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Abstract

POWER electronic converters play a central role in the transition from the
existing grid to the smart grid of the future. One of the tasks of the
converters is to manage the energy exchange between the existing three-phase
grid and the various sources and loads in so-called (smart) microgrids. These
microgrids connect local energy sources, storages, and loads and thereby
promise an efficient integration of renewable energy sources. This requires
efficient and at the same time cost-effective converters that combine galvanic
isolation and multiple ac and dc ports in one. In this context, the Dual
Three-Phase Active Bridge Converter (D3ABC) topology was introduced. The
D3ABC topology consists of a primary-side and a secondary-side two-level
three-phase Voltage Source Converter (VSC), each with a dc link capacitor,
and three ac-side LC filters. The ac-side filter inductor of each phase of the
primary-side VSC shares the magnetic core with the ac-side filter inductor of
the same phase of the secondary-side VSC what allows galvanically isolated
power transfer between the two sides. Due to the non-ideal coupling between
the filter inductors, the mechanism of this power transfer is similar to that
of a Dual Active Bridge (DAB) converter. Accordingly, the D3ABC topology
can be regarded as an integration of two three-phase VSCs and three DAB
converters that provide two three-phase ac ports (ac; and acy), two dc ports
(dcy and dcy), and galvanic isolation between the ports ac;, dc; (primary side)
and ac,, dc; (secondary side).

This thesis extends the findings on the D3ABC topology with respect to
conducted Electromagnetic Interference (EMI) and four-port operation. The
findings are verified by measurements on a 8 kW hardware demonstrator
of the D3ABC topology, designed for ac;—dci/dc; rectifier operation. The
demonstrator is designed for a nominal Root Mean Square (RMS) phase
voltage of 230V at ac; and dc link voltages of V4.1 = 800V at dc; and Vg, =
400V at dc,.

First, a comprehensive description of the operating principle of the D3ABC
topology for ac;—dc;/dc; rectifier operation is given. Based on this description,
a model for calculating the conducted EMI noise at the primary-side ac port,
acy, is presented. The EMI model considers the effects of the power levels, Py
and P,, at the primary- and secondary-side dc ports, dc; and dc,, respectively,
on the EMI noise level. The evaluation of this EMI model reveals that the EMI
noise at port ac; is nearly independent of the load on port dc;, but increases
with increasing load on port dc,. Based on the EMI model, a volume-optimized
ac;-side EMI filter is designed for the hardware demonstrator for operation
with nominal voltages and power levels of P; = 5.0kW and P, = 2.5kW
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Abstract

at the two dc ports. The optimized EMI filter has a total boxed volume of
0.17dm3 = 10.4in® (0.09 dm® = 5.5in® for the Differential Mode (DM) part
and 0.08 dm® = 4.9 in® for the Common Mode (CM) part of the filter). The
measurements of the conducted EMI noise of the hardware demonstrator with
EMI filter reveals, at the considered operating point and at the first spectral
component entering the EMI band regulated by CISPR 11 (at f = 175kHz), a
noise amplitude that is consistently between the minimum and maximum
noise levels predicted by the model. The measurements further confirm
compliance with the Quasi-Peak (QP) limit defined by CISPR 11 class A for
the considered operating point.

Next, the description of the operating principle of the D3ABC topology is
extended with respect to ac;—dc;/dcy—ac, four-port operation. The descrip-
tion shows that the D3ABC is capable of independent bidirectional power
exchange between all four ports acy, dcg, dc, and ac,. However, it is found that
the operation of the converter with ac voltages with different line frequencies,
fi # f>, at the ports ac; and ac;,, leads to a Low-Frequency (LF) power pulsa-
tion in the DAB part of the D3ABC. This power pulsation causes undesired
fluctuations in the dc link voltages and distortions in the ac currents. It is
found that filtering this power pulsation, e.g, by the dc link capacitance, is not
an option and consequently a new modulation scheme based on analytical
calculations is developed to eliminate the power pulsation. The calculations
supported by numerical analyses reveal a theoretical maximum power in
the DAB part of 8.5kW for four-port operation with the new modulation
scheme. Circuit simulation results for ac;/ac; operation with primary-side
and secondary-side RMS phase voltages (line-to-neutral) of 230 V and 115V at
ac; and ac; respectively, a power of 8 kW, and significantly different line fre-
quencies, fi = 50 Hz and f; = 77 Hz, show that the derived modulation scheme
nearly eliminates the power pulsation. In particular, the dc link voltages, v4. 1
and vgc 2, show constant values and the ac currents are sinusoidal. Since the
operation with f; # f; leads to an increase of the currents in the converter,
the experimental verification on the hardware demonstrator is conducted
at half voltages resulting in a reduced power of 2kW. Measurements of dc
link voltages and ac currents on the hardware demonstrator agree well with
simulation results. In particular, the measured dc link voltages, v4c; and vgc 2,
exhibit nearly constant values.

Finally, the findings about the D3ABC topology that have emerged over
the course of this thesis are discussed. As an example, a key insight is the
trade-off that arises from integrating the ac-side filter inductors into the DAB
transformers. On the one hand, this directly reduces the number of magnetic
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components and power semiconductor switches, but at the same time the
integration leads to challenges such as increased stresses on the converter
components. The increased stress is mainly due to the fact that some of the
remaining components are used for multiple tasks at the same time. Since
the use of components for multiple tasks in this thesis defines an integrated
converter topology such as the D3ABC, it can be assumed that the findings
listed are not limited to the D3ABC topology but are in general characteristic
for challenges in integrated converter topologies.
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Kurzfassung

UMRICHTER mit Leistungselektronik spielen eine zentrale Rolle beim Uber-

gang vom bestehenden Netz zum Smart Grid der Zukunft. Eine Aufgabe
der Umrichter im Smart Grid ist die Steuerung des Energieaustauschs zwi-
schen dem bestehenden Drehstromnetz und den verschiedenen Quellen und
Lasten in sogenannten (Smart) Microgrids. Ein Microgrid verbindet lokale
Energiequellen, -speicher sowie -verbraucher und verspricht damit eine effizi-
ente Integration erneuerbarer Energiequellen. Dafiir erfordert ein Microgrid
effiziente und gleichzeitig kostengiinstige Umrichter, die vorzugsweise eine
galvanische Trennung und mehrere Wechsel- und Gleichstromanschliisse in
einem System vereinen. In diesem Zusammenhang wurde die Dual Three-
Phase Active Bridge Converter (D3ABC)-Topologie eingefiihrt. Die D3ABC-
Topologie besteht aus einem primérseitigen und einem sekundérseitigen
dreiphasigen Spannungszwischenkreisumrichter (Voltage Source Converter,
VSC) mit je einer Zwischenkreiskapazitit und drei wechselspannungsseitigen
LC-Filternetzwerken (d.h. einem Filternetzwerk pro Phase). Die wechselspan-
nungsseitige Filterinduktivitit jeder Phase des primarseitigen VSC teilt sich
den Magnetkern mit der wechselspannungsseitigen Filterinduktivitit der
gleichen Phase des sekundérseitigen VSC, was eine galvanisch getrennte
Leistungsiibertragung zwischen den beiden Seiten ermoéglicht. Aufgrund der
nichtidealen magnetischen Kopplung zwischen den primér- und sekundérsei-
tigen Filterinduktivitdten ist der Mechanismus dieser Leistungsiibertragung
ahnlich wie bei einem DAB Gleichspannungswandler. Dementsprechend
kann die D3ABC-Topologie als eine Integration von zwei dreiphasigen VSCs
und drei DAB Wandlern betrachtet werden, die zwei dreiphasige Wechsel-
spannungsanschliisse (ac; und ac;), zwei Gleichspannungsanschliisse (dc;
und dc,) und eine galvanische Trennung zwischen den Anschliissen acy, dc;
(Primérseite) und acy, dc; (Sekundérseite) zur Verfiigung stellt.

Diese Dissertation erweitert die Erkenntnisse zur D3ABC-Topologie in
Bezug auf leitungsgebundene elektromagnetische Vertraglichkeit (EMV) und
Vier-Port Betrieb. Die Uberpriifung der gewonnenen Erkenntnisse erfolgt an-
hand von Messungen an einem Hardwaredemonstrator der D3ABC-Topologie,
der fiir ac;—dc;/dc; Gleichrichterbetrieb ausgelegt ist. Der Demonstrator ist
fiir eine nominale Sternspannung (Phase zu Neutralleiter) mit einem Effektiv-
wert von 230 V an ac; und Zwischenkreisgleichspannungen von Vy.; = 800 V
an dc¢; und Vg2 = 400V an dc; dimensioniert.

Die Arbeit ist in zwei Teile gegliedert. Der erste Teil beschreibt umfas-
send das Funktionsprinzip der D3ABC-Topologie fiir den ac;—dc;/dc; Gleich-
richterbetrieb. Auf der Grundlage dieser Beschreibung wird ein Modell zur
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Berechnung leitungsgebundener elektromagnetischer Stéraussendungen am
primérseitigen Wechselspannungsanschluss, ac;, vorgestellt. Dieses Modell
berticksichtigt die Auswirkungen der an den primér- und sekundérseitigen
Gleichspannungsanschliissen dc; bzw. dc; vorliegenden Leistungspegel Py
bzw. P, auf die leitungsgebundenen Stéraussendungen. Die Auswertung die-
ses Modells zeigt auf, dass die am Anschluss ac; auftretenden leitungsgebun-
denen Stéraussendungen nahezu unabhingig von der Last am Anschluss
dc; sind, aber mit zunehmender Last am Anschluss dc; ansteigen. Das Mo-
dell zu leitungsgebundenen elektromagnetischen Stéraussendungen dient
als Grundlage fiir den Entwurf eines fiir den Betrieb mit Nennspannungen
und Leistungen von P; = 5.0 kW und P, = 2.5kW an den beiden Gleichspan-
nungsanschliissen volumenoptimierten wechselspannungsseitigen Netzfilters
fir den Hardwaredemonstrator. Das optimierte Netzfilter hat ein quader-
férmiges Gesamtvolumen von 0.17 dm?® = 10.4in® (0.09 dm® = 5.5in® bzw.
0.08 dm® = 4.9 in® der fiir die zur Unterdriickung von Gegentakt- bzw. Gleicht-
aktanteilen zustindige Teile). Die Messungen der leitungsgebundenen elektro-
magnetischen Stéraussendungen des Hardwaredemonstrators mit Netzfilter
zeigen, dass am betrachteten Betriebspunkt die Amplitude der ersten Spek-
tralkomponente die in das von CISPR 11 geregelte Frequenzband eintritt (bei
f = 175kHz), konsistent zwischen den vom Modell vorhergesagten mini-
malen und maximalen Amplitudenwerten liegt. Die Messungen bestatigen
ausserdem die Einhaltung des von CISPR 11 Klasse A definierten Grenzwertes
fir den betrachteten Betriebspunkt.

Der zweite Teil der Arbeit erweitert die Beschreibung des Funktions-
prinzips der D3ABC-Topologie auf den ac;—dc;/dcz—ac; Vier-Port Betrieb. Es
stellt sich heraus, dass das D3ABC System zum unabhangigen bidirektiona-
len Leistungsaustausch zwischen allen vier Ports ac;, dcj, dc; und ac; fahig
ist, der Betrieb des Umrichters mit Netzwechselspannungen unterschiedli-
cher Frequenzen, fi # f,, an den Anschliissen ac; und ac; jedoch zu einer
niederfrequenten Leistungspulsation im DAB-Teil des D3ABC fihrt. Diese
Leistungspulsation verursacht unerwiinschte Schwankungen der Zwischen-
kreisspannungen und Verzerrungen der Netzstrome. Da eine Filterung dieser
Pulsation, z. B. durch die Zwischenkreiskapazitit, nicht moglich ist, wird auf
Grundlage analytischer Berechnungen ein neues Modulationsverfahren zur
Beseitigung der Leistungspulsation entwickelt. Die analytischen Berechnun-
gen, gestiitzt durch numerische Analysen, ergeben fiir den Vier-Port-Betrieb
mit dem neuen Modulationsverfahren eine theoretische maximale tibertrag-
bare Leistung des DAB-Teils von 8.5 kW. Schaltungssimulationsergebnisse
zeigen fir einen ac;/acy-Betrieb mit primér- und sekundérseitigen Phasen-

xii



Kurzfassung

spannungen (Phase zu Neutralleiter) mit Effektivwerten von 230V bzw. 115V
an ac; bzw. acy, einer Leistung von 8 kW und deutlich unterschiedliche Netz-
frequenzen, fi = 50Hz und f, = 77 Hz, dass das hergeleitete Modulations-
verfahren die Leistungspulsation nahezu vollstandig beseitigt. Insbesondere
weisen die Zwischenkreisspannungen vq4.; und v4.2 konstante Werte und
die Netzstrome sinusformige Verldufe auf. Da der Betrieb mit fi # f; zu
einer Erhohung der Strome im Umrichter fiihrt, wird die experimentelle Veri-
fikation am Hardwaredemonstrator bei halben Spannungen und somit bei
einer reduzierten Leistung von 2 kW durchgefiihrt. Die Messungen der Zwi-
schenkreisspannungen und Netzstrome am Hardwaredemonstrator stimmen
gut mit den Simulationsergebnissen tiberein. Insbesondere die gemessenen
Zwischenkreisspannungen v4.; und v4.» zeigen nahezu konstante Werte.

In einem abschliessenden Teil der Arbeit werden die Erkenntnisse zur
D3ABC-Topologie, die sich im Laufe dieser Arbeit ergeben haben, diskutiert.
Eine wichtige Erkenntnis ist zum Beispiel der Kompromiss, der sich aus der
Integration der wechselspannungsseitigen Filterinduktivititen in die fiir die
galvanische Trennung erforderlichen Transformatoren ergibt. Einerseits wird
dadurch direkt die Anzahl der magnetischen Komponenten und der Leis-
tungshalbleiterschalter reduziert, gleichzeitig fithrt die Integration jedoch
auch zu Herausforderungen wie einer erhéhten Belastung der Umrichter-
komponenten. Die erhchte Belastung der Komponenten ist vor allem darauf
zuriickzufithren, dass einige der verbleibenden Komponenten fiir mehrere
Aufgaben gleichzeitig verwendet werden. Da dies allgemein eine integrierte
Umrichtertopologie wie den D3ABC kennzeichnet, kann davon ausgegangen
werden, dass die aufgefithrten Erkenntnisse nicht auf die D3ABC-Topologie
beschrénkt, sondern charakteristisch fiir typische Herausforderungen im
Zusammenhang mit der Realisierung integrierter Umrichtertopologien sind.
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Introduction

In 1891, a long-distance transmission of electric power over 175 km was pre-
sented at the Frankfurt Electrical Exposition. It was one of the main at-
tractions and the catalyst for the commercial implementation of polyphase
Alternating Current (ac) transmissions [1,2]. The German firm Allgemeine
Elektricitats-Gesellschaft (AEG) and the Swiss firm Maschinenfabrik Oerlikon
(MFO) designed and built the large-scale experiment under the direction of
the chief electricians Mikhail Dolivo-Dobrowolsky (AEG) and Charles Brown
(MFO). The transmission employed the three-phase ac system described by
Dolivo-Dobrowolsky instead of the Direct Current (dc) or single-phase ac sys-
tems that were common at the time. In his description, Dolivo-Dobrowolsky
acknowledges the inspirations by Galileo Ferraris, Friedrich August Hasel-
wander, and many other pioneers at the time. This three-phase ac system
transmitted a power of almost 300 hp (220 kW) over three 4 mm-thick copper
conductors, using three sinusoidal ac currents that were 120 ° phase shifted
with respect to each other. A synchronous machine at the hydropower plant
in Lauffen generated the electrical power. Three-phase transformers stepped
up the voltage in Lauffen to reduce the transmission losses. Another three-
phase transformer stepped it down in Frankfurt for final consumption. The
system impressed not only with its power and distance, but also with its
efficiency and reliability. The great success of this demonstration of the use
of three-phase ac systems for electrical power transmission is one of the
reasons why three-phase ac systems have prevailed over alternative systems
for power transmission in the following years [1].

Although only consistent development made today’s grid possible, the
three-phase system still forms the basis of the electrical grid. However, over
the past decades, several challenges have led to significant changes in the
requirements for the grid. According to [3], these include an unprecedented
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increase in demand for electrical energy and the need to diversify power
generation by integrating renewable energy sources to reduce carbon dioxide
emissions. This is compounded by the intermittent and, in many cases, poorly
predictable generation of these renewable energies. These requirements are
often in contradiction with the capabilities of the existing grid. The existing
grid is a strictly hierarchical system in which central power plants at the
top of the chain ensure power delivery to customer’s loads at the bottom as
illustrated in Fig. 1.1 on the left-hand side. The source has no information
about sudden changes in demand, and consequently the grid responds poorly
to such changes. The customer, on the other hand, has no information about
sudden changes in generation and the related price fluctuations needed to
adapt consumption or to provide incentives to feed excess energy back into
the grid. The hierarchical structure further makes the grid prone to domino-
like failures. According to [3] the next-generation power grid, known as
the “smart grid”, should address these shortcomings by implementing the
measures listed in the following:

> A pervasive control and monitoring of systems based on the exchange
of information on energy demand, energy supply, and system state
such as active power, reactive power, Voltage, current, etc.

> New ways of energy transactions where the customer (stakeholder)
can decide whether to buy or sell energy from or to the grid depending
on demand and supply.

» Advanced properties, such as self-healing by predicting looming failures
based on the system state information and taking corrective actions.

However, due to the sheer size, a grid-wide implementation of these
measures is time-consuming and expensive, rendering an immediate imple-
mentation in the sense of a revolution to the smart grid not viable. The
implementation of smaller grids, so-called (smart) microgrids, however, en-
ables an organic growth and evolution from the existing ac grid to the smart
grid of the future. Reference [3] defines microgrids as interconnected local
power generators and consumers. These microgrids can operate in stand-
alone mode as well as in connection with the existing grid. A microgrid, as
shown in Fig. 1.1, provides power to dc and ac loads of local homes and small
businesses and enables efficient integration of renewable energy sources such
as Photovoltaic (PV) arrays, wind turbines, and/or tidal turbines by combin-
ing them with peak shaving energy storage devices such as batteries. Power
transmission within the microgrid, as Fig. 1.1 shows, can also employ dc volt-
ages and currents instead of ac voltages and currents. In fact [4-6] argue
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Fig. 1.1: Highly simplified representation of the existing ac grid (shown on the left-
hand side, based on Fig. 5 in [3]) and examples for a dc microgrid (top right, based
on Fig. 11in [4]) and an ac microgrid (bottom right). Microgrids are local connections
of energy sources, e.g., wind turbines, tidal turbines, and/or Photovoltaic (PV) arrays
with dc and ac loads in homes and small businesses combined with peak shaving
energy storage devices such as batteries. For internal connections, dc—dc, ac-dc, or
ac—ac converters adjust the voltages and currents to ensure high grid quality. The
connection of a microgrid to the existing ac grid is achieved by means of a suitable
isolated bidirectional power converter.



Chapter 1. Introduction

that dc microgrids are superior to ac microgrids in terms of synchronization,
voltage regulation, reactive power flow, efficiency, and system stability. This
is partly due to the simpler structures of the converters used in dc microgrids,
which promise higher efficiency.’ The connection of a dc microgrid to the ac
smart grid is achieved by means of a suitable bidirectional power converter.
These converters ensure that the power quality in the microgrid remains
independent of that in the connected smart grid and simplify the realization
of island operation [4]. However, compared to other parts of a microgrid,
the power converters used today add significantly to the overall cost and are
comparatively prone to failures [5]. Future power converters used for this
application should therefore be more cost-effective, efficient, reliable, and
flexible in terms of controlling power transmission. Possible strategies for
reducing costs include reducing the number of components in a converter
and using standardized components. To increase efficiency, industrialized
implementations of innovative technologies such as wide bandgap semicon-
ductors are necessary. Reliability and continuity of service can be increased
by using suitable grounding concepts, as discussed in [7]. These grounding
concepts require galvanic isolation between the grid and the microgrid, which
is ideally integrated in the power converter by a high-frequency transformer.
Finally, converters with multiple power ports increase the flexibility for en-
ergy transactions and enable the implementation of innovative concepts, such
as the Energy Internet described in [8].

In summary, the power converter for the smart grid of the future is
characterized by:

> a small number of components,
» standardized components,
> high efficiency,

» galvanic isolation between grid and microgrid,

v

multiple power ports (ac and dc).

'Converter topologies for dc—dc conversion are considered simpler than those for ac-dc (or
dc-ac) conversion. In the same context, converter topologies for ac—dc conversion are considered
simpler than those for ac-ac conversion.
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1.1 Existing Converter Topologies

In the following sections, existing topologies for ac-dc converters with inte-
grated galvanic isolation, as shown in Fig. 1.1 between the existing grid and
the microgrid, are reviewed. One considered aspect is whether a topology is
suitable for bidirectional multi-port operation, i.e., does the topology provide
additional dc or ac ports and are there possibilities for expansion with addi-
tional dc or ac ports. Another aspect considered is the number of switches
used in a topology. Switches are besides possible high unit prices, often asso-
ciated with additional costs, e.g., for dedicated cooling and additional circuitry
such as gate drivers, snubbers, and protection circuits. Therefore, switches
often make up a major part of the hardware cost of a converter. It should be
noted that, in the discussion presented in this section, the combination of a
semiconductor switch with a diode is considered as one switch and single
diodes are not counted. The aspects of efficiency and standardized compo-
nents are not considered further here. The considered topologies are divided
into three main groups in this thesis. Subsection 1.1.1 and Subsection 1.1.2
give some examples for multi-stage and single-stage converters, respectively.
Subsection 1.1.3 covers the integrated converters to which also the Dual
Three-Phase Active Bridge Converter (D3ABC) described in Subsection 1.1.4
belongs.

1.1.1  Multi-stage converter topologies

A straightforward implementation of an isolated ac/dc converter is as a two-
stage or multi-stage converter, consisting of a non-isolated stage rectifying
the three-phase ac to dc, followed by one or more isolated dc/dc converters
connected in series with the rectifier’s dc port. Fig. 1.2 shows this arrange-
ment with the non-isolated ac-dc converter on the left and the isolated dc/dc
converter on the right (the double lines in the converter symbols indicate the
isolation). The connection of two (or more) converters forms a dc link with
constant voltage or constant current, which is stabilized by an energy storage
element. The storage element is usually a capacitor for a voltage dc link as
shown in Fig. 1.2(a) or an inductor for a current dc link as shown in Fig. 1.2(b).

Due to high energy storage density of capacitors and negligible leakage
losses (compared to the conduction losses) of most used power semicon-
ductors (e.g., MOSFETs, IGBTs, and diodes), the majority of the solutions
implement a voltage dc link. Switches for bidirectional voltage dc link topolo-
gies usually need to conduct current in both directions but block voltage only
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Fig. 1.2: Two-stage converter implementations, consisting of a non-isolated stage
on the left-hand side rectifying the three-phase ac voltage to a dc voltage, followed
by an isolated dc/dc converter connected in series with the rectifier’s dc port on the
right-hand side. The double lines in the symbols of the dc/dc converters indicate the
isolation. The formed dc link is stabilized by (a) a capacitor for a voltage dc link or
(b) an inductor for a current dc link. The capacitor Cg and the inductor Lg refer to
components of the input filters and the capacitors Cg, refer to components of the
output filters.

in one direction. A common realization of these switches is two anti-parallel
connected semiconductors (e.g., an IGBT with a diode or a MOSFET with its
parasitic body diode as shown in Fig. 1.3(b)), whereby in the conducting state
only one of the two semiconductors conducts the current (with the exception
of synchronous rectification) and in the blocking state the voltage is applied
to both semiconductors (counting the anti-parallel diode separately). In com-
parison, switches for current dc link topologies featuring bidirectional power
flow usually need to conduct current in only one direction but block voltage
in both directions, i.e., require bipolar switches. A conventional realization of
these switches is the inverse-series connection of two semiconductors (e.g.,
as shown in Fig. 1.3(c) and Fig. 1.3(d)), whereby in the conducting state both
semiconductors conduct the current and in the blocking state the voltage is
applied to only one of the two semiconductors. In the case of the MOSFET
combined with a diode shown in Fig. 1.3(c), positive voltages are applied to
the MOSFET and its parasitic diode and negative voltages appear across the
dedicated diode. Consequently, for a given current and given semiconductors,
a switch in a current dc link topology has higher, e.g., twice the conduction
losses compared to a switch in a voltage dc link topology. However, new
technologies such as monolithic bidirectional switches [9] allow the imple-
mentation of a bipolar and bidirectional switch (four-quadrant switch) in one
semiconductor. Despite continuous development of this technology [10-13],
it has only recently been applied in power electronics. Examples are in [14]
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Fig. 1.3: Different possible semiconductor configurations for the implementation of a
semiconductor switch. (a) A generic switch, (b) unipolar voltage blocking and bidirec-
tional current conducting switch, (c) bipolar blocking and unidirectional conducting
switch, and (d) bipolar blocking and bidirectional conducting (four-quadrant) switch.

for a bidirectional single-phase ac-dc converter, in [15] for a matrix converter,
in [16] for a T-type rectifier, and in [17] for an ac—ac converter with cur-
rent link. However, due to missing availability of monolithic four-quadrant
switches with higher voltage blocking capability, this thesis does not consider
the technology further.

In the context of voltage dc link multi-stage converters, the most common
ac—dc rectifier topology is a two level six-switch Voltage Source Converter
(VSC) (three half-bridges as shown in Fig. 1.7(b,c); e.g., used in [18]). Further
common implementations include the three-level Neutral Point Clamped
(NPC) VSC as in [19] or the VIENNA rectifier [20], which is often implemented
as T-type VSC as in [21]. Examples of bidirectional isolated dc/dc converters
are, the full-bridge Dual Active Bridge (DAB) converter as used in [18] and
shown in Fig. 1.4(a), the half-bridge DAB converter shown in Fig. 1.4(b), and
the bidirectional resonant converter used in [22] with LC resonant tank, L,
and Ci, instead of the leakage inductance Ly shown in Fig. 1.4.” In addition,
also unidirectional isolated dc/dc converters such as the forward converter
(see [23]) and the flyback converter (see [24]) can be considered since in many
cases a simple replacement of diodes by switches in these converters allows
bidirectional power flow.

