Conventional Matrix Converter (All-SiC CMC) pro-
totype. (a) Assembled and (b) opened All-SiC CMC, without the input
filter board and the side walls.
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A.5.1 Motivation

The All-SiC CMC is implemented to experimentally verify the theo-
retical findings of the comparison between the CMC and the IMC. Of
particular interest are the semiconductor losses and the resulting effi-
ciency if the same SiC chip area is utilized for both topologies. An-
other advantage of utilizing SiC JFETSs is given by their fast and robust
switching behavior that enables to use an input voltage measurement
based four-step commutation scheme (cf. Fig. 3.14) that requires less
than 350 ns for the entire commutation sequence. The switching char-
acteristics of the JFETs further enable an extended switching sequence
detection scheme, which is briefly described in the following.

1. The required switching sequence is determined by measuring the
largest and second largest input line-to-line voltage for the con-
sidered CMOSVM.

2. If the measured input voltages do not allow for a decision on the
switching sequence, additionally also the measured output cur-
rents are considered. This occurs when the commutation voltage
is close or equal to zero.

3. If neither the measured voltages nor the measured currents provide
a distinct decision on the switching sequence, there exist different
alternative strategies:

(a) The CMC is kept in the last active (bidirectional conducting)
switching state of the present switching sequence.

(b) The CMC is commutated in a single-step with a minimal
interlock delay time, which is determined by the variation
of the gate-signal propagation delay of all drives to avoid
short-circuiting of the input phases. The application of such
a commutation by simply using the parasitic PCB wiring in-
ductance for limiting the current during the commutation is
only possible with rugged and fast switching power transis-
tors such as the normally-on SiC JFETs.

The additional research aim associated with the All-SiC CMC hence
is to experimentally verify the alternative commutation strategy (cf. list
above, 3.(b)). This approach aims to demonstrate that besides the fre-
quently discussed properties, such as high temperature or high switching
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frequency operation capability, also the robustness of the normally-on
SiC JFETs can be beneficially utilized for the All-SiC CMC without
increasing complexity. An alternative approach, presented in [309], is to
implement special gate drive circuits that enable to detect the current
flow in the IGBTs of a CMC by measuring the collector-emitter volt-
ages. With this information the switching sequence is verified or selected.
However, this implies another 18 measurement signals to be processed
and checked for plausibility, which increases the hardware and software
complexity but not necessarily the converter robustness.

In order to further enhance the safety of the commutation, the im-
plementation of a Switching Sequence Prediction and Verification Unit
(SSPVU) is recommended, which, however, is not subject to the inves-
tigation of this thesis. The suggested SSPVU is a finite-horizon input
voltage and output current emulator, which allows the prediction of the
input voltage and output current values for a finite number of future
pulse periods, based on previous measurement data. The emulated input
voltage and output current of the current pulse period can be used to
verify the selection of the switching sequence for the next pulse period.

A.5.2 Design

The design of the All-SiC CMC follows the same concept as applied to
the All-SiC IMC with a stacked arrangement of PCBs; starting from
the bottom with the aluminum base plate, the power board, the gate
driver board, the control and measurement board, and the EMI input
filter board. As can be seen in Fig. A.15(a), the filter board, with the
inductive components mounted on the bottom side, forms the top cover
of the converter. The front and rear wall are implemented with PCBs
in order to provide a low-impedance connection between the PE layers
of the input filter and the power board, whereas the side walls are man-
ufactured from iron sheets. In order to reduce the CM noise and the
dv/dt applied to the load, a CM output filter is integrated, which can
be seen in Fig. A.15(b).

Similar to the All-SiC IMC, every bidirectional switch can be imple-
mented by only two SiC JFETs ideally in a common-source configu-
ration. This allows for a reduction of the number of the isolated gate
driver voltage levels to nine and thus enables to control the 18 JFETs
by only nine two-channel gate driver ICs (e.g. IXYS, IXDN404SI). The
converter control and switching sequence generation are implemented



312 Hardware Prototypes

with a DSP (Texas Instruments, TMS320F2808) and a FPGA (Lat-
tice, MachXO LCMX02280C) providing a resolution of 10ns for the

gate signals. The specifications of the All-SiC CMC are summarized in
Tab. A.4.

A.5.3 Experimental Results

Fig. A.16 and Fig. A.17 present the input and output waveforms at
nominal output power for an input frequency of 50 Hz and 400 Hz. These
measurements are conducted with a three-phase RL load with a phase
inductance of 2 mH. The investigated commutation scheme works prop-
erly as is shown by the input and output current waveforms.

Quantity Value

Nominal input line-to-line voltage
Nominal output power

Output line-to-line voltage

Output frequency

Output current displacement angle
Switching frequency

Default modulation scheme

EMI compatibility standard

Semiconductors

Active chip area of the SiC JFETSs
Efficiency at nominal operation
Input current THD

(at nominal operation with an RL load)
Power density

Specific power

Dimensions

Weight

3 x 400V, 50 Hz / 400 Hz
2.8 kW

0V...331V

OHz... 41000 Hz
0°...360°

200 kHz

CMOSVM

CISPR 11, Class A

1200V, 6 A normally-on

SiC JFETs, SiCED

72 mm?

93%
4.6%

2.2 kW /liter
2.2kW /kg

270mm x 82 mm X 50 mm
1.3 kg

Tab. A.4: All-SiC CMC specifications summary.
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Fig. A.16: Input and output quantities at U; = 230V, f; = 50 Hz, and
f2 = 130 Hz. i,: current of the input phase a, 5 A /div; ia: current of the
output phase A, 10 A /div; u,: voltage of the input phase a, 500V /div.
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Fig. A.17: Input and output quantities at U; = 230V, f; = 400 Hz, and
f2 = 180 Hz. i,: current of the input phase a, 5 A /div; ia: current of the
output phase A, 10 A /div; u,: voltage of the input phase a, 500V /div.



314 Hardware Prototypes

A.6 All-SiC Current Source Back-to-Back
Converter

Relays T ‘

Auxiliary supply > AC output

— .~ = FPGA

CM inductor

Al base plate

AC output

(b) Current sensor

Fig. A.18: All-SiC Current Source Back-to-Back Converter (All-SiC
CSBBC) prototype.

A.6.1 Motivation

The question that arises out of the properties of normally-on SiC JFETs
is on how they can be best applied to bidirectional ac-ac converter. The
performed review of converter topologies shows that the best match can
be achieved with a CSBBC. Under fault conditions, such as for example
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gate driver supply power loss, a natural freewheeling path is provided
for the dc-link inductor current as the JFETs become conducting. An
additional advantage is that a short circuit of a phase-leg cannot occur
due to the series blocking diodes.

The switching frequency is fixed to 200 kHz to enable a direct perfor-
mance comparison with the All-SiC IMC and the All-SiC CMC. Another
reason for selecting such high switching frequency is to reduce the size
and weight of the dc-link inductor as in conventional low-voltage current
source converters, the dc-link inductor is one of the most voluminous
components.

A.6.2 Design

The physical construction of the All-SiC CLBBC, depicted in Fig. A.18,
consists of a planar arrangement of PCBs and is adopted from the All-
SiC CMC. The overall design requirements can be summarized as fol-
lows.

e The electromechanical construction aims for a compact design to
enable motor integration.

e An EMI input filter and a CM output filter have to be integrated
to ensure a low EMI noise level at the converter input and output.

e Exclusively, SiC power semiconductors should be implemented.

e Only ceramic capacitors are allowed in the power circuit in order
to investigate their performance in ac-ac converters.

The four-layer power board separates the input stage and the output
stage with the high-frequency link inductor. The ceramic ac filter capac-
itors (Murata, GA255-series) are soldered directly on the power board
above the JFET switches in order to provide over-voltage protection, a
low-impedance connection, and improved filtering.

Different magnetic materials and inductor construction principles such
as planar E and SMD ferrite cores, toroidal and E powder cores, and
tape wound C-cores have been analyzed regarding losses, size, fring-
ing flux, and cooling performance. Due to the dc-bias caused by the
link current, toroidal powder core materials provide the best compro-
mise between losses, cooling and size. The completed dc-link inductor
is shown in Fig. A.19 and its key figures are summarized in Tab. A.5.
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Fig. A.19: Constructed dc-link inductor.

In the All-SiC CSBBC, the SiC series diodes significantly contribute
to the overall converter conduction losses as always four diodes are in
the dc-link current path. Optionally, the series diodes could be replaced
by SiC JFETs, ideally forming a common-drain configuration with the
other JFETs of a phase-leg. The common-drain configuration is ad-
vantageous as only 10 isolated gate driver power supplies are required
compared with 12 for the common-source configuration. Depending on
the SiC power-device parameters, replacing the series diodes by JFETs
would allow a reduction of the conduction losses.

The specifications of the All-SiC CSBBC are compiled in Tab. A.6.
Additional information about this prototype can be found in [310,311].

Quantity Value

Core 2 stacked Magnetics MPP 55071-A2
Winding 57 turns
Wire Multi-stranded copper wire

(copper cross section 0.8 mm?)
Inductance 400 uH at 0 A, 200 kHz

320 uH at 6 A, 200 kHz
Dimensions Outer diameter: 40 mm; height: 27 mm
Volume 40 cm?
Weight 120g

Tab. A.5: Characteristic data of the de-link inductor.
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A.6.3 Experimental Results

Fig. A.20 and Fig. A.21 present characteristic waveforms at nominal
output power with a three-phase RL load. As can be seen in Fig. A.20,
the waveform of the input current ¢, and the output current i, is sinu-
soidal, whereas the input voltage u, and the output voltage ua have a
triangular-shaped waveform. This is due to the nonlinear voltage depen-
dency of the X7R ceramic ac capacitors, leading to a reduction of the
nominal capacitance of approximately 30% when the capacitor voltage

Quantity

Value

Nominal input line-to-line voltage
Nominal output power

Output line-to-line voltage

Output frequency

Output current displacement angle
Switching frequency

Default modulation scheme

EMI compatibility standard

Semiconductors

Active chip area of the SiC JFETs
Active chip area of the SiC SBDs
Efficiency at nominal operation
Input current THD

(at nominal output power with a RL load)

Power density
Specific power
Dimensions

Weight

3 x 400V, 50Hz

2.8 kW

0V...383V
OHz...+£ 300 Hz
0°...360°

200 kHz

Half-wave sym. SVM
CISPR 11, Class A

1200V, 6 A normally-on
SiC JFETs, SiCED

1200V, 10 A SiC SBDs,

CREE, C2D10120

48 mm?

84 mm?

92%
2.7%

2.5 kW / liter

2.5 kW /kg

230 mm x 80 mm X 60 mm
1.1kg

Tab. A.6: All-SiC CSBBC specifications summary.
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V \}:/Sms/dw

Fig. A.20: Input and output current and voltage waveforms at U; =
230V, fi = 50Hz, and f, = 40Hz. i,: current of the input phase a,
5A/div; ia: current of the output phase A, 5 A/div; u,: voltage of the
input phase a, 200 V /div; ua: voltage of the output phase A, 200V /div.
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Fig. A.21: DC-link waveforms at U; = 230V, fi = 50Hz, and
fo = 40 Hz. ipc: de-link current, 2 A /div; upc inp: switched link voltage
between the input stage and the dc-link inductor, 5 A /div.
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is increased from 0V to the peak value of 325V of the input phase volt-
age. The distortion of the input voltage u, is higher than of the output
voltage ua, which results from the interaction of the three-phase supply
(Elgar, SW 5250A) with the ceramic input capacitors. The worst case
relative error between the measured and the calculated losses is 6%.

In Fig. A.22, the converter efficiency is plotted for different output
power levels, when supplying a three-phase RL load with a resistance
of 47 and an inductance of 2mH per phase. The load is adjusted
such that at 95% of the maximum output voltage (for buck operation)
the nominal output power of 2.8 kW is supplied to the load. The load
parameters are then kept constant and the efficiency is measured for
different modulation indeces ranging from 0.4 to 1.

An extract of the measured CE spectrum is depicted in Fig. A.23 to
provide experimental evidence that the suggested EMI input filter de-
sign method is also applicable to high switching frequency power con-
verters. The prototype All-SiC CLBBC is not constructed with an ap-
propriate enclosure. Therefore, the CISPR 11 Class A CE levels are dif-
ficulet to meet over the entire frequency range from 150 kHz to 30 MHz,
as the PE interconnection of the individual PCBs is too high impedance
(cf. Sec. 6.5, impact of enclosure and PE connection on noise level). For

100
95 .
90 _—

/@7
25 o_—

S T
=
75 O Measured, 200 kHz ]
70 m Calculated, 200 kHz |
O Calculated, 100 kHz
65 Calculated, 50 kHz |
| |

500 1000 1500 2000 2500 3000
P, (W)

Fig. A.22: Efficiency versus output power at U; = 230V for different
switching frequencies.
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Fig. A.23: Measured DM and CM quasi-peak (QP) noise level.

that reason, Fig. A.23 presents the CE measurement results only in the
frequency range of 150 kHz to 1 MHz, which seems to be representative
for the given electromechanical construction. As can be clearly seen, the
low-frequency performance below 1 MHz meets the CISPR 11 Class A
requirements, and the relevant noise peak at 200 kHz for dimensioning
the filter fulfills also the design margin of 8 dB.
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A.7 Motor Data

Tab. A.7 and Tab. A.8 summarize the main parameters of the electric
motors utilized in this work.

Quantity Value
Designation LST-127-3-30-560
Motor type PMSM

Rated phase voltage 191V

Rated phase current 9.5A

Continuous power 3.5kW at 150 Hz
Rated speed 3000 rpm
Nominal torque 11 Nm
Inductance per phase 4.5mH
Resistance per phase 0.5

Tab. A.7: Parameters of the PMSM from LUST LTi Drives.