An advantage of a multi-stage implementation is the large energy storage
capability of the dc link capacitor that decouples the individual converters in
terms of power flow and allows an independent operation of each converter
stage. Consequently, the number of available power ports can be easily
increased by connecting additional converter stages to the dc link. Examples
for a respective extension of the number of power ports are shown in [24] for
a non-isolated dc port, in [21] for an isolated dc port, and in [25] for a three-
phase ac port. However, the components needed for a large energy storage

*For the sake of simplicity, these two types of implementation will not be distinguished in
the following, and both are referred to as DAB converters.
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Fig. 1.4: Considered bidirectional isolated DAB converter with primary-side input

voltage Vj. 1, secondary-side output voltage Vg 2, and leakage inductance L. (a) Full-
bridge DAB implementation and (b) half-bridge DAB implementation.
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capability in the dc link are usually associated with high prices, large volume,
low reliability, etc. As an example, film capacitors have a high reliability but
at the same time a low capacitance value per unit volume. In comparison,
electrolytic capacitors have a large capacitance value per price but also a
short life expectancy compared to other components of a converter. However,
reducing the energy storage capability in the dc link can lead to instabilities
in the control as described in [18], which in certain operating scenarios (e.g.,
a sudden load drop) can lead to overvoltage or overcurrent safety shutdowns
and associated service interruptions. To stabilize the control, [18] employs
advanced controller structures that require the inclusion of every converter
connected to the dc link.

1.1.2 Single-stage converter topologies

Motivated by low price, low volume, and high reliability, literature contains
numerous implementations of isolated ac/dc multi-stage converters with
reduced dc link energy storage. Since the rectifier stage and the isolation stage
are no longer decoupled in these converters, they are referred to as single-
stage converters. Fig. 1.5 shows a diagram of a single-stage implementation
able to convert directly from three-phase ac to dc, including isolation. In a
single-stage converter, the task of an eventually present dc link capacitance
(see C. in Fig. 1.5) is no longer to stabilize the dc link voltage but rather
to provide a low-inductance, High-Frequency (HF) current path to reduce
the commutation loop inductance and the associated overvoltage across the
switches. Consequently, C, filters only currents at switching frequency, which
allows a significant reduction of the capacitance value.

An example of a common implementation are unfolder-based topologies.
The idea of unfolder topologies is based on Power Factor Correction (PFC)
diode rectifier topologies with sinusoidal phase currents as the isolated single-
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Fig. 1.5: Single-stage converter implementation able to directly convert power from
a three-phase ac port to a dc port including isolation (indicated by the double lines).
The task of the eventually present dc link capacitance, Cq, is no longer to stabilize the
dc link voltage but rather to provide a low-inductance, HF current path inside the
converter, to reduce the commutation loop inductance and the associated overvoltage
across the switches. The capacitor Cq and the inductor Lg are the components of the
input filter and the capacitor C, is part of the output filter.

phase ac/dc topology presented in [26]. The converter in [26] consists of a
passive diode full-bridge stage as shown in Fig. 1.6(a) followed by a DAB
dc/dc converter. The diodes “fold” the negative half-wave of the ac voltage
up, resulting in a strictly positive voltage at the input of the dc/dc converter,
allowing the use of unipolar switches. With this arrangement, the diodes and
the switches of the subsequently connected dc/dc converter must be designed
for a minimum blocking voltage sufficiently higher than the amplitude, V,¢ peak,
of the grid voltage. The input current of the dc/dc converter is then controlled
to be proportional to the input voltage of the dc/dc converter, resulting in
a sinusoidal current in the grid. In the bidirectional unfolder topology [e.g.,
the one shown in Fig. 1.6(b)], the diodes in the full-bridge are replaced with
switches resulting in the single-phase unfolder presented in [27]. The four
switches of the unfolder are operated as a synchronous rectifier, i.e., they are
switched on for a half grid period like the diodes before and are therefore
operated at fundamental frequency of the ac grid voltage. Thus, assuming
that the grid frequency is much smaller than the switching frequency used to
operate the switches of the dc/dc stage, the switching losses of the switches
of the unfolder are negligible.

For the extension of this concept from a single-phase unfolder to a three-
phase unfolder, however, a simple three-phase diode rectifier as shown
Fig. 1.7(a) is not suitable. This is due to the fact that the diodes in a three-phase
rectifier are each switched on for only 1/3 of the grid period. Consequently,
one phase leg is not conducting current for 1/3 of the grid period, leading to
zero phase current intervals in the corresponding phase. Accordingly, the
subsequently connected dc/dc converter cannot impress sinusoidal currents
in all three phases. One way to overcome this deficiency is to use a current

9
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Fig. 1.6: Simplified circuits for (a) a single-phase diode rectifier, (b) a single-phase
unfolder, and (c) a phase-modular three-phase unfolder.

injection circuit as shown in the isolated bidirectional Swiss rectifier-like
DAB converter described in [28]. The topology in [28] employs 12 switches (6
switches in the three-phase unfolder and 6 switches to form the three bidirec-
tional and bipolar switches of the current injection circuit) that are operated
at fundamental frequency and 8 fast-switching switches for realizing the
primary-side switching stage of the subsequently connected dc/dc converter.

Another way to implement a three-phase unfolder is a phase-modular
approach, i.e., employing a single-phase unfolder as shown in Fig. 1.6(c) for
each phase (see [29] for a detailed discussion of different possible realizations).
However, the phase-modular approach increases the number of fast-switching
switches significantly. For example, the isolated bidirectional phase-modular
unfolder topology proposed in [30] uses 12 switches in the unfolder and 12
fast-switching switches with a maximum voltage of Vicpeak to realize the
primary-side switching stage of the subsequently connected DAB converter.

Although the switching losses of the unfolders and current injection
circuits are negligible, their conduction losses still contribute significantly to
the overall losses. In this context, the topology described in [31] avoids the
need for an unfolder by adding a Common Mode (CM) offset voltage greater
than or equal to the phase voltage amplitude to each phase, resulting in a
strictly positive voltage at the input of the subsequently connected dc/dc
converter. A small capacitor is placed between the virtual neutral point of
the converter and the neutral point of the grid in order to hold the added CM
voltage. This bidirectional topology uses the same 12 fast-switching switches
to realize the primary-side switching stage of the dc/dc converter, but given
the same input ac voltage for the three phases of the grid, the 12 switches
must block at least twice the peak value of the grid phase voltage.

An alternative approach for realizing a single-stage ac/dc converter is
based on indirect matrix converters. In this regard, the authors of [32, 33]
replace the primary-side full-bridge of a DAB converter with the circuit shown
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Fig. 1.7: Simplified circuits for three-phase rectifiers. (a) Three-phase diode rectifier.

(b) Three half-bridges with inductors, Li¢, and (c) Three half-bridges with capacitors,
Cys, as input filter.

in Fig. 1.7(c), using bidirectional and bipolar switches [realized according to
in Fig. 1.3(d)], resulting in an isolated bidirectional matrix-type ac/dc converter.
The 12 fast-switching primary-side switches are subject to a blocking voltage
of \/gvac,peak-

In addition to the unfolder- and matrix-type topologies, numerous further
implementations are documented, such as the implementation described
in [34] with reduced switch count, the phase-modular interleaved totem-pole
implementation described in [35], the phase-modular T-type three-phase DAB
converter described in [36], or the nine-switch ac-dc/dc converter described
in [37,38].

In summary, single-stage converters are typically limited with regard to
the number of the available ac and dc ports. Most commonly this is because,
compared to the multi-stage converters, the primary-side dc link voltage is
no longer kept constant and is therefore unusable as dc port. Extending the
number of ports by adding more dc/dc converters to the output dc port is
possible but comes with the disadvantages of a multi-stage converter.

1.1.3 Integrated converter topologies

An effective way to reduce the number of switches is to use switching nodes
for multiple tasks simultaneously as Fig. 1.8(a) shows with a simplified single-
phase circuit. There, the rectangular voltage v, of the switching node formed
by S; and Sy, shown in Fig. 1.8(b), is applied to a transformer, which can
be used, e.g., together with a secondary-side full-bridge and an output filter
capacitor, to form an isolated dc port as shown in gray in Fig. 1.8(a). The same
rectangular voltage is also applied to a filter inductor Ly that is connected to
the grid, to perform the task of a rectifier. The grid current is controlled by
adjusting the local average of the voltage at the switching node (v,), which
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Fig. 1.8: (a) Simplified single-phase circuit that illustrates the use of a switching
node formed by S; and Sy, for two tasks simultaneously. The switching is used to
control the current in the grid and as a part of a dc/dc converter from Vg1 to Vyc o
indicated in gray. (b) Voltage at the switching node in the time domain with switching
frequency f;. The local average of the voltage at the switching node, (vy,), has the same
frequency as the grid, fi. (c) Voltage at the switching node in the frequency domain
with Low-Frequency (LF) component at f; and High-Frequency (HF) components at
the switching frequency and above.

is defined as
T 1
on(t+17)dr, Ty, = —. (1.1)
fs

S

(0 = w0 = 1 [

The voltage at the isolated dc port is controlled, e.g., by changing the switching
frequency f; of the switches or the HF phase shift between the rectangular
voltages created by the half-bridge on the grid side and the full-bridge on
the isolated dc side. The waveform of (v,) corresponds to the waveform
of the Low-Frequency (LF) component of v, at grid frequency fi, which is
separated from the HF components at switching frequency and above in the
frequency domain as illustrated in Fig. 1.8(c). Under the assumption f; > fi,
the separation in the frequency domain allows the two tasks, i.e., rectification
of the grid ac voltage and galvanic isolation using a HF transformer, to be
controlled separately even though they are connected to the same switching
node.

In literature, numerous solutions use this concept to implement a single-
stage multi-port ac—dc/dc converter with an isolated dc port. As an example,
the topology described in [39] and shown in Fig. 1.9(a) combines a three-
phase VSC as shown in Fig. 1.7(b) with an isolated LLC dc/dc converter,
which uses a single isolation transformer. There the LC resonant tank of
the LLC dc/dc converter is split up into three parallel LC resonant tanks.
Each input node of the three LC resonant tanks is connected to a switching
node of the three-phase VSC. The three output nodes of the LC resonant
tanks are connected and to the first primary-side terminal of the isolation
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Fig. 1.9: Examples for integrated ac-dc/dc topologies combining an VSC with an
isolated LLC dc—dc converter. (a) Topology presented in [39]. (b) Section of the
circuit of the topology described in [40] showing an alternative connection of the LLC
converter to the VSC. (c) Section of the circuit of the topology described in [41] using
three LLC converters. In (c) the capacitor of the LC resonant tank, Cy, is split up into
two capacitors, Cr1 and Cyp, each placed on one side of the transformer.

transformer of the LLC. The second primary-side terminal of the isolation
transformer is connected to the minus terminal of the dc link of the VSC. At
the secondary side, a full-bridge converter is used to rectify the HF ac voltage
of the transformer. With this arrangement, the CM voltage component created
by the three-phase VSC is used for the power transfer to the isolated dc port.
The resulting topology requires 10 fast-switching switches. It is very similar
to the multi-stage ac—dc/dc converter described in [18], but uses the switches
of the three-phase VSC in a combined manner, i.e., to realize three-phase
PFC operation and to generate the HF voltage for an isolation transformer,
thus saving 4 switches compared to [18]. However, this arrangement has
the disadvantage that the Differential Mode (DM) voltage component of the
three-phase ac—dc converter drives currents in the resonant tanks that do not
contribute to power transfer.

Alternatively, [22, 40] connects the LC resonant tank of a LLC dc/dc
converter between the switching nodes of only two half-bridges of a three-
phase ac—dc VSC as indicated in the circuit shown in Fig. 1.9(b). Therefore,
this arrangement uses the DM part of the voltages of the two half-bridges for
the power transfer to the isolated dc port, with the advantage that the CM
part does not drive undesired currents in the LLC. However, according to [40],
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Fig. 1.10: Integrated ac—dc/dc converter topology proposed in [47, 48].
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this topology is only suitable for low power due to the asymmetric loading
of the half-bridges. The authors of [42] extend this concept by replacing
the switches of one phase (phase c in [42]) of the VSC by capacitors, thus
forming a split dc link whose midpoint is directly connected to phase b. The
proposed implementation with unidirectional power flow requires only four
fast-switching switches on the primary side and two HF rectifier diodes on the
secondary side. However, this solution can only control the voltage present
at one of the two dc ports.

An extreme example with regard to featuring a very low number of
switches is the converter presented in [43] that achieves ac-dc/dc operation
with only two switches (and 8 diodes), using the ideas of [44] and [45]. How-
ever, the solution in [43] can only control the voltage present at one of the
two dc ports and the remaining voltage varies depending on the load. Fur-
thermore, due to the diodes used in the rectifier stage and the LLC dc/dc
converter, the topology only allows unidirectional power transfer.

In contrast, in the solutions presented in [46] and [41], the three switching
nodes of a primary-side VSC are connected to the three LC resonant tanks of a
three-phase LLC dc/dc converter as indicated in the circuit shown in Fig. 1.9(c).
Besides the three LC resonant tanks, the three-phase LLC dc/dc converter
consists of a three-phase transformer in star-star connection and a three-
phase rectifier that is connected to the secondary side of the transformer.
Both solutions achieve a symmetric loading of the half-bridges and are capable
of controlling the voltages at both dc ports (the topologies presented in [46]
and [41] allow unidirectional and bidirectional power flow, respectively).
However, both solutions require a dedicated three-phase HF transformer.

As an alternative to the three-phase LLC dc/dc converter, three separate
LLC dc/dc converters can be used as suggested in [49]. On the primary side,
this topology uses one full-bridge for each phase of the three-phase grid. The
two switching nodes of each full-bridge are connected to one phase of the
three-phase grid via two boost inductors (one from the switching node of
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each half-bridge) and to the primary side of one LLC dc/dc converter. The
secondary-side dc ports of the three LLC resonant converters are connected
in parallel and share a common dc link capacitor. This solution uses 12
switches on the primary side and 6 diodes on the secondary side. However,
the secondary-side diodes of the LLC converter would have to be replaced by
switches to allow bidirectional power flow. This is realized in the topology
described in [47, 48] and shown in Fig. 1.10, which uses a full-bridge on
both the primary side and the secondary side for each of the three phases.
Furthermore, three DAB converters are used instead of three LLC converters.
For each phase, the primary-side winding of the DAB transformer is connected
to the switching nodes of the respective full-bridge. Furthermore, the primary-
side winding has a center tap that is connected to one phase terminal of the
three-phase grid via a filter inductor. For power transfer to the secondary
side, the secondary-side winding of the DAB transformer of a considered
phase is connected between the switching nodes of the secondary-side full-
bridge of the same phase. With its two switching nodes, each full-bridge can
generate a DM and a CM voltage component. The CM voltage component
created by the primary-side full-bridge of each phase is applied to the filter
inductor of the same phase, to control the grid current. The power transfer
between primary and secondary side is adjusted with a phase shift between
the primary-side and secondary-side DM voltage components generated by
the full-bridges. The authors of [50] use the CM voltage component generated
by the secondary-side full-bridges to add another dc port (giving in total one
ac port and three dc ports). The main drawback of this implementation is the
high complexity and price of the topology, which requires 24 fast switching
switches.

1.1.4 The D3ABC topology

The D3ABC topology shown in Fig. 1.12 was introduced in [51]. The converter
consists of a primary-side and a secondary-side two-level three-phase VSC
leading to a total of 12 fast switching switches. In total, six LC filter networks
are required between the VSCs and the ac ports, i.e., three on the primary
side and three on the secondary side. Three transformers (one for each phase)
between the primary and secondary sides enable isolated power transfer
similar to three DAB converters. The power transfer over the DAB converters
utilizes DM and CM voltage components of the VSCs by connecting the
filter capacitors on primary and secondary sides to the mid-points of the
respective dc links (Cg; and Cy, in Fig. 1.12). To reduce the number of magnetic
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components, the D3ABC topology integrates the filter inductors of the LC
filter networks of the same phase (e.g., primary-side phase a and secondary-
side phase A) into the transformer of the DAB converter stage of the same
phase. To accomplish this, the ac-side filter inductor of each phase of the
primary-side VSC shares the magnetic core with the ac-side filter inductor
of the same phase of the secondary-side VSC. The non-ideal coupling of the
inductor windings allows galvanically isolated power transfer in each phase.
Accordingly, the D3ABC can be regarded as an integration of two three-phase
VSCs and three DAB converters. Consequently the D3ABC provides two
three-phase ac ports (ac; and ac;), two dc ports (dc; and dc,), and galvanic
isolation between the ports acy, dc; (primary side) and acs, dc, (secondary side).
Fig. 1.11 illustrates the four ports and the associated converter structures.

Another feature of the D3ABC topology worth mentioning is the arrange-
ment of the two times three half-bridges, each with a dc link. This six-switch
arrangement, also used in many of the topologies mentioned above, is very
common and due to this, available as a single module. Packing multiple
semiconductors into one module allows, for example, easy interfacing of
cooling or reduction of the commutation loop inductance and the associated
overvoltage across the switches. Both can extend the reliability and lifetime of
the semiconductors. It also allows the component to be standardized, which
facilitates mass production and thus lowers the unit price.
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Fig. 1.11: Schematic representation of the D3ABC with two three-phase ac ports (ac;
and acy), two dc ports (dc; and dcy), and galvanic isolation between the ports acy,
dcg (primary side) and acy, dcy (secondary side). The associated converter structures
between acj—dc; and acz—dcy are VSCs and dcj/dcy represents a three-phase DAB
converter.
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1.2. Aims and Contributions

1.2 Aims and Contributions

The first introduction of the D3ABC topology in [51] refers to the utilization
for isolated ac rectifier operation from the three-phase grid connected to
the primary-side ac port ac; to a load connected to the secondary-side dc
port dc,. Reference [51] further presents a modulation scheme suitable for
rectifier operation that achieves sinusoidal grid currents with PFC. Finally,
an efficiency/power density Pareto front is calculated from which a selected
point for the design promises a power density > 4 kW/dm?® and a full load
efficiency > 98 %. The aim of this thesis is to verify the general operation
of the D3ABC topology based on experimental results and to fundamentally
expand the knowledge base of the D3ABC topology. In particular, this thesis
comprises the following main contributions:

» EMI Filter Design

The thesis describes an Electromagnetic Interference (EMI) filter design
for conducted EMI noise at the primary-side ac port (ac;) for ac;—dc;/dc;
rectifier operation of the D3ABC. For this purpose, equivalent circuits
for modeling the DM and CM EMI noise emissions are derived, which
take converter component values as well as dependencies of the EMI
noise components on the loads connected to the two dc ports (dc; and
dc,) into account. The derived models are based on data sheet values
and use simplified equivalent circuits to estimate parasitic effects, which
allows EMI filter optimization at an early stage of converter design.

> Four-Port Operation

The thesis describes the operation of the D3ABC topology as an
acy—dcy/dcy—ac, four-port converter. For this purpose, an advanced
modulation scheme for the elimination of LF power pulsations is de-
rived. The modulation scheme described allows operation with different
line frequencies and amplitudes of the three-phase voltages at the two
ac ports (ac; and acz) with power levels comparable to the acy/dc;
operation.

» Hardware Demonstrator
The thesis verifies the functionality of the D3ABC topology by measure-
ments on a hardware demonstrator. In addition, all concepts derived in
this work are verified by measurements on this hardware demonstrator.
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1.3 Thesis Outline

According to the aims and contributions mentioned above, the thesis divides
the core content into two chapters and a conclusion. Both chapters can be
read independently since the interdependencies have been reduced to a strict
minimum. The chapters contain the following:

> Chapter 2

First, a simplified equivalent circuit of the D3ABC is derived which
allows a comprehensive explanation of the operation of the converter.
Based on this, the EMI noise sources and their main propagation paths
are modeled. The model is used to design an ac-side volume opti-
mized EMI filter for ac/dc operation. Measurements on the hardware
demonstrator verify that the conducted EMI noise of the converter with
the designed filter complies with the Quasi-Peak (QP) limit defined in
CISPR 11 class A. This chapter is based on [52].

» Chapter 3

The operating principle of the D3ABC is extended for operation as
acy—dcy/dcy—acy four-port converter. For this purpose, an advanced
modulation scheme for the operation with different frequencies and
amplitudes of the voltages at the two three-phase ac ports and the
elimination of LF power pulsations related to this operation, is derived.
The derived modulation scheme is verified by means of circuit simula-
tions and measurements on the hardware demonstrator. This chapter
is based on [53,54].

> Chapter 4
The final chapter summarizes the core findings of this thesis. These are
complemented by a description of the general challenges of integrated
topologies such as D3ABC that have occurred in the course of this
thesis. These challenges of integrated topologies used in the smart grid
of the future provide the ground for possible future research projects.

At this point it should be noted that in this thesis the specified power
for the hardware demonstrator varies. Nevertheless, all measurements use
the same hardware which is designed for ac;/dc; rectifier operation with a
power of 8 kW at dc,. The EMI filter was designed for 2/3 of the power at d¢;
and 1/3 at dc,. However, for practical reasons, the powers were rounded to
5kW and 2.5 kW resulting in a total power of 7.5 kW. Finally, the power for
measurements for four-port operation were reduced from 8 kW to 2kW to
prevent an overcurrent in the hardware components.
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EMI Filter Design for the D3ABC

Chapter Abstract
,— p

This chapter first gives a comprehensive description of the operating principle of the D3ABC
for acy—dc;/dcy rectifier operation. Based on this description, it derives a model for calculating
the conducted EMI noise at the primary-side ac port of the D3ABC PFC rectifier. At the
operating point considered, the D3ABC rectifies 7.5kW from a three-phase grid with an
Root Mean Square (RMS) value of 230 V of the line-to-neutral voltages and generates output
dc voltages of Vgc; = 800V and Vg, = 400V at the two dc ports. The EMI model takes
the implications of the power levels provided at the primary-side and secondary-side dc
ports, P; and P, respectively, on the conducted EMI noise into account and is used to
design an ac-side EMI filter for a hardware demonstrator of the D3ABC topology that is
volume-optimized for the considered specifications. The designed filter has a volume of
0.17dm® = 10.4in® (0.09dm> = 5.5in> for the DM filter and 0.08 dm> = 4.9in> for the
CM filter part). As part of the experimental verification of the model, the conducted EMI
noise of the hardware demonstrator is measured under two different workload scenarios,
ie, P = 4kW, P, = 25kW and P; = 0, P, = 6.5kW. Measurements show that the level
of conducted EMI noise increases with increasing load on the secondary side, which is
consistent with the predictions of the noise model. The hardware demonstrator combined
| with the EMI filter complies with the CISPR 11 class A QP conducted EMI limit. |
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Tab. 2.1: Converter specification for the considered operating point.

Ac line voltage (phase-to-neutral, RMS)  Vye1ms =230V

Ac line frequency fi=50Hz
Primary-side dc link voltage Vae1 =800V
Secondary-side dc link voltage Vie2 =400V
Maximum total power P+ P, =75kW
Primary-side power Py =5kW
Secondary-side power P, =2.5kW

2.1 Introduction

In this chapter, the D3ABC is considered as a three-phase PFC rectifier system
which provides two independent dc voltages at its dc ports (cf. Fig. 2.1). This
is required, for example, for the direct supply of a high power drive system
(5kW, 800V) and a galvanically isolated dc distribution system powering
auxiliaries (2.5kW, 400V) and is investigated in this chapter. Table 2.1
summarizes the main specifications considered for the rectifier operation.
This chapter focuses on the analysis of conducted EMI in the D3ABC. The
main aim is to derive an EMI model that provides insights into the origins
of the EMI noise at the primary-side ac port (ac;), taking the dependencies
on the values of the converter components as well as the loads connected to
the two dc ports into account. Furthermore, the derived EMI model should
be suitable for filter optimization. In this regard, e.g., a converter optimiza-
tion according to [51] can be complemented by the optimization of the EMI
filter. Section 2.2 describes the derivation of a simplified equivalent circuit,
which enables a comprehensible explanation of the converter’s operating
principle. Section 2.3 details the modeling of the EMI noise sources and
the derivation of the electrical networks that describe the main propagation
paths of conducted EMI noise. In this context, a model is developed that can
be meaningfully used even during the design phase of the converter, when
only few measurement data are available. On the basis of this modeling,
Section 2.4 describes the design of an EMI filter that is volume-optimized for
the considered specifications, i.e., for defined limitations of conducted EMI
and defined safety margins for DM and CM EMI noise. Finally, Section 2.5
discusses the results of the experimental verification for two selected work-
load scenarios. A volume-optimized hardware demonstrator of the D3ABC
with a total power density of 4.1kW/dm® = 67.4 kW /in® is used for the ex-
perimental verification. Measurement results of the conducted EMI noise
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Chapter 2. EMI Filter Design for the D3ABC

show that the realized converter complies with the QP limit defined in CISPR
11 class A for operation according to Table 2.1.

2.2 Operating Principle for ac;—dc;/dc; Rectifier
Operation

Due to the highly integrated character of the D3ABC topology, an overall
analysis of the entire system would be relatively complex. However, this is not
required, because the D3ABC can be separated into different functional parts,
which allows a substantial simplification of the analysis. That separation is
explained in this section and comprises the steps listed as follows.

1. The decoupling of the three-phase system into three independent single-
phase circuits (Subsection 2.2.1).

2. The separation into ac—dc operation without galvanic isolation, i.e., on
the primary side and on the secondary side, and dc/dc operation with
galvanic isolation between the primary-side and secondary-side dc ports
(Subsection 2.2.2).