Quantity Value
Designation HAC-145 S 08
Motor type IM

Rated phase voltage 191V

Rated phase current 5.4 A
Continuous power 2kW at 50 Hz
cos () 0.77

Rated speed 2880 rpm
Rated torque 6.6 Nm
Inductance per phase 14.0mH
Resistance per phase 3.31)

Tab. A.8: Parameters of the IM from Bartholdi.






Appendix B

Test and Measurement
Setups

B.1 Converter and Motor Drive Test Setup

Fig. B.1 and Fig. B.2 should convey an impression of the typical labo-
ratory converter test setup that was utilized in many variations in the
course of this thesis. It consists of the converter prototype, a three-
phase linear amplifier, a motor test bench, a PC to interface with the
prototype, and measurement equipment.

In Fig. B.3, the constructed motor test bench for dynamic operation
of the converter prototypes with a motor load is presented. The test
bench comprises two coupled PMSMs from LUST LTi Drives: a LST-
127 (cf. Tab. A.7) and a LSH-127 PMSM, both equipped with a rotary
encoder. The LST-127 is always supplied and controlled by the ac-ac
converter prototypes, whereas the LSH-127 is connected to a LUST
CDD 3000 servo drive controller with a diode rectifier and a six-switch
inverter. The CDD 3000 features an external brake resistor and is uti-

lized to generated the desired load profile for the converter prototypes
by a PLC software (cf. Sec. A.3.3, measurements of the USMC).

323
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' ==

~_ Converter prototype

Fig. B.1: Typical laboratory test setup, showing the three-phase sup-
ply, the motor test bench, and the converter prototype.

Encoder and user interface

Fig. B.2: RB IMC under test with external encoder and user interface
to control the motor.
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| LUST LS

Fig. B.3: Constructed motor test bench with two coupled PMSMs
(LST-127 and LSH-127).

B.2 Enclosure for Conducted Emission EMI
Measurement

The designed converter prototypes of this work are not implemented
with an enclosure to enable direct access to the hardware for measure-
ments. However, for EMI measurements, the enclosure is of significant
importance as it impacts the measurement results of the radiated and
conducted emission (CE) levels (cf. Sec. 6.5) and generally reduces the
radiated emission. Therefore, commercially available converters and ex-
ternal EMI/RFI input and output filters are always implemented in a
metal enclosure to enhance the EMI performance. In order to provide a
realistic measurement setup for the ac-ac converter prototypes, an EMI
measurement enclosure was constructed, which is shown in Fig. B.4. It
allows the installation of the hardware prototypes in an enclosure as is
done for commercial drive system. The test enclosure further enables by
means of two shielded compartments to separate the EMI input filter
from the switching converter, as depicted in Fig. B.5, in order to analyze
possible coupling effects.

The supply cable, connected between the ac input of the enclosure
and the LISN, is a five-wire three-phase mains cable with a conductor
cross-section of 1.5 mm?. The motor is connected to the ac output of
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Fig. B.4: Closed EMI measurement enclosure. Outer dimensions:
43.5cm x 27.5cm x 30.0 cm.

AC outp

RB IC.!iﬁrototype == External }nput filter

Fig. B.5: Opened EMI measurement enclosure, showing the RB IMC
prototype and an external input filter under test. The on-board filter of
the RB IMC is by-passed.

the enclosure by a shielded five-wire motor cable with a conductor cross-
section of 2.5 mm?. Both the supply cable and the motor cable have a
length of 3m. M23 industry standard connectors are utilized for the
power connectors of the enclosure and the motor.
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Fig. B.6: HAC-145 IM used for EMI measurements, shown on the
motor test bench without the LSH-127 PMSM (load).

The CE EMI measurements of the converter prototypes when con-
nected to a motor are performed with a HAC-145 IM from Bartholdi
(cf. Tab. A.8). Thereby, the IM is loaded with the LSH-127 PMSM which
is connected to an adjustable three-phase brake resistor. The PMSM is
deliberately not controlled by another power converter, to avoid any
kind of interference with the prototype converter and filter under test.
The IM is controlled with a simple voltage-frequency feedforward con-
trol scheme. The earthing of the measurement enclosure is provided by
the PE conductor of the three-phase supply cable of the enclosure. The
motor case and the test bench are connected by default to PE via the
motor cable. An additional interruptible connection between the test
bench and PE is established with a separate cable for testing purposes.



328 Test and Measurement Setups




Bibliography

1

2|

3]

4]

5]

6]

European Center for Power Electronics (ECPE), “European
Workshop on Energy Efficiency - The Role of Power Electron-
ics,” European Center for Power Electronics (ECPE), Tech. Rep.,
2007.

J. Weidauer, Elektrische Antriebe - Grundlagen, Ausleqgung, An-
wendungen, Lésungen, Siemens AG, Berlin und Miinchen, Ed.
Publicis Corporate Publishing, Erlangen, 2008.

J. W. Kolar, H. Ertl, and F. C. Zach, “Design and Experimen-
tal Investigation of a Three-Phase High Power Density High Ef-
ficiency Unity Power Factor PWM (VIENNA) Rectifier Employ-
ing a Novel Integrated Power Semiconductor Module,” in Proc.
11th IEEE Applied Power Electronics Conference and Exposition
APEC 96, vol. 2, Mar. 3-7, 1996, pp. 514-523.

R. Wu, S. B. Dewan, and G. R. Slemon, “Analysis of a PWM
AC to DC Voltage Source Converter under the Predicted Current
Control with a Fixed Switching Frequency,” IEEE Trans. Ind.
Appl., vol. 27, no. 4, pp. 756764, Jul. 1991.

T. Fukao, Z. Yang, and M. Matsui, “Voltage Control of Super
High-Speed Reluctance Generator System with a PWM Voltage

Source Converter,” IEEE Trans. Ind. Appl., vol. 28, no. 4, pp.
880-886, Jul. 1992.

L. Malesani and P. Tomasin, “PWM Current Control Techniques
of Voltage Source Converters — A Survey,” in Proc. 19th IEEE

International Conference on Industrial Electronics, Control, and
Instrumentation IECON 93, Nov. 15-19, 1993, pp. 670-675.

329



330

BIBLIOGRAPHY

17l

8]

19]

[10]

[11]

12|

[13]

[14]

[15]

V. Blasko and V. Kaura, “A New Mathematical Model and Con-
trol of a Three-Phase AC-DC Voltage Source Converter,” IEEE
Trans. Power Electron., vol. 12, no. 1, pp. 116-123, Jan. 1997.

M. Lindgren and J. Svensson, “Control of a Voltage Source Con-
verter Connected to the Grid through an LCL-Filter — Application
to Active Filtering,” in Proc. 29th IEEE Power Electronics Spe-
cialists Conference PESC 98, vol. 1, May 17-22, 1998, pp. 229-
235.

S. Daniel and A. Rufer, “Design of a State-Variable Controller for
PWM Voltage Source Converters Connected to the Grid,” in Proc.
8th European Conference on Power Electronics and Applications

EPE 99, Sep. 7-9, 1999, CD-ROM.

J. Jung, S. Lim, and K. Nam, “A Feedback Linearizing Control
Scheme for a PWM Converter-Inverter Having a Very Small DC-
Link Capacitor,” IEEFE Trans. Ind. Appl., vol. 35, no. 5, pp. 1124
1131, Sep. 1999.

P. W. Lehn and M. R. Irvani, “Discrete Time Modeling and Con-
trol of the Voltage Source Converter for Improved Disturbance
Rejection,” IEEE Trans. Power Electron., vol. 14, no. 6, pp. 1028—
1036, Nov. 1999.

J. Svensson and R. Ottersten, “Shunt Active Filtering of Vec-
tor Current-Controlled VSC at a Moderate Switching Frequency,”
IEEFE Trans. Ind. Appl., vol. 35, no. 5, pp. 1083-1090, Sep. 1999.

J.-C. Liao and S.-N. Yeh, “A Novel Instantaneous Power Con-
trol Strategy and Analytic Model for Integrated Rectifier /Inverter
Systems,” IEEE Trans. Power Electron., vol. 15, no. 6, pp. 996—
1006, Nov. 2000.

R. Ottersten and J. Svensson, “Vector Current Controlled Voltage
Source Converter — Deadbeat Control and Saturation Strategies,”
IEEE Trans. Power FElectron., vol. 17, no. 2, pp. 279-285, Mar.
2002.

J. Dannehl and F. W. Fuchs, “Flatness-Based Control of an Induc-
tion Machine Fed via Voltage Source Inverter — Concept, Control
Design and Performance Analysis,” in Proc. 32nd IEEE Industrial



BIBLIOGRAPHY 331

[16]

[17]

18]

[19]

120]

[21]

22]

23]

Electronics Society Conference IECON 06, Nov. 6-10, 2006, pp.
5125-5130.

Y. Lang, X. Zhang, D. Xu, S. R. Hadianamrei, and H. Ma, “Non-
linear Feedforward Control of Three-Phase Voltage Source Con-

verter,” in Proc. IEEFE International Symposium on Industrial
Electronics ISIE °06, vol. 2, Jul. 9-13, 2006, pp. 1134-1137.

Y. Gan-gui, J. Gui-giang, M. Gang, L. Jun-hui, C. Tao, H. Ya-
feng, and W. Jian, “Dynamic Modeling and Nonlinear Decou-
pled Control of Back-to-Back Voltage Source Converter,” in Proc.
IEEJ International Conference on FElectrical Machines and Sys-

tems ICEMS "08, Oct. 17-20, 2008, pp. 3862-3866.

——, “Nonlinear Decoupled Control of Back-to-Back Voltage
Source Converter,” in Proc. 9th IEEE Asia Pacific Conference
on Circuits and Systems APCCAS 08, Nov. 2008, pp. 229-232.

V. Blasko and V. Kaura, “A Novel Control to Actively Damp
Resonance in Input LC' Filter of a Three-Phase Voltage Source
Converter,” IEEE Trans. Ind. Appl., vol. 33, no. 2, pp. 542-550,
Mar. 1997.

V. Blasko, “Adaptive Filtering for Selective Elimination of Higher
Harmonics from Line Currents of a Voltage Source Converter,” in
Proc. 33rd IEEE Industry Applications Society Annual Meeting
IAS 98, vol. 2, Oct. 12-15, 1998, pp. 1222-1228.

D.-C. Lee, G.-M. Lee, and K.-D. Lee, “DC-Bus Voltage Control of
Three-Phase AC/DC PWM Converters using Feedback Lineariza-
tion,” IEEE Trans. Ind. Appl., vol. 36, no. 3, pp. 826-833, May
2000.

J. Svensson and A. Sannino, “Active Filtering of Supply Voltage
with Series-connected Voltage Source Converter,” EPE Journal,
vol. 12, no. 1, pp. 19-25, Feb. 2002.

N. J. Wheeler, H. Zhang, and D. A. Grant, “Minimisation of Reac-
tive Component Values in Back-to-Back Converters,” in Proc. 5th
IEE International Conference on Power Electronics and Variable-

Speed Drives, Oct. 2628, 1994, pp. 240-245.



332

BIBLIOGRAPHY

[24]

125]

26]

27]

28]

[29]

30]

31

32]

L. Malesani, L. Rossetto, P. Tenti, and P. Tomasin, “AC/DC/AC
PWM Converter with Reduced Energy Storage in the DC Link,”
IEEFE Trans. Ind. Appl., vol. 31, no. 2, pp. 287-292, Mar. 1995.

B.-G. Gu and K. Nam, “A DC Link Capacitor Minimization
Method through Direct Capacitor Current Control,” in Proc.
37th IEEE Industry Applications Society Annual Meeting IAS 02,
vol. 2, Oct. 13-18, 2002, pp. 811-817.

P. W. Lehn, “Exact Modeling of the Voltage Source Converter,”
IEEE Trans. Power Del., vol. 17, no. 1, pp. 217-222, Jan. 2002.

M. Winkelnkemper and S. Bernet, “Design and Optimization of
the DC-Link Capacitor of PWM Voltage Source Inverter with
Active Front-End for Low-Voltage Drives,” in Proc. 10th European
Conference on Power FElectronics and Applications EPE 03, Sep.
2—4, 2003, CD-ROM.

F. D. Kieferndorf, M. Forster, and T. A. Lipo, “Reduction of DC-
Bus Capacitor Ripple Current with PAM/PWM Converter,”
IEEFE Trans. Ind. Appl., vol. 40, no. 2, pp. 607-614, Mar. 2004.

C. Klumpner, M. Liserre, and F. Blaabjerg, “Improved Control of
an Active-Front-End Adjustable Speed Drive with a Small DC-
Link Capacitor under Real Grid Conditions,” in Proc. 35th IEEE
Power Electronics Specialists Conference PESC 04, vol. 2, Jun.
20-25, 2004, pp. 1156-1162.

H. Lamsahel, P. Mutschler, and M. Reddy, “Controlling Volt-
age Source Converters with Minimal Energy Storage,” in Proc.

11th European Conference on Power Electronics and Applications
EPFE 05, Sep. 11-14, 2005, CD-ROM.

H. Saren, O. Pyrhonen, J. Luukko, O. Laakkonen, and K. Rauma,
“Verification of Frequency Converter with Small DC-link Capaci-

tor,” in Proc. 11th European Conference on Power Electronics and
Applications EPE 05, Sep. 11-14, 2005, CD-ROM.

R. Lai, F. Wang, Y. Pei, R. Burgos, and B. Dushan, “Minimizing
Passive Components in High-Frequency High-Density AC Active
Voltage Source Converters,” in Proc. 38th IEEE Power Electronics
Specialists Conference PESC 07, Jun. 17-21, 2007, pp. 672-677.



BIBLIOGRAPHY 333

[33]

[34]

[35]

[36]

137]

[38]

[39]

140]

[41]

G. S. Buja and G. B. Indri, “Optimal Pulsewidth Modulation for
Feeding AC Motors,” IEEE Trans. Ind. Appl., vol. 13, no. 1, 1977.

H. W. van der Broeck, H.-C. Skudelny, and G. V. Stanke, “Anal-
ysis and Realization of a Pulsewidth Modulator based on Voltage
Space Vectors,” IEEE Trans. Ind. Appl., vol. 24, pp. 142-150,
Jan./Feb. 1988.

M. Bierhoff, H. Brandenburg, and F. W. Fuchs, “An Analysis
on Switching Loss Optimized PWM Strategies for Three Phase
PWM Voltage Source Converters,” in Proc. 33rd IEEE Industrial
Electronics Society Conference IECON 07, Nov. 5-8, 2007, pp.
1512-1517.

A. M. Hava, N. O. Cetin, and E. Un, “On the Contribution of
PWM Methods to the Common Mode (Leakage) Current in Con-
ventional Three-Phase Two-Level Inverters as Applied to AC Mo-
tor Drives,” in Proc. 43rd IEEE Industry Applications Society An-
nual Meeting IAS 08, Oct. 5-9, 2008, pp. 1-8.

R. Itoh, “Stability of a PWM Current-Source Rectifier/Inverter
Fed Induction Motor Drive,” Proc. IEE FElectric Power Applica-
tions, vol. 137, no. 6, pp. 348-354, Nov. 1990.

L. Malesani, L. Rossetto, and P. Tenti, “Active Power Filter with
Hybrid Energy Storage,” IEEE Trans. Power FElectron., vol. 6,
no. 3, pp. 392-397, Jul. 1991.

Y. Sato and T. Kataoka, “State Feedback Control of Current-Type
PWM AC-to-DC Converters,” IEEE Trans. Ind. Appl., vol. 29,
no. 6, pp. 1090-1097, Nov. 1993.

N. Zargari and G. Joos, “An On-line Operated Near Unity Power
Factor PWM Rectifier with Minimum Control Requirements,” in
Proc. 20th IEEE Conference on Industrial FElectronics, Control
and Instrumentation IECON ’94, vol. 1, Sep. 5-9, 1994, pp. 593—
598.

Y. Sato and T. Kataoka, “A Current-Type PWM Rectifier with
Active Damping Function,” IEEE Trans. Ind. Appl., vol. 32, no. 3,
pp- 533-541, May 1996.



334

BIBLIOGRAPHY

42]

143

|44]

[45]

|46]

147]

48]

[49]

[50]

[51]

J. R. Espinoza and G. Joos, “State Variable Decoupling and Power
Flow Control in PWM Current-Source Rectifiers,” IEEE Trans.
Ind. Electron., vol. 45, no. 1, pp. 78-87, Feb. 1998.

M. Salo and H. Tuusa, “A Vector Controlled Current-Source
PWM Rectifier with a Novel Current Damping Method,” IEEE
Trans. Power Electron., vol. 15, no. 3, pp. 464—470, May 2000.

A. Klonne and F. W. Fuchs, “Optimal State Feedback Control of
a Vector Controlled Current Source Rectifier,” in Proc. 9th Euro-
pean Conference on Power Electronics and Applications EPE 01,

Aug. 27-29, 2001, CD-ROM.

D. N. Zmood and D. G. Holmes, “Improved Voltage Regulation
for Current-Source Inverters,” IFEE Trans. Ind. Appl., vol. 37,
no. 4, pp. 1028-1036, Jul. 2001.

M. Salo and H. Tuusa, “A Novel Open-Loop Control Method for a
Current-Source Active Power Filter,” IEEE Trans. Ind. Electron.,
vol. 50, no. 2, pp. 313-321, Apr. 2003.

Y. Neba, “A Simple Method for Suppression of Resonance Oscil-
lation in PWM Current Source Converter,” IEEE Trans. Power
FElectron., vol. 20, no. 1, pp. 132139, Jan. 2005.

M. Salo, “A Three-Switch Current-Source PWM Rectifier with
Active Filter Function,” in Proc. 36th IEEE Power Electronics
Specialists Conference PESC 05, Jun. 16-19, 2005, pp. 2230-2236.

C. J. Cass, R. Burgos, F. Wang, and D. Boroyevich, “Improved
Charge Control with Adjustable Input Power Factor and Opti-
mized Switching Pattern for a 150 kHz Three-Phase Buck Recti-
fier,” in Proc. 23rd IEEE Applied Power FElectronics Conference
and Exposition APEC 08, Feb. 24-28, 2008, pp. 1200-1206.

G. Ledwich, “Current Source Inverter Modulation,” IEEE Trans.
Power Electron., vol. 6, no. 4, pp. 618-623, Oct. 1991.

H. A. Kojori, H. R. Karshenas, and S. B. Dewan, “Generalized
Switching Strategies for Current Source Inverters/Converters,”
in Proc. 26th IEEE Power FElectronics Specialists Conference
PESC 94, vol. 1, Jun. 20-25, 1994, pp. 135-142.



BIBLIOGRAPHY 335

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

160]

J. R. Espinoza and G. Joos, “Current-Source Converter On-Line
Pattern Generator Switching Frequency Minimization,” IEEFE
Trans. Ind. Electron., vol. 44, no. 2, pp. 198-206, Apr. 1997.

K. Matsui, T. Yamaguchi, S. Takase, and Y. Yang, “A Novel PWM
Strategy to Minimize the Surge Voltage for Current-Source Con-
verters,” IEEFE Trans. Ind. Appl., vol. 34, no. 3, pp. 501-507, May
1998.

T. Halkosaari and H. Tuusa, “Optimal Vector Modulation of a
PWM Current Source Converter According to Minimal Switching
Losses,” in Proc. 31st IEEE Power Electronics Specialists Confer-
ence PESC 00, vol. 1, Jun. 18-23, 2000, pp. 127-132.

O. Ojo and S. Vanaparthy, “Carrier-based Discontinuous PWM
Modulation for Current Source Converters,” in Proc. 39th IEEE
Industry Applications Society Annual Meeting I1AS ’04, vol. 4, Oct.
37, 2004, pp. 2224-2231.

M. H. Bierhoff and F. W. Fuchs, “Loss Minimized Pulse Width
Modulation of IGBT Current Source Converters,” in Proc. 32nd
IEFEFE Industrial Electronics Society Conference IECON 06, Nov.
6-10, 2006, pp. 1739-1744.

T. Huu-Phuc, M. F. Rahman, and C. Grantham, “Modulation
of Current-Source Converters from Gating Signals for Voltage-
Source Converters,” in Proc. 37th IEEE Power Electronics Spe-
cialists Conference PESC ’06, Jun. 18-22, 2006, pp. 1-6.

Y. W. Li, B. Wu, N. Zargari, J. Wiseman, and X. D., “Damping
of PWM Current-Source Rectifier using a Hybrid Combination
Approach,” IEEE Trans. Power Electron., vol. 22, no. 4, pp. 1383~
1393, Jul. 2007.

S. Pettersson, M. Salo, and H. Tuusa, “Optimal DC Current Con-
trol for Four-Wire Current Source Active Power Filter,” in Proc.
23rd IEEE Applied Power Electronics Conference and Exposition
APEC 08, Feb. 24-28, 2008, pp. 1163-1168.

H. R. Karshenas, H. A. Kojori, and S. B. Dewan, “Generalized
Techniques of Selective Harmonic Elimination and Current Con-
trol in Current Source Inverters/Converters,” IEEE Trans. Power

Electron., vol. 10, no. 5, pp. 566-573, Sep. 1995.



336

BIBLIOGRAPHY

[61]

62]

63]

|64]

65]

|66]

67]

68

D. Sharon and F. W. Fuchs, “Switched Link PWM Current
Source Converters with Harmonic Elimination at the Mains,”
IEEE Trans. Power Electron., vol. 15, no. 2, pp. 231-241, Mar.
2000.

M. Bierhoff, F. W. Fuchs, and S. Pischke, “Theoretical Output
Current Spectra of Three Phase Current Source Converters,” in

Proc. 11th European Conference on Power Electronics and Appli-
cations EPE °05, Sep. 11-14, 2005, CD-ROM.

H. Inaba, K. Hirasawa, T. Ando, M. Hombu, and M. Nakazato,
“Development of a High-Speed Elevator Controlled by Current

Source Inverter System with Sinusoidal Input and Output,” IEEFE
Trans. Ind. Appl., vol. 28, no. 4, pp. 893-899, Jul. 1992.

T. C. Green, M. H. Taha, N. A. Rahim, and B. W. Williams,
“Three-Phase Step-Down Reversible AC-DC Power Converter,”
IEEE Trans. Power Electron., vol. 12, no. 2, pp. 319-324, Mar.
1997.

K. Kuusela, M. Salo, and H. Tuusa, “A Current Source PWM In-
verter Fed Permanent Magnet Synchronous Motor Drive,” in Proc.
International Exhibition and Conference for Power Electronics In-
telligent Motion and Power Quality PCIM 99, Jun. 22-24, 1999,
CD-ROM.

——, “Experimental Results of a Current Source PWM Inverter
Fed Permanent Magnet Synchronous Motor Drive,” in Proc. In-
ternational Exhibition and Conference for Power FElectronics In-
telligent Motion and Power Quality PCIM 00, Jun. 6-8, 2000,
CD-ROM.

V. Nedic and T. A. Lipo, “Low-Cost Current-Fed PMSM Drive
System with Sinusoidal Input Currents,” IEEE Trans. Ind. Appl.,
vol. 42, no. 3, pp. 753-762, May 2006.

L. Sack, B. Piepenbreier, and M. von Zimmermann, “Dimension-
ing of the Z-Source Inverter for General Purpose Drives with
Three-Phase Standard Motors,” in Proc. 39th IEEE Power Elec-
tronics Specialists Conference PESC 08, Jun. 15-19, 2008, pp.
1808-1813.



BIBLIOGRAPHY 337

[69]

[70]

71

72|

73]

[74]

[75]

[76]

7]

F. Z. Peng, “Z-Source Inverter,” IEEE Trans. Ind. Appl., vol. 39,
no. 2, pp. 504-510, Mar. 2003.

F.Z. Peng, M. Shen, and Z. Qian, “Maximum Boost Control of the
Z-Source Inverter,” IEEE Trans. Power FElectron., vol. 20, no. 4,
pp- 833-838, Jul. 2005.

M. Shen, J. Wang, A. Joseph, F. Z. Peng, L. M. Tolbert, and
D. J. Adams, “Constant Boost Control of the Z-Source Inverter
to Minimize Current Ripple and Voltage Stress,” IEEE Trans.
Ind. Appl., vol. 42, no. 3, pp. 770-778, May 2006.

L. Sack, B. Piepenbreier, and M. von Zimmermann, “Z-Source In-
verter for General Purpose Drives in Motoring and Regenerating
Operation,” in Proc. International Symposium on Power Electron-
1cs, FElectrical Drives, Automation and Motion SPEEDAM 08,
Jun. 11-13, 2008, pp. 766-771.

F. Z. Peng, A. Joseph, J. Wang, M. Shen, L. Chen, Z. Pan,
E. Ortiz-Rivera, and Y. Huang, “Z-Source Inverter for Motor
Drives,” IEEE Trans. Power Electron., vol. 20, no. 4, pp. 857—
863, Jul. 2005.

M. Shen, A. Joseph, Y. Huang, F. Z. Peng, and Z. Qian, “Design
and Development of a 50 kW Z-Source Inverter for Fuel Cell Ve-
hicles,” in Proc. 5th CES/IEEFE International Power Electronics
and Motion Control Conference IPEMC 06, vol. 2, Aug. 14-16,
2006, pp. 1-5.

P. C. Loh, D. M. Vilathgamuwa, Y. S. Lai, G. T. Chua, and Y. Li,
“Pulse-Width Modulation of Z-Source Inverters,” IEEE Trans.
Power Electron., vol. 20, no. 6, pp. 1346-1355, Nov. 2005.

K. You and F. M. Rahman, “Modulation and Control Schemes
for a New Power Converter Based on Z-Source and Matrix Con-
verter for ISA 42V PowerNet System,” in Proc. 4th International
Conference on Power Electronics and Drives Systems PEDS 05,
vol. 1, 2005, pp. 436—441.

M. Shen and F. Z. Peng, “Operation Modes and Characteristics
of the Z-Source Inverter with Small Inductance or Low Power
Factor,” IEEE Trans. Ind. FElectron., vol. 55, no. 1, pp. 89-96,
Jan. 2008.



338

BIBLIOGRAPHY

78]

[79]

[80]

81

[82]

83

[84]

[85]

[36]

187]

F. Z. Peng, X. Yuan, X. Fang, and Z. Qian, “Z-Source Inverter
for Adjustable Speed Drives,” IEEE Power Electron. Lett., vol. 1,
no. 2, pp. 33-35, Jun. 2003.

F. Z. Peng, M. Shen, and K. Holland, “Application of Z-Source
Inverter for Traction Drive of Fuel Cell Battery Hybrid Electric
Vehicles,” IEEE Trans. Power Electron., vol. 22, no. 3, pp. 1054—
1061, Apr. 2007.

R. Strzelecki, M. Adamowicz, N. Strzelecka, and W. Bury, “New
Type T-Source Inverter,” in Proc. 6th International Conference-
Workshop Compatibility and Power Electronics CPFE 09, May 20—
22, 2009, pp. 191-195.

P. D. Ziogas, Y.-G. Kang, and V. R. Stefanovic, “Rectifier-Inverter
Frequency Changers with Suppressed DC Link Components,”
IEEFE Trans. Ind. Appl., no. 6, pp. 1027-1036, Nov. 1986.

K. Gopfrich, C. Rebbereh, and L. Sack, “Fundamental Frequency
Front-end Converter (F3E) — A DC-Link Drive Converter with-
out Electrolytic Capacitor,” in Proc. International Exhibition and
Conference for Power FElectronics Intelligent Motion and Power

Quality PCIM °03, May 20-22, 2003, CD-ROM.

B. Piepenbreier and L. Sack, “Regenerative Drive Converter with
Line-Frequency Switched Rectifier and without DC Link Compo-
nents,” in Proc. 35th IEEE Power Electronics Specialists Confer-
ence PESC 04, vol. 5, Jun. 20-25, 2004, pp. 3917-3923.