2.2.1 Independent single-phase circuits

With the assumption of symmetric line voltages, defined as

Uac,a,b,c(t) = Vacl,peak sin (27fflt + 9a,b,c) > (2-1)

Vacl,peak = \/Evacl,rms» ga,b,c € {Oos 120°, 2400}: (2-2)

line frequency fi, and a modulation without LF CM voltage (e.g., third har-
monic injection), the mid-point of the primary-side dc link, MP1, is on the
same potential as the line star point. Furthermore, the D3ABC topology em-
ploys no CM filter inductors directly in series to the coupled boost inductors
(Lacs Lo in Fig. 2.1). For these reasons, the three phases of the D3ABC without
EMI filter, i.e., the parts of the circuit depicted in Fig. 2.1 that are marked
with the curly braces referring to primary side and secondary side, can be
separated into three single-phase circuits as shown in Fig. 2.2(a) where MP1
is connected to the line star point. There, the single complex impedance Zp g
approximates the impedance of the EMI filter between the converter and the
mains. The voltage source, v,, refers to one of the three phase voltages of
the mains.
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Fig. 2.2: Derivation of the single-phase equivalent circuit with decoupled circuits for
aci—dcy and dcg-dcy operations: (a) single phase of the D3ABC depicted in Fig. 2.1;
(b) equivalent circuit of the transformer; (c) circuit of (a) with the transformer being
replaced according to (b); (d) final equivalent circuit with separated junctions for the
LF and HF components of the input current at the switching node of the considered
primary-side half-bridge.
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2.2.2 Separation of ac-dc and dc/dc operation

In a first step, it needs to be analyzed whether the power conversion between
ac port 1 and dc port 1 (referred to as ac;—dc; operation) and the power con-
version between dc port 1 and dc port 2 (dc;/dc; operation) can be considered
separately. For this purpose, the spectrum of the active power at the switching
node of the single-phase equivalent circuit depicted in Fig. 2.2(a), P;(f), is
analyzed for a typical operating condition. The calculation of P;(f) for a
given frequency f requires the phasor of the voltage, V. (f), and the complex
conjugated phasor of the current, IT(f), at the switching node,

Pi(f) =R [V (NI ()] - (2.3)

These phasors are determined from the corresponding time-domain wave-
forms. Fig. 2.3(a) shows example waveforms for v, and i;, which have been
calculated for the acy/dc, operation as described in [51] with a switching
frequency of f; = 6 kHz (low switching frequency for the purpose of illustra-
tion). The calculation uses the voltages and frequency specified in Table 2.1,
an output power of 7.5kW at port dcy, 27f; Ly = 29.5Q, 27f; Ly = 19.6 Q,
and n = 2.6. Sinusoidal lines in Fig. 2.3(a) correspond to the local average
values over one switching period. The local average value of vy, is calculated
by integration of the instantaneous value,

T
() = @0 =7 [ ontenar o

and (i;) is calculated in the same way. Local average values (v,) and (i;)
highlight the LF components below switching frequency in the waveforms
and illustrate that only a component at line frequency, f; = 50 Hz, is present.

Fig. 2.3(b) depicts the spectrum of the power in one phase calculated
with (2.3), using the same settings as in Fig. 2.3(b), except for a higher switch-
ing frequency of 35kHz. According to this result, the power transfer can
be separated into a LF part at f = 50 Hz with positive power (primary-side
half-bridge consumes energy) and a HF part for f > 35kHz with negative
power (primary-side half-bridge provides energy). The LF part of the spec-
trum, illustrated with the local average values (vy,) and (i) in Fig. 2.3(a),
refers to a three-phase PFC rectifier operation without galvanic isolation from
ac; to dcy. The HF part of the spectrum achieves dc/dc power conversion with
galvanic isolation from dc; to dc,.

According to this result, a separation of the analysis for the ac;—dc; and the
dcy/dc; operation is feasible, provided that f; is several orders of magnitude
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Fig. 2.3: (a) Waveforms of v, (t) and i1(¢), defined in the single-phase circuit of
Fig. 2.2(a), over a line period of 20 ms. For the purpose of illustration, the waveforms
have been determined for a reduced switching frequency of f; = 6 kHz. The shown
sinusoidal characteristics, (vna) and (i1 a), refer to the local average values of the
instantaneous values of v, (t) and i1(#). (b) Spectrum of the active power at the
switching node of the primary-side half-bridge of a single phase, for a switching
frequency of f; = 35kHz. The waveforms and the spectrum are calculated for the ac—
dc operation described in [51] with the voltages and the mains frequency specified in
Table 2.1, an output power of Py = 7.5kW at dcg, 27 fs Lac = 29.5Q, 27fs Lg = 19.6 Q,
and n = 2.6.
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higher than the line frequency f; at ac;. Therefore, the single-phase equivalent
circuit is further modified, to clearly reveal this separation. In a first step,
the coupled boost inductor (which can be considered like a transformer), is
replaced by the equivalent circuit shown in Fig. 2.2(b). This circuit consists
of a magnetizing inductance Ly, a stray inductance Ly, and an ideal HF
transformer with a given turns ratio,

n ~ Ni/N;. (2.5)

The circuit resulting after this replacement is shown in Fig. 2.2(c). In a final
step, the paths for the LF current i,. and the HF current ig,p, highlighted in
Fig. 2.2(c), are separated. This final step is based on the results obtained for
the frequency spectrum of the power depicted in Fig. 2.3(b) and denotes an
approximation that is only valid if the assumptions listed below are met.

1. Atline frequency of, e.g., fi = 50 Hz, it is assumed that the capacitances
Cq and Cy, and the capacitances in the EMI filter feature comparably
high impedances and can be approximated by open circuits. Further-
more, all inductances feature very low impedances and can be replaced
by short circuits in a first approximation. Based on these considerations,
the LF component of i,. passes through the line voltage source, v, the
magnetizing inductance, Ly, = L., and the half-bridge.

2. With regard to HF voltage and current components, it is assumed that
the impedance of Cy; is much lower than the impedances of Zp) g
and L,.. Accordingly, the HF current ig,p, is mainly conducted from the
switching node of the primary-side half-bridge through the transformer
(the secondary-side dc link capacitance Cq; and filter capacitance Cg,),
the stray inductance L, and the filter capacitance Cy.!

Consequently, the junction connecting Zgp 1, Cri, Lac, and L can be split into
two junctions: the first junction connects Zg g to Ly and the second junction
connects Ly to Cq. Furthermore, the Zgp 1 value is usually much lower
than the impedance of L,. and can be neglected. With this, the equivalent
circuit depicted in Fig. 2.2(d) results, which is similar to the circuit described
in [55,56]. The derived circuit allows to separately analyze the conversion
mechanisms that are relevant for the operation as rectifier (ac;—dc;) and
isolated dc/dc converter (dci/dc;). In addition, this figure points out that
the magnetizing inductance, Ly, acts as boost inductance, L,., for ac;—dc;
operation.

'For simplicity, the triangular HF current in the boost inductance L, is neglected in this
section, since it does not transfer active power.
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Ac—dc conversion without isolation

According to Fig. 2.3, the local average values of v, and i; are approximately
sinusoidal with a frequency equal to the line frequency. Since Zg )1 and Lac
can be approximated by a short circuit at line frequency, the local average
values of the voltages across this components are negligible,

(vzemi) ~ 0, (VLac) ~ 0. (2.6)

For this reason, the voltage across the filter capacitor Cy is approximately
equal to the line voltage. Furthermore, the primary-side half-bridge must be
controlled such that the local average voltage at the switching node, (vy), is
approximately equal to the voltage across C,

1
(vn) = (Dl - 5) Vi1 ® vcft ® Uge. (2.7)

Based on (2.1), (2.2), and (2.7), the duty cycles of the three primary-side half-
bridges result,

—_

Diabe(t) = 2 [1+mysin (27fit + 64pc) | . (2.8)
using the modulation index m; = 2V, peak/Vdc,1- A controller slightly adjusts
the duty cycles of (2.8) in order to achieve PFC rectifier operation with defined
active and reactive power levels on the primary side as it is known for VSCs
operated as PFC rectifiers.

Dc/dc conversion with isolation

The converter’s dc/dc part represents a DAB converter with primary-side and
secondary-side half-bridge circuits (e.g., as proposed in [57]). Due to (2.8),
each primary-side half-bridge is operated with a time-varying duty cycle to
achieve PFC rectifier operation. Furthermore, the basic modulation scheme
of the D3ABC uses same duty-cycles, D; = D, = D, and the same switching
frequency, f;, for the primary-side and secondary-side half-bridges.

According to Fig. 2.2(d), the difference between the voltage at the switch-
ing node of the primary-side half-bridge, v,, and the filter capacitance v¢y is
applied to the primary side of the transformer,

U1 = OUn — UCfl- (2.9)
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Fig. 2.4: Definitions of Dy, Dy, and HF phase shift qapz, illustrated based on waveforms
that have been calculated for one switching period, Ts, with 27 fs Lg = 19.6 Q, n = 2.6,
Vie1 =800V, Vgep =400V, @p = 52 =0.05,and Dy = D = 0.4.

The same applies to the secondary side,
02 = UN — Ucf2, (2.10)

where vy, is determined similar to the primary side, i.e., the voltage across the
secondary-side filter capacitor Cy, is approximately equal to the LF component
of the voltage at the switching node of the secondary-side half-bridge,

1
vepy = (oN) = (Dz - 5) Vde,2, (2.11)

in order to prevent saturation of the transformer. The difference between
v, and no, is applied to the transformer’s stray inductance, Ly, and causes
a change of the inductor current, ig.p. The HF phase shift, ¢,°, between the
rectangular transformer voltages v;(t) and v,(t), as defined in Fig,. 2.4, is
used to control the power transferred between dc; and dc; [51],

anC,l Vdc,Z

zf\—L(pp (ZD(I - D) - |(pp|) . (2.12)

Pacr-de2 =

? To make the formulas easier to read, the relative phase shift ¢, = % is used.
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2.3 Noise Model of the D3ABC

An EMI model that can be used in the design phase is typically a mixture
of physical and behavioral component models,? as presented, for example,
in [61-63]. Procedures described therein propose the identification of the main
sources of EMI noise, separation into DM and CM EMI noise components, and
identification of main propagation paths of DM and CM EMI noise. Depending
on availability, the parameterization of the model can be based on data sheet
values, simulations, or measured data. Based on this, the attenuation of
DM and CM EMI noise required to comply with EMI regulations can be
determined. The required attenuation enables the design of a suitable EMI
filter, which is typically optimized based on a certain cost function, e.g.,
minimum filter volume, while meeting certain constraints (e.g., maximum
current ripple and maximum reactive power at line frequency) [64-66].

In the following, a complete EMI noise model of the D3ABC, i.e., valid
for DM and CM EMI noise, is determined. This is used in a subsequent
step to derive the DM and CM EMI noise models in Subsection 2.3.1
and Subsection 2.3.2, respectively.

The six half-bridges represent the EMI noise source of the D3ABC topol-
ogy. Based on the assumption of constant dc link voltages, each half-bridge
can be replaced by a voltage source with a rectangular output voltage wave-
form similar to the voltage at the switching node of the half-bridge shown
in Fig. 2.3(a), i.e., Una, Unp, and ovp on the primary side and ona, onB, and
on,c on the secondary side. These voltages are further divided into two CM
voltage sources,

Una + Unp + Unc
Ocm,1 = 3 s

UN,A T ONB +UNC
Om2 = — >

3

(2.13)

for primary side and secondary side, respectively, and six DM voltage sources,

Odm,1,a,b,c = Un,a,b,c — Yem,1> ( )
2.14
Udm,2,A,B,C = UN,AB,C — Ycm,2-

3Behavioral models are parameterized on the basis of measured data and allow accurate
predictions of conducted EMI [58-60]. However, the necessity of having comprehensive mea-
surement data is in contradiction to the initial situation of a converter development, during
which usable measurement data is only available to a limited extent. In contrast, physical models
are based on component-specific physical interrelationships and hence rely, e.g., on material
data and component geometries. Such models, though, are often highly simplified and therefore
less accurate than behavioral models.
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At this point it is to be noted that the three primary-side half-bridges and
the three secondary-side half-bridges are operated with interleaving, i.e.,
the carrier signals of the Pulse Width Modulation (PWM) units are phase-
shifted to each other by 120 °.# Waveforms for the primary-side DM and
CM voltages, vgm1 and vem 1, calculated according to Subsection 2.3.3 and the
respective local average values (vgm 1) and (vem1) are shown in Fig. 2.5(a)
(using a low switching frequency of 6 kHz for the purpose of illustration).
The average value of (vem1) is zero, i.e., no LF CM voltage is injected with
this modulation scheme. The spectra of these voltages (for f; = 35kHz) are
shown in Fig. 2.5(b).5

Replacing the half-bridges in Fig. 2.1 by the voltage sources that model the
CM and DM voltage components defined in (2.13) and (2.14) and omitting the
EMI filter components (i.e., the EMI filter, Comdc 1, and Cemdc 2) results in the
circuit depicted in Fig. 2.6. The inclusion of twice the dc link capacitance on
the primary and secondary sides, 2C4.1 and 2Cy. 2, between the mid-points
and the CM voltage sources is explained in more detail in Appendix C.
The EMI filter is not part of Fig. 2.6, since the EMI noise models derived in
this Section are the basis for the EMI filter design in Section 2.4. In order to
characterize the HF EMI noise with a defined line impedance, a three-phase ac
Line Impedance Stabilization Network (LISN) is placed between the converter
and the three-phase ac line. According to [67], the simplified network of the
LISN consists of three inductors, three capacitors, and three resistors, i.e.,
3 x50 puH, 3 X 250 nF, and 3 X 50 Q, respectively, as shown in Fig. 2.6. The line
voltage sources are approximated by short circuits with regard to HF EMI
noise.

4With this, the CM voltage component at f = f; is reduced by 11.5 dB (at the cost of an increase
of the DM component at f = f; by 6.8 dB). This significantly reduces parasitic ringing that may
occur in the CM equivalent circuit (derived in Subsection 2.3.2 and depicted in Fig. 2.8(c)) at
f = fs due to the relatively small dc link capacitances, Cqc; and Cyc 2, cf. Table 2.2 in Section 2.4.

5Compared to the primary side, the secondary-side voltages have the same shape and a
different amplitude (the secondary-side dc link voltage is half of the primary-side dc link voltage)
and are phase-shifted by the HF phase-shift, ¢p,.
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Fig. 2.5: [lustration of the DM and CM voltage components: (a) in time domain for a
switching frequency of 6 kHz (low switching frequency for the purpose of illustration)
and (b) in frequency domain for a switching frequency of 35 kHz and for the operating
conditions specified in Table 2.1.
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2.3. Noise Model of the D3ABC

The red capacitor symbols with dashed connecting lines in Fig. 2.6 repre-
sent the considered parasitic coupling capacitances of the physically largest
components in the circuit (transformers and semiconductors with heat sink).
Due to the sizes of these components, it is expected that their parasitic cou-
plings are relatively high and therefore become relevant already at the first
spectral component of the EMI noise that enters the regulated EMI frequency
band, i.e., at f = 175kHz. Since it is found that the self-resonance frequen-
cies of all filter components are above 175kHz (the lowest self-resonance
frequency results for C; with a resonance frequency of 350 kHz), the model-
ing of self-resonances of converter components was omitted for the sake of
clarity.

The HF properties of the loads connected to dc; and dcy, e.g., characterized
by parasitic inductances in series to each load or parasitic capacitances to
Protective Earth (PE), have an impact on the EMI noise at ac;. However, load
characteristics depend on the application and their HF properties are a priori
unknown. For this reason, loads are replaced by suitable substitutes in order
to facilitate a complete (terminated) EMI noise model. With regard to the DM
EMI noise at each dc port, parasitic resonances between the load and the dc
link would lead to a significant increase in conducted EMI. For the analysis,
it is therefore assumed that dc-LISN networks® are inserted between the
respective dc link capacitors and the connected loads, such that resonances
between the dc links and the loads can be excluded. In the context of CM
EMI noise, it is mainly the parasitic earth capacitances of the load that have
an impact on the conducted EMI. A detailed analysis reveals highest levels
of EMI noise at ac; if the primary-side dc load has no parasitic capacitance
to PE. This is achieved by placing a CM filter inductor between dc; and the
dc-LISN. The high impedance value of the CM filter inductor (ideally) acts
as an open circuit at HF and therefore the load connected to dc; is omitted
in Fig. 2.6. On the secondary side, the worst-case is found to be present
if the load features a large capacitance to PE which is clarified as part of
the explanation of the CM EMI model in Subsection 2.3.2. There it becomes
apparent that the effective CM impedance of the dc-LISN is low enough to be
considered as worst-case load scenario. It is to be noted that the presented
model is intended for the design of the ac-side EMI filter and therefore, the
dc-side DM EMI noise sources of the model, such as described in [68], are not
included.

%Fig. 2.6 depicts the network of the dc-LISN, which consists of two inductors (50 uH each),
two capacitors (470 nF each), and two resistors (50 Q each).
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Chapter 2. EMI Filter Design for the D3ABC

Due to the rectangular waveform characteristics of the DM and CM noise
voltages, the corresponding amplitude spectra feature envelopes decreasing
with —20 dB/dec. Therefore, the EMI noise levels for frequencies close to
150 kHz are most relevant for the design of the EMI filter, given that the
switching frequency is below the frequency range that is regulated for EMI
(f € [150kHz, 30 MHz]). As a final note, the derived models are expected to
be useful up to a frequency of approximately 1 MHz and attenuations of up to
approximately 100 dB. The limitation related to damping is based on the fact
that also very weak coupling between a filter node where high ac excitations
are present (i.e., toward the switching stage) and a filter node with very low
ac excitations (toward the grid) substantially increases the ac excitation at
the grid-side node of the filter. Such coupling could be reduced by further
improving the filter layout, e.g., by using a placement of the filter components
that is similar to the schematic diagram of the filter (with this, the input-side
and output-side filter components are located far from each other). However,
in view of the need for a high power density, this typically is not possible in
industrial designs, for which reason a certain reduction in filter attenuation
is accepted.

2.3.1 DM EMI model of the D3ABC

To isolate the DM EMI noise component from the CM components, the CM
Voltage sources are set to zero, v¢m1 = Uem,2 = 0. Furthermore, a symmetric
three-phase system is assumed and all component tolerances are neglected.
Therefore, no CM voltage components can occur in the circuit and the noise
levels in all three phases, a, b, and c, are the same. Accordingly, it is sufficient
to analyze a single phase, e.g., phase a. Due to the absence of CM voltage
components, the electric potentials at the star-points of the DM noise voltage
sources, Ugm1,ab.c and vam 2.4 B, and at the star-points formed by Cy, Cs, Crz,
and Cs; are all equal. For this reason, voltages across Cy, Cz, 2Cqc 1, and 2Cqc »
are zero, i.e., these components can be replaced by short circuits, and the
dc inductors, Ly, as well as the de-LISN can be neglected. Finally, each real
transformer in Fig. 2.6 is replaced by the circuit in Fig. 2.2(b), which results in
the single-phase equivalent circuit shown in Fig,. 2.7(a).

As indicated in Fig. 2.7(a), the total DM EMI noise, v4m, that is applied
to the LISN is equal to the voltage ripple across Cy, which depends on the
capacitor current. The capacitor current is composed of the currents through
Lo and Ly, i.e., igmdab and igm pst, respectively. For a meaningful design of
Cr and Cpp, which implies that the resonance frequencies of Ly, Cqy, and Cp,
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|
(b) £

Fig. 2.7: Equivalent circuit for modeling the DM EMI part of the D3ABC: (a) total DM
EMI model; (b) partial model related to the load-dependent DM EMI noise component;
(c) partial model for calculating the load-independent DM EMI noise component.

are below the switching frequency, it can be assumed that v4,; < v4m; and
Vdmt << Udm2 apply. Therefore, the feedback of vgpy ¢ on the currents igy dap
and igm pst is negligible and the implications of the two currents on v4m+ can
be analyzed separately.

Following the path of the current igm dap, i-€., only the noise resulting from
the DAB converter part power transfer (L, is accordingly left open), reveals
the circuit shown in Fig. 2.7(b). There, the primary-side referred values
of the secondary-side filter capacitor, Cj, = Cr,/ n?, and the secondary-side
DM voltage source, Uém’z = Nogm2, are connected in series to the primary-
side DM voltage source, 94y, 1. It is to be noted that the total voltage across
Udm1 and v"im,z is equal to the voltage difference vgm1 — U(/im,z' Accordingly,
Vdm1 — U::lm,z ~ 0 results for zero HF phase shift, |¢p[, between vg4m,1 and vém’z
if Vg1 = nVyc2 applies. In this case, igm dab is zero. With increasing value of
|<pp|, i.e., increasing power transfer between dc; and dcy, cf. (2.12), the voltage
applied to Ly, 04m1 — 0:1m,2’ and, with this, igm dap increase. As a consequence,
the EMI noise component, 04m,, in Fig. 2.7(b), increases if the secondary-side
load increases.

Following the path of the current igypst gives the circuit shown in
Fig. 2.7(c). This current features a triangular shape that is typical for VSCs.
The HF components of o4y, 1 are mainly defined by the line voltage and the dc
link voltage and are practically independent of the load. For this reason, the
related EMI noise component, ogp, ¢, is also independent of the load (assuming
constant inductance L,.).
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Chapter 2. EMI Filter Design for the D3ABC

The total DM EMI noise is obtained by means of superposition,

Udm,t = Ydm,p + Vdm,c- (2.15)

2.3.2 CM EMI model of the D3ABC

For the analysis of the CM equivalent circuit of the converter’s EMI model,
the DM voltage sources in Fig. 2.6 are set to zero, vgm1abc = Ydmz2.ABcC = 0.
Consequently, the three primary-side phases of the D3ABC can be considered
to be connected in parallel to each other and the same applies to the three
phases of the secondary side. As for the analysis conducted for DM EMI noise,
a symmetric three-phase system is assumed, with all component tolerances
being neglected. With this, the circuit shown in Fig. 2.8(a) results for the
D3ABC without EMI filter. In a subsequent step, the transformer is replaced
by the equivalent circuit shown in Fig. 2.2(b), which leads to the network
depicted in Fig. 2.8(b).

The total CM EMI noise voltage at the LISN, v¢p, ¢, is the sum of the CM
EMI noise voltages across 3Cy and Cy. Accordingly, vep ¢ depends on the CM
EMI noise currents in the capacitors 3Cy and Cy. In the presented analysis,
these capacitor currents are split into the four partial currents (mesh currents)
marked in Fig. 2.8(b): icmdabs iembst> icmp1> and iempz. The implications of
these currents on v are detailed in the following. It should be noted that
Vemt <K Uem,1 and Uemt <K Uem 2 is assumed. Accordingly, the feedback of vep, ¢
ON icm dabs bembst> kemp1s aNd icm p2 is negligible and each of the four four partial
currents can be analyzed individually in the sense of a mesh current analysis
(Maxwell’s circulating currents method), also considering, that impedances
of the components (e.g., C4c1 and Cqc2) coupling the mesh current equations
are very low and/or can be neglected for a first step analysis.

Following the path of the current icy dap, i-€., Lac/3, 3Cs1, 3Csz, and 3Cr
are left open, reveals the circuit shown in Fig. 2.8(c), which is similar to
Fig. 2.7(b) except for the dc link capacitances, 2Cq4.; and 2Célc’2 = 2Cq4c2/Nn?,
and the parasitic capacitance Cy.7 At the ac-side interface, marked with vcp, 4,
the parasitic capacitance C; is in series with the remaining circuit. The rms
value of iy dap increases with the HF phase shift, |¢;|, and, accordingly, the
operating power of the isolated dc/dc part of the D3ABC is increased. For
this reason, v.m,, increases as the load on the secondary side increases.

Following the path of the current icy pst, i-€., Lo /3, 3Cs1, 3Cs2, and 3Cr are
left open, gives the circuit shown in Fig. 2.8(d) that corresponds to the DM

7On the secondary side, a parallel path to Cyc; exists, through C;, Z115n/2, and Lg./2, but
the current in this parallel path is negligible.
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Fig. 2.8: Equivalent circuit for modeling the CM EMI part of the D3ABC: (a) total
CM EMI model; (b) total CM EMI model with the transformer being replaced by the
equivalent circuit depicted in Fig. 2.2(b); (c) partial model related to the secondary-
side load-dependent CM EMI noise component; (d) partial model for calculating the
secondary-side load-independent CM EMI noise component that is generated by the
primary-side CM EMI noise voltage source; (e) partial model related to the CM EMI
noise voltage that arises due to the parasitic capacitances Csy, Csg, and Cr.

41



Chapter 2. EMI Filter Design for the D3ABC

circuit in Fig. 2.7(c), except for the additional dc link capacitance, 2Cq4¢, and
the capacitance Cy, which appears at the input of the network and in series to
the remaining circuit. Since v¢m1 does not depend on the load, and assuming
that L, /3 is constant, the partial CM EMI noise voltage vcp . does not depend
on the load either.

Finally, the circuit shown in Fig. 2.8(e) results if Ls/3 and L,./3 are
left open. With this approximation, the filter capacitance 3Cy, is in series
to the remaining circuit. Mainly the primary-side CM voltage source vem
contributes to the formation of v¢y p, by means of the current icm 1, which
primarily flows through the series connected capacitors 2Cq¢q, = 3(Cs; + Cr),
and C;. The current icy,p that is generated by the secondary-side CM voltage
SOUICE Ucr,2 is comparably small and, consequently, the HF phase shift, ¢, has
a minor impact on v¢mp. A respective circuit simulation of the investigated
D3ABC reveals that vcn,, increases by less than 3 dB at 175 kHz if the output
power at port dc; is decreased from 4 kW to o and, at the same time, the output
power at port dc;, is increased from 2.5 kW to 6.5 kW (these power values stem
from the example workload scenarios 1 and 2 defined in Subsection 2.5.3).

It is worth noting that, according to the equivalent circuit in Fig. 2.8(e),
the value of i., o increases as the CM impedance of the load connected to the
secondary-side dc port, represented here by Zyisn, decreases. Accordingly, the
highest value for icm ps results if Zyisy is replaced by a short circuit. However,
in terms of a worst-case estimation, it is sufficient if Z1 sy is much smaller than
the impedance of 3Cs;. According to Subsection 2.4.1, Cs; has an estimated
value of 200 pF for the hardware investigated in this work. Thus, in the
considered frequency range of 150 kHz < f < 1MHz, the impedance of 3Cs;
is between 1.8 kQ and 270 Q, which is more than a factor of 10 larger than
Z1isn/2 = 25 Q. Consequently, the CM impedance of the dc-LISN sufficiently
represents the worst case in the considered case.

The total CM EMI noise is obtained by means of superposition,

Uemt ¥ Uem,p + Uem,e + Uemyp- (2.16)

2.3.3 Verification of the EMI models

To verify the derived EMI models, the spectra of the DM and CM noise
calculated with the EMI models, i.e., without EMI filter, have been compared
to the DM and CM noise spectra obtained from circuit simulations of the
converter. The characterization of the DM and CM noise sources of the EMI
models is a three-step process, which has been realized with MATLAB. First,
the time-domain waveforms of the voltages at the six switching nodes over a
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mains period are calculated based on the duty cycles and the HF phase shift
defined by (2.8) and (2.12), for the operating conditions listed in Table 2.1. In
a subsequent step, the waveforms of the DM and CM voltages, i.e., 94m1(t),
Oem1 (1), Vam2(t), and vem 2 (), are calculated, as shown in Fig. 2.5(a) for the
primary-side DM and CM voltages. Finally, the corresponding spectra, e.g.,
depicted in Fig. 2.5(b), are determined. With this, the noise voltages at the
mains-side interface of the converter, vgm () in Fig. 2.7(a) and vem () in
Fig. 2.8(b), are determined by superposition.?

In order to determine the expected upper and lower boundaries of the
noise voltage measured by a CISPR-compliant QP detector, the spectra of
Vdmt (1) and vem (1), i-e., Vamrms(f) and Vemrms(f), are post-processed by
estimating the minimum and maximum QP signal levels as proposed in [67]
for a defined receiver bandwidth of RBW = 9kHz. The estimation of the
minimum QP signal level (in the following referred to as Min estimate) of the
DM voltage at the LISN (in dBiV) can be calculated with

|
Vdm,min(f) =20 dBFLV 1Oglo W Z Vdm,rms(§)2 s (2-17)
g

which represents an equal spectral power within RBW. In a similar way, [67]
proposes an estimation of the maximum QP signal level (in the following
referred to as Max estimate) calculated with

) E=f+ R
Vimamas (f) = 20 BuVlogy | D) Vamenms(D]- (18)

S

The same expression can be used to evaluate the Min/Max estimates of the CM
noise components. The lower and upper solid lines in Fig. 2.9(a,b) represent
the calculated results for these boundaries.?

For comparison, a circuit simulation of the converter was performed using
the operating conditions and component values listed in Table 2.1, Table 2.2,
and Table 2.3. From the results of the simulation, the spectra and the Min/Max
estimates were calculated (shown as dotted lines in Fig. 2.9(a,b)). It can be

8n anticipation of the findings of Section 2.4, the EMI models are parameterized using the
values listed in Table 2.2 and Table 2.3 for the converter components and parasitic capacitances
for these calculations.

9Due to the symmetry of the simulated circuit, the DM components of all phases are identical.
Therefore, only the spectrum of phase a is shown.
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Fig. 2.9: Resultant EMI noise voltages at the LISN for the converter without EMI
filter calculated by applying the DM and CM voltages shown in Fig. 2.5(b) to the
equivalent circuits in Fig. 2.7 and Fig. 2.8: (a) DM, (b) CM. The solid black curves
depict the calculated voltage spectra, and the lightblue and orange curves represent
the Min/Max estimates determined with (2.17) and (2.18), respectively. The solid
and dotted curves result if the voltages at the six switching nodes of the D3ABC
are calculated numerically with MATLAB and simulated with a circuit simulator,
respectively. (c) Shows the difference of the Min estimates between calculated and
simulated noise at the harmonics of the switching frequency.
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seen in Fig. 2.9(a,b) that the calculated and simulated Min estimates of the DM
and CM EMI noises at the harmonics of the switching frequency agree well.
Fig. 2.9(c) shows the absolute deviations at those harmonics that are less
than 2.5 dB over the entire frequency range considered. The discrepancies
in case of the Max estimates for both DM and CM EMI noise are largely
related to the fact that the calculations of the waveforms of the voltages at
the switching nodes assume a constant dc link voltage without ripple. The
simulation considers the voltage ripple, leading to sidebands with higher
amplitudes, which mainly increase the results of the Max estimates.

2.4 EMI Filter Design

This section describes the design of an EMI filter for a given hardware demon-
strator of the D3ABC topology using the EMI noise models of Section 2.3.
The power stage of the demonstrator has been optimized by means of an n—p-
Pareto optimization as described in [51] in a preceding step. The separation
between the EMI filter and the power stage is made according to the converter
parts marked with curly braces in Fig. 2.1, i.e., all components between the
port acy and Lgy, 1 (including Lgy, ;) are part of the EMI filter, and all remaining
components belong to the main converter part. This kind of separation is
motivated by the fact that besides L,. and L, also the filter capacitors Cg
are subject to relatively large rms currents. For this reason, these passive
components substantially contribute to the total converter volume and need
to be included in the n—p-Pareto optimization of the D3ABC. Appendix A
describes the design of the main converter part and the components of the
resulting hardware demonstrator in more details. Table 2.2 lists the relevant
converter parameters and component values used for the EMI filter design.

Prior to the design of the EMI filter, the spectra of the EMI noise voltages
that appear at the LISN without EMI filter part, cf. Fig. 2.6, are analyzed in a
first step in Subsection 2.4.1 in order to determine the required attenuation
characteristics of the EMI filter. Thereafter, the design of the EMI filter is
described in Subsection 2.4.2 and Subsection 2.4.3 for the DM and CM
parts of the EMI filter, respectively. The EMI filter is designed to comply to
the CISPR class A QP limit for P; + P, = 7.5kW at the port ac; (P, = 5kW at
the port dc; and P, = 2.5kW at dc, as described in Section 2.1).
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Tab. 2.2: Main component values of the D3ABC.

Switching frequency fs=35kHz

Ac inductance L. =3 X134 uH
Transformer turns ratio n=2.6

Stray inductance Ls=3 % 88 uH

Primary-side dc link capacitor Cac1=2 %12 uF
Secondary-side dc link capacitor ~ Cycz =2 X 37 uF
Secondary-side dc filter inductor Lgc=2x14.7uH
Primary-side filter capacitor Cr; =3 X 10 uF
Secondary-side filter capacitor Cr =3 X 21.5 uF

2.4.1  EMI noise voltages without EMI filter part

In order to enable the estimation of the spectra of the DM and CM volt-
age components at the LISN without EMI filter, the values of the parasitic
capacitances Cs;, Csy, C1, Cz, and Ct must first be estimated.

The parasitic capacitances from the switching nodes to PE, Cgs; and Cs;, are
partly determined by the metal areas on the back of the low-side transistors,
since all MOSFETs are mounted on a conductive heat sink that is connected
to PE, and partly due to the parasitic capacitances between the high-side gate
driver and PE. A respective estimation reveals Cs; = Csz = 200 pF.

With regard to the parasitic capacitances that are present between the
midpoints of the dc links and PE, C; and C;, it is assumed that these capac-
itances are mainly due to the high-side transistors and the low-side gate
drivers. However, compared to Cs; and Csy, the low-side gate drivers of
each side of the converter (primary and secondary) share a common supply,
which reduces the value of the parasitic capacitances. Accordingly, a value of
approximately 450 pF has been determined for C; and C,.

Finally, the parasitic capacitance of each coupled inductor / transformer
is estimated based on ideal plate capacitor approximations. For this, the
overlapping areas between the coils of the primary side and the secondary
side are approximated by a first plate capacitor, Cr 2. The areas between the
coils and the magnetic core are approximated by two further plate capacitors,
Crac and Cr g, for primary side and secondary side, respectively. These two
capacitors are connected in series with the impedance of the magnetic core
material. With respect to this impedance, reference [69] reveals a measured
conductivity o > 0.5S/m for the ferrite core material 3Cos, i.e., a material that
is similar to the core material (N95) used as described in Appendix A. Further-
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Tab. 2.3: Estimated values of the parasitic capacitances.

Primary-side switch-node capacitances 3 X Cs1 =3 %X 200 pF
Secondary-side switch-node capacitances 3 X Cs2 =3 X 200 pF
Primary-side parasitic dc link capacitance C; =450 pF
Secondary-side parasitic dc link capacitance C, =450 pF
Parasitic transformer capacitances 3 X Cr=3x100pF

more, it is found that the core impedance decreases for increasing frequency.
A similar result was obtained for the measured impedance characteristic
of another related ferrite material (N87) in [70]. There, the measurements
show a decrease in impedance with increasing frequency throughout the
entire frequency range between 100 kHz and 50 MHz. A comparison of the
impedances of the parasitic capacitances and the impedance of the core at
the relevant frequency of 175 kHz reveals that the impedance of the core can
be neglected. Thus, the total parasitic capacitance, Cr, is calculated with

CT,lc CT,ZC

Cr=Cri2+ ,
CT,IC + CT,Zc

(2.19)

i.e., Cr12 is connected in parallel to the series connection of Cr . and Cr .
Table 2.3 lists the values estimated for Cs;, Csy, C;, Co, and Cr.

The values of the Max estimates for the DM and CM EMI noise determined
in Subsection 2.3.3 and shown in Fig. 2.9 serve as a basis to define the required
attenuations of the DM and CM parts of the EMI filter. It can be seen that
the 5™ harmonic of the switching frequency, at 5f; = 175kHz, is the first
harmonic component that enters the EMI frequency range defined by the
CISPR regulation.

2.4.2 DM filter design

Fig. 2.10 depicts the flow chart of the DM EMI filter design procedure, re-
vealing the individual design steps in simplified form. According to the
spectrum of the Max estimate depicted in Fig. 2.9(a), the highest attenuation
of 21dB is required at the lowest frequency that is relevant for the EMI filter,
f = 5f; = 175kHz. Therefore, the EMI filter is designed with respect to this
requirement. However, the required attenuation at 175 kHz is increased by
6 dB, to 27 dB, in order to take into account an eventual increase of the total
EMI noise voltage due to superimposed CM noise voltage components.
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Fig. 2.10: Step by step illustration of the DM EMI filter design process. For the CM
filter, the process is very similar, with the following differences: the maximum CM
capacitance is limited by the maximum permissible line-frequency current on PE, the
last filter stage has no CM capacitance, and the values of the CM filter capacitors,
Cemdc, and Cepdc 2, must also be iterated.
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In a first step, a single L—C filter stage was considered. However, to achieve
the required attenuation, the resonance frequency of this filter stage would
need to be equal to 33 kHz, which is very close to the switching frequency
and leads to a HF rms current of more than 5A at 35kHz. A significant
reduction of this HF current, e.g., to less than 1A, could only be achieved by
substantially increasing the filter inductance and/ or capacitance, but this
leads to an intolerable increase of the filter volume and / or the reactive power
consumption at mains frequency.

For these reasons, the two-stage Lam1—Cdm1—Ldm,2—Cam2 filter structure
depicted in Fig. 2.11(a) has been considered in a second step. The resonance
frequencies of this network are greater than the switching frequency to
allow a small filter volume. In order to prevent resonant amplifications at
the harmonics of the switching frequency, a forbidden frequency range was
defined around the frequencies of the harmonic components of the EMI noise
voltages,

Af

ﬁorbidden € kf; - 7, kf; +—1, k €N, (2.20)

Af
2
where it was found that Af = 6 kHz enables sufficiently low HF rms currents
in the filter inductors. Furthermore, the compact off-the-shelf inductors that
are used to realize Lgy,; and Ly are subject to partial saturation (i.e., their
inductances drop with increasing current; the considered peak value of the ac
current is Iocpeak = 16.4 A). For this reason, the resonance frequencies of the
filter depend on the instantaneous values of the phase currents, which must
be taken into account when evaluating (2.20). Accordingly, the optimization
of the EMI filter with respect to minimum filter volume is not straightforward
and has been conducted by means of an exhaustive search over a range of
possible component values.
This exhaustive search considers a set of initial inductances,

Lam1 Lamz € {3.3, 6.8, 8.2, 10, 12, 22} uH, (2.21)

and a set of corresponding reduced inductances (to take partial saturation at
I peak = 16.4 A into account),

Ldm 1,mins Ldm 2.min € {3.2, 5.0, 6.1, 8, 9, 16.5} uH. (2.22)

For each of the capacitances, Cym1 and Cam 2, One ceramic capacitor with
56 nF in parallel to one or two film capacitors with

C € {100, 120, 150, 220, 330, 470} nF (2.23)
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Fig. 2.11: (a) Implemented DM EMI filter circuit and (b) input-to-output TFs for
non-saturated and partially saturated DM inductors (the inductance decreases with
increasing current and reaches its minimum at the peak value of the ac current,
Tac,peak = 16.4 A, Z1 g\ is approximated with a 50 Q resistor).

is considered. Table 2.4 lists the component values that result for the opti-
mized EMI filter and Fig. 2.11(b) depicts the Transfer Functions (TFs) of the
two-stage filter for unsaturated and partially saturated inductors. The vertical
red lines in Fig. 2.11(b) indicate the harmonics of the switching frequency for
fs = 35kHz. The filter achieves an attenuation of at least 28 dB at a frequency
of 5 fy = 175 kHz. Furthermore, according to the results of a circuit simulation,
the total rms value of all spectral current components with frequencies greater
than the line frequency, f > 50 Hz, is less than 800 mA in both DM filter
inductors, Ly 1 and Ly 2. Thus, the HF currents in the inductors are much
smaller than for the single-stage solution.

Since the second resonance frequency of the DM EMI filter is at 102 kHz,
which is close to the third harmonic of the EMI noise at f = 3 X 35kHz =
105 kHz, the sidebands of the DM EMI noise at 102 kHz have been examined
more closely in a circuit simulation. The simulation reveals that the maximum
amplitudes of the DM EMI noise in the region at 102 kHz are 30 dB less than
the peak at 105 kHz. In addition, the equivalent series resistances of Ly, 1 and
Lgm2 at 105 kHz are approximately equal to 1Q for each inductor (determined
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by measuring the impedances of the components), which provides further
attenuation of the resonance and consequently leads to a negligible increase
in current due to the second resonance frequency of the DM EMI filter.

2.4.3 CM filter design

According to Fig. 2.9(b), the Max estimate of the CM EMI noise voltage slightly
increases for increasing frequency. However, this increase will already be
more than compensated for with a 2M_order filter, since the filter’s attenuation
characteristic is —40 dB/decade. For this reason, the CM part of the EMI filter
must provide an attenuation of 40dB at 5f; = 175kHz to meet the given
limit. This attenuation is increased by 6 dB to ensure that the total EMI noise
voltage, i.e., the superposition of its DM and CM voltage components, does
not exceed the given limit and, in addition to this, by 10 dB to account for
component tolerances and uncertainties in the estimations of the parasitic
capacitances. With this, a required attenuation of 56 dB at 175 kHz results.
The considered CM part of the EMI filter is a third-order Lem1—Cem1—Lem,2
filter structure,'® which is integrated into the previously determined DM part
of the EMI filter according to Fig. 2.1, i.e., Lcm is connected in series to the
three DM filter inductors Lgy, 3, the CM filter capacitor is inserted between
the star point formed by the three DM filter capacitors Cgm 2 and PE, and
Lem 2 is inserted at the mains-side input of the EMI filter. In addition, CM
filter capacitances, Cemdc1 and Cemde 2, are included between the midpoints
of the primary-side and secondary-side dc links and PE as shown in Fig. 2.1.
Fig. 2.12(a) depicts the CM equivalent circuit of the EMI filter (without Cepdc1
and Cepgc 2, since these capacitors are in parallel to C; and Cs, cf. Fig. 2.1).
Now that the attenuation characteristic and the structure of the CM part of
the EMI filter are defined, the component values need to be determined such
that minimum filter volume results. In this regard, the stringent limitation
of the maximum permissible line-frequency current on PE to a rms value of
3.5mA confines the maximum allowable capacitances of the CM EMI filter
capacitors to relatively small values. In a considered worst-case scenario, with
an assumed line voltage imbalance of 6 % (according to IEC 60939-3) and ca-
pacitance tolerances of +10 % (for both the DM and CM EMI filter capacitors),
a maximum allowable value for the sum of the CM EMI filter capacitances,

°In the course of the design of the CM part of the EMI filter, four different filter struc-
tures were considered, starting from a 2"_order structure (Lem1—Cemy1) to a 5th-order structure
(Lem1=Cem1—Lem,2=Cem,2—Lem,3), with the 3rd—order filter structure achieving the lowest total
volume.
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Tab. 2.4: Component values of the volume-optimized EMI filter.

DM filter inductance 1 3 X Lgm1=3 x 12 uH
DM filter capacitance 1 3 X Cgm,1 =3 X 526 nF
DM filter inductance 2 3 X Lgmz=3x22uH
DM filter capacitance 2 3 X Cgm,2 =3 X 356 nF
CM filter inductance 1 Lem1 =522 uH
CM filter capacitance 1 Cem1 =290 nF
Ac-side CM filter inductance Lemac =147 uH
Primary-side dc link CM filter cap. Cemde1 =82 nF

Secondary-side dc link CM filter cap. Cemdez =19 nF

Cemde1 + Cem1, of Coms = 399 nF is determined using the procedure described
in [71].

The selection of suitable component values is conducted in the context of
an exhaustive search. In a first step, Cer » is distributed to Cemdce1 and Cem1
using five discrete values,

Cemde1 = {0, 20 %, 40 %, 60 %, 80 %} Cem s, (2.24)
Ccm,l = Ccm,Z - Ccmdc,l: (2~25)

which, together with the required filter attenuation at f = 175 kHz, defines
the maximum value of the inductance Ly 1 max- Based on this result, Ly 1 is
chosen using five discrete values,

Lem1 = {20 %, 40 %, 60 %, 80 %, 100 %} Lem 1.maxs (2.26)

and Lgpy o is calculated with the remaining required filter attenuation at
f = 175kHz. With this, 25 different designs result for the CM EMI filter,
which have been evaluated with regard to the expected volume. The capacitor
volumes are estimated with

Ve,em = po + piC, (2.27)

using po = 1.2 X 107°m® and p; = 24 m*F! (referring to the F881 series of
metallized polypropylene film capacitors manufactured by Kemet). Each
inductor is optimized in terms of minimum volume, using a specifically
implemented optimization procedure that is based on a scalable model of a
three-phase CM EMI inductor with toroidal core." Nanocrystalline material

1A simplified model is used to determine the inductance value and the current densities in the
coils. The optimization procedure ensures that the inductance value of the resulting design does
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Fig. 2.12: (a) Implemented CM EMI filter circuit and (b) input-to-output TF of the CM
EMI filter for the component values listed in Table 2.4 (Z11sn/3 is approximated with
a 16.7 Q resistor).

is used for the cores of the CM EMI filter inductors and the three coils are
made of solid copper wire. It is to be noted that the optimization method
returns capacitors and core dimensions that are not directly available, since
the optimization is based on scalable models. Therefore, the most suitable
capacitors and cores have to be selected manually in a final step. Table 2.4
lists the final component values.

Fig. 2.12(b) depicts the frequency response of the EMI filter with respect
to CM disturbances and for constant values of the CM EMI filter inductances.*
At f = 175kHz, the first filter stage, composed of L.y ; and Cep 1, provides an
attenuation of ~ 40 dB and the second stage (Lcm ac and ac-LISN) ~ 23 dB. The
filter capacitors Cemdce1 and Cemdc 2 have a negative effect on the attenuation at

not fall below the required inductance value given a permeability of 27 mH/m and the current
densities in the coils remain below the maximum permissible current density of 10 A/mm? given
a fill factor of 0.5. Since the CM voltage after the first stage is already low (e.g., 120 dBuV at
175 kHz, cf. Fig. 2.9(b)), possible saturation of the inductance cores is neglected.

>The permeability of nanocrystalline magnetic core material and, thus, the inductances of the
CM filter inductors decrease for increasing frequency. The attenuation characteristic evaluated
in the optimization and depicted in Fig. 2.12(b) was calculated for the inductances present at
f = 175kHz.
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f =175kHz and require an additional attenuation of 5 dB. This is due to the
fact that Comge1 and Cepgc2 attenuate the CM EMI voltage component caused
by the currents icy, p1 and icmp2, but not the voltage components that are due
to the currents iembst and icm dab, cf. Fig. 2.8. Accordingly, Cemde1 and Cemdc.2
become mainly effective at high frequencies where the CM EMI noise currents
icmbst and icm dap in Fig. 2.8(b) are well attenuated by the second-order filter
structures Ly /3-3Cq and L, /3-3Cy, respectively. At 1 MHz, for example,
inserting Cemde1 and Cemdc 2 increases the CM attenuation by 20 dB.

As a result, the EMI filter achieves a CM attenuation of 58dB at f =
175kHz. Compared to the required attenuation of 56 dB determined at the
beginning of this subsection, the total attenuation is 2 dB higher, which is
related to the final step of the design of the CM part of the EMI filter, where
suitable capacitors and cores have to be selected manually. In this regard, each
component value resulting from the optimization is between a smaller and a
larger available component. To be on the safe side, the larger component was
always chosen for the realization.

2.5 Measurements

This section presents a verification of the EMI noise calculated with the EMI
models derived in Section 2.3 using measurement results. In this regard,
Subsection 2.5.1 presents the realized hardware demonstrator including the
EMI filter, Subsection 2.5.2 describes the measurements of the DM and CM
TFs of the EMI propagation paths and the realized EMI filter, and finally,
Subsection 2.5.3 presents the results of EMI measurements and provides a
comparison with the calculated EMI noise.

2.5.1 Hardware

Fig. 2.13(a) depicts the hardware demonstrator of the D3ABC detailed in
Appendix A. The converter is operated as a bidirectional three-phase PFC
rectifier, with the grid connected to the port ac; and the various dc loads
connected to ports dc; and dc,. The outer dimensions of the converter includ-
ing the EMI filter are 150 mm X 240 mm X 54 mm = 5.91in X 9.45in X 2.13in
(width x depth X height).

The upper Printed Circuit Board (PCB) contains the control board with
the sensors (e.g., phase current measurement), the primary-side power semi-
conductors, and their gate drivers. Furthermore, the filter capacitors, Cy, and
the DM filter inductors and capacitors of the first filter stage, Lgy; and Cgm 1,
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Fig. 2.13: Hardware demonstrator of a D3ABC detailed in Appendix A. The outer
dimensions are 150 mm X 240 mm X 54 mm = 5.91in X 9.45in X 2.13 in (width x depth
X height). (a) The upper Printed Circuit Board (PCB) contains control board, current
sensors, and primary-side power semiconductors with their gate drivers. (b) Without
upper PCB, the arrangement of the EMI filter, the boost inductors (transformers), the
stray inductors, and the heat sinks for the power semiconductors are visible (from
front to back). Dc port 2 is not visible on these pictures. The blue plane shows the
location of the cross-sectional view in Fig. 2.21.
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are soldered to the upper PCB as well. The picture in Fig. 2.13(b) shows the
hardware demonstrator without upper PCB, revealing (from the front to the
back) the arrangement of the EMI filter components (without Cg, Lgym 1, and
Cam,1), the boost inductors/transformers, the external stray inductors, and the
copper heat sink for the power semiconductors.

The power semiconductors are mounted with a thin layer of thermally
conductive and electrically isolating foil onto a two-sided copper heat sink,
with the semiconductors of the primary side mounted on top and those of the
secondary side mounted on the bottom. The conductive heat sink is connected
directly to the CM filter capacitors Cemdc1 and Cemdc2 and is grounded through
PE.

Appendix A describes the design of the external stray inductor and the
boost inductor/transformer as well as the components used for Cg, Cy,. The
components used for the EMI filter described in this chapter are summarized
in Table 2.5 (including Cg and Cy,). The CM EMI filter inductors Ley,; and
Lemac €ach have 3 coils with 5 and 3 turns, respectively, using a solid copper
wire with a diameter of 1.8 mm. The DM and CM filter capacitors are realized
by parallel connections of film capacitors and ceramic capacitors. The total
volume of the designed EMI filter is 0.17 dm? (0.09 dm® for the DM part and
0.08 dm?® for the CM part of the EMI filter).

2.5.2 Measured TFs of EMI propagation paths

The measurement results presented in this Section were obtained from small-
signal measurements, i.e., the complete hardware setup was subject to voltages
in the range of several volts. Accordingly, the port ac; was not connected to
the three-phase ac lines in these measurements.

The aim of these measurements is to verify the EMI models derived in
Section 2.3 together with the EMI filter using experimental results. According
to the derived EMI noise models, four different noise sources need to be con-
sidered: 94m 1, Yem 1, Ydm2> and vem 2. Each of these noise sources contributes
to the noise voltage measured at the ac-LISN. Thus, all four TFs, from each
noise source to the ac-LISN, must be known to calculate the voltage at the
ac-LISN. The measurement of these four TFs is conducted directly on the
hardware demonstrator, using a Vector Network Analyzer (VNA).

Fig. 2.14 depicts the measurement setup for measuring the TF from vgm 1
to the ac-LISN as an example. A signal transducer injects the reference voltage
of the VNA, i.e., a sinusoidal voltage with frequency f, at the switching nodes
of two primary-side half-bridges of the power stage to emulate DM EMI noise.
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Tab. 2.5: EMI filter components with their nominal values (A, value at 100 kHz for
the nanocrystalline magnetic cores).