J. W. Kolar, T. Friedli, F. Krismer, and S. D. Round, “The Essence
of Three-Phase AC/AC Converter Systems,” in Proc. 13th Inter-

national Power Electronics and Motion Control Conference EPE-
PEMC 08, Sep. 1-3, 2008, pp. 27—42.

L. A. Hazeltine, “An Improved Method of an Apparatus for Con-
verting Electric Power,” U.S. Patent 218 675, Jul., 1923.

W. 1. Popow, “Der zwangskommutierte Direktumrichter mit si-
nusformiger Ausgangsspannung,” in Elektrie 28, no. 4, 1974, pp.
194-196.

L. Gyugyi and B. R. Pelly, Static Power Frequency Changers —
Theory, Performance & Application. New York: J. Wiley, 1976.



BIBLIOGRAPHY 339

[38]

[89]

[90]

191

192]

193]

[94]

195]

196]

M. Venturini, “A New Sinewave In Sinewave Out Conversion Tech-
nique Eliminates Reactive Elements,” in Proc. 7th International
Power System Technology Conference POWERCON ’80, 1980, pp.
1-15.

A. Alesina and M. Venturini, “Solid-State Power Conversion: A
Fourier Analysis Approach to Generalized Transformer Synthe-
sis,” IEEE Trans. Circuits Syst., vol. 28, no. 4, pp. 319-330, Apr.
1981.

J. Holtz and U. Boelkens, “Direct Frequency Converter with Sinu-
soidal Line Currents for Speed-Variable AC Motors,” IEEE Trans.
Ind. Electron., vol. 36, no. 4, pp. 475479, Nov. 1989.

K. Shinohara, Y. Minari, and T. Irisa, “Analysis and Fundamen-
tal Characteristics of Induction Motor Driven by Voltage Source
Inverter without DC Link Components,” IEEJ Trans., vol. 109-D,
pp. 637-644, 1989.

J. W. Kolar, M. Baumann, F. Schafmeister, and H. Ertl, “Novel
Three-Phase AC-DC-AC Sparse Matrix Converter,” in Proc.
17th IEEE Applied Power Electronics Conference and Exposition
APEC 02, vol. 2, Mar. 10-14, 2002, pp. 777-791.

L. Wei, T. A. Lipo, and H. Chan, “Matrix Converter Topologies
with Reduced Number of Switches,” in Proc. 33rd IEEE Power
Electronics Specialists Conference PESC 02, vol. 1, Jun. 23-27,
2002, pp. 57-63.

J. W. Kolar, F. Schafmeister, S. D. Round, and H. Ertl, “Novel
Three-Phase AC-AC Sparse Matrix Converters,” IEEE Trans.
Power Electron., vol. 22, no. 5, pp. 1649-1661, Sep. 2007.

C. Klumpner, M. Lee, and P. Wheeler, “A New Three-Level Sparse
Indirect Matrix Converter,” in Proc. 32nd IEEFE Industrial Elec-
tronics Society Conference IECON ’06, Nov. 6—-10, 2006, pp. 1902—
1907.

C. Klumpner, M. Lee, C. Pitic, P. Wheeler, and P. Zanchetta, “A
New Three-Level Indirect Matrix Converter with Reduced Num-
ber of Switches,” in Proc. 42nd IEEE Industry Applications Soci-
ety Annual Meeting IAS °07, Sep. 23-27, 2007, pp. 186—-193.



340

BIBLIOGRAPHY

197]

98]

199]

[100]

[101]

[102]

[103]

[104]

K. K. Mohapatra and N. Mohan, “Open-End Winding Induction
Motor Driven with Matrix Converter for Common-Mode Elimina-
tion,” in Proc. IEEE Power Electronics, Drives and Energy Sys-
tems Conference for Industrial Growth PEDES 06, Dec. 12-15,
2006, pp. 1-6.

R. W. Erickson and O. A. Al-Naseem, “A New Family of Ma-
trix Converters,” in Proc. 27th IEEE Industrial Electronics So-
ciety Conference IECON 01, vol. 2, Nov. 29-Dec. 2, 2001, pp.
1515-1520.

C. Klumpner, “Hybrid Direct Power Converters with In-
creased /Higher than Unity Voltage Transfer Ratio and Improved
Robustness against Voltage Supply Disturbances,” in Proc. 36th
IEEE Power FElectronics Specialists Conference PESC 05, Jun.
16—20, 2005, pp. 2383-2389.

——, “A Hybrid Indirect Matrix Converter Immune to Unbal-
anced Voltage Supply, with Reduced Switching Losses and Im-
proved Voltage Transfer Ratio,” in Proc. 21st IEEE Applied Power
Electronics Conference and FExposition APEC’06, Mar. 19-23,
2006, pp. 133—-139.

A. Ishiguro, K. Inagaki, M. Ishida, S. Okuma, Y. Uchikawa, and
K. Iwata, “A New Method of PWM Control for Forced Commu-
tated Cycloconverters using Microprocessors,” in Proc. 13th IEEE
Industry Applications Society Annual Meeting IAS ’88, vol. 1, Oct.
2-7, 1988, pp. 712-721.

A. Alesina and M. G. B. Venturini, “Analysis and Design of
Optimum-Amplitude Nine-Switch Direct AC-AC Converters,”
IEEE Trans. Power FElectron., vol. 4, no. 1, pp. 101-112, Jan.
1989.

J. Oyama, T. Higuchi, E. Yamada, T. Koga, and T. Lipo, “New
Control Strategy for Matrix Converter,” in Proc. 10th IEEE
Power Electronics Specialists Conference PESC’89, vol. 1, Jun.
26-29, 1989, pp. 360-367.

L. Huber and D. Borojevic, “Space Vector Modulation with Unity
Input Power Factor for Forced Commutated Cycloconverters,” in
Proc. 15th IEEE Industry Applications Society Annual Meeting
IAS 91, vol. 1, Sep. 28-Oct. 4, 1991, pp. 1032-1041.



BIBLIOGRAPHY 341

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

L. Helle and S. Munk-Nielsen, “A Novel Loss Reduced Modula-
tion Strategy for Matrix Converters,” in Proc. 32nd IEEE Power
Electronics Specialists Conference PESC 01, vol. 2, Jun. 17-21,
2001, pp. 1102-1107.

K. B. Larsen, A. H. Jorgensen, L. Helle, and F. Blaabjerg, “Anal-
ysis of Symmetrical Pulse Width Modulation Strategies for Ma-

trix Converters,” in Proc. 33rd IEEE Power Electronics Specialists
Conference PESC 02, vol. 2, Jun. 23-27, 2002, pp. 899-904.

P. W. Wheeler, J. Clare, and L. Empringham, “Enhancement
of Matrix Converter Output Waveform Quality using Minimized
Commutation Times,” IEEE Trans. Ind. Electron., vol. 51, no. 1,
pp. 240-244, Feb. 2004.

H. Hara, E. Yamamoto, T. Higuchi, K. Yamada, J.-K. Kang, and
T. J. Kume, “PWM Methods and Common-Mode Voltage Char-
acteristics of Matrix Converter-Driven AC Machines,” in Proc.
International Power Electronics Conference IPEC 05, Apr. 4-8,
2005, pp. 552-557.

D. Casadei, M. Ghirelli, G. Serra, A. Tani, and L. Zarri, “Theo-
retical and Experimental Analysis of Line Current in Matrix Con-
verters,” in Proc. 12th International Power Electronics and Mo-
tion Control Conference EPE-PEMC 06, Aug. 30 — Sep. 1, 2006,
pp. 552-557.

T. Satish, K. K. Mohapatra, and N. Mohan, “Modulation Meth-
ods Based on a Novel Carrier-Based PWM Scheme for Matrix
Converter Operation under Unbalanced Input Voltages,” in Proc.

21st IEEE Applied Power Electronics Conference and Exposition
APEC 06, Mar. 19-23, 2006, pp. 127-132.

A. G. H. Accioly, F. Bradaschia, M. C. Cavalcanti, F. A. S. Neves,
and V. N. Lima, “Generalized Modulation Strategy for Matrix
Converters — Part 1,” in Proc. 38th IEEE Power Electronics Spe-
ctalists Conference PESC 07, Jun. 17-21, 2007, pp. 646—652.

F. Bradaschia, M. C. Cavalcanti, F. A. S. Neves, V. N. Lima,
and A. G. H. Accioly, “Generalized Modulation Strategy for Ma-
trix Converters - Part II,” in Proc. 38th IEEE Power Electronics
Specialists Conference PESC 07, Jun. 17-21, 2007, pp. 665-671.



342

BIBLIOGRAPHY

[113]

[114]

[115]

116]

[117]

[118]

[119]

[120]

[121]

Y. Tamai, H. Ohguchi, I. Sato, A. Odaka, H. Mine, and J. Itoh, “A
Novel Control Strategy for Matrix Converters in Over-modulation
Range,” in Proc. 4th IEEE/IEEJ Power Conversion Conference
PCC’07, Apr. 2-5, 2007, pp. 1049-1055.

P. C. Loh, F. Gao, and F. Blaabjerg, “Embedded EZ-Source In-
verters,” in Proc. 43rd IEEFE Industry Applications Society Annual
Meeting IAS °08, Oct. 5-9, 2008, pp. 1-8.

A. Ecklebe, A. Lindemann, and S. Schulz, “Bidirectional Switch
Commutation for a Matrix Converter Supplying a Series Resonant
Load,” IEEFE Trans. Power Electron., vol. 24, no. 5, pp. 1173—-1181,
May 2009.

N. Burany, “Safe Control of Four-Quadrant Switches,” in Proc.
24th IEEE Industry Applications Society Annual Meeting IAS '89,
vol. 1, Oct. 1-5, 1989, pp. 1190-1194.

M. Ziegler and W. Hofmann, “Semi Natural Two Steps Commuta-
tion Strategy for Matrix Converters,” in Proc. 29th IEEE Power
Electronics Specialists Conference PESC 98, vol. 1, May 17-22,
1998, pp. 727-731.

, “New One-Step Commutation Strategies in Matrix Convert-
ers,” in Proc. 4th IEEFE International Conference on Power Elec-
tronics and Drive Systems PEDS °01, vol. 2, Oct. 22-25, 2001, pp.
560-564.

D. Casadei, A. Trentin, M. Matteini, and M. Calvini, “Matrix
Converter Commutation Strategy using both Output Current and
Input Voltage Sign Measurement,” in Proc. 10th Furopean Con-

ference on Power Electronics and Applications EPE 03, Sep. 2—4,
2003, CD-ROM.

L. Empringham, P. W. Wheeler, and J. C. Clare, “Intelligent Com-
mutation of Matrix Converter Bi-directional Switch Cells using
Novel Gate Drive Techniques,” in Proc. 29th IEEE Power Elec-
tronics Specialists Conference PESC 98, vol. 1, May 17-22, 1998,
pp. 707-713.

——, “Matrix Converter Bi-directional Switch Commutation us-
ing Intelligent Gate Drives,” in Proc. 7th IEE International Con-



BIBLIOGRAPHY 343

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

ference on Power Electronics and Variable Speed Drives, Sep. 21—
23, 1998, pp. 626—631.

L. Huber and D. Borojevic, “Space Vector Modulated Three-Phase
to Three-Phase Matrix Converter with Input Power Factor Cor-
rection,” IEEE Trans. Ind. Appl., vol. 31, no. 6, pp. 1234-1246,
Nov. 1995.

K. Iimori, S. Katsuji, M. Mitsuhiro, and H. Sako, “A Commuta-
tion Strategy of the Rectifier with Sensing DC Current of Voltage
Source Inverter without DC Link Components for Motor Drive,”

in Proc. 9th Furopean Conference on Power Electronics and Ap-
plications EPE 01, Aug. 27-29, 2001, CD-ROM.

O. Simon and M. Braun, “Theory of Vector Modulation for Matrix
Converters,” in Proc. 9th European Conference on Power Elec-

tronics and Applications FPE 01, Aug. 27-29, 2001, CD-ROM.

L. Wei and T. A. Lipo, “A Novel Matrix Converter Topology with
Simple Commutation,” in Proc. 36th IEEE Industry Applications
Society Annual Meeting IAS °01, vol. 3, Sep. 30—-Oct. 4, 2001, pp.
1749-1754.

M. Jussila, M. Salo, and H. Tuusa, “Realization of a Three-Phase
Indirect Matrix Converter with an Indirect Vector Modulation
Method,” in Proc. 34th IEEE Power Electronics Specialists Con-
ference PESC 03, vol. 2, Jun. 15-19, 2003, pp. 689-694.

J. W. Kolar and F. Schafmeister, “Novel Modulation Schemes
Minimizing the Switching Losses of Sparse Matrix Converters,”
in Proc. 29th IEEE Industrial Electronics Society Conference
IECON ’03, vol. 3, Nov. 2-6, 2003, pp. 2085-2090.

F. Schafmeister and J. W. Kolar, “Novel Modulation Schemes for
Conventional and Sparse Matrix Converters Facilitating Reactive
Power Transfer Independent of Active Power Flow,” in Proc. 35th
IEEE Power Electronics Specialists Conference PESC 04, vol. 4,
Jun. 20-25, 2004, pp. 2917-2923.

J. Igney and M. Braun, “Space Vector Modulation Strategy for
Conventional and Indirect Matrix Converters,” in Proc. 11th Euro-

pean Conference on Power Electronics and Applications EPE 095,
Sep. 11-14, 2005, CD-ROM.



344

BIBLIOGRAPHY

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138)]

K.-B. Lee and F. Blaabjerg, “An Improved DTC-SVM Method
for Sensorless Matrix Converter Drives using an Overmodulation

Strategy and a Simple Nonlinearity Compensation,” IEEE Trans.
Ind. Electron., vol. 54, no. 6, pp. 3155-3166, Dec. 2007.