Component | Mfr. Part number Nom. val. | #
Cry TDK B32754C2106Ko000 10 uF 1
Ce TDK C5750X6S2W225K250KA | 2.2 uF 21
Lam1 Wurth | 74435581200 12 uH 1
Cy Wurth | 890334025039CS 470 nF 1
m,1 Murata | GA355XR7GB563KWo6L | 56 nF 1
Lim2 Wurth | 74435582200 22 uH 1
c Wurth | 890334025022CS 150 nF 2
dm,2 Murata | GA355XR7GB563KWo6L | 56 nF 1
C Kemet | F881BCi53(3)300(2) 15 nF 5
emdc,l Murata | GA355DR7GF472KWoi1l. | 4.7 nF 2
C Kemet | F881BC153(3)300(2) 15nF 1
cmde,2 Murata | GA355DR7GF472KWo1l | 4.7nF 1
Lema Vac W380 11.6 pH 1
c Kemet | R4131247000Mi1K 47 nF 6
em 1 Murata | GA355DR7GF472KWo1l. | 4.7 nF 2
Lemac Vac Ws15 5.16 uH 1
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Fig. 2.14: Setup used to measure the TF of the EMI filter from the primary-side DM voltage source, 04y, 1, to the port ac; using a
Vector Network Analyzer (VNA) that is connected to the hardware via two 1:1 transformers (T1-6T-X65+ by Mini-Circuits). The
hardware is placed in an aluminum enclosure with the dimensions 400 mm X 310 mm X 110 mm, which emulates a converter housing.
A 9V battery connected to the primary-side dc link prevents a clipping of the input signal by the antiparallel diodes of the MOSFETs.
The semiconductors on the secondary side are all turned on. Similar configurations are used to measure the remaining three TFs of
the EMI filter, i.e., with respect to the CM components and as seen from the secondary side.
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The VNA measures the reference voltage, viy, and the voltage at port acy, vout,
where the three-phase lines would be connected through the ac-LISN. The
HF impedance of the ac-LISN is emulated by three 50 Q resistors, which are
connected to port ac; (the resistor with dashed outline in Fig. 2.14 refers to the
input resistance of the VNA). Due to the symmetry of the converter topology
and the EMI filter network, it can be assumed that v;, is distributed equally
between phase a and phase b and thus,
Odm,1,a = Uﬂ’ Odm,1,b = _zﬂ’ Udm,1,c = 0 (2'28)
2 2

applies. In order to prevent the MOSFETSs’ antiparallel diodes from turning on
and potentially clipping the reference voltage, the dc link of the half-bridges
is precharged with a 9V battery. Large resistors between the phases and in
parallel with the dc link capacitors (intended for voltage measurement during
operation of the converter) ensure that the potentials at the switching nodes
will be approximately between the two potentials of the positive and the
negative rails of the dc link. It should be noted that the non-linear output
capacitances of the MOSFETs, Cogs, are relatively large at 9V dc link voltage.
These capacitances are connected in parallel to the reference voltage source
of the VNA. The additional loading of the VNA’s output amplifier by Cogs
causes a voltage drop across the amplifier’s inner impedance. However, due
to the explicit measurement of the reference voltage at the system input, vy,
the impact of Coss on the measured TFs is minimized.

The remaining noise sources, in this case vem 1, 94m 2, and vem 2, need to be
set to zero. According to (2.28), the primary-side CM EMI noise voltage, vem 1,
as defined in (2.13) is already zero for this measurement setup. Turning on all
semiconductors on the secondary side sets the noise sources v4m 2 and vem 2
to zero. It is to be noted that the measured TF needs to be multiplied by 2 to
account for the 1/2 in the excitation (2.28). Furthermore, a signal transducer
must be inserted between port ac; of the converter and the VNA to enable
this measurement, since the VNA and the converter share a common ground
potential. The signal transducers used are off-the-shelf devices (T1-6T-X65+
by Mini-Circuits), which feature a bandwidth of f € [15kHz, 300 MHz]. To
achieve reproducible measurements with respect to parasitic capacitances,
the hardware is placed in an aluminum EMI enclosure with the dimensions
400 mm X 310 mm X 110 mm = 15.7 in X 12.2 in X 4.3 in (width X depth X height)
to emulate a converter housing.

To measure the TF from v¢py, 1 to the ac-LISN, the circuit shown in Fig. 2.14
is modified as described in the following. The switching nodes of the converter
phases a, b, and ¢ are connected together and the VNA applies the reference
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voltage between this common switching node and the primary-side midpoint
of the dc link, MP1, using a signal transducer (T1-6T-X65+). With this, the
primary-side DM EMI noise sources are shorted, i.e., 9gm1abc = 0 applies.
Note that by connecting the reference voltage to MP1, the primary-side dc
link capacitances, Cqc1, are in parallel to the input voltage and are therefore
not included in the measurement. Due to the low impedances of the dc
link capacitors, negligible implications on the measurement results can be
assumed. The dc link of the half-bridges is kept precharged with the previously
mentioned battery.

For the measurements of the TFs from the secondary-side EMI noise
sources, dm 2 and vem 2, to the ac-LISN, the reference voltage is applied in the
same way as for the measurements on the primary side, but on the secondary
side. The 9V battery is placed in parallel to the secondary-side dc link and the
primary-side MOSFETs are turned on instead of the secondary-side MOSFETs.

Fig. 2.15 depicts measured and calculated magnitude responses of the
four TFs. The blue curves refer to measurement results that were obtained
for a resolution bandwidth of 3 Hz, at 8oo logarithmically distributed points
in the frequency range f € [10 kHz, 30 MHz], and for a power level of the
reference signal of 13 dBm.”> The dash-dotted green and dotted curves repre-
sent calculated results that have been obtained using the equivalent circuit
diagrams shown in Fig. 2.7 and Fig. 2.8 and the filter networks shown in
Fig. 2.11 and Fig. 2.12. In this context, the dotted curves depict the results
under the assumption of ideal impedances of all components according to
Table 2.2, Table 2.3, and Table 2.4. Since the magnetic material of the CM
filter inductors is highly dependent on the frequency, their A;, values were
chosen to match the value of the material measured at f = 175kHz. The
dash-dotted green curves have been determined from measured frequency
characteristics of all filter components. These frequency characteristics were
measured separately for each component with an impedance measurement
device (Agilent 4294A, 40 Hz to 110 MHz) before the hardware was assembled.
With this approach, non-ideal effects such as frequency dependency, series
resistances, and component self-resonances are taken into account.

According to Fig. 2.15, the measured magnitude responses are in good
agreement with the predictions at low frequencies f < 200 kHz, except for
the CM attenuations calculated with the linearized CM filter inductors (dotted
curves) that match the measurements only at the design frequency of 175 kHz.

3The set power level of the reference signal refers to the power that is dissipated in a 50 Q)
matching resistor if only this 50 Q resistor is connected to the output of the VNA; 0 dBm is equal
to 1mW.
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Fig. 2.15: Frequency responses of the EMI propagation paths of the whole converter
measured from: (a) the primary-side DM voltage source, v4y, 1, (b) the secondary-side
DM voltage source, vgp, 5, (c) the primary-side CM voltage source, vem,1, and (d) the
secondary-side CM voltage source, v¢m 2. The dotted curves depict calculated results
for constant component values, the dash-dotted green curves represent calculated
results using measured impedance characteristics for all filter components, and the
blue curves show the measured frequency responses of the filter. The dash-dotted
green and the blue curves are in good agreement up to a frequency of f = 200 kHz.
Parasitic effects, e.g., capacitive coupling between filter stages, prevent a further
increase of the attenuation above this frequency.
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For frequencies f > 200kHz a continuing increase of the attenuation is
predicted but the measured attenuation no longer increases. This discrepancy
is explained by the simultaneous presence of parasitic capacitive couplings
between filter components, further investigated in Subsection 2.5.3, and high
filter attenuation in the range of 80 dB to 100 dB for 150 kHz < f < 1MHz.
Due to these circumstances, a further increase of the attenuation is not feasible
even at comparably low frequencies. In the context of an example, it is
assumed that a parasitic coupling capacitance of 100 {F is effective in parallel
with each phase of the EMI filter, i.e., between the line-side terminal of each
phase and the switching node of the half-bridge of the same phase. A circuit
simulation conducted in this regard reveals that the couplings caused by
these parasitic capacitances are sufficient to prevent a further increase of the
attenuation for f > 200kHz. Above f > 200kHz the parasitic couplings
between the components dominate the filter’s attenuation characteristics.

For completeness, the calculated and measured TFs of the DM and CM
parts of the EMI filter have been assessed as well. Similar to Subsection 2.5.2,
the calculations are conducted using ideal impedances and measured
impedance characteristics of the individual components. The measurements
are carried out with the VNA connected to the hardware realization of the
EMI filter. Fig. 2.16(a) shows the measured and calculated attenuation charac-
teristics of the DM filter, which agree well for low frequencies, f < 500 kHz.
Above f > 500kHz, the model predicts a further increase in attenuation,
however, the measured attenuation no longer increases. This discrepancy
is again explained by the simultaneous presence of parasitic capacitive cou-
plings between filter components and high filter attenuation in the range of
80 dB, due to which a further increase of the attenuation is not feasible as
explained above. The comparison of the CM filter attenuation in Fig. 2.16(b)
shows similar behavior, except that the CM attenuation calculated with the
linearized CM filter inductances (dotted curve) agrees with the measurement
only at the design frequency of 175 kHz.

2.5.3 EMI measurements

The conducted EMI noise of the D3ABC is measured for rectifier operation
with load resistors connected to the ports dc; and dc, and for the operating
voltages specified in Table 2.1. The three phases of the mains are connected
to port ac; through an ac-LISN and the load resistors are connected to ports
dc; and dc;, via the dc-LISNs, respectively. To investigate the implication of
the secondary-side power level on the level of conducted EMI noise at port
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Fig. 2.16: Frequency responses of the (a) DM and (b) CM EMI filter. The dotted curves
depict calculated results for constant component values, the dash-dotted green curves
represent calculated results using measured impedance characteristics for all filter
components, and the blue curves show the measured frequency responses of the filter.
The dash-dotted green and the blue curves are in good agreement up to a frequency of
f =500kHz. Parasitic effects, e.g., capacitive coupling between filter stages, prevent
a further increase of the attenuation above this frequency.

acy, two different scenarios with different loads, P; and P,, are considered at
the ports dc; and dc,, respectively.

» Scenario 1 (S1): P, = 4kW, P, = 25kW
» Scenario 2 (S2): P, =0, P, = 6.5kW

The total load, P; + P, = 6.5kW, is limited by the maximum allowed rms
current of the employed ac-LISN, I1isNms < 10 A. To comply with this limit,
the power P; is reduced from 5kW, i.e., the power used to design the EMI
filter in Section 2.4, to 4kW.

To achieve reproducible EMI measurements, the hardware is placed in
the same aluminum EMI enclosure used in Subsection 2.5.2, with which the
parasitic ground capacitances are defined. Furthermore, a CM EMI filter
inductor is connected to dcy, to evaluate the worst-case workload scenario
with regard to CM EMI noise as described in Section 2.3. This CM filter
inductor is realized with a nanocrystalline core (W518 by Vacuumschmelze),
which contains two windings with 5 turns each and features a CM inductance
of 627 uH at f = 100 kHz.
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Fig. 2.17: Screenshot taken from the EMI test receiver (the shown result was measured
for phase c). The converter operates as a PFC rectifier with a three-phase voltage
source connected to port ac; (fm = 50 Hz, Vacrms = 230 V), providing a total output
power of 6.5kW at the dc ports. The black curve, which was measured for an output
power of Py = 4kW at dc; and P = 2.5kW at dcy, is below the CISPR class A limit
for QP values (shown in red). The green curve, which was measured for P; = 0 and
Py = 6.5kW, slightly exceeds the limit at f ~ {175 kHz, 10 MHz, 21 MHz}.
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Fig. 2.18: Flow chart illustrating the procedures used to estimate EMI noise. The path
on the left with orange background represents the fast calculation method which is
solely based on analytical models and calculated (constant) component values. The
path on the right with light blue background represents the accurate calculation
method using measured TF to evaluate the EMI propagation paths.

Calc. noise
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The three measurement outputs of the ac-LISN, i.e., one for each phase, are
connected one after another to a test receiver, which measures the EMI noise
with a maximum peak detector (the maximum peak detector overestimates
the EMI noise but allows for a substantially faster measurement compared
to the QP detector). The EMI noise levels measured for phase a, b, and c are
very similar (with deviations of less than 3.5dB at f = 175 kHz) with phase ¢
showing the highest level of EMI noise. Fig. 2.17 depicts a screenshot of
the test receiver’s monitor illustrating the spectra of the EMI noise levels in
phase c (black curve: Si, green curve: S2). In case of S1, the EMI noise is
consistently below the class A QP limit. With regard to S2, the EMI noise
slightly exceeds the limit at f = 175kHz by 2 dB and additionally at higher
frequencies with a maximum exceedance of 4dB at f = 9.75 MHz.

In order to experimentally verify the derived model, the measured spectra
of EMI noise are compared to corresponding EMI noise spectra. In this context,
the spectra are calculated using two different methods, which provides a
deeper insight into the capabilities and limitations of the models derived
in Section 2.3. For the first method illustrated in Fig. 2.18 on the left, the
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rms value spectra of the DM and CM EMI noise for the converter, vgy,+ and
Uemyt, are calculated for S1 and Sz as described in Subsection 2.3.3 taking into
account the filter capacitances Cemde1 and Cemde2- In @ subsequent step, these
spectra are multiplied by the associated, i.e., DM or CM, calculated filter TFs
shown in Fig. 2.16 (with respect to magnitude and phase). Finally, the DM
and CM components are summed up for each workload scenario by means of
superposition, which gives the spectrum of the total EMI noise, Vemirms(f)-
This enables the calculation of the Min estimate, Vemi min, and the Max estimate,
Vemi.max, based on (2.17) and (2.18) (there, Vgm rms must be replaced by Vemi rms)-
Since this calculation method uses the model with calculated component
values, it allows a fast EMI noise estimation at an early stage of the converter
design. Therefore, it is in the following referred to as fast method.

For the second method, the rms value spectra of the DM and CM EMI
noise voltage components, 0dm 1, Yem,1, Ydm 2, and U¢m 2, are determined for S1
and S2 from the (rectangular) voltages at the switching nodes of the primary-
side and secondary-side half-bridges as described in Subsection 2.3.3. In a
subsequent step, these spectra are multiplied by the associated measured filter
TF shown in Fig. 2.15. The resulting four noise spectra at the output of the
filter, i.e., at the ac-LISN, are summed up for each workload scenario by means
of superposition, which gives the spectrum of the total EMI noise, Vemi rms(f)-
With Vemirms (f), again the Min and the Max estimates are calculated similarly
to (2.17) and (2.18). Since this calculation method uses measured TFs of the
actual hardware, it allows a more accurate estimation of the EMI noise and is
therefore in the following referred to as accurate method.

Fig. 2.19(a) and Fig. 2.19(b) depict the obtained results for S1 and Sz,
respectively, using the fast method described above. The black curves reveal
the measured EMI noise of phase c, the lightblue curves refer to the Min
estimate and the orange curves to the Max estimate. The measured EMI
noise level at the first spectral component entering the EMI regulated band,
ie, at f = 175kHz, is as expected between Vemimin and Vemimax. It is also
evident that both, the measured and the estimated noise levels depend on
the secondary-side load and show an increase in the measured noise level
from 75 dBuV to 82 dBuV at f = 175 kHz between scenario S1 in Fig. 2.19(a)
and Sz in Fig. 2.19(b). This reveals a good agreement between measured and
estimated noise levels at this frequency.

For harmonics above f > 175kHz, the calculated attenuation is larger
than the measured attenuation and the measurement is no longer located
between the Min/Max estimates. To explain this discrepancy, the measured
noise is compared to the results calculated with the accurate method as well.
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Fig. 2.19: Measured maximum peak EMI noise at phase c of the ac-LISN connected
to the D3ABC. The converter operates as PFC rectifier with a three-phase voltage
source connected to port acy (fm = 50 Hz, Vacrms = 230V). The levels of EMI noise
are measured for a total power of 6.5 kW and different distributions of the dc loads.
The measured noise is compared to the Min/Max estimates obtained with the fast
calculation method in (a) for P; = 4kW and P, = 2.5kW and in (b) for P; = 0 and
Py = 6.5kW and with the accurate calculation method in (c) for P; = 4kW and
P = 2.5kW and in (d) for P; = 0 and P, = 6.5kW.
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Fig. 2.20: Detailed view of the frequency responses depicted in Fig. 2.15(a) and
Fig. 2.15(b). Each light blue dashed line shows the magnitude of the product of the
measured TFs of the EMI filter and the converter without EMI filter, thus neglecting
the parasitic couplings between converter and EMI filter. This has up to a frequency
of f = 450 kHz a lower attenuation than predicted by the calculation (dotted line). The
resonance at approximately 350 kHz is the self-resonance of the large filter capacitance
Cfl'

Fig. 2.19(c) and Fig. 2.19(d) depict the results for S1 and Sz, respectively.
For this method, the measured EMI noise levels are mostly located between
Vemimin and Vemimayx, revealing a good agreement between measured and
estimated noise levels over the entire frequency range under consideration.
The remaining mismatch of up to 2 dB at certain frequencies, e.g., at f =
315 kHz indicated in Fig. 2.19(d), can be explained by component tolerances
(supported by the measured difference of EMI noise of 3.5 dB between phases)
or neglected noise sources, such as the gate driver supply, which is operated
at a switching frequency of f ~ 350 kHz.

Thus, although all the curves of the Min/Max estimates shown in Fig. 2.19
have been determined on the basis of calculated voltage waveforms, sub-
stantially different results are obtained depending on whether the fast or the
exact calculation method is used. Therefore, it can be assumed that the total
attenuation of the conducted EM], i.e., from the noise source to the ac-LISN,
does not reach the calculated values. Since the DM EMI noise components
in the frequency range up to 400 kHz predominate the CM components in
the noise calculations, it is appropriate to examine the achieved total DM
attenuation of filter and converter in more details.
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Fig. 2.21: Cross-sectional view created with a Computer Aided Design (CAD) software
along the plane shown in Fig. 2.13(a) showing a part of the EMI filter. To achieve high
power density, as required for industry-like demonstrator systems, the components
are densely packed. This can lead to parasitic couplings between the converter and
the EMI filter and between the different EMI filter stages.
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As shown in Fig. 2.20(a,b), the measured TFs of the DM EMI propagation
paths (solid blue curves) achieve a lower attenuation than the calculated TFs
already at the second harmonic, at 210 kHz (5 dB for v4y,; and 7 dB for vgnm 2).
These discrepancies are also visible in Fig. 2.19(a,b) as a difference of 6 dB (only
marked in Fig. 2.19(b)). However, if the TFs of the converter without filter and
the filter itself are measured separately with a VNA and the resulting TFs are
multiplied together, the dashed light blue curves in Fig. 2.20(a,b) result, which
would reveal a substantially higher attenuation of up to 140 dB up to 1 MHz.
At the interface between converter and EMI filter, the converter has the three
filter capacitances Cy; and the EMI filter has the three filter inductances Lgy 1.
The measured impedance Z¢y is more than a factor of 100 smaller than the
measured impedance Zj 4,1 in the frequency range considered. Consequently,
issues related to the input and output impedances at the interface between
the converter and the EMI filter can be practically excluded. However, the
reduced attenuation can be explained by means of parasitic couplings between
the components of the EMI filter and the converter, since all components are
densely packed to achieve a high power density of the converter. For example,
the cross-sectional drawing of the converter shown in Fig,. 2.21 (i.e., along the
plane shown in Fig. 2.13(a)) indicates that there is only a small gap between the
large converter filter capacitor Cy and the EMI filter capacitor Cyy, 2. This leads
to an increase in a parasitic capacitance that can be considered to be in parallel
with several filter components (Lgm 1, Cam.1> Ldm,2> Lem1)- Consequently, this
is a possible reason for the reduced attenuation of the realized EMI filter.

2.6 Conclusion

This chapter considers the D3ABC topology as a three-phase PFC rectifier
without and with galvanic isolation, where the three-phase ac lines are con-
nected to the primary-side ac port, acy, and different loads are connected to
the primary- and secondary-side dc ports, dc; and dc;. After a description
of the general principle of operation of the investigated converter, models
for calculating the conducted DM and CM EMI noises at the primary-side ac
port, acy, are derived. These models prove valuable in the following aspects:

1. They provide a detailed insight regarding the sources and the propa-
gation paths of conducted EMI in the D3ABC. In this regard, the main
finding is that the level of conducted EMI noise at port ac; increases
for increasing power at port dc;, P, and that the EMI noise is almost
independent of the power at port dcy, P;.
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2. They enable the systematic design and optimization of the EMI filter for
given specifications at an early stage of the converter design. This has
been explained in the context of an example, for given dc link voltages
(ie., Vi1 = 800V, Vgep = 400V), P, = 2.5kW, and the QP limit of
conducted EMI defined by CISPR 11 class A. The designed EMI filter
has a total volume of 0.17 dm® = 10.4 in® (0.09 dm® = 5.5 in® for the DM
filter and 0.08 dm® = 4.9 in® for the CM filter part) achieving together
with the main part of the converter a volume of 1.94 dm?.

3. They correctly predict the conducted EMI noise at the ac port in the
frequency range close to 150 kHz, where the largest magnitudes occur
in the spectrum of the (unfiltered) EMI noise. Deviations at higher
frequencies are due to parasitic effects (i.e., parasitic capacitances, in-
ductances, and couplings between components) that are not accounted
for in the simplified models.

A hardware demonstrator of the D3ABC topology, which includes the
designed EMI filter, serves for the experimental verification of the derived
models for conducted EMI noise. The measured frequency responses of the
TFs from the EMI noise sources of the converter to the port ac; are in good
agreement with the frequency responses predicted by the models up to a
frequency of 200 kHz. In this regard, the model correctly predicts the increase
in conducted EMI noise as a result of an increase of the power at port dc;
from P, = 2.5kW to P, = 6.5kW (with a simultaneous decrease of the power
at port dc; from P; = 4kW to P; = 0). Finally, the measurements of conducted
EMI noise show that the hardware demonstrator meets the QP limit defined
by CISPR 11 class A for P; = 4kW and P, = 2.5kW.
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Advanced Modulation for Four-Port
Operation of the D3ABC

Chapter Abstract

—

This chapter investigates the operation of the Dual Three-Phase Active Bridge Converter
(D3ABC) topology as a multi-port converter, by taking power transfers between all four ports
of the converter, i.e., the two three-phase ac ports (ac; and acy) and the two dc ports (dc;
and dcy), into acount. The basic working principle of the D3ABC topology under multi-port
operation and a strategy to achieve independent power transfer between the four ports
are described. It has been found challenging to operate the converter if ac voltages with
different line frequencies, fi # f2, are present at the ports ac; and acz. Such operation causes
LF power pulsations in the converter’s dc links, leading to fluctuating dc link voltages and
distorted phase currents. Therefore, a new duty-cycle dependent phase shift modulation
scheme is proposed that eliminates such LF power pulsations. The new modulation scheme
is developed on the basis of analytical considerations, which are supported by the results of
numerical calculations, and verified by means of circuit simulations and experimental results.
The hardware demonstrator designed for a rated power of 8 kW when operated from ac; to
dc; at the European low-voltage ac mains (Vac,; = 230 V rms line-to-neutral, Vg.; = 800V,
Viez = 400V) is used for experimental verification. Since the operation with f; # f; leads
to an increase of the currents in the converter, the experimental verification is conducted
at half voltages resulting in a reduced power of 2 kW that is transferred from ac; to acy at
substantially different primary-side and secondary-side line frequencies of fi = 50 Hz and
f> = 77 Hz. The measured results agree well with the simulated results. In particular, the dc
link voltages show almost constant waveforms, which confirms the correct operation of the

| proposed modulation scheme. |
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3.1 Introduction

The D3ABC shown in Fig. 3.1 provides four ports (two ac ports and two
dc ports). Until here, only power transfer from the port ac; to the ports
dc; and dc, has been investigated in this thesis. However, the primary-side
and secondary-side structures of the D3ABC topology are the same, i.e.,
the converter mainly consists of a primary-side and a secondary-side two-
level three-phase VSC. In addition, the ac-side inductor of each phase of
the primary-side VSC shares the magnetic core with the ac-side inductor of
the same phase of the secondary-side VSC, to achieve a magnetic coupling.
The non-ideal coupling of the inductor windings allows galvanically isolated
power transfer in each phase similar to a DAB converter. Accordingly, the
D3ABC can be regarded as an integration of two three-phase VSCs and three
DAB converters, which features an inherent symmetry with respect to the
galvanic isolation barrier that separates the primary and secondary sides.
Therefore, it is expected that the D3ABC allows for power transfers between
all four ports.

In case of the D3ABC, the integration of several converter stages into a
single converter stage is achieved by using the switching nodes of the half-
bridges for multiple purposes. As a result, certain degrees of freedom are
lost, which leads to various limitations. It turns out that the operation with
non-synchronous input and output voltage waveforms, e.g., with different line
frequencies, fi # f2, at the primary-side ac port ac, and the secondary-side
ac port ac,, may cause LF power pulsations between the two dc links. This
LF power pulsation is not sinusoidal but has a spectrum with a fundamental
frequency component at |f; — f2].

If, for example, the grid frequency is fi = 50.0Hz at port ac; and
f> = 50.1Hz at port acz, power pulsation with fundamental frequency of
|fi — f2| = 0.1Hz can occur in the primary-side and secondary-side dc links.
These can lead to unacceptable fluctuations of the dc link voltages. Usually,
these voltage fluctuations are counteracted by suitably adjusting the dc link
capacitances [72], improving the utilizations of the dc link capacitors by using
power pulsation buffers [73], or by involving an alternative means of energy
storage, such as the kinetic energy stored in a rotating electric motor [74].
Alternatively, large filter capacitances connected to the ac ports could absorb
the power pulsation. These filter capacitances could also be implemented
as solid-state variable capacitors, as, e.g., shown in [75] and [76] for single-
phase systems. However, since the minimum required storage capacities
are inversely proportional to the frequency of the pulsation [77] and the
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frequency of the power pulsation can take on very small frequencies down
to zero (0.1Hz in the example described above), the issue actually cannot be
solved in this way. Alternatively, the pulsating power could be supplied to
the grid. However, a related study concludes that LF power pulsations can
be subject to very restrictive limits, especially in the context of flicker [78],
which rules out this option. Accordingly, the only remaining option is to
adapt the modulation scheme such that pulsating power is suppressed in the
dc links.