F. Schafmeister, “Indirekte Sparse Matrix Konverter,” Ph.D. dis-
sertation, no. 17428, ETH Zurich, 2007.

P. Nielsen, F. Blaabjerg, and J. K. Pedersen, “Novel Solutions
for Protection of Matrix Converter to Three Phase Induction Ma-
chine,” in Proc. 32nd IEEE Industry Applications Society Annual
Meeting IAS °97, vol. 2, Oct. 5-9, 1997, pp. 1447-1454.

A. Schuster, “A Matrix Converter without Reactive Clamp Ele-
ments for an Induction Motor Drive System,” in Proc. 29th IEEE
Power Electronics Specialists Conference PESC 98, vol. 1, May
17-22, 1998, pp. 714-720.

A. L. Julian and G. Oriti, “A Novel Clamp Circuit for a Regen-
erative Rectifier using AC/AC Matrix Converter Theory,” IEEE
Trans. Ind. Appl., vol. 41, no. 1, pp. 6874, Jan. 2005.

C. Klumpner, “An Indirect Matrix Converter with a Cost Effective
Protection and Control,” in Proc. 11th European Conference on
Power Electronics and Applications EPE 05, Sep. 11-14, 2005,
CD-ROM.

D. Zhou, K. Sun, Z. Liu, L. Huang, K. Matsuse, and K. Sasagawa,
“A Novel Driving and Protection Circuit for Reverse-Blocking
IGBT Used in Matrix Converter,” IEEE Trans. Ind. Appl., vol. 43,
no. 1, pp. 3-13, Jan. 2007.

J. Andreu, J. M. De Diego, I. M. de Alegria, I. Kortabarria, J. L.
Martin, and S. Ceballos, “New Protection Circuit for High-Speed
Switching and Start-Up of a Practical Matrix Converter,” IEFEE
Trans. Ind. Electron., vol. 55, no. 8, pp. 3100-3114, Aug. 2008.

T. Matsuo, S. Bernet, R. S. Colby, and T. A. Lipo, “Applica-
tion of the Matrix Converter to Induction Motor Drives,” in Proc.
31st IEEE Industry Applications Society Annual Meeting IAS ’96,
vol. 1, Oct. 6-10, 1996, pp. 60-67.



BIBLIOGRAPHY 345

[139]

[140]

[141]

[142]

143

[144]

[145]

[146]

[147]

T. F. Podlesak and D. Katsis, “A 150 kVA Vector Controlled Ma-
trix Converter Induction Motor Drive,” in Proc. 39th IEEE In-
dustry Applications Society Annual Meeting IAS ’04, vol. 3, Oct.
3—7, 2004, pp. 1811-1816.

S. Kim, S.--K. Sul, and T. A. Lipo, “AC/AC Power Conver-
sion Based on Matrix Converter Topology with Unidirectional
Switches,” IEEE Trans. Ind. Appl., vol. 36, no. 1, pp. 139-145,
Jan. 2000.

M. Eskola, M. Jussila, and H. Tuusa, “Indirect Matrix Converter
Fed PMSM - Sensorless Control using Carrier Injection,” in Proc.
35th IFEE Power Electronics Specialists Conference PESC 04,
vol. 5, Jun. 20-25, 2004, pp. 4010-4016.

M. Jussila, M. Salo, and H. Tuusa, “Induction Motor Drive Fed
by a Vector Modulated Indirect Matrix Converter,” in Proc. 35th
IEEE Power Electronics Specialists Conference PESC 04, vol. 4,
2004, pp. 2862-2868.

J. Schonberger, T. Friedli, S. D. Round, and J. W. Kolar, “An Ul-
tra Sparse Matrix Converter with a Novel Active Clamp Circuit,”
in Proc. 4th IEEE/IEEJ Power Conversion Conference PCC 07,
Apr. 2-5, 2007, pp. 784-791.

C. Klumpner, P. Nielsen, I. Boldea, and F. Blaabjerg, “A New
Matrix Converter Motor (MCM) for Industry Applications,” IEEE
Trans. Ind. Electron., vol. 49, no. 2, pp. 325-335, April 2002.

P. W. Wheeler, J. C. Clare, M. Apap, L. Empringham, K. J.
Bradley, S. Pickering, and D. Lampard, “A Fully Integrated
30 kW Motor Drive using Matrix Converter Technology,” in Proc.
11th European Conference on Power Electronics and Applications

EPE 05, Sep. 11-14, 2005, CD-ROM.

W. G. Homeyer, E. E. Bowles, S. P. Lupan, P. S. Walia, and M. A.
Maldonado, “Advanced Power Converters for More Electric Air-
craft Applications,” in Proc. 32nd Intersociety Energy Conversion
Engineering Conference IECEC 97, vol. 1, Jul. 27-Aug. 1, 1997,
pp- 591-596.

P. W. Wheeler, J. C. Clare, M. Apap, L. Empringham, K. J.
Bradley, C. Whitley, and G. Towers, “A Matrix Converter Based



346

BIBLIOGRAPHY

[148]

[149)

[150]

[151]

152

[153]

[154]

Permanent Magnet Motor Drive for an Electro-Hydrostatic Air-
craft Actuator,” in Proc. 29th IEEE Industrial Electronics Society
Conference IECON ’03, vol. 3, Nov. 2-6, 2003, pp. 2072-2077.

L. de Lillo, L. Empringham, P. Wheeler, J. Clare, and K. Bradley,
“A 20kW Matrix Converter Drive System for an Electro-
Mechanical Aircraft (EMA) Actuator,” in Proc. 11th European
Conference on Power Electronics and Applications EPE 05, Sep.

11-14, 2005, CD-ROM.

P. W. Wheeler, P. Kearnst, K. J. Bradley, L. de Lillo, P. Robson,
C. Whitley, J. C. Clare, L. Empringham, S. Pickering, D. Lam-
pard, and G. Towers, “An Integrated Machine and Matrix Con-
verter based High Power Rudder EMA,” in Proc. 3rd IET Inter-

national Conference on Power Electronics, Machines and Drives
PEMD 06, Apr. 4-6, 2006, pp. 167-171.

S. M. Barakati, M. Kazerani, and X. Chen, “A New Wind Turbine
Generation System Based on Matrix Converter,” in Proc. IEEFE

Power Engineering Society General Meeting, Jun. 12-16, 2005,
pp- 2083-2089.

R. Cardenas, R. Pena, P. Wheeler, J. Clare, and G. Asher, “Con-
trol of the Reactive Power Supplied by a WECS Based on an
Induction Generator Fed by a Matrix Converter,” IEEE Trans.
Ind. Electron., vol. 56, no. 2, pp. 429-438, Feb. 2009.

H. Nikkhajoei and M. R. Iravani, “A Matrix Converter Based
Micro-Turbine Distributed Generation System,” IEEE Trans.
Power Del., vol. 20, no. 3, pp. 2182-2192, Jul. 2005.

Y. Mei, K. Sun, D. Zhou, L. Huang, and K. Matsuse, “Application
of Matrix Converter in Auxiliary Drive System for Diesel Locomo-
tives,” in Proc. 40th IEEFE Industry Applications Society Annual
Meeting IAS °05, vol. 4, Oct. 2-6, 2005, pp. 2476—2483.

P. Snary, B. Bhangu, C. M. Bingham, D. A. Stone, and
N. Schofield, “Matrix Converters for Sensorless Control of PMSMs
and other Auxiliaries on Deep-Sea ROVs,” IEE Proceedings Elec-
tric Power Applications, vol. 152, no. 2, pp. 382-392, Mar. 4, 2005.



BIBLIOGRAPHY 347

[155]

[156]

[157]

[158]

[159]

[160]

[161]

162

D. Kiirschner and R. Mecke, “Matrix Converter with Advanced
Control for Contactless Energy Transmission,” in Proc. 12th Euro-

pean Conference on Power Electronics and Applications EPE 07,
Sep. 2-5, 2007, CD-ROM.

K. Kato and J. Itoh, “A Novel Control Method for Direct Inter-
face Converters used for DC and AC Power Supplies,” in Proc.

12th European Conference on Power Electronics and Applications
EPFE 07, Sep. 2-5, 2007, pp. 1-10, CD-ROM.

P. Zanchetta, P. W. Wheeler, J. C. Clare, M. Bland, L. Empring-
ham, and D. Katsis, “Control Design of a Three-Phase Matrix-
Converter-Based AC-AC Mobile Utility Power Supply,” IEEFE
Trans. Ind. Electron., vol. 55, no. 1, pp. 209-217, Jan. 2008.

P. W. Wheeler and D. A. Grant, “Reducing the Semiconductor
Losses in a Matrix Converter,” in Proc. IEE Colloguium on Vari-
able Speed Drives and Motion Control, Nov. 4, 1992, pp. 14/1-
14/5.

S. Sunter and H. Altun, “A Method for Calculating Semiconduc-
tor Losses in the Matrix Converter,” in Proc. 9th Mediterranean
Electrotechnical Conference MELECON 98, vol. 2, May 18-20,
1998, pp. 1260-1264.

A. Odaka, J. Itoh, I. Sato, H. Ohguchi, H. Kodachi, N. Eguchi, and
H. Umida, “Analysis of Loss and Junction Temperature in Power
Semiconductors of the Matrix Converter using Simple Simulation
Methods,” in Proc. 39th IEEE Industry Applications Society An-
nual Meeting IAS °0/, vol. 2, Oct. 3-7, 2004, pp. 850-855.

F. Schafmeister and J. W. Kolar, “Analytical Closed Calculation
of the Conduction Losses of Three-Phase AC-AC Sparse Matrix
Converters,” EPE Journal, vol. 13, no. 1, pp. 5-14, Feb. 2003.

F. Schafmeister, C. Rytz, and J. W. Kolar, “Analytical Calcula-
tion of the Conduction and Switching Losses of the Conventional
Matrix Converter and the (Very) Sparse Matrix Converter,” in
Proc. 20th IEEE Applied Power Electronics Conference and Ez-
position APEC 05, vol. 2, Mar. 6-10, 2005, pp. 875-881.



348

BIBLIOGRAPHY

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

S. Bernet, T. Matsuo, and T. A. Lipo, “A Matrix Converter
using Reverse Blocking NPT-IGBTs and Optimized Pulse Pat-
terns,” in Proc. 27th IEEE Power Electronics Specialists Confer-
ence PESC 96, vol. 1, Jun. 23-27, 1996, pp. 107-113.

C. Klumpner and F. Blaabjerg, “Using Reverse Blocking IG-
BTs in Power Converters for Adjustable Speed Drives,” in Proc.
38th IEEE Industry Applications Society Annual Meeting IAS 03,
vol. 3, Oct. 12-16, 2003, pp. 1516-1523.

J. Itoh, I. Sato, A. Odaka, H. Ohguchi, H. Kodatchi, and
N. Eguchi, “A Novel Approach to Practical Matrix Converter
Motor Drive System with Reverse Blocking IGBT,” in Proc. 35th
IEEE Annual Power Electronics Specialists Conference PESC 04,
vol. 3, Jun. 20-25, 2004, pp. 2380-2385.

N. Tokuda, M. Kaneda, and T. Minato, “An Ultra-Small Iso-
lation Area for 600V Class Reverse Blocking IGBT with Deep
Trench Isolation Process (TI-RB-IGBT),” in Proc. 16th IEEE In-

ternational Symposium on Power Semiconductor Devices and ICs
ISPSD 04, May 24-27, 2004, pp. 129-132.

T. Friedli, M. L. Heldwein, F. Giezendanner, and J. W. Ko-
lar, “A High Efficiency Indirect Matrix Converter Utilizing RB-
IGBTs,” in Proc. 37th IEEE Power Electronics Specialists Con-
ference PESC ’06, Jun. 18-22, 2006, pp. 1-7.

F. Schafmeister, S. Herold, and J. W. Kolar, “Evaluation of
1200V Si-IGBTs and 1300V SiC-JFETSs for Application in Three-
Phase Very Sparse Matrix AC-AC Converter Systems,” in Proc.
18th IEEE Applied Power Electronics Conference and Exposition
APEC 03, vol. 1, Feb. 9-13, 2003, pp. 241-255.

D. Domes, W. Hofmann, and J. Lutz, “A First Loss Evaluation us-
ing a Vertical SiC-JFET and a Conventional Si-IGBT in the Bidi-
rectional Matrix Converter Switch Topology,” in Proc. 11th Furo-

pean Conference on Power Electronics and Applications EPE 095,
Sep. 11-14, 2005, CD-ROM.

T. Friedli, S. D. Round, and J. W. Kolar, “A 100 kHz SiC Sparse
Matrix Converter,” in Proc. 38th IEEE Power Electronics Special-
ists Conference PESC 07, Jun. 17-21, 2007, pp. 2148-2154.



BIBLIOGRAPHY 349

171

172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

R. Sittig, A. Krysiak, and S. Chmielus, “Monolithic Bidirectional
Switches Promise Superior Characteristics,” in Proc. 35th IEEE
Power Electronics Specialists Conference PESC 04, vol. 4, Jun.
20-25, 2004, pp. 2977-2982.

R. K. Burra, S. K. Mazumder, and R. Huang, “dv/dt Related Spu-
rious Gate Turn-On of Bidirectional Switches in a High-Frequency
Cycloconverter,” IEEE Trans. Power Electron., vol. 20, no. 6, pp.
12371243, Nov. 2005.

D. Casadei, G. Serra, and A. Tani, “The Use of Matrix Converters
in Direct Torque Control of Induction Machines,” IFEE Trans.
Ind. Electron., vol. 48, no. 6, pp. 1057-1064, Dec. 2001.

D. Saltiveri, G. Asher, M. Sumner, A. Arias, and L. Romeral,
“Application of the Matrix Converter for the Sensorless Position
Control of Permanent Magnet AC Machines using High Frequency
Injection,” in Proc. 11th European Conference on Power Electron-

ics and Applications EPE 05, Sep. 11-14, 2005, CD-ROM.