This chapter describes first in Section 3.2 the multi-port operation of the
D3ABC. Subsequently, a new modulation scheme for elimination of LF power
pulsations is derived in Section 3.3. Finally, Section 3.4 verifies the derived
modulation scheme through circuit simulations and measurements on the
hardware demonstrator.

3.2 Multi-Port Operation of the D3ABC

The systematic description of the operation of the D3ABC with different line
frequencies at the ports ac; and ac; and the consequences of this kind of
operation of the D3ABC, is divided into the four steps listed in the following.

1. The extension of the ac;—dc;/dc, operating principle of the D3ABC
(cf. Section 2.2) to four-port, ie. ac;—dci/dcy-ac, operation in
Subsection 3.2.1.

2. The investigation of the known operation with synchronized three-
phase ac voltages at the ports ac; and ac; (same line frequencies and
no phase shift) in Subsection 3.2.2.

3. The operation with three-phase ac voltages with different line frequen-
cies at ac; and ac, in Subsection 3.2.3.

3.2.1 Operating principle for a ac;—dc;/dc,—ac, multi-port
operation

This section extends the description of the operating principle of the D3ABC

given in Section 2.2 by ac;—dc;/dc;—ac; multi-port operation. In this chap-

ter, symmetric three-phase systems are considered at the primary-side and
secondary-side ac ports. Accordingly, three sinusoidal voltages are present at
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Tab. 3.1: Parameters for the three operating scenarios considered. The given values
for the ac voltages are the rms values of the line-to-neutral voltages.

Parameter Var. S1 S2 S3 S4
acy voltage Va1 230V 230V 230V 115V
acy line frequency  f; 50Hz 50Hz 50Hz 50Hz
dc; voltage Vic1 800V 800V 800V 400V
acy voltage Va2 115V 115V 115V 57.5V
acy line frequency  f; 50Hz 77Hz 77Hz  77Hz
dc; voltage Viacz 400V 400V 400V 200V
Power at portac;  Pyen —7kW  —-7kW  —8kW -2kW
Power at portde;  Py; —1kW  —1kW 0 0
Power at portac; Pz  6kW 6 kW 8 kW 2kW
Power at portdc;  Pgcz  2kW 2kW 0 0

EMI filter
Primary side
dc output filter
Secondary side

Fig. 3.2: Considered configuration of sources and loads for all circuit simulations and
all measurements performed on the hardware demonstrator. The exact structure and
component values of the EMI filter and the dc output filter can be found in Chapter 2.
Since the hardware demonstrator was built for a rectifier operation between ports acy
and dcy, ports dc; and acy have no additional input/output filters.

ac; and acy, respectively,

Uac,l,a,b,c(t) = \/EVac,l sin (277:ﬁt + Ga,b,c) s (3~1)
Uac,Z,A,B,C(t) = \/EVaC,Z sin (Z”ﬁt + 6A,B,C + 6) . (3~2)

Here, V,; and V., denote the rms values of the phase voltages, f; and
f> denote the line frequencies, 0,p, € {0°120°,240°} and Oapc €
{0°,120 °, 240 °} the phase shifts of the primary-side and/or secondary-side
phase voltages, respectively, and © the phase shift between the primary-side
and secondary-side phase voltage systems.

In this chapter, three different operating scenarios, S1 to S4, are consid-
ered: S1 refers to multi-port operation with synchronized line voltages, S2
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Fig. 3.3: Single-phase equivalent circuit with primary-side and secondary-side boost
inductances, Lac,1 and Lac 2, stray inductance, Ly, and ideal isolating HF transformer
with turns ratio n.

to multi-port operation with different line frequencies, S3 to ac/ac operation
with different line frequencies, and S4 to ac/ac operation with different line
frequencies and reduced voltages as used for the hardware demonstrator.
Table 3.1 lists the parameters for S1 to S4. In this context, it is noted that
the sign of the power is defined in the generator reference system, as seen
by the D3ABC. Accordingly, a power flow directed from the D3ABC to an
external component (e.g., a resistor) has a positive sign. A negative power
is present if the power flow at the port under consideration is directed into
the converter system. In the context of the bidirectional conversion capa-
bility of the D3ABC, this careful definition serves to unambiguously define
the operating condition present at each port. Fig. 3.2 shows the considered
configuration of sources and loads, both for the circuit simulations and for
the measurements performed on the hardware demonstrator. The resistor
values are chosen so that the powers listed in Table 3.1 result. For scenarios
S3 and S4, the current source at dc; and the resistor at dc, are removed.

As described in Section 2.2, the D3ABC can be divided into three indepen-
dent converter systems, i.e., one converter system per phase. Fig. 3.3 depicts
the considered equivalent circuit of such a single-phase converter system.
The primary-side dc link circuits of the three single-phase converter systems
are combined in parallel connection and the secondary-side dc link circuits
are also connected in parallel.

The energy exchange between ac; and the dc link capacitor connected
to dc; is accomplished in analogy to a VSC. According to Section 2.2 the
voltage across the filter capacitor veg is approximately equal to the line
voltage. This applies for the secondary side as well, due to the symmetry of
the D3ABC. Assuming that the ac-side filter inductors have low impedance at
line frequency, the local averages value of the switched voltages generated by
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the half-bridges (e.g., vn, and ux a for phase a in Fig. 3.1), calculated according
to (2.4), are approximately equal to the voltages across the filter capacitros.
Therefore,

1
(on)1, = (Dl - 5) Vde1 ® Ucf1 ® Vacs (3-3)

1
(on)1, = (Dz - 5) Vac2 ® vcp = Uac2s (3-4)

result where D; and D, denote the relative turn-on times of the high-side
transistors of the primary- and secondary-side inverters, respectively. These
expressions can be modified in terms of the phases a, A, b, B and ¢, C, leading
to the relations

1 .
Dl,a,b,c(t) ~ 5 [1 + my sin (Zﬂflt + ga,b,c)] 5 (3~5)
1
DZ,A,B,C(t) = 5 [1 + m;y sin (Zﬁfzt + QA,B,C + @)] s (3.6)

for the duty cycles of the six half-bridges. The method to control the power
transfer between the ports ac; and dc; depends on what ac; is connected to.
If ac; is connected to a three-phase resistive load, it is sufficient to set the
three-phase ac voltages using the duty cycles calculated according to (3.5). If
ac; is connected to a three-phase grid, a closed-loop control, e.g., the indirect
current control described in [79], is used. This controller slightly adjusts
Djapc(t) in order to shape the mains-side phase currents according to the
given requirements (e.g., sinusoidal with defined amplitude and in phase to
the corresponding phase voltage). However, since the modulation scheme
described in this paper is related to the operation of the DAB part of the
D3ABC, it is irrelevant whether the duty cycles are determined by open- or
closed-loop control. The same applies to the ports ac; and dc,, whereas the
power transfer between these two ports is controlled by slightly adjusting
Dy apc.

The energy exchange between the dc link capacitors connected to dc;
and dc; is achieved in analogy to a DAB converter, i.e., the square-wave
voltage (e.g. v,) at the switching node of a primary-side half-bridge is shifted
by a certain HF phase with respect to the square-wave voltage (e.g. uy) at
the switching node of the secondary-side half-bridge of the same converter
phase. This leads to the formation of the typical transformer current of a
DAB converter. The associated power flow between the primary-side and
secondary-side dc link capacitors can be described using the local average
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Fig. 3.4: The power transfer between the four ports of the D3ABC can be separated
into acj—dc; and acz—dcy operation w/o galvanic isolation and dc;/dcy operation w/
galvanic isolation. For acj—dc; and acy—dcy the corresponding VSCs are operated
according to (3.5) and (3.6) to achieve PFC functionality. The power transfer dci/dcy is
utilizing the DAB functionality, cf. (3.7).

value of the instantaneous power,

T
P)r, (0= p) () = = /0 p(t+7)dr =
Ts
%[) vi(t+71) ipe1(t+7)dr. (3.7)

Thereby the half-bridges on the primary and secondary sides are switched
with the same switching frequency. Fig. 3.4 illustrates the considered power
transfers.

Fig. 3.5(a) exemplarily depicts the waveform of the primary-side trans-
former current in phase a, for operation according to S1 in Table 3.1 and over
two mains periods. Since the switching frequency is much higher than the
line frequency, the transformer current waveform, irq1(t), appears as a con-
tinuous band.! Fig. 3.5(b) therefore shows a magnified view of a switching
period in the region of the zero crossing of the line current (¢ = 20 ms), which

'The presumable phase shift of 180 ° between v,c1 and i1 in Fig. 3.5(a) is not present in
reality. Instead, the shape of the current band is a result of different positive and negative current
peak values of if 5,1 (#) due to the DAB converter operation during a mains period. For more
details, the reader is referred to Section Il in [51].
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3.2. Multi-Port Operation of the D3ABC
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Fig. 3.5: Simulated voltage and current waveforms of phase a for operation according
to S1 in Table 3.1. (a) Sinusoidal input voltage, vac1, and primary-side transformer
current, iy 1. (b) Transformer current, if s, together with the primary-side and
secondary-side transformer voltages, v; and v, during one switching period, T, at
t3 ~ 20 ms. Subfigure (b) reveals the definitions of the duty cycles, D; and Dy, and the
HF phase shift ¢, = %. Parameters as listed in Table 3.5.

reveals the characteristic waveform of the transformer current. It is worth
noting that Fig. 3.5(b) is additionally used to define the duty cycles D; and
D, and the HF phase shift ¢,,. For phases a, b, and c the same picture results,
except for a time displacement of +20 ms/3 = +6.67 ms.

3.2.2 Synchronized line voltages at ac,; and ac;

Fig. 3.6 presents the results of a circuit simulation for operation according to
S11in Table 3.1 and with synchronized line voltages at ac; and ac,. In this con-
text, Fig. 3.6(a) and Fig. 3.6(b) show the waveforms of the phase voltages and
phase currents present at ac; and ac, as well as the dc voltages and dc currents
present at dc; and dc; (it is to be mentioned that, for simplification, the dc
link capacitors have been replaced by dc voltage sources in this simulation).
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Fig. 3.6: Simulation results for the operation of the D3ABC with synchronized line
voltages at the ports ac; and acy (S1 in Table 3.1) using the parameters given in
Table 3.5: (a) primary-side voltages and currents, (b) secondary-side voltages and
currents, (c) duty cycles and the HF phase shift at phase a, (d) power levels at the four
ports, and (e) local average values of the powers of the three DAB converter stages
and the resulting total power, (ps). Apart from switching-frequency fluctuations,
the powers at the four ports and the total power of the DAB-part show practically
constant waveforms, i.e., no LF components are present.
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3.2. Multi-Port Operation of the D3ABC

Fig. 3.6(c) depicts the waveforms of the duty cycles Dy, (t) and D24 () as
well as the HF phase shift ¢}, .. Direct comparison of v, in Fig. 3.6(a) and
D1, (1) in Fig. 3.6(c) reveals that, due to the relationship described by (3.3),
D1, (1) —0.5 is practically proportional to v, 1, (the same is true for Dya (1) —0.5
and v,c2a). Moreover, the modulation scheme described in [51] applies a
constant HF phase shift, ¢p, 14, in the steady state.

Fig. 3.6(d) shows the instantaneous powers at the four ports of the D3ABC,
which agree with the values for Si1 listed in Table 3.1. It is well known that
rectifier or inverter operation in the balanced three-phase system (e.g., power
conversion between ac; and dc;) results in a constant local average value of
the power at the dc link. This explains the waveforms of p,c1(#) and pac2(t)
in this figure, which are practically constant except for switching-frequency
fluctuations.

Fig. 3.6(e) reveals the waveforms of the local average values of the powers
of the three DAB converter stages, (paa), (pbs), and (pcc), which, for the
investigated mode of operation, are sinusoidal and phase-shifted with respect
to each other by +120 °. Accordingly, the total power of the DAB part of the
D3ABC,

(pz) = {par) + (pvB) + (PcC) (3-8)

is constant. For this reason, no power pulsations with frequencies in the
range of the line frequencies occur at the dc link capacitors, which allows the
realization of the converter with comparably small dc link capacitors.

3.2.3 Operation with different line frequencies at ac; and
acy

Fig. 3.7 presents the results of a circuit simulation for operation according to
S2 in Table 3.1, i.e., for a line frequency of f, = 77Hz at ac,. Accordingly, the
voltages of corresponding phases of the three-phase system of the primary
side [Fig. 3.7(a)] and the secondary side [Fig. 3.7(b)] are not synchronous
anymore. According to (3.3) and (3.4), this leads to unequal duty cycles in
corresponding converter phases (e.g., primary-side phase a and secondary-
side phase A), as shown in the example of phases a and A in Fig. 3.7(c).

The sum of the powers in the three DAB converter stages, (ps), shown
in Fig. 3.7(e) contains pronounced LF components, in contrast to the simulation
with fi = f, shown in Fig. 3.6(e). The pronounced LF components in (px)
lead to variations in the dc link voltages and distortions in the phase currents.
Since the phase current controller (implemented as described in [79]) keeps
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Fig. 3.7: Simulation results for converter operation according to Sz in Table 3.1, i.e.,
for a line frequency of fo = 77Hz at acy: (a) primary-side voltages and currents,
(b) secondary-side voltages and currents, (c) duty cycles and the HF phase shift at
phase a, (d) power levels at the four ports, and (e) local average values of the powers of
the three DAB converter stages and the resulting total power, (ps). The pronounced
LF components in (px ) lead to fluctuating dc link voltages and distorted phase currents.
As aresult, the powers at the dc and ac ports are no longer constant.
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3.3. Elimination of LF Power Pulsation
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Fig. 3.8: The total power in the DAB part of the D3ABC, (p5x), as shown in Fig. 3.7(e),
in the frequency domain. In addition to the dc component with a power of ~ 8 kW,
spectral components at f, — fi = 27Hz and 2(f2 — fi) = 54 Hz are clearly visible.

the voltage on the primary-side dc link almost constant, a major part of the
power pulsation is transferred to ac; and thus to the grid. However, the dc
link voltage on the secondary side is not controlled (HF phase shift is kept
constant) and therefore the power pulsation is split between the ports dc;
and acy. This explains the non-constant power waveforms for the three ports
acy, deg, and acy shown in Fig. 3.7(d).

The non-sinusoidal total power, (ps), plotted in Fig. 3.7(e) reveals spectral
components at f, — fi = 27Hz and 2(f, — fi) = 54 Hz in addition to the dc
component with a power of ~ 8 kW, as shown in Fig. 3.8. As described in the
introduction, especially the component at f, — f; is a challenge for filtering
and should therefore be eliminated by using a suitable advanced modulation
scheme.

3.3 Elimination of LF Power Pulsation

Based on the consideration that symmetric three-phase systems are present
at the primary-side and secondary-side ac ports, the LF components in
(px) exclusively occur in the DAB part of the D3ABC, as discovered in
Subsection 3.2.3. Furthermore, according to (3.5) and (3.6), the waveforms of
the three-phase line voltages at ac; and ac; already specify the waveforms of
the primary-side and secondary-side duty cycles. Hence, only the HF phase
shifts, @paa, @ppe, and @y cc, remain as degrees of freedom to eliminate the
LF power pulsations. This also implies that the power flow between the ports
ac; and dc; or between ac; and dc; has no influence on LF components in the
currents of the dc link capacitors. Consequently, the powers at dc; and dc;
can be set to zero without limiting the generality.
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Chapter 3. Advanced Modulation for Four-Port Operation of the D3ABC

It is to be noted that the derivations of the modulation schemes derived in
this chapter can be largely based on the study of a single DAB converter phase,
i.e., the DAB converter part of Fig. 3.3. Accordingly, the indices denoting
the converter phases are omitted in these derivations to provide a more
comprehensible description. Thus, the variables used in the course of the
investigation of a single phase of the DAB part of the converter, e.g., p, Dy,
D3, or ¢, are to be replaced by the variables of the converter phase to be
evaluated, e.g., by paa, Dia, D2 a, and ¢}, a4 in case of converter phases a-A.

3.3.1 DAB operating modes

In order to identify possible functions for the the phase shift ¢, that eliminate
the power pulsation in the DAB converter part, the relation between phase
shift and local average value of the instantaneous power (p) is investigated
in a first step. According to (3.7), (p) depends on the waveforms of v;(t) and
ips1(t). The waveform of i;51(¢) depends on v;(t) and nwv,(t), since the time
derivative of iy 1(t) is proportional to the voltage across L, which is equal
to

dipg(t) _ 01(t) — noy(t)

n = , (3.9)
given the circuit in Fig. 3.3. Consequently if1(t) results by integrating this
voltage as

t(di
st =ho+ [ (#22) ar, (310)
0 T

where I denotes the initial current at ¢ = 0. For this reason, the waveform of
ir,1(t) depends on v;(t) and nv;(t) and, subsequently, on Dy, Dy, and ¢, as
defined in Fig. 3.9.

For the assumption that during a switching period the dc link voltages
Vic1 and Vg 2 and the voltages across the filter capacitors are constant, the
voltage across Ly changes at four points in time during this switching period,
i.e., whenever a rising or a falling edge of v1(#) or v(t) occurs. The instants
of these events are termed t;1, t;], 21, and t;|, where the subscripts refer to
rising (T) and falling (]) edges of v;(¢) and v, (t), respectively. If ;7 is used as
a reference, the subsequent instants #;|, t7, and t; can occur in any order,
as defined by the duty cycles, D; and D;, and the phase shift, ¢,,. In total,
six permutations of {t;|, t7, t| } can be distinguished, representing the six
operating modes of this DAB converter, which are consecutively numbered
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Fig. 3.9: (a) Definitions of D;, D, and load angle ¢ with calculated waveforms over

one switching period, Ts, with 27f; Ly ~ 21Q, n = 2.6, Vg1 = 800V, V.5 = 400V,
D1 =0.4,D; = 0.5and ¢p ~ 0.08 and (b) all possible operating modes for this DAB

converter.
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Chapter 3. Advanced Modulation for Four-Port Operation of the D3ABC

with I to VL. Fig. 3.9(b) shows example waveforms for v (¢), nvz (), and i 5.1 (t)
for the six operating modes.

By way of example, (3.7) and (3.10) are evaluated for operating mode I,
cf. Fig. 3.9(a), which features four time intervals with constant voltage across
L that are delimited with the times t, #;, t3, and T;. The voltages v(¢) and
v, (t) for operating mode I are defined as

Vdcl
+—=2 — 0, YV 0<t<ty,
v (t) = A cf 2 (3.11)
Vdc,l
) —OUcf1 A t2St<’Ts’
—de“ +oepp VO 0<t<ty,
Vc
v(t) =1 +F2+oep ¥V H<t<t, (3-12)
Vi s
- dzc'z+vcf2 V 3<t<T;

with

D,-D Di+D
t1=TS( 12 2+(pp),t2=Ts( 12 2+(pp),andt3=TSD1, (3.13)

whereas the voltages across the filter capacitors Cy; and Cy, are given in (3.3)
and (3.4), respectively. With the assumption of constant voltages across the
filter capacitors, the average of the current i;; has to be zero, allowing to
solve for the current Iy resulting in

1
Iy = L [anc,z D; (1— Dy — 2¢p) = Vae1 D1 (1 - Dl)] (3-14)

o

for mode I. With (3.9)-(3.14), (3.7) is evaluated for operating mode I resulting
in

Py =Py [@p 2D, (1 - Dy)] (3.15)

where P; contains all hardware-specific values,

P, = Ty Vdc,l anc,Z .

.16
0 2Ly (3.16)

For the operating modes II-VI, the expressions for Py to Pyy are determined
in the same manner.

Thereafter, the expressions for Pp to Py are solved with respect to ¢, for a
given power level P_y1 = P (P > 0 refers to power transferred from dc; to dcy).
It is found that operating modes V and VI are redundant, i.e., the same power
is achieved with operating modes I to IV. However, operating modes V and VI
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3.3. Elimination of LF Power Pulsation

Tab. 3.2: Conditions for operating modes I to IV and solutions for the phase shift, ¢},
for each operating mode that sets the power level of a single DAB converter phase
equal to the reference power, P.

Mode Conditions ¥p
Di=D [
1 lppl < =5=2 AD; > D, Pp1= 2D2(811—D1)
I lop| < Dz;Dl AD;y < Dy $pa1= le(ilsz)

11 ®p > M Agp < DIZDZ QpIm=e3 — ez — e
IV |, < —|D1;—DZ| A gp > —DlzDz PpIv=—e3+ ez + e
e =P/P,
e; =Dy (1-Dy) D, (1-Dy)
e3 =3 [D1(1-Dy)+ D, (1-Dy)]

Start calculation of phase shift ¢,
with Dy, D,, and P

Pp < Pp,i11 . Pp < Pp,iv '
( End of calculation: apply ¢, )

Fig. 3.10: Algorithm used to determine the current operating mode of the DAB and
to calculate the HF phase shift ¢, as given in Table 3.2.
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Tab. 3.3: Expressions for the minimum and maximum power levels, Pi_1y min and
Pr_1v max, that are feasible in each operating mode.

®p Power
. P, Pimax =Py [Dz (1= Dy) (Dy = D)
=== Pimin=Po [-D2 (1 - Dy) (D1 — D3)]
I ?21; Pimax =Po [D1 (1= D2) (D2 — Dy)]
=== Piymin = Po [-D; (1= Dy) (D, — Dy)]
I M Priymax = Po [D1 (1= Dy) Dy (1= Dy)]
_ P = PI,maXs Dl > DZ
I, min PII,max: D1 < D2
_ PIV ax = { PI,min’ Dl > DZ
v > PH,min; Dl < Dz

—w Prymin =Py [-D1 (1— Dy) D, (1 - Dy)]

lead to higher rms currents in the HF transformer than modes I to IV. For this
reason, only the operating modes I to IV are further considered. Table 3.2
lists the expressions of ¢, depending on the duty cycles, and the power in
a single phase, P. Additionally, Table 3.2 contains the conditions for Dy, D,
and ¢, that must be fulfilled such that a particular operating mode applies.

Fig. 3.10 illustrates the flow chart of the algorithm used to determine the
current operating mode of the DAB and to calculate the corresponding HF
phase shift ¢, given the current duty cycles D; and D, and the power level P.
Table 3.2 lists the expressions used for ¢p1, ¢p11, @p1m, and @, 1v.

Finally, the expressions for the minimum and maximum power levels in
each operating mode, Pi_1v min and Pi_1v may, are derived. Table 3.3 lists the
expressions for the phase shifts that lead to minimum and maximum power
levels as well as the functions for minimum and maximum power levels that
can be achieved in a single phase and for a given operating mode.

3.3.2 Considered constraints

In a first step, three constraints are defined for the functions of the power
waveforms of the three DAB converter phases,

(px) () = (pan) (£) + (ps) () + {pec) (1) = Py = const,,  (3.17)

(Par) (1) = (pop) (t = T/3) = (pec) (t+T/3), (318)
[{Panbec) ()] < Prmax(Diapc(t), Doapc(t)). (3.19)
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3.3. Elimination of LF Power Pulsation

The first constraint, (3.17), formulates the suppression of the LF components
in the total power, (ps)(t). Constraint (3.18) enforces that the waveforms of
(panbbcc) have the same shape except that they are phase-shifted with respect
to each other by 120 °. There, T denotes the effective period of (paabpcc)-
The aim of (3.18) is to achieve even loading of the phases. Finally, the third
constraint, (3.19), ensures that the power in each phase never exceeds the
maximum possible power, Pmax(D1abc(t), D2asc(t)), of the corresponding
converter phase. This third constraint also leads to a limit for the total power,

_PE,max < PE < PZ,max~ (3-20)

3.3.3 Simple modulation approach

A simple approach which fulfills (3.17) and (3.18) is to set the power level
constant and equal in each of the three phases as

(p) (t) = Py a. (3-21)

with Py defined in (3.16) and a constant a,. Thus, a; must be selected such
that the third constraint (3.19) is also fulfilled.

In order to keep the power of each phase constant, it must be ensured that
each phase can provide the required power for each combination of D; and
D,. This requirement and the resulting consequences in terms of maximum
transferable power between the primary and secondary sides of the D3ABC
are assessed on the basis of the expressions for the maximum power levels
given in Table 3.3. The contour plot in Fig. 3.11(a) reveals the maximum
power levels for operating modes I to III, normalized to Py, i.e., P max/Po,
Piimax/Po, and Py max/Po, for Dy, D, € [0, 1]. The solid black contour lines
labeled with 0.02, 0.04, and 0.06 are associated with mode III and represent
the highest possible power for any combination of D; and D,. The dashed
and dotted black lines represent the maximum power levels of modes I and I,
respectively, which are strictly less than the maximum power levels of mode III
(and strictly greater than the minimum power of mode IV). It is to be noted
that the minimum power achieved with mode IV, Py nin, features the same
characteristic as the maximum power of mode III, Pimayx, but with a negative
sign. Therefore, maximum possible power in reverse direction is achieved
with mode IV. For the sake of clarity, the presented explanations are confined
to a power transfer from the primary to the secondary side, i.e., operating
modes I to IIl. However, an extension to bidirectional operation is directly

feasible.
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Fig. 3.11: (a) Contour plot of the maximum normalized power in a single DAB for
modes I to Il with respect to D; and D. The dotted blue rectangle refers the boundary
of operation defined with (3.22) and (3.23). (b) Cross section through (a) projected
onto the D;-(P/Py)-plane, which result for the cut edges defined by D, =1 — Dy. Red
line represents the maximum power that can be achieved with a constant power in
the DAB converter part of one phase, which within the operating range is always
below the maximum power (dashed orange line).
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In order to fulfill (3.19), {(p) must be less than P, (D1, D2) = Ppaxm in the
complete range of D; and D;,

1- Mmax 1+ Mmax

2 = Dl,min <D; < Dl,max = 2 s (3-22)
1-m 1+m
% = D2,min SDZ < D2,max = %s (323)

where, for simplicity, same maximum modulation indices are considered on
the primary and secondary sides,

0<m € Mmax, 0= my < Mpax. (3.24)

The dotted blue rectangle in Fig. 3.11(a) illustrates the boundary of the area
defined with (3.22) and (3.23) for mp,x = 0.81, that results for operation
according to Table 3.1. It should be noted that all four considered scenarios,
S1 to S4, result in the same my,,, = 0.81. It is apparent from Fig. 3.11(a) that
Prax (D1, D) decreases if the duty cycles differ from 0.5 and reaches zero for
duty cycles equal to 0 or 1.

Within the dotted blue rectangle, the lowest achievable power is present
at the corners. To have a more detailed view of the corners, a cross-sectional
drawing is shown in Fig,. 3.11(b) for the dash-dotted diagonal intersection line
shown in Fig. 3.11(a). The hatched areas represent the regions of corresponding
operating modes I to IV [which correspond to volumes in the contour plot of
Fig. 3.11(a)]. The white areas without labels, i.e., above mode III and below
mode IV, denote unreachable power levels. The dashed orange line refers
to the characteristic of the normalized maximum power of a DAB converter
phase, Pmax/Po = Pmax1/Po, for D; = 1— D;. In this view it is evident that the
powers in the corners [marked as P, in Fig. 3.11(b)] of the duty-cycle ranges
defined with (3.22) and (3.23),

P. = <P> (Dl,mina DZ,max) = <P> (Dl,maXa DZ,min)s (3~25)

are to be considered to determine the coefficients of (3.19), to ensure that the
D3ABC never exceeds the maximum feasible power.
With (3.21) and (3.25) the coefficient ay can be determined,

P
ay = }T; (3.26)
using
Ps
? = PC’ (327)
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since the power level in each of the three phases is equal and therefore the
power level of each phase is one third of the total power. Consequently, to
find Ps, max, P. is set equal to the respective maximum power,

P 2
P, = Pmax(Dl,min, Dz,max) = % (1 - mmaxz) . (3.28)

The expression (3.28) substituted into (3.26) gives a maximum allowed value

of
1

16

To illustrate the implication of this result, Fig. 3.11 shows the character-
istic of the power (p)|ay=aymex> defined in (3.21), that results for ay = ag max-
A constant power level for (p)(t) corresponds to a flat plane in the D;-D;-
domain. The red contour line shown in Fig. 3.11(a) illustrates the intersec-
tion of the plane defined by (p)|a)=aqm.. With the curved surface defined by
Prax (D1, D2) = Primax- This shows nicely that within the entire operating
range represented by the dotted blue rectangle, the power of a single DAB
converter phase represented by the red line is less than or equal to the max-
imum power and that the corners are most critical. The solid red line in
Fig. 3.11(b) depicts {p)|ay=ag e directly. According to this, mainly modes I
and II are used; mode III applies only for a small region where D, and D, are
close to o.5.

Finally, with (3.28) substituted into (3.27), the maximum total power,

(1= M) (3.29)

ag,max =

3 2
Ps max = EPO (1 - mmaxz) > (3-30)

is obtained. Given the considered maximum modulation index my,, = 0.81
and the values listed for S1, S2, or S3 in Table 3.1 and Table 3.5, a maximum
power of Ps .y = 2.9 kW results for the investigated D3ABC. This is sig-
nificantly less than the rated power of 8 kW that is available for operation
from ac; to dcz, which the converter was designed for in Appendix A. This
shortcoming is addressed in the following section, that proposes a duty-cycle
dependent phase shift modulation approach to achieve higher power levels.

3.3.4 Advanced modulation approach

The relatively low achievable power level of the simple approach in
Subsection 3.3.3 is due to the fact that a single phase of the D3ABC can
transfer only comparably low power between the primary and the secondary
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side if the duty cycles of the same phase have values close to zero or one.
Consequently, the development of an improved modulation scheme is based
on the idea that the power shortfall of those DAB converter stages, which are
operated at a given time with duty cycles close to zero or one, is compensated
by an increased power of the remaining converter stages.

In the new approach, derived and analyzed in more detail in Appendix B,
the power in each phase is adjusted based on a polynomial function that
depends on the primary-side and secondary-side duty cycles,

() (£) = Py [ ao +arDy(t) + @Dy ()" + asDy (1)
+ 01D (1) + bzbz(t)z + b4b2(t)4 ] (3.31)
Bu(t) = Dy(t) = 5, Da(6) = Dat) = .

The scaling factor Py in (3.31) is given in (3.16). Expression (3.31) is conceived
in such a way that the constraints (3.17) and (3.18) are met for sinusoidal
duty cycles according to (3.5) and (3.6), regardless of the values of the seven
coefficients, ay ... bs. Thus, the coefficients must be selected such that the
third constraint (3.19) is also fulfilled.

The main findings discussed in the course of the explanation of the simple
modulation approach in Subsection 3.3.3 also apply to the advanced approach.
In this regard, the maximum power that can be transferred by each phase is
Prmax (D1, D2) = Pmaxm as presented in Fig. 3.12(a) for Dy, D, € [0,1] in form
of a contour plot. In order to fulfill (3.19), (p) must be less than Pyx (D1, D2)
in the complete range of D; and D, defined by (3.22) and (3.23), respectively.
Furthermore, again same modulation indices are considered on the primary
and secondary sides. The dotted blue rectangle in Fig. 3.12(a) illustrates the
boundary of the area defined with (3.22) and (3.23) for myx = 0.81, that
results for operation according to Table 3.1.

Within the dotted blue rectangle the lowest achievable power is present at
the corners. A cross-sectional drawing is shown in Fig. 3.12(b) for the dash-
dotted diagonal intersection line shown in Fig. 3.12(a). The dashed orange
line refers to the characteristic of the normalized maximum power of a DAB
converter phase, Ppax/Po, for D, = 1 — D;. In view of this characteristic, it
may be reasonable to assume that the power at the corners of the duty-cycle
ranges defined with (3.22) and (3.23),

Pc = <P> (Dl,mins DZ,maX) = <P> (Dl,max>D2,min)s (3~32)

has to be considered to determine the coefficients of (3.31), to ensure that
the D3ABC never exceeds the maximum feasible power. However, at this
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Fig. 3.12: (a) Contour plot of the maximum normalized power in a single DAB
converter phase with respect to D; and Dz. The dotted blue rectangle refers the
boundary of operation defined with (3.22) and (3.23). The red contour line illustrates
the intersection of the plane defined by (p) (Dj, D2) with the curved plane defined
by Pmax (D1, D2) = Piiimax (dashed sections in the line are intersections with Py min).
(b), (c) Cross sections through (a) projected onto the D;-(P/Py)-plane, which result
for the cut edges defined by D, = 1 — D; and Dy = 0.5, respectively. The red line
anticipates the maximum power that can be achieved with the described method in
the DAB converter part of one phase, which within the operating range is always
below the maximum power (dashed orange line).

96



3.3. Elimination of LF Power Pulsation

operating point also the polynomial (3.31) returns the lowest value within the
considered ranges of D; and D, [in anticipation of the result, the shape of (p)
is plotted as solid red line in Fig. 3.12(b)]. Since (3.31) is conceived such that
the sum over the three phase powers is constant, i.e., the remaining converter
phases compensate for the missing power, the operating point at the corner
is not necessarily the most critical. Instead, it is found in the course of the
derivation of useful expressions for the coefficients of (p) that the operating
conditions D; = 0.5, D3 = D min max and Dy = 0.5, D1 = D1 min max are of major
importance. Therefore, Fig. 3.12(c) shows a corresponding cross-sectional
drawing for D, = 0.5, i.e., for the dash-dotted horizontal intersection line
marked in Fig. 3.12(a). The power at the edge of the operating range, e.g.,
D1 = D min and D, = 0.5, is denoted by Pe,?

P. = <P> (Dl,mina D, = 0-5) = <P> (Dl,l’l’laXs D; = 0-5)- (3-33)

Based on these observations, the number of required coefficients can be
reduced and the remaining coefficients determined. With (3.24) and due to
the symmetry of the D3ABC (i.e., the primary and secondary sides can be
swapped without changing the circuit), a; = by, a; = bz, and a4 = by must hold
true. Furthermore, the function of (p) is intended to be symmetric around
the operating point D; = D, = 0.5, since maximum power can be transferred
there, which leads to a; = b; = 0. Finally, to further simplify the problem,
only a quadratic polynomial is considered in a first approach, i.e., ag = by = 0
applies. With these considerations and simplifications, solely the coefficients
ap and a, need to be determined such that (3.19) is fulfilled.

In the last step, a connection is made between the maximum transferrable
power and the remaining coefficients, ay and az, to obtain the final expressions
for ag and a,. In this context, it is recalled that (3.31) is designed such that (3.18)
is fulfilled. As a consequence, the global average values of the powers of the
three phase, i.e., evaluated over —oco < t < +00, are equal to one third of the
total power. As a side note, it is worth noting that the average value of a sum

*Due to the definition (3.24), the same value for P results for D; = 0.5 and D3 = Dy min as
well as Dy = 0.5 and Dy = Dy max.
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term can be calculated by adding the average values of the individual terms,

T T

T
[+ sionar =1 [ e+ 1 [ (o=
0

0 0

~ -

T T,
1 1
= = t)dt + — t)dt .
= [ a3 [ a6
0 0

where T, Tj, and T, refer to the periods of y;(t) + y2(t), y1(t), and y,(t),
respectively. In this regard (3.34) is applied to (3.31) to establish a relation
between Ps, a, and a,,

Ps a2 Mmax®
3 =Py lag+ ———|. (3-35)
Furthermore, ay and a, can be expressed as functions of P, and Pe,
1 4
aO=_(zpe_Pc)>a2=—2(Pc_Pe)s (3-36)

PO PO Mmax
by evaluating (3.31) at the operating points defined by (3.32) and (3.33) and
subsequently solving for ay and a,. If (3.36) is substituted into (3.35),

— =P, (3-37)

results, i.e., only P, defines the average power. Accordingly, P, remains as
a degree of freedom. A numerical inspection of (3.19) shows that any value
of P, that satisfies |P;| < Pmax(D1max> D2.max) also satisfies (3.19). However,
minimum rms values of the transformer currents result if P, is set equal to
the respective maximum power and P, is set to zero,

P
P. = Pmax(Dl,mim D, = 05) = 1_2 (1 - mmaxz) > (3~38)
Pe=0 (3-39)

as marked in Fig. 3.12(b,c). The expressions (3.38) and (3.39) substituted into
(3-36) gives a maximum allowed value of

1 2 1 1
ap,max = g (1 — Mmax ) > A2,max = Z 1- 2 (3-40)
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for the coefficients ag and a,.

A power level function (p) (D1, D;) according to (3.31) with the coefficients
from (3.40) corresponds to a curved plane in the D;-D;-domain. The red
contour line shown in Fig. 3.11(a) illustrates the intersection of the plane
defined by (p) (Di, D;) with the curved plane defined by Pyax (D1, D2) =
Priimax (dashed sections in the line are intersections with Py min). This shows
nicely that within the entire operating range represented by the dotted blue
rectangle, the power of a single DAB converter phase represented by the red
line is less than or equal to the maximum power. This is also verified by means
of a numerical analysis presented in Subsection 3.3.5, which shows that the
obtained function for {p) (Ds, D;) is less than or equal to the maximum phase
power, Pmay, in the entire range defined by (3.22) and (3.23). It is also evident
that the edges of the boundary defined by (3.5) and (3.6) are the most critical
(and not the corners). The solid red curves shown in Fig. 3.12(b) and Fig. 3.12(c)
depict (p) (D1, D), if (3.40) is applied.

Finally, with (3.38) substituted into (3.37) the maximum total power,

3
Ps max = EPO (1 - mmaxz) (3.41)

is obtained. Note that Ps .y represents the maximum power that can be
transmitted between primary side and secondary side through the three
DAB converter stages of the D3ABC, using (3.31) (with a4 = by = 0) and the
maximum modulation indices at the two ac ports as defined in (3.24). Thereby
it is irrelevant whether the power transmitted over the galvanic isolation is
supplied by the ac or dc port (e.g., of the primary side) or whether the load
being supplied is connected to the ac or dc port (e.g., of the secondary side).
The limitation of Py .y is rooted in the power limitation known from DAB
converters, due to which the transmitted power above a certain HF phase
shift ¢, does not increase further but decreases as shown in Fig. 5 in [51]. If,
for example, Ps, max is to be increased for a given converter, either mp,x must
be decreased or P, increased. A decrease of mp,y results in a reduction of the
maximum possible ac voltages at the ac ports. An increase of P, is achieved,
e.g., by decreasing the leakage inductance Ly or the switching frequency f;.

Inserting the values listed for Si1, S2, or S3 in Table 3.1 and Table 3.5
into (3.16) and (3.41) gives a maximum power of Py pax = 8.5kW, what is
substantially higher than the maximum power of Py ax = 2.9 kW achieved
with the simple modulation approach described in Subsection 3.3.3. This
value, Ps m.x = 8.5kW, therefore represents the maximum theoretical total
power for a specific hardware with given transformer parameters (L, n) and
given operating conditions (Ve 1, Vie2, f5)- In this context, it is important to
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emphasize that Ps . represents a theoretical limit and must not be mistaken
for the maximum permissible operating power of the converter, which is
determined on the basis of the maximum permissible stresses of the designed
or selected converter components. Consequently, the component stresses
must be considered separately, which is done in Subsection 3.3.5 using a
numerical analysis.

It is noted that the functions for ay and a, derived in this Section can be
directly used to operate the D3ABC with modulation indices smaller than
Mmax. In this regard, the possible total power, P ,x, increases for smaller
modulation indices. The expressions (3.40) are valid for operation at maximum
power. However, the results of a numerical analysis show that the power in
the DAB part of the D3ABC can be adjusted by scaling both coefficients at
the ratio r, = Ps/Ps max.

Ao = Ao,max I'p> 42 = A2,max I'p- (3-42)

With this, currents with nearly minimal rms values result into the switching
nodes on primary and secondary side, [1yms and I ms, of the D3ABC, as
described in Subsection 3.3.5.

The calculation of the HF phase shifts ¢p . (%), ¢p e (%), and ¢, cc(t) that
correspond to the phase powers, (p.a)(t), {(pvp) (), and {(p.c)(t), determined
with (3.31) is based in the algorithm shown in Fig. 3.10 using the functions
provided in Table 3.2.

Fig. 3.13 shows a pseudocode for a runtime-optimized implementation of
the algorithm implemented on the hardware demonstrator’s Digital Signal
Processor (DSP). The expression for the intermediate variable e; used in this
implementation has been derived based on (3.31) together with the coeffi-
cients (3.42). The constant mq = m?%, defines the maximum modulation index
that occurs during operation. The variables D;[1..3] and D,[1..3] denote the
primary-side and secondary-side duty cycles present in each phase due to
the line voltages, and the variables dy;, di2, daz, da1, ¢1, c2, €1, €2, and e3 serve
as intermediate variables for calculating ¢,,. Note: e; to e3 correspond to the
intermediate variables used in Table 3.2. The variable r;, denotes the scaling
factor for the transferred power and has a value range of -1 < r, <1(rp, =1
corresponds to a power transferred from the primary to the secondary side
equal to Ps yax, moreover, if r, < 0, the power is transferred from the sec-
ondary to the primary side). The calculation is performed three times within
a for-loop, once for each phase. The three lines highlighted in gray (two
square roots and the division by a variable) indicate the most time-consuming
calculations for the DSP used. The remaining calculations, i.e., additions, sub-
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const my = 0.82 * .82 /1 Mnax * Myay
sub @, = calcPhi(D;, D,, ry)
for i =1 to 3 // 3 phases
dip = Di[i] * (1 - Dy[i])
di, = Di[i] * (1 - Dy[i])
daa = Dp[i] * (1 - D[i])
dar = Dp[1] * (1 - Dy[i])

e =du + dp - (1 -mg) /2
eg=e ¥ (1 -mg) *r,/ 4/ mg
if Dy[i] > Dp[i]

=2 * dy // Mode I
c; = (D1[1] - Do[i]) / 2

else
C, = 2 * dyy // Mode II
c; = (Do[1] - Di[i]) / 2

end if

if abs(e;) > (c1 * ¢;)
e = dip * dyp

€3 = (dpp + dn) / 2

if e; >0
21 @ = €3 - sart(e; - e;) // Mode III
else
23 @p = sqrt(e; + e;) - e3 // Mode IV
end if
else
26 Gp = e/ C1
end if
end for
end sub

Fig. 3.13: Pseudocode of the algorithm implemented on the DSP of the hardware
demonstrator for real-time calculation of the HF phase shift ¢p. The three lines
highlighted in gray (two square roots and the division by a variable) indicate the most
time-consuming calculations for the DSP used.

tractions, multiplications, and divisions by constants have a comparatively
short computing time due to the existing Floating-Point Unit (FPU). Using
single-precision floating-point variables, the used DSP (TMS320F28335) can
achieve a total calculation time that is less than one switching period. Conse-
quently, the HF phase shifts of the phases, ¢paa (1), @pp8 (), and @pc(t), are
updated once per switching period.

3.3.5 Results of the numerical analysis

This section is divided into two subsections. The first subsection describes
the implementation of the procedure used for numerical verification of the
results and the second subsection discusses the obtained results.
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Numerical derivation of the modulation scheme

The numerical procedure is used to numerically determine valid values for
the coefficients ag, a; = by, az = by, and a4 = by, i.e., values that satisfy
condition (3.19). Regarding the studied operating point, the voltages given
for S3 in Table 3.1 are considered, leading to my = m; = 0.81. The component
values considered are listed in Table 3.5. Loads on the dc ports are omitted,
i.e., solely ac/ac operation is considered.

In a first step, (p)(¢) is examined without fourth-order terms, i.e.,
for a, = 0. Initially, 200 uniformly distributed values in the range be-
tween —10 and +10 are considered for each coeflicient, e.g., for ao: ay €
{-10.0,-9.9,-9.8, ...,9.9,10.0}. There, the limits —10 and 10 are chosen suf-
ficiently large to ensure that optimal solutions are not missed; e.g., az = 10
leads to (p) > 40P,y for D; = D, = 0.5.

In the subsequent computational run, compliance with (3.19) is checked
for each of the 200 X 200 X 200 combinations of coefficients. For this pur-
pose, np = 100 evenly distributed values are calculated for each duty cy-
cle, D; and D,, within the ranges defined by (3.22) and (3.23), e.g., D; €
{0.095,0.103, 0.111, ..., 0.905}. For each of the np X np combinations of duty
cycles, Cp € {(0.095, 0.095), (0.103, 0.095), (0.111, 0.095), ... ., (0.905, 0.905)},
the value of (p) that results for the currently considered coefficients is calcu-
lated according to (3.31). This value must be in between the minimum and
the maximum power of the D3ABC for each duty-cycle combination of Cp
(Prv.min and P max, respectively, in Table 3.3). If the power is outside these
limits, the corresponding set of coefficients is marked as invalid.

After this computational run, the ranges of invalid coefficients are exam-
ined in order to enable a refinement of the resolution of the coefficients. For
example, if the results for the boundary regions of ag € {-10.0,-9.9, 9.8}
and ag € {9.8,9.9,10} are marked as invalid for any combinations of a; and
az, the following calculation run is performed for —9.8 < a¢ < 9.8, again for
200 uniformly distributed values. These boundaries are checked and adjusted
individually for each coefficient. The above described computational run is
repeated until the boundaries do not change between two runs. Table 3.4
lists the resulting boundaries.

For a4 # 0 the analysis is the same as for a;, = 0. However, since it turned
out during the investigation that a; = 0 leads to most valid solutions (an
indication of this is also the narrowly defined range for a; in Table 3.4), the
analysis for a4 # 0 was performed for a; = 0. The boundaries for a; # 0 are
also given in Table 3.4.
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Tab. 3.4: Numerically determined boundaries for ag, a1, az, and a4 for quadratic and
fourth-order polynomials for (p), cf. (3.31).

do a as ag
Quadratic polynomial (p) +0.048 | +£0.0092| +0.16 0
Fourth-order polynomial (p) | +0.0496 0 +0.05488 | +0.64

Three different criteria are used to further assess suitable values for the
coefficients ag, ay, and a4. The first criterion is the square of the rms value of
the current into the switching node of a primary-side half-bridge (e.g. i1, in
case of phase a, cf. Fig. 3.1), since this is a measure for the conduction losses
in the converter.3 The second criterion is the peak value of the current in L,
which is proportional to the peak value of the magnetic flux in the core of
Ly and is thus a measure for the size of the inductor’s magnetic core.* The
third criterion is the switching losses of the primary-side and secondary-side
semiconductors, which are calculated based on the measured losses published
in [80] and [81], respectively.

Due to the ac/ac operation of the inverter, the voltages and currents in
each phase of the D3ABC change continuously. Therefore, the global time
average values of the above evaluation criteria are calculated in a final step, i.e.,
the average values that result for a duration that approaches infinity, T — oo.
Provided that the ratio between the two ac frequencies, fi/f2, is an irrational
number,5 this average value of x(Dy, Dy) can be calculated according to

Lo
2

1 z ..
=25 [ [ 5 0uB] i inirdadh. (349
2 2 152=%m2 sin(f)

3The rms value of the current into the switching node of a secondary-side half-bridge shows
a similar characteristic and is therefore not explicitly shown.

4At a given total power, the peak currents in the primary-side and secondary-side filter
inductors, Irac 1 peak a0d ILac 2 peak- are practically independent of the investigated coefficients
and were therefore disregarded.

5The effective period of the superposition of two sinusoidal signals with different frequencies
approaches infinity, T — oo, if the ratio of the two frequencies is irrational. This guarantees
that each duty-cycle combination occurs once within the range defined by (3.22) and (3.23). For
the case considered in this chapter, i.e., fi = 50Hz and f, = 77 Hz, the effective period is 1s
and thus, considerably higher than the periods of the two line frequencies. Accordingly, (3.43)
approximates the mean values very well for this case.
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Fig. 3.14: Contour plot of the product Fp, Fp, with the functions defined in (3.45) with
mp = my = Mmax = 0.81. The dotted blue rectangle refers to the boundary of operation
defined with (3.22) and (3.23). The value at each point within this boundary can be
understood as the joint probability density function of the duty-cycle combination
(D1, D3). At the corners of the boundary the value of Fp, Fp, approaches infinity.
The integral over the area enclosed by the boundary is equal to 1. The red dashed
rectangle with edge length my sin(7/V8) ~ 0.9 m; corresponds to a median of the
joint probability density function.

Using the substitution rule, the double integral from (3.43) can be rewritten
into a double integral with respect to D; and D5,

D2,max Dl,max
(T o0 = / / Fp,Fp,x(Dy, D) dD1dD;, (3.44)
D. D

2,min

F 2 F 2
D = = D, = =
nmnll - % 7Tm21,1 - %

Here, Fp,(D;) and Fp,(D;) can be considered as density functions and the
product Fp, Fp,, shown in Fig. 3.14, can be understood as the joint probability
density function of the occurrence of the duty-cycle combination (Dy, D,).

1,min

(3-45)

Discussion of calculated component stresses

Fig. 3.15 presents the results for the global average values of Ifrms, Psw.1, and
P2 and the global maximum value of I1 5,1 peak in a converter phase with

respect to the total power of the D3ABC.
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Fig. 3.15: Selected component stresses of a phase versus total power transmitted
over the DAB part of the D3ABC, Ps, determined with a numerical analysis for
quadratic and fourth-order polynomials of (p). Each point on the area corresponds to
a combination of coefficient values which fulfill (3.19). The voltage and component
values used are listed in Table 3.1 and Table 3.5, respectively and f; # f2 is assumed.
(a) Global time average value of the square of the rms current into a switching node
on the primary side. (b) Global maximum value for the peak current in the leakage
inductor. (c), (d) Global time average switching losses for a half-bridge on the primary
and secondary side, respectively. The black dotted line and red dashed line correspond
to the resulting component stresses for the simple and the advanced modulation
approach, respectively.
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The green areas represent the results calculated by numerical analy-
sis, which are obtained by choosing a quadratic polynomial for (p), i.e.,
ay = by = 0. The red dashed curves show the results that are obtained if the
coeflicients are calculated according to (3.42). A direct comparison of these
two results indicates that the analytically calculated coefficients can be used
to achieve practically the minimum rms currents. In addition, near-optimal
peak currents in L, and switching losses are obtained. The maximum trans-
missible power is Ps ;.. p2 = 8.5kW which, apart from a slight deviation
of 20 W (corresponding to 0.2 %), agrees well with the power calculated in
Subsection 3.3.4.

The blue areas represent the additional solutions that can be obtained if
a fourth-order polynomial is chosen for (p). It is mainly noticeable that the
maximum transmittable power can then be increased to Py ;;,,, p+ = 9.8 kW.
Apart from this, small reductions of as much as —3 % in peak current values in
L can be achieved. However, a detailed analysis shows that this comes at the
cost of an increase in the current rms values I yys and Iz yms, €.g., at Ps = 8 kW
both (I}, )7 and (I3 )7 increase by 2 % respectively. Similarly, the
switching losses depicted in Fig. 3.15(c) and Fig. 3.15(d), can be reduced by
6 % (for Py = 3.2kW) and 3 % (for Py = 5.2kW). However, this improvement
is associated with an increase in <Ilz,rms>T—>°° and <Izz,rms>T—>°° by 4 % and 2 %,
respectively. Due to the limited advantages and the substantially higher
effort required to analyze and implement the approach using the fourth-order

polynomial for (p), it is not considered further here.