K.-B. Lee and F. Blaabjerg, “Sensorless DTC-SVM for Induction
Motor Driven by a Matrix Converter using a Parameter Estima-
tion Strategy,” IFEE Trans. Ind. FElectron., vol. 55, no. 2, pp.
512-521, Feb. 2008.

M. Hamouda, F. Fnaiech, K. Al-Haddad, and H. Y. Kanaan, “Ma-
trix Converter Control: A Sliding Mode Approach,” in Proc. 30th
IEEFE Industrial Electronics Society Conference IECON 04, vol. 3,
Nov. 2-6, 2004, pp. 2295-2300.

K.-B. Lee, F. Blaabjerg, and K.-W. Lee, “A Simple DTC-SVM
Method for Matrix Converter Drives using a Deadbeat Scheme,”

in Proc. 11th Furopean Conference on Power Electronics and Ap-
plications EPE 05, Sep. 11-14, 2005, CD-ROM.

P. Snary, B. Bhangu, C. M. Bingham, and D. A. Stone, “Matrix
Converters for Sensorless Control of PMSMs and other Auxiliaries
on Deep-Sea ROVs,” in Proc. 2nd International Conference on
Power Electronics, Machines and Drives PEMD 0/, vol. 2, Mar.
31-Apr. 2, 2004, pp. 703—-708.

K.-B. Lee and F. Blaabjerg, “Sensorless Power Control for Induc-
tion Motor Drives Fed by a Matrix Converter,” in Proc. 41st IEEE



350

BIBLIOGRAPHY

[180]

[181]

182]

[183]

[184]

[185]

[186]

[187]

Industry Applications Society Annual Meeting IAS 06, vol. 3, Oct.
8-12, 2006, pp. 1242-1248.

W.-S. Kim, K.-B. Lee, S. Huh, and F. Blaabjerg, “Robust Sensor-
less Control for Induction Motor Drives Fed by a Matrix Converter
with Variable Structure Model Reference Adaptive,” in Proc. 38th
IEEE Power FElectronics Specialists Conference PESC 07, Jun.
17-21, 2007, pp. 2423-2427.

R. Vargas, J. Rodriguez, U. Ammann, and P. W. Wheeler, “Pre-
dictive Current Control of an Induction Machine Fed by a Matrix
Converter with Reactive Power Control,” IEEE Trans. Ind. Elec-
tron., vol. 55, no. 12, pp. 4362-4371, Dec. 2008.

P. Correa, J. Rodriguez, M. Rivera, J. R. Espinoza, and J. W.
Kolar, “Predictive Control of an Indirect Matrix Converter,” IEEE
Trans. Ind. Electron., vol. 56, no. 6, pp. 1847-1853, Jun. 2009.

M. Imayavaramban, P. W. Wheeler, and J. C. Clare, “Regener-
ation Control for Matrix Converter Drive,” in Proc. 33rd IEEE
Industrial FElectronics Society Conference IECON 07, Nov. 5-8,
2007, pp. 1805-1810.

D. Casadei, G. Serra, A. Tani, and L. Zarri, “Stability Analysis of
Electrical Drives Fed by Matrix Converters,” in Proc. IEEE In-

ternational Symposium on Industrial Electronics ISIE 02, vol. 4,
Jul. 811, 2002, pp. 1108-1113.

D. Casadei, G. Serra, A. Tani, A. Trentin, and L. Zarri, “Theo-
retical and Experimental Investigation on the Stability of Matrix
Converters,” IEEFE Trans. Ind. Electron., vol. 52, no. 5, pp. 1409—
1419, Oct. 2005.

A. Christensson, “Switch-Effective Modulation Strategy for Ma-
trix Converters,” in Proc. 7th FEuropean Conference on Power
Electronics and Applications EPE 97, vol. 4, Sep. 8-10 1997, pp.
193-198.

S. Bernet, S. Ponnaluri, and R. Teichmann, “Design and Loss
Comparison of Matrix Converters, and Voltage-Source Converters
for Modern AC Drives,” IEEFE Trans. Ind. Electron., vol. 49, no. 2,
pp- 304-314, Apr. 2002.



BIBLIOGRAPHY 351

[188)]

[189]

[190]

[191]

192

193]

[194]

[195]

[196]

J. Sagarduy and A. J. Moses, “Copper Winding Losses in Matrix
Converter-Fed Induction Motors: A Study Based on Skin Effect
and Conductor Heating,” in Proc. 39th IEEE Power Electronics
Specialists Conference PESC 08, Jun. 1519, 2008, pp. 3192-3198.

S. Turri, A. Lacaze, and J. M. Kauffmann, “De-Synchronized Gen-
erator using a Synchronous Turbo-Generator and a Matrix Con-
verter,” in Proc. IEEE FElectric Machines and Drives Conference
IEMDC 03, vol. 1, Jun. 1-4, 2003, pp. 60-66.

A. Béguin, A. Rufer, and A. Lacaze, “Poly-Phased Matrix Con-
verter for Large Synchronous Generators,” in Proc. 13th European

Conference on Power Electronics and Applications EPE 09, Sep.
8-10, 2009, CD-ROM.

M. Ziegler, D. Domes, W. Hofmann, and S. El-Barbari, “A New
Rectifier Based Topology for Electrical Drives: S-A-X -Converter,”
in Proc. 85th IEEE Annual Power Electronics Specialists Confer-
ence PESC 04, vol. 4, 2004, pp. 2924-2928.

C. Klumpner, P. Nielsen, I. Boldea, and F. Blaabjerg, “A New
Matrix Converter-Motor (MCM) for Industry Applications,” in
Proc. 35th IEEE Industry Applications Society Annual Meeting
IAS 00, vol. 3, Oct. 8-12, 2000, pp. 1394-1402.

J. Itoh, A. Odaka, and I. Sato, “High Efficiency Power Conversion
using a Matrix Converter,” Fuji Electric Review, vol. 50, no. 3,
pp- 94-98, 2004.

H. Ayano, H. Inaba, and S. Ogasawara, “A Parallel Matrix Con-
verter System,” in Proc. 37th IEEE Power Electronics Specialists
Conference PESC 06, Jun. 18-22, 2006, pp. 1-7.

H. Takahashi, M. Kaneda, and T. Minato, “1200V Class Re-
verse Blocking IGBT (RB-IGBT) for AC Matrix Converter,” in

Proc. 16th IEEFE International Symposium on Power Semiconduc-
tor Devices and ICs ISPSD 04, May 24-27, 2004, pp. 121-124.

D. Zhou, K. P. Phillips, G. L. Skibinski, J. L. McCarty, M. W.
Loth, B. R. Buchholz, D. H. Braun, and R. A. Lukaszweski, “Eval-
uation of AC-AC Matrix Converter, a Manufacturer’s Perspec-
tive,” in Proc. 37th IEEE Industry Applications Society Annual
Meeting IAS 02, vol. 3, Oct. 13-18, 2002, pp. 1558-1563.



352

BIBLIOGRAPHY

[197]

[198]

[199]

[200]

201]

202]

[203]

[204]

[205]

L. Wei, R. A. Lukaszewski, and T. A. Lipo, “Analysis of Power
Cycling Capability of IGBT Modules in a Conventional Matrix
Converter,” in Proc. 43rd IEEE Industry Applications Society An-
nual Meeting IAS 08, Oct. 5-9, 2008, pp. 1-8.

O. Simon, J. Mahlein, M. N. Muenzer, and M. Bruckmarm, “Mod-
ern Solutions for Industrial Matrix-Converter Applications,” IEEE
Trans. Ind. Electron., vol. 49, no. 2, pp. 401-406, Apr. 2002.

P. W. Wheeler, J. C. Clare, A. M., L. Empringham, L. de Lillo,
K. J. Bradley, C. Whitley, and G. Towers, “ An Electro-Hydrostatic
Aircraft Actuator using a Matrix Converter Permanent Magnet
Motor Drive,” in Proc. 2nd IEEE Power Electronics, Machines
and Drives Conference PEMD ’04, Mar. 31-Apr. 2, 2004, CD-
ROM.

M. Sato and Y. Ohmori, “Various Control Methods by Conduction
Ratio to a Middle Phase in Matrix Converter Based on Direct
AC/AC Conversion,” in Proc. 4th IEEE/IEEJ Power Conversion
Conference PCC 07, Apr. 2-5, 2007, pp. 1056—-1063.

C. L. Neft and C. D. Schauder, “Theory and Design of a 30 HP
Matrix Converter,” IEFE Trans. Ind. Appl., vol. 28, no. 3, pp.
546-551, May 1992.

J.-K. Kang, H. Hara, A. M. Hava, E. Yamamoto, E. Watanabe,
and T. Kume, “The Matrix Converter Drive Performance under
Abnormal Input Voltage Conditions,” IEEE Trans. Power Elec-
tron., vol. 17, no. 5, pp. 721-730, Sep. 2002.

T. Hatase, T. Abe, T. Higuchi, and H. H., “Improvement of Out-
put Voltage Waveform for ARCP Matrix Converter,” in Proc.
13th European Conference on Power Electronics and Applications

EPE 09, Sep. 8-10, 2009, CD-ROM.

W. Hoffmann, “Jahresbericht 2004 — Lehrstuhl Elektrische
Maschinen und Antriebe,” Fakultéit fiir Elektrotechnik und In-

formationstechnik, Technische Universitdt Chemnitz, Tech. Rep.,
2004.

J. W. Kolar, U. Drofenik, J. Biela, M. L. Heldwein, H. Ertl,
T. Friedli, and S. D. Round, “PWM Converter Power Density



BIBLIOGRAPHY 353

[206]

207]

[208]

[209]

210]

[211]

[212]

Barriers,” in Proc. 4th IEEE/IEEJ Power Conversion Conference
PCC’07, Apr. 2-5, 2007, pp. 9-29.

M. Bland, P. Wheeler, J. Clare, and L. Empringham, “Compari-
son of Calculated and Measured Losses in Direct AC-AC Convert-

ers,” in Proc. 32nd IEEE Power Electronics Specialists Conference
PESC 01, vol. 2, Jun. 17-21, 2001, pp. 1096-1101.

——, “Comparison of Losses in Voltage Source Inverters and Di-
rect AC-AC Converters,” EPE Journal, vol. 13, no. 1, pp. 4651,
Feb. 2003.

D. Casadei, G. Grandi, C. Rossi, A. Trentin, and L. Zarri, “Com-
parison between Back-to-Back and Matrix Converters Based on
Thermal Stress of the Switches,” in Proc. IEEE International

Symposium on Industrial Electronics, vol. 2, May 4-7, 2004, pp.
1081-1086.

S. Round, F. Schafmeister, M. Heldwein, L. Pereira, L. Serpa, and
J. W. Kolar, “Comparison of Performance and Realization Effort
of a Very Sparse Matrix Converter to a Voltage DC Link PWM
Inverter with Active Front End,” IEEJ Trans. IA,, vol. 126, no. 5,
pp- 578-588, 2006.

M. H. Bierhoff and F. W. Fuchs, “Semiconductor Losses in Voltage
Source and Current Source IGBT Converters Based on Analyti-

cal Derivation,” in Proc. 35th IEEE Power Electronics Specialists
Conference PESC 04, vol. 4, Jun. 20-25, 2004, pp. 2836—2842.

M. Mohr and F. W. Fuchs, “Comparison of Three Phase Current
Source Inverters and Voltage Source Inverters Linked with DC to
DC Boost Converters for Fuel Cell Generation Systems,” in Proc.
11th European Conference on Power Electronics and Applications

EPE 05, Sep. 11-14, 2005, CD-ROM.

Y. Suh, J. Steinke, and P. Steimer, “Efficiency Comparison of Volt-
age Source and Current Source Drive System for Medium Voltage
Applications,” in Proc. 11th Furopean Conference on Power Elec-

tronics and Applications EPE 05, Sep. 11-14, 2005, CD-ROM.

[213] ——, “A Study on Efficiency of Voltage Source and Current Source

Converter Systems for Large Motor Drives,” in Proc. 37th IEEFE



354

BIBLIOGRAPHY

[214]

[215]

216]

[217]

218]

[219]

[220]

[221]

Power Electronics Specialists Conference PESC 06, Jun. 1822,
2006, pp. 1-7.

M. Jussila and H. Tuusa, “Semiconductor Power Loss Compari-
son of Space-Vector Modulated Direct and Indirect Matrix Con-
verter,” in Proc. 4th IEEE/IEEJ Power Conversion Conference
PCC 07, Apr. 2-5, 2007, pp. 831-838.

A. Trentin, P. Zanchetta, P. Wheeler, and J. Clare, “Performance
Assessment of Matrix Converter and Two Stage Matrix Converter
for EMA in Aircraft Application,” in Proc. 39th IEEE Power Elec-
tronics Specialists Conference PESC 08, Jun. 15-19, 2008, pp.
2692-2697.

D. G. Holmes, “A Unified Modulation Algorithm for Voltage and
Current Source Inverters Based on AC-AC Matrix Converter The-
ory,” IEEFE Trans. Ind. Appl., vol. 28, no. 1, pp. 31-40, Jan. 1992.

M. Jussila, M. Salo, and H. Tuusa, “Comparison of Two Vector
Modulated Matrix Converter Topologies,” in Proc. 10th European
Conference on Power FElectronics and Applications EPE 03, Sep.
2—4, 2003, CD-ROM.

M. Bierhoff and F. W. Fuchs, “Analytical Evaluation of the Total
Harmonic Current in Three Phase Voltage and Current Source

Converters,” in Proc. 11th European Conference on Power Elec-
tronics and Applications EPE 05, Sep. 11-14, 2005, CD-ROM.

M. Jussila and H. Tuusa, “Illustration of Relation between Load
and Supply Current Distortions in Direct and Indirect Matrix
Converters,” in Proc. 38th IEEE Power FElectronics Specialists
Conference PESC 07, Jun. 17-21, 2007, pp. 2522-2528.

R. Lai, Y. Pei, F. Wang, R. Burgos, D. Boroyevich, T. A. Lipo,
V. Immanuel, and K. Karimi, “A Systematic Evaluation of AC-Fed
Converter Topologies for Light Weight Motor Drive Applications
using SiC Semiconductor Devices,” in Proc. IEEE International
Electric Machines and Drives Conference IEMDC 07, vol. 2, May
3-5, 2007, pp. 1300-1305.

R. Lai, F. Wang, R. Burgos, Y. Pei, D. Boroyevich, B. Wang,
T. A. Lipo, V. D. Immanuel, and K. J. Karimi, “A Systematic



BIBLIOGRAPHY 355

[222]

[223]

[224]

[225]

226]

227]

[228)]

[229]

[230]

Topology Evaluation Methodology for High-Density Three-Phase
PWM AC-AC Converters,” IEEE Trans. Power Electron., vol. 23,
no. 6, pp. 2665-2680, Nov. 2008.

P. W. Wheeler, J. C. Clare, L. de Lillo, K. J. Bradley, M. Aten,
C. Whitley, and G. Towers, “A Comparison of the Reliability of
a Matrix Converter and a Controlled Rectifier-Inverter,” in Proc.
11th European Conference on Power Electronics and Applications

EPE °05, Sep. 11-14, 2005, CD-ROM.

P. W. Wheeler, J. C. Clare, L. de Lillo, K. Bradley, M. Aten,
C. Whitley, and G. Towers, “A Reliability Comparison of a Matrix
Converter and an 18-Pulse Rectifier for Aerospace Applications,”

in Proc. 12th International Power Electronics and Motion Control
Conference EPE-PEMC 06, Aug. 30—Sep. 1, 2006, CD-ROM.

L. Wei, R. J. Kerkman, and R. A. Lukaszewski, “Evaluation of
Power Semiconductors Power Cycling Capabilities for Adjustable
Speed Drive,” in Proc. 43rd IEEE Industry Applications Society
Annual Meeting IAS 08, Oct. 5-9, 2008, pp. 1-10.

D. Schroder, Leistungselektronische Bauelemente, 2nd ed.
Springer-Verlag Berlin Heidelberg, 2006, pp. 664—667.

E. Konstantinova, M. J. V. Bell, and V. Anjos, “Ab Initio Calcula-
tions of some Electronic and Elastic Properties for SiC Polytypes,”
Intermetallics, vol. 16, pp. 1040-1042, 2008, Tab. 2.

C. R. Eddy Jr., P. Wu, 1. Zwieback, B. L. VanMil, R. L. Myers-
Ward, J. L. Tedesco, A. E. Souzis, and D. K. Gaskill, “Microhard-
ness of 6H- and 4H-SiC Substrates,” Material Science Forum, vol.
615617, pp. 323-326, 2009, Tab. 1.

D. A. Neamen, Semiconductor Physics and Devices — Basic Prin-
ciples, 3rd ed. McGraw-Hill Higher Eduction, 2003, pp. 238—-266.

K. Shenai, R. S. Scott, and B. J. Baliga, “Optimum Semiconduc-
tors for High-Power Electronics,” IEEFE Trans. Electron Devices,
vol. 36, no. 9, pp. 1811-1823, Sep. 1989.

H. Schlangenotto and E. Niemann, “Switching Properties of Power

Devices in Silicon Carbide and Silicon,” in Proc. Symposium on
Materials and Devices for Power Electronics EPE-MADEP 91,
Sep. 2-6, 1991, pp. 8-13.



356

BIBLIOGRAPHY

231]

232]

[233]

[234]

[235]
[236]

[237]

[238]

[239]

J. W. Kolar, J. Biela, and J. Minibock, “Exploring the Pareto
Front of Multi-Objective Single-Phase PFC Rectifier Design Op-
timization — 99.2% Efficiency vs. 7kW/dm® Power Density,” in
Proc. 1/th International Power Electronics and Motion Control

Conference, IPEMC ’09, May 17-20, 2009, CD-ROM.

M. Béssler, P. Kanschat, F. Umbach, and C. Schaeffer, “1200 V
IGBT4 High Power — A New Technology Generation with Op-
timized Characteristics for High Current Modules,” in Proc. In-

ternational Exhibition and Conference for Power FElectronics In-
telligent Motion and Power Quality PCIM "06, May 22-24, 2006,
CD-ROM.

S. Dewar, S. Linder, S. von Arx, A. Mokhitinov, and G. De-
bled, “Soft Punch Through (SPT) — Setting New Standards in
1200V IGBT,” in Proc. International FExhibition and Confer-

ence for Power Electronics Intelligent Motion and Power Quality
PCIM 00, Jun. 6-8, 2000, CD-ROM.

T. Grasshoff and D. Seng, “The Performance of New IGBT Chip
Technologies — Soft Switching and Low Conduction Losses for
Cost Efficient Inverter Design,” in Proc. International FExhibi-

tion and Conference for Power Electronics Intelligent Motion and
Power Quality PCIM "08, May 27-29, 2008, CD-ROM.

A. Wintrich, “AN-9001,” Semikron, Tech. Rep., Mar., 2009, p. 1.

M. Rahimo, A. Kopta, and S. Eicher, “Next Generation Planar 1G-
BTs with SPT+ Technology,” in Power FElectronics Furope Mag-
azine, no. 6, 2005, pp. 1-5.

H. Kapels and D. Drucke, “Optimized Device Concepts for Re-
verse Blocking IGBTSs,” in Proc. 15th IEEFE International Sympo-
sium on Power Semiconductor Devices and ICs ISPSD 03, Apr.
14-17, 2003, pp. 148-151.

T. Naito, M. Takei, M. Nemoto, T. Hayashi, and K. Ueno, “1200 V
Reverse Blocking IGBT with Low Loss for Matrix Converter,” in

Proc. 16th IEEE International Symposium on Power Semiconduc-
tor Devices and ICs ISPSD ’04, May 24-27, 2004, pp. 125-128.

E. R. Motto, J. F. Donlon, M. Tabata, H. Takahashi, Y. Yu, and
G. Majumdar, “Application Characteristics of an Experimental



BIBLIOGRAPHY 357

240

[241]

[242]

243

[244]

[245]

[246]

RB-IGBT (Reverse Blocking IGBT) Module,” in Proc. 39th IEEE
Industry Applications Society Annual Meeting IAS ’04, vol. 3, Oct.
3-7, 2004, pp. 1540-1544.

K. Shimoyama, M. Takei, Y. Souma, A. Yajima, S. Kajiwara,
and H. Nakazawa, “A New Isolation Technique for Reverse Block-
ing IGBT with Ion Implantation and Laser Annealing to Tapered
Chip Edge Sidewalls,” in Proc. 18th IEEE International Sympo-
sium on Power Semiconductor Devices and IC’s ISPSD ’06, Jun.
4-8, 2006, pp. 1-4.

J. Lutz, “Stand und Entwicklungstendenzen bei schnellen Dio-

den,” in Fachtagung FElektrische Energiewandlungssysteme, Mar.
13-14, 2002, pp. 87-92.

A. Porst, F. Auerbach, H. Brunner, G. Deboy, and F. Hille, “Im-
provement of the Diode Characteristics using Emitter-Controlled
Principles (EmCon-Diode),” in Proc. 9th IEEE International

Symposium on Power Semiconductor Devices and IC’s ISPSD 97,
May 26-29, 1997, pp. 213-216.

F. Hille, M. Bassler, H. Schulze, E. Falck, H. P. Felsl, A. Schieber,
and A. Mauder, “1200 V EmCon4 Freewheeling Diode — A Soft Al-
ternative,” in Proc. 19th IEEFE International Symposium on Power
Semiconductor Devices and 1C’s ISPSD 07, May 27-31, 2007, pp.
109-112.

M. Rahimo and A. Kopta, “The Field Charge Extraction (FCE)
Diode: A Novel Technology for Soft Recovery High Voltage
Diodes,” in Proc. 17th IEEE International Symposium on Power
Semiconductor Devices and ICs ISPSD 05, May 23-26, 2005, pp.
83-86.

M. Treu, R. Rupp, P. Blaschitz, K. Ruschenschmidt, T. Sekinger,
P. Friedrichs, R. Elpelt, and D. Peters, “Strategic Considerations
for Unipolar SiC Switch Options: JFET vs. MOSFET,” in Proc.
42nd IEEE Industry Applications Society Annual Meeting IAS "07,
Sep. 23-27, 2007, pp. 324-330.

N. Boughrara, S. Moumen, S. Lefebvre, Z. Khatir, P. Friedrichs,
and J.-C. Faugieres, “Robustness of SiC JFET in Short-Circuit
Modes,” IEEFE FElectron Device Lett., vol. 30, no. 1, pp. 51-53,
Jan. 2009.



358

BIBLIOGRAPHY

247

[248)]

[249]

[250]

[251]

252

[253]

254

[255]

G. Soelkner, “Reliability of SiC Power Devices against Cosmic
Radiation-Induced Failure,” in Proc. European Conference on SiC
and Related Materials ECSCRM 06, Sep. 3—7, 2006.

B. Weis, M. Braun, and P. Friedrichs, “Turn-off and Short Circuit
Behaviour of 4H SiC JFETSs,” in Proc. 36th IEEE Industry Ap-
plications Society Annual Meeting IAS 01, vol. 1, Sep. 30—Oct. 4,
2001, pp. 365-369.

S. Round, M. Heldwein, J. Kolar, I. Hofsajer, and P. Friedrichs,
“A SiC JFET Driver for a 5 kW, 150 kHz Three-Phase PWM Con-

verter,” in Proc. 14th IEEE Industry Applications Society Annual
Meeting IAS °05, vol. 1, Oct. 2-6, 2005, pp. 410-416.

R. Kelley, M. S. Mazzola, and V. Bondarenko, “A Scalable SiC
Device for DC/DC Converters in Future Hybrid Electric Vehicles,”
in Proc. 21st IEEE Applied Power FElectronics Conference and
Ezxposition APEC 06, Mar. 19-23, 2006, pp. 460—463.

D. C. Sheridan, A. Ritenour, V. Bondarenko, P. Burks, and
J. B. Casady, “Record 2.8mf2/cm? 1.9kV Enhancement-Mode
SiC VJFETS,” in Proc. 21st IEEE International Symposium on
Power Semiconductor Devices. 1C’s ISPSD °09, Jun. 14-18, 2009,
pp- 335-338.

P. Friedrichs, “Silicon Carbide Power Devices — Status and Up-
coming Challenges,” in Proc. 12th European Conference on Power
Electronics and Applications EPE 07, Sep. 2-5, 2007, CD-ROM.

R. Kelley, F. Rees, and D. Schwob, “Optimized Gate Driver for
Enhancement-mode SiC JFET,” in Proc. International Exhibi-

tion and Conference for Power Electronics Intelligent Motion and
Power Quality PCIM ’09, May 12—-14, 2009, CD-ROM.

R. Epelt, P. Friedrichs, R. Schoérner, K.-O. Dohnke, H. Mitlehner,
and D. Stephani, “Serial Connection of SiC VJFETSs — Features of
a Fast High Voltage Switch,” in Proc. 10th FEuropean Conference
on Power Electronics and Applications EPE 03, Sep. 2—4, 2003,
CD-ROM.

P. Friedrichs, “Synergies Gained from Smart Combinations of Sil-
icon Carbide Power Devices with Silicon Components,” in Proc.



BIBLIOGRAPHY 359

[256]

[257]

[258)]

[259)]

[260]

261]

[262]

[263]

34th IEEE Industrial Electronics Society Conference IECON 08,
Nov. 10-13, 2008, pp. 2891-2896.

B. J. Baliga and M. S. Adler, “Composite Circuit for Power Semi-
conductor Switching,” European Patent 0 063 749 A2, 1981.

D. Aggeler, “Bidirectional Galvanic Isolated 25 kW / 50 kHz 5 kV-
700 V Hybrid-SiC-SuperCascode / Si-IGBT DC-DC Converter,”
Ph.D. dissertation, ETH Zurich, to be published, 2011.

C. J. Cass, Y. Wang, R. Burgos, T. P. Chow, F. Wang, and
D. Boroyevich, “Evaluation of SiC JFETs for a Three-Phase
Current-Source Rectifier with High Switching Frequency,” in Proc.
22nd IEEE Applied Power Electronics Conference and Ezxposition
APEC 07, Feb. 25—-Mar. 1, 2007, pp. 345-351.

C. J. Cass, R. Burgos, F. Wang, and D. Boroyevich, “Three-Phase
AC Buck Rectifier using Normally-On SiC JFETs at 150kHz

Switching Frequency,” in Proc. 38th IEEE Power Electronics Spe-
cialists Conference PESC 07, Jun. 17-21, 2007, pp. 2162-2167.

A. Nabae, I. Takahashi, and H. Akagi, “A New Neutral-Point-
Clamped PWM Inverter,” IEEFE Trans. Ind. Appl., no. 5, pp. 518—
523, Sep. 1981.

A. Elasser, M. H. Kheraluwala, M. Ghezzo, R. L. Steigerwald,
N. A. Evers, J. Kretchmer, and T. P. Chow, “A Comparative
Evaluation of New Silicon Carbide Diodes and State-of-the-Art
Silicon Diodes for Power Electronic Applications,” IEEE Trans.
Ind. Appl., vol. 39, no. 4, pp. 915-921, Jul. 2003.

J. Richmond, S.-H. Ryu, M. Das, S. Krishnaswami, S. J. Hodge,
A. Agarwal, and J. Palmour, “An Overview of Cree Silicon Car-

bide Power Devices,” in Proc. Power Electronics in Transporta-
tion, 2004, pp. 37-42.

B. Heinze, J. Lutz, R. Rupp, M. Holz, and M. Neumeister, “Surge
Current Ruggedness of Silicon Carbide Schottky- and Merged-
PiN-Schottky Diodes,” in Proc. 20th IEEFE International Sympo-
stum on Power Semiconductor Devices and IC’s ISPSD '08, May
18-22, 2008, pp. 245-248.



360

BIBLIOGRAPHY

264

[265]

[266]

1267]

[268)]

[269]

[270]

[271]

272]

S. Waffler, S. D. Round, and J. W. Kolar, “High Temperature
(200°C) Isolated Gate Drive Topologies for Silicon Carbide (SiC)
JFET,” in Proc. 34th IEEE Industrial Electronics Society Confer-
ence IECON ’08, Nov. 10-13, 2008, pp. 2867-2872.

G. Laimer, “Ultrakompaktes 10kW/500kHz Dreiphasen-
Pulsgleichrichtermodul,” Ph.D. dissertation, ETH Zurich, 2005.

D. G. Holmes and T. A. Lipo, Pulse Width Modulation for Power
Converters, 1st ed., J. Wiley & Sons, Ed. IEEE Press, 2003.

Y .-S. Lai and F.-S. Shyu, “Optimal Common-Mode Voltage Re-
duction PWM Technique for Induction Motor Drives with Con-
sidering the Dead-Time Effects for Inverter Control,” in Proc.
38th IEEFE Industry Applications Society Annual Meeting [AS 083,
vol. 1, Oct. 12-16, 2003, pp. 152-159.

E. Un and A. M. Hava, “Performance Analysis and Comparison
of Reduced Common Mode Voltage PWM and Standard PWM
Techniques for Three-Phase Voltage Source Inverters,” in Proc.
21st IEEE Applied Power Electronics Conference and Exposition
APEC 06, Mar. 19-23, 2006, pp. 303-309.

Y .-S. Lai, P.-S. Chen, H.-K. Lee, and J. Chou, “Optimal Common-
Mode Voltage Reduction PWM Technique for Inverter Control
with Consideration of the Dead-Time Effects — Part II: Appli-
cations to IM Drives with Diode Front End,” IEEE Trans. Ind.
Appl., vol. 40, no. 6, pp. 1613-1620, Nov. 2004.

A. Virtanen, M. Jussila, and H. Tuusa, “Comparison of Common-
Mode Voltages in Frequency Converters with Alternative Space
Vector Modulation Methods,” in Proc. 38th IEEE Power Elec-
tronics Specialists Conference PESC 08, Jun. 15-19, 2008, pp.
2248-2256.

L. Sack, “Reduction of Losses in the DC Link Capacitor of Two-
Stage Self-Commutated Converters,” in Proc. European Confer-

ence for Power FElectronics and Applications EPE 99, Sep. 7-9,
1999, CD-ROM.

J. Bergauer, L. Schindele, and M. Braun, “Optimised Space Vector
Control Reducing Switching Losses in Current Source Inverters,”



BIBLIOGRAPHY 361

273]

[274]

[275]

[276]

[277]

278

[279]

[280]

in Proc. 9th International Conference on Power Electronics and
Motion Control EPE-PEMC 00, Sep. 5-7, 2000, pp. 130-134.

W. Kolar, J. H. Ertl, and F. C. Zach, “Minimizing the Current
Harmonics RMS Value of Three-Phase PWM Converter Systems
by Optimal and Suboptimal Transition between Continuous and
Discontinuous Modulation,” in Proc. 22nd IEEE Power Electron-
1cs Specialists Conference PESC 91, Jun., 24-27 1991, pp. 372—
381.

T. Friedli and J. W. Kolar, “Verfahren zur Dreipunkt-Modulation
eines quasi-direkten Dreiphasen AC/AC-Pulsumrichters,” Swiss
Patent 698914, Nov. 7, 2006.

P. Nielsen, F. Blaabjerg, and J. K. Pedersen, “Space Vector Mod-
ulated Matrix Conerter with Minimized Number of Switchings
and a Feedforward Compensation of Input Voltage Unbalance,”
in Proc. IEEE Conference on Power Electronics, Drives, and En-
ergy Systems for Industrial Growth, PEDES "96, vol. 2, Jan. 8-11,
1996, pp. 833-839.

H. J. Cha and P. N. Enjeti, “An Approach to Reduce Common-
Mode Voltage in Matrix Converter,” IEEE Trans. Ind. Appl.,
vol. 39, no. 4, pp. 1151-1159, Jul. 2003.

J. Itoh, T. Hinata, K. Kato, and D. Ichimura, “A Novel Con-
trol Method to Reduce an Inverter Stage Loss in an Indirect Ma-
trix Converter,” in Proc. 35th IEEFE Industrial Electronics Society
Conference IECON ’09, Nov. 3-5, 2009, pp. 4511-4516.

M. Jussila, “Comparison of Space-Vector-Modulated Direct and
Indirect Matrix Converters in Low-Power Applications,” Ph.D.
dissertation, Tampere University of Technology, 2007.

F. Schafmeister and J. W. Kolar, “Novel Hybrid Modulation
Schemes Extending the Reactive Power Control Range of Con-
ventional and Sparse Matrix Converters Operating at Maximum
Output Voltage,” in Proc. 11th International Power Electronics

and Motion Control Conference EPE-PEMC"” 04, Sep. 2—4, 2004,
CD-ROM.

L. Wei, T. A. Lipo, and H. Chan, “Robust Voltage Commutation
of the Conventional Matrix Converter,” in Proc. 34th IEEE Power



362

BIBLIOGRAPHY

[281]

282]

[283]

[284]

[285]

[286]

1287]

[288)]

[289)]

Electronics Specialists Conference PESC 03, vol. 2, Jun. 15-19,
2003, pp. 717-722.

M. Zeraoulia, M. E. H. Benbouzid, and D. Diallo, “Electric Mo-
tor Drive Selection Issues for HEV Propulsion Systems: A Com-
parative Study,” IFEE Trans. Veh. Technol., vol. 55, no. 6, pp.
17561764, Nov. 2006.

M. Meyer and J. Bocker, “Transient Peak Currents in Permanent
Magnet Synchronous Motors for Symmetrical Short Circuits,” in
Proc. International Symposium on Power FElectronics, FElectrical
Drives, Automation and Motion SPEEDAM ’06, May 23-26, 2006,
pp. 404-409.

M. Winkelnkemper, “Reduzierung von Zwischenkreiskapazitaten
in Frequenzumrichtern fiir Niederspannungsantriebe,” Ph.D. dis-
sertation, Technische Universitat Berlin, 2005.

M. Mérz and J. W. Kolar, “Automotive Power Electronics Re-
search Roadmap Initiative,” European Centre for Power Electron-
ics (ECPE), Tech. Rep., Apr. 2008.

M. Apap, J. C. Clare, P. W. Wheeler, M. Bland, and K. Bradley,
“Comparison of Losses in Matrix Converters and Voltage Source
Inverters,” in Proc. IEE Seminar on Matrixz Converters 2008,

vol. 4, Apr. 1, 2003, pp. 1-6.

C. L. Ma and P. O. Lauritzen, “A Simple Power Diode Model
with Forward and Reverse Recovery,” in Proc. 22nd IEEE Power
Electronics Specialists Conference PESC 91, Jun. 24-27, 1991, pp.
411-415.

A. R. Hefner, “A Dynamic Electro-Thermal Model for the IGBT,”
IEEE Trans. Ind. Appl., vol. 30, no. 2, pp. 394405, Mar./Apr.
1994.

K. Sheng, B. W. Williams, and S. J. Finney, “A Review of IGBT
Models,” IEEE Trans. Power Electron., vol. 15, no. 6, pp. 1250—
1266, Nov. 2000.

U. Drofenik and J. W. Kolar, “Analyzing the Theoretical Limits
of Forced Air-Cooling by Employing Advanced Composite Ma-
terials with Thermal Conductivities > 400 W/mK,” in Proc. 4th



BIBLIOGRAPHY 363

International Conference on Integrated Power Electronic Systems
CIPS °06, Jun. 7-9, 2006, pp. 323-328.

[290] ——, “Sub-Optimum Design of a Forced Air Cooled Heat Sink for
Simple Manufacturing,” in Proc. 4th IEEE/IEEJ Power Conver-
sion Conference PCC 07, Apr. 2-5, 2007, pp. 1189-1194.

[291] EPCOS, Film Capacitors, Data Book, 2009.
[292] ——, Aluminum Electrolytic Capacitors, Data Book, 20009.
[293] A. P. Galliath, Technical Brochure, Novacap, 2009.

[294] J. Li, T. Abdallah, and C. R. Sullivan, “Improved Calculation of
Core Loss with Nonsinusoidal Waveforms,” in Proc. 36th IEEE In-
dustry Applications Society Annual Meeting IAS 01, vol. 4, 2001,
pp. 2203-2210.

[295] Magnetics, Powder Core Magnetics, Catalog, 2008.
[296] Micrometals, Powder Cores, Data Sheets, 2009.

[297] A. Massarini, M. K. Kazimierczuk, and G. Grandi, “Lumped
Parameter Models for Single- and Multiple-Layer Inductors,”
in Proc. 27th IEEE Power FElectronics Specialists Conference
PESC 96, vol. 1, 1996, pp. 295-301.

[298] M. Mérz, A. Schletz, B. Eckardt, and H. Rauh, “Power Electronics
System Integration for Electric and Hybrid Vehicles,” in Proc. 6th
International Conference on Integrated Power Electronic Systems

CIPS ’10, Mar. 16-18, 2010, CD-ROM.

[299] T. Friedli and J. W. Kolar, “A Semiconductor Area Based As-
sessment of AC Motor Drive Converter Topologies,” in Proc.
2/th IEEE Applied Power Electronics Conference and Exposition
APEC 09, Feb. 15-19, 2009, pp. 336-342.

[300] M. L. Heldwein, “EMC Filtering of Three-Phase PWM Convert-
ers,” Ph.D. dissertation, ETH Zurich, 2007.

[301] M. Schweizer and J. W. Kolar, “Shifting Input Filter Resonances
— An Intelligent Converter Behavior for Maintaining System Sta-
bility,” in Proc. 35th IEEE International Power Electronics Con-
ference IPEC ’10, Jun. 21-24, 2010, CD-ROM.



364

BIBLIOGRAPHY

302]

[303]

[304]

1305]

[306]

307]

[308)]

309]

[310]

K. Yamada, T. Higuchi, E. Yamamoto, H. Hara, T. Sawa,
M. M. Swamy, and T. Kume, “Filtering Techniques for Matrix
Converters to Achieve Environmentally Harmonious Drives,” in

Proc. FEuropean Conference on Power Electronics and Applica-
tions EPE 05, Sep. 11-14, 2005, CD-ROM.

R. W. Erickson, “Optimal Single Resistor Damping of Input Fil-
ters,” in Proc. 14th Annual Applied Power Electronics Conference
and Exposition APEC 99, vol. 2, Mar. 14-18, 1999, pp. 1073-1079.

A. Miising, M. L. Heldwein, T. Friedli, and J. W. Kolar, “Steps
Towards Prediction of Conducted Emission Levels of an RB-IGBT
Indirect Matrix Converter,” in Proc. 4th IEEE/IEEJ Power Con-
version Conference PCC 07, Apr. 2-5, 2007, pp. 1181-1188.

X. Tian, “Design-for-Reliability and Implementation on Power
Converters,” in Proc. Annual Reliability and Maintainability Sym-
posium RAMS 05, Jan. 24-27, 2005, pp. 89-95.

I. Kovacevic, “A Proposed Physical Model for Lifetime Estimation
of Power Modules,” Master’s thesis, ETH Zurich, Oct. 2008.

T. Nussbaumer and J. W. Kolar, “Comparative Evaluation of
Control Techniques for a Three-Phase Three-Switch Buck-Type
AC-to-DC PWM Converter System,” in Proc. 3rd IEEE Nordic
Workshop on Power and Industrial Electronics NORPIE 02, Aug.
12-14, 2002, CD-ROM.

U. Drofenik, G. Laimer, and J. W. Kolar, “Theoretical Converter
Power Density Limits for Forced Convection Cooling,” in Proc. In-
ternational Exhibition and Conference for Power Electronics In-
telligent Motion and Power Quality PCIM 05, Jun. 7-9, 2005, pp.
608-619.

L. Empringham, P. Wheeler, and J. Clare, “Power Density Im-
provement and Robust Commutation for a 100 kW Si-SiC Matrix
Converter,” in Proc. 13th Furopean Conference on Power Elec-
tronics and Applications EPE 09, Sep. 8-10, 2009, pp. 1-8.

T. Friedli, S. D. Round, D. Hassler, and J. W. Kolar, “Design
and Performance of a 200 kHz All-SiC JFET Current Source Con-

verter,” in Proc. 43rd IEEE Industry Applications Society Annual
Meeting IAS °08, Oct. 59, 2008, pp. 1-8.



BIBLIOGRAPHY 365

[311] T. Friedli, D. Round, and J. W. Kolar, “Design and Performance
of a 200 kHz All-SiC JFET Current DC-Link Back-to-Back Con-
verter,” IEFFE Trans. Ind. Appl., vol. 45, no. 5, pp. 1868—-1878,
Sep./Oct. 20009.






Curriculum Vitae

Personal Data

Name

Date of Birth

Citizen of

Thomas Friedli
27.02.1979

Seeberg, Switzerland

Professional Education

2010 — 2011
2006 — 2010
2003 — 2005
2003

2002 — 2003
1999 — 2002

Researcher at PES Laboratory,
Prof. J. W. Kolar, D-ITET, ETH Zurich

Research Assistant at PES Laboratory,
Prof. J. W. Kolar, D-ITET, ETH Zurich

Master Studies in Electrical Engineering and
Information Technology, D-ITET, ETH Zurich

Cambridge Advanced English Certificate, CAE
English Language Stay Abroad, Chester, UK

Trainee at Power-One, Compact PCI Power
Supply Group, R&D Center, Uster

Bachelor Studies in Electrical Engineering and
Information Technology, D-ITET, ETH Zurich

367



368 Curriculum Vitae

School and College Education

1995 — 1999 Gymnasium Alte Kantonsschule Aarau, Aarau
1991 — 1995 High School Bezirksschule, Windisch
1986 — 1991 Primary School, Habsburg