The black dotted lines in Fig. 3.15 refer to the results obtained with the
simple modulation approach proposed in Subsection 3.3.3, i.e., for (p) =
Ps /3 = constant, which is equivalent to @124 = b124 = 0. Accordingly, the
solutions calculated with this approach represent a subset of the solutions
discussed in this section. Direct comparison shows that even this simple
approach leads to near-optimal results for the chosen criteria. However, this
choice of coefficients has the disadvantage of a comparatively low value for
the maximum power of Py .. po = 2.9kW.

Finally, Fig. 3.16 depicts the values of those coefficients that lead to
minimum current rms values for the quadratic approach at given power
Ps. In Fig. 3.15(a), these are the points located at the bottom edge of the
green area. As can be seen from Fig. 3.16, the values of the coefficients are
approximately proportional to the power Ps. In addition, the values of the
coefficients at maximum power, Ps = 8.5 kW, agree with the values calculated
with (3.40). Based on these results, the linear scaling of the coefficients is
proposed according to (3.42).
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Fig. 3.16: Values of the coefficients for all points on the green area in Fig. 3.15(a) that
lead to minimum values for (112 s )T at given power, Py, i.e., the points located at
the bottom edge of the green area. As can be seen, the values of the coefficients are
approximately proportional to the power. Based on these results, the linear scaling of

the coeficients is proposed according to (3.42).

3.4 Simulation and Experimental Verification

In this Section, the modulation scheme derived above for suppressing LF
components in (px) when operating with f; # f; is verified using circuit
simulations and hardware experiments. According to the explanation given
at the beginning of Section 3.3, the power flow between the ports ac; and dc;
or between ac, and dc; has no effect on the LF components in the currents
of the dc link capacitors. Therefore, to simplify the setup, no power is fed
into or drawn from the terminals dc; and dc;. Instead, plain ac/ac opera-
tion with power flowing from ac; to ac; is considered, with a three-phase
voltage source, which provides sinusoidal voltages according to (3.1) (with
Oape € {0°,120°,240 °}), connected to ac; and a three-phase load connected
to ac,. The three-phase load is formed by the star connection of three 5 Q re-
sistors. Simulation and experiment both use the same converter components,
according to Table 3.5, to allow for a direct comparison of the results.

The implemented control scheme is the same as described in
Subsection 3.2.3, except that instead of the HF phase shift the variable r,
is constant.
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Tab. 3.5: Switching frequency and main component values of the hardware demon-
strator. All circuit simulations in this chapter use the same parameters.

Switching frequency fs=35kHz
Primary-side dc link capacitors® Cyc1 =12 uF
Secondary-side dc link capacitors®  Cyey =37 uF

Primary-side filter capacitors Cp =10 uF
Secondary-side filter capacitors Cr, =21.5 uF
Primary-side ac inductances Lac1=231pH
Secondary-side ac inductances Lac2 =34 uH
Stray inductances Ls=89uH
Transformers’ turns ratio n=2.6

3.4.1 Simulation results

Fig. 3.17 depicts the result of the circuit simulation for converter operation
according to S3 in Table 3.1, showing the primary-side voltages and currents in
Fig. 3.17(a) and those of the secondary side in Fig. 3.17(b). Fig. 3.17(d) presents
the waveforms of the instantaneous powers at the four ports of the D3ABC.
The local average values of the instantaneous powers at the ports of the
D3ABC are approximately constant, except for minor residual LF components.
The phase powers of the DAB part, shown in Fig. 3.17(e), are shaped such
that the sum of the three phase powers is almost constant, (ps) = 8kW.
The remaining fluctuations in the power (ps) are due to simplifications in
the power calculation (e.g., piecewise linear currents in the inductors are
assumed, thus neglecting the feedback effects of the voltages across the filter
capacitors Cy and Cy,), voltage distortions due to dead-time effects, and time
delays caused by the signal processing and the PWM units. Due to these
influences, the effective DAB power in the three phases deviates from the
calculated power, which results in the small fluctuations of the total power
(ps). It is further apparent that the waveforms of (paa), (pbB), and (pc) are
similar except for a time shift, indicating that condition (3.18) is also satisfied.

% A specification of the dc link capacitances in per unit values would facilitate understanding
whether a present power pulsation necessitates a large or small dc link capacitance. However,
such normalization is not possible here, because the only reasonable characteristic frequency,
which is required for such a normalization, is the fundamental frequency of the power pulsation,
i.e., the difference frequency |fi — f2|. This frequency depends on the operating conditions and
is therefore not defined a priori.
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Fig. 3.17: Simulation results for converter operation according to S3 in Table 3.1,
using the proposed modulation scheme: (a) primary-side voltages and currents,
(b) secondary-side voltages and currents, (c) duty cycles and HF phase shift at phase a,
(d) power levels at the four ports, and (e) local average values of the powers of the
three DAB converter stages and the resulting total power. Compared to Fig. 3.7, the
developed modulation scheme nearly eliminates the LF components in (py).
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Fig. 3.17(c) shows the waveforms of the duty cycles and the HF phase shift,
which the waveform of p,4 is based on. This figure reveals the highly dynamic
changes of the HF phase shifts that are required to meet the constraints (3.17),
(3.18), and (3.19) defined at the beginning of Subsection 3.3.2.

3.4.2 Experimental verification

Fig. 3.18 shows the hardware demonstrator of the D3ABC and reveals three
of the four ports (port ac; is at the bottom of the hardware and therefore not
visible on this picture). The demonstrator has been originally designed for
operation from ac; to dc; (isolated rectifier operation) considering f; = f;
as described in [51]. The maximum peak current in the leakage inductance
for this operation with f; = f; is calculated to be Ir 51 peak ~ 20 A, which is
approximately half of the value that is calculated for operation with f; # f
as shown in Fig. 3.15. To avoid saturation of the leakage inductance (explicit
inductors) when operating with f; # f5, all voltages are reduced by a factor
of 1/2 as listed for S4 in Table 3.1. The reduction of the dc link voltages by
1/2 results according to (3.16) in a reduction of the power by a factor of 1/4,
which leads to Py = 2kW.

To make the measurements obtained with the hardware demonstrator
directly comparable with the simulation results, the simulations in Fig. 3.7
and Fig. 3.17 are repeated with reduced power according to S4 in Table 3.1.
Accordingly, Fig. 3.19 and Fig. 3.21 present corresponding simulation and
measurement results, such that a direct comparison is possible. The simulation
results shown in Fig. 3.19(a) and Fig. 3.19(b) are obtained when operating
with constant HF phase shift, i.e., without the derived modulation scheme.
The power in the DAB part of the D3ABC, (ps), plotted in Fig. 3.19(b), shows
pronounced LF components that, as Fig. 3.19(a) illustrates, lead to variations
in the dc link voltages and distortions in the phase currents. The simulation
results obtained with the derived modulation scheme depicted in Fig. 3.19(c)
and Fig. 3.19(d) show that the LF components in (ps) almost disappear and
therefore the fluctuations of the dc link voltages are much smaller.

Fig. 3.20 and Fig. 3.21 depict the measured waveforms during a time span
of 50 ms. Fig. 3.20(a) shows the primary-side dc link voltage, phase voltages,
and phase currents and Fig. 3.20(b) depicts secondary-side dc link voltage,
phase voltages, and phase currents. Fig. 3.21 shows the dc link voltages,
the phase voltages, and the phase currents of phases a/A, i.e., characteristic
waveforms of the primary side and secondary side. Fig. 3.20(a) reveals a phase
shift of 180 * between the phase voltages and the phase currents, indicating
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Fig. 3.18: (a) Hardware demonstrator of the D3ABC featuring an output power of
8 kW for rectifier operation with galvanic isolation, i.e., from ac; to dcy. The port ac
is located at the bottom of the converter and is therefore not visible on this picture.
The overall dimensions are 150 mm X 240 mm X 54 mm = 5.91in X 9.45in X 2.13in

(width X depth X height).
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Fig. 3.19: Two simulation results for converter operation according to S4 in Table 3.1,
w/o (a,b) and w/ (c,d) the proposed modulation scheme: (a) and (c) Dc link voltages,
phase voltages, and phase currents of phases a/A on primary and secondary side. (b)
and (d) Local average values of the powers of the three DAB converter stages and the

resulting total power (px).
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rectifier operation at ac;. The waveforms in Fig. 3.20(b) of the output-side
phase voltages, measured from the terminals to the star point of the load,
are sinusoidal with a frequency of f, = 77Hz and in phase with the currents,
indicating inverter operation at ac,. The measurements shown in Fig. 3.21
agree well with the simulation results in Fig. 3.19(c). Specifically, the dc link
voltages, v4c1 and vgc 2, show almost constant waveforms, indicating that the
LF power pulsations are eliminated by the modulation scheme.

A direct measurement of the power in the DAB part of the D3ABC, {ps),
would show the elimination of LF power pulsations even better. However, the
power (ps) is difficult to measure. Fig. 3.22 shows two possible measurement
methods to determine (ps). The first method requires the dc link voltage
and the current in the dc link, v4c1 and ijink 1. These measured values, multi-
plied and averaged over a switching period as in (3.7), result in (ps) + pac1-
Based on this measurement result, the waveform of (ps) can be determined
if the waveform of p,; is measured with, for example, a power analyzer.
However, il 1 is not accessible, because this current is distributed over a
planar conductor configuration, which realizes the connection between the
dc link capacitance and the semiconductors to keep the commutation loop
inductance as small as possible. The second method requires the voltages
and the currents at the three switching nodes (e.g., vn, and i;, marked in
Fig. 3.22 in case of phase a). These measured values, multiplied for each
phase, averaged over one switching period, and summed up over all three
phases, also give (px) + pac1. These voltages and currents are accessible, but
both contain main switching frequency components. For this reason, the
measurements of the powers at the switching nodes are not feasible with the
available measurement equipment, e.g., the available power analyzer.

In a second experiment, the capability of the presented modulation scheme
is further assessed by generating a three-phase voltage with time-changing
frequency, f;, and modulation index, m;,, at the port ac,. An application
scenario could be the power supply of an asynchronous machine with V/F
speed control, i.e., with the voltage of the motor increasing proportional to
the output frequency, e.g., when ramping up the asynchronous machine speed
at port ac, from standstill. In this context, the voltage sources at port ac;
remain unchanged. At port ac,, the asynchronous machine is emulated by
inductors, which are connected in parallel to the load resistors.

Fig. 3.23 depicts the measured waveforms of vac1a, facia> ac2as lac2as
Odc1, and v4c2 during a time span of 1s. Fig. 3.23(a) is measured with a
purely resistive and Fig. 3.23(b) with a resistive-inductive load connected to
acy. During the first 100 ms of the measurement, v,c24 = iac2a = 0 apply.
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Fig. 3.20: Measurement results for converter operation according to S4 in Table 3.1.
(a) primary-side voltages and currents and (b) secondary-side voltages and currents.

114



3.4. Simulation and Experimental Verification
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Fig. 3.21: Measurement results for the same operation as in Fig. 3.20 with waveforms
from primary and secondary sides, i.e., dc link voltages as well as phase voltages and
phase currents of phases a/A. The waveforms agree well with the simulation results
in Fig. 3.19(c). Specifically, the dc link voltages, v4.; and o4 5, show almost constant
waveforms, indicating that the LF power pulsations are eliminated by the modulation
scheme.
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Fig. 3.22: Section of the D3ABC from Fig. 3.1 highlighting the voltages and currents
that need to be measured to determine the power in the DAB part, (px). Either the dc
link voltage and the current in the dc link need to be measured, v4; and ijjpy 5, or the
voltages and currents of the three switching nodes (see vy 4 and iy , highlighted for
phase a).
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Fig. 3.23: (a) Measurement results for an example scenario where the modulation
index and frequency are varied on the secondary side. The current in the primary-
side phase a, iac,1a, increases as the voltage across the resistive load, v, 24, increases.
During this process, the primary- and secondary-side dc link voltages, v4. 1 and o4 2,
remain constant. (b) The same setup as (a) but with a resistive-inductive load.
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Accordingly, a small amplitude results for the primary-side phase current,
iac 1a> since the power drawn from the voltage sources only has to cover the
losses of the converter and the reactive power demand of the input filter. After
t = 5ms, the line frequency, f;, and the modulation index at port ac, are
increased at constant rates of 20 Hz/s and 1.07 s, respectively. At the same
time, the amplitude of the phase current of the primary-side phase a, isc 1a,
increases proportionally to the output power, which increases quadratically
over time. Att ~ 750 ms, the D3ABC reaches the final output frequency
and amplitude of 15 Hz and 80V, respectively. During the entire process, the
primary- and secondary-side dc link voltages, v4c; and v4. 2, remain constant.

3.5 Conclusion

This chapter proposes a duty-cycle dependent phase shift modulation scheme
to prevent LF power pulsations in the D3ABC. Such LF power pulsations
occur, e.g., if the D3ABC is operated with different line frequencies, fi # f,
at its primary-side and secondary-side ac ports. The new approach achieves
a transmittable power of the DAB part of 8.5 kW.

The effectiveness of the developed modulation scheme is verified by means
of circuit simulations and experimental evaluations. The circuit simulations
are conducted for an output power of 8 kW, which is delivered to a three-
phase resistive load at the secondary-side three-phase port ac;. The rms
values of the primary-side and secondary-side phase voltages are V,.; = 230 V
and V,.2 = 115V, respectively, and the line frequencies are f; = 50 Hz and

5 = 77 Hz, respectively. The simulation results confirm constant power in
the DAB part, resulting in approximately constant dc link voltages despite
the relatively small dc link capacitances.

The experimental verification conducted for f; = 50Hz and f, = 77Hz
confirms the proper operation of the proposed modulation scheme, as well.
Since the realized converter was designed for a power transfer between
the ports ac; and dc;, and power transfer between the ports ac; and ac;
leads to higher currents in the power stage of the D3ABC. Accordingly, the
experimental verification is conducted for a reduced power of 2 kW and the
voltages are halved. The measured voltages and currents agree well with the
simulation results.

In a second experiment, the operation with time-varying rms values and
frequencies of the voltages at port ac; is investigated. A possible application
of this is the V/F speed control of an asynchronous machine. In this operat-
ing scenario, the dc link voltages also exhibit constant characteristics. This
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indicates that the proposed modulation scheme remains effective even in the
case of time-varying modulation indices and/or line frequencies.
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Conclusion and Outlook

This thesis investigates the D3ABC topology introduced in [51], which pro-
vides two three-phase ac ports (ac; and acy), two dc ports (dc; and dc;), and
galvanic isolation between ac;, dc; (primary-side) and ac;, dc; (secondary-
side).

First, Chapter 2 gives a comprehensive description of the operating prin-
ciple of the D3ABC topology when operating as a bidirectional ac;-dc;/dc;
rectifier. Based on this description, it derives models for calculating the con-
ducted DM and CM EMI noise at the primary-side ac port, ac;, taking into
account the loads at ports dc; and dc; of the D3ABC. The evaluation of these
EMI models reveals that the EMI noise at port ac; is nearly independent of
the load on port dc;, but increases as the load on port dc, increases. An exam-
ple application uses these EMI models for the design of a volume optimized
EMI filter for a hardware demonstrator. The measurements of the conducted
EMI noise of the hardware demonstrator with EMI filter reveals that, at the
considered operating point, the first spectral component entering the EMI
band regulated by CISPR 11, which is at f = 175 kHz, shows an amplitude that
is consistently between the minimum and maximum noise levels predicted
by the model. Due to the low-pass characteristic of an EMI filter, the lower
end of the regulated frequency range is most critical for the EMI filter de-
sign. Therefore, the estimates provided by the models are sufficient for the
design and optimization of filters at an early stage of converter design. The
hardware demonstrator combined with the designed EMI filter complies with
the QP limit defined by CISPR 11 class A for a power of P, = 2.5kW at the
secondary-side dc port, dc,.

Second, Chapter 3 extends the descriptions for the operating principle of
D3ABC with respect to ac;—dc;/dcy—ac, multi-port operation. According to
the obtained findings, the D3ABC allows for independent bidirectional power
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transfer between all four ports, ac;, dc;, dcz, and acy, however, LF power
pulsations can occur in the dc links of the D3ABC when operating with, for
example, ac voltages with different frequencies at the two ac ports, fi # f>.
Consequently, an advanced modulation method is derived to eliminate these
LF power pulsations. This modulation scheme allows a theoretical maximum
power level of 8.5 kW in the DAB part of the D3ABC, which is comparable to
the power level of 8 kW in ac;—dcy/dc; rectifier operation. Measurements on
a hardware demonstrator (with half the rated voltages and reduced power of
2 kW) verify the functionality of the proposed modulation scheme.

The multi-port capability of the D3ABC topology makes it the perfect fit
for managing the energy transfer between the existing three-phase grid and
the various energy sources, storages, and loads in so-called microgrids. These
microgrids allow an efficient integration of renewable energy sources and
thus play a central role in the transition from the existing grid to the smart
grid of the future.

4.1 Challenges of the D3ABC Topology

The integration of the boost inductors into the DAB transformers in the
D3ABC topology allows to reduce the number of magnetic components as well
as power semiconductor switches by using switching nodes for multiple tasks
at the same time. In this context, integration constitutes a major advantage,
but at the same time poses challenges, as described in the following.

> In the D3ABC topology, the ac-side filter capacitors must withstand
the full line voltage while being subjected to high currents. The high
currents result from the superposition of the triangular current ripples
that originate from the PFC rectifier or inverter operation of the VSCs
and the trapezoidal DAB converter currents. The high voltages and
currents correspond to high component stresses. As a consequence,
the ac-side filter capacitors are comparatively large and have relatively
high losses.

» The superposition of the two current components further leads to a
comparatively high EMI noise at the filter capacitances. To meet the
limit despite the high noise, EMI filters with relatively high volume
and/or losses are required.

> Inorder to place the resonance frequency of the series LC circuit formed
by the elements C¢j, Cyc1, Crz, Cdc2> and Ly below the switching fre-
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quency, the values of the components involved must not fall below a
certain limit. Thus, the value of the stray inductance can be decreased
only if the total capacitance, given by the series connection of the
capacitors 3Cf;, 2Cqc1, 3Crz/n?, and 2Cyc2/n? is increased, which is ac-
companied by an increase of the volume. This especially applies for
the given converter, since the capacitances have similar values and
therefore all four capacitances must be increased in order to achieve
an effective increase of the total capacitance. However, decreasing the
stray inductance may be desirable to increase the active power and
decrease the reactive power in the DAB part of the D3ABC.

Since the duty cycles on the primary and secondary side can be different
in acy/acy operation with different line frequencies of the ac voltages,
fi # fo, large voltage-time areas occur across the stray inductances
L. This leads to high peak and rms values of the currents in the stray
inductances, increasing their losses and/or volumes.

If, e.g., only port ac; of the D3ABC is connected to an ac grid, the ca-
pacitor Cq.; is charged via the anti-parallel diodes in the VSC power
semiconductors before the semiconductors are switched. However, at
the same time, the voltages across the DAB transformers are small and
therefore the capacitor Cy.; may remain uncharged. The uncharged
capacitor Cq  corresponds to a short on the secondary side of the trans-
formers. Therefore, as soon as the primary-side semiconductors start
switching, they apply the entire dc; voltage to the stray inductances.
This requires the implementation of a special start-up procedure of
the D3ABC to prevent saturation of the stray inductances Ly (explicit
inductors).

This listing shows that the challenges resulting from functional integration

are mainly due to the fact that certain converter components are used for
multiple tasks simultaneously. Since the use of components for multiple tasks
in is an inherent property of an integrated converter topology such as the
D3ABC, it can be assumed that the challenges listed above are not limited
to the D3ABC topology, but are in general characteristic for the challenges
in integrated converter topologies. Consequently, such challenges should
be in the focus of research on integrated converters for future smart grid
applications.
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4.2 Outlook and Future Research

With the description of the EMI characteristics and the multi-port operation,
important parts for the operation of the D3ABC topology in a microgrid in
connection with the existing grid are given. A direct extension of the EMI
models derived for ac-dc/dc operation would be to include simultaneous four-
port operation. With regard to multi-port operation, the comparison of multi-
stage and single-stage converter topologies remains. Interesting performance
comparisons could consider multiple performance indicators, e.g., efficiency,
power density, relative costs, maintainability or the implementation effort of
the systems.

Since the performance of a converter also depends strongly on the ap-
plication, the identification of alternative application areas for the D3ABC
represents a further important topic. This includes possible adaptations of the
D3ABC topology to ensure compatibility with identified applications. Along
with performance evaluations of alternative, suitable circuit topologies, this
would provide a deeper understanding of applications which the D3ABC is
particularly suited for.
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Design of the D3ABC Hardware
Prototype

The design of the D3ABC hardware prototype (without EMI filter) based on
an n-p-Pareto optimization is detailed in [51] and is therefore, for the sake of
brevity, not outlined further here. However, minor details were changed to
refine the optimization. Section A.1 describes the changes in the optimization
and the resulting shifts in the Pareto front. Based on the new optimization,
Section A.2 explains the design of the individual hardware components
and their assembly. Finally, Section A.3 shows measurement results for the
rectifier operation of the hardware prototype.

A.1 D3ABC 5—p-Pareto front

The optimization is performed for the ac;—dc;/dc; rectifier operation as in [51]
for nominal power at the secondary-side dc port, P, = 8 kW, with primary-
side dc link voltage Vg1 = 800V, secondary-side dc link voltage V., = 400V,
and primary-side three-phase ac voltage V,.; = 230 V (RMS, line-to-neutral)
with a frequency of f; = 50 Hz. The changes to the optimization are described
below.

First, the resonance frequencies of the resonant circuits shown in
Fig. 2.7(b,c) and Fig. 2.8(c,d), e.g., formed by the series connection of 3Cy,
2Cqcy, 3C,, ZCQC’Z, and Ly /3 in Fig. 2.8(c), can be close to the switching fre-
quency. In this regard, the network depicted in Fig. 2.8(c) turned out to be

most critical. To prevent excitation of this resonance, the optimization is
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Tab. A.1: Considered comerciell available core sizes from TDK™ made of Ng5 magnetic
material. *Cores only included for the stray inductance L. TCores only included for
the transformer, L,c.

E 20/10/11% | E 42/21/15 E 47/20/16Jr
E 35/18/10" | E 42/21/20 | E 55/28/217
E 40/16/12 E 42/33/20"7 | E 55/28/257

extended by the condition that this resonance frequency,

fro=—F—=<7, (A1)

Cr = 1 T 3 2 (AZ)
+ + =+ L
3Cq chc,l 3Cp ZCdc,Z

must be below half the switching frequency. This condition limits the choice
of values of the involved components, C¢, Cyc 1, Crz2, Cqc 2, and L. However,
compliance with this condition can be satisfied by two simple changes in the
original optimization. First, the value of the leakage inductance is set to 90 %
instead of 80 % of the maximum value of the leakage inductance defined by
Eq. (17) in [51]. Second, the capacitor with the smallest capacitance involved
(regarding the four capacitors of the considered series connection of 3Cy,
2C4c1, 3Cp2 /n?, and 2Cyc.2/n?), Cyc 2, the two CeraLink™ SP500 are replaced by
2 X 48 stacked C5750X6S2W225K250KA from TDK™ as shown in Fig. A.2(b).

In a next step, the originally proposed primary-side semiconductor
switches, which are 25 mQ/1200 V-devices (C2Mo025120D by Cree), are re-
placed by 16 mQ/1200 V-devices (C3Mo0016120K by Cree). This device has
an on-resistance of 23 mQ at a junction temperature of 125°C. Switching
losses are adapted from measurements in [80] for a switching voltage of
Vsw = 800V, an output capacitance of Coss 9 = 409 pF, and a parasitic capaci-
tance of Cpar = 300 pF.

Finally, instead of scaled cores, dedicated cores are selected from a list of
commercially available cores. Of the cores considered in Table A.1, which
are made of TDK™’s Ng5 magnetic material, a stack of at most four cores is
considered.

Fig. A.1 shows the new n—p-Pareto front resulting from these changes in
green color. The Pareto front in Fig. A.1is very similar to that in [51], with
slightly higher efficiencs being achieved, which is mainly due to the reduced
conduction losses in the primary-side semiconductors.
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A1 D3ABC n—p-Pareto front

° Without capacitor losses
° With capacitor losses
Y  Chosen design

985F | ] I |

Fig. A.1: n—p-Pareto fronts of the D3ABC topology in green for similar loss and
volume models as in [51] and in blue extended by the losses of capacitors, output
filters and current sensors. The star marks the design chosen for the realization of the
hardware prototype.
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Tab. A.2: Components ESR values used to calculated conduction losses. For compo-
nent stack, the specified ESR is for one component. The # of components refers to the
total number used for converter.

Description Component ESR #
Prim.-side filter capacitor 1xB32754C2106K000 5mQ 3
Prim.-side dc link capacitor 1xSP500 23.7mQ 2
Prim.-side current sensors 1XACS733 + PCB 2mQ 3
Sec.-side filter capacitor 21XC5750X6S2W225K250 15.7mQ 3
Sec.-side dc link capacitor 48xC5750X6S52W225K250  14.6 mQ 2
Sec.-side dc filter inductor ~ 1xXAL1o10-472ME 57mQ 2

+ 1XPA4344.103ANLT 10.6mQ 2
Sec.-side current sensors 1xXACS733 + PCB 2mQ 3
Sec.-side dc current sensor  1XACS733 + PCB 2mQ 1

The next step is to include the losses in the capacitors, the secondary-side
output filter, as well as the current sensors used for current measurement /
control. Table A.2 lists the involved components and the relevant Equivalent
Series Resistances (ESRs) obtained from the respective datasheets. Frequency-
dependent ESRs are interpolated in the optimization from the data sheet
values, but are only given for f; = 35kHz in the table.

If these losses are taken into account, the n—p-Pareto front shifts sig-
nificantly downward as shown in blue in Fig. A.1. The additional losses
occur mainly in the primary-side dc link capacitors, the secondary-side dc
filter inductors, and the secondary-side filter capacitors. With regard to the
primary-side dc link capacitors and the secondary-side dc filter inductors,
the high ESRs in combination with high RMS currents are responsible for the
high losses. However, for the secondary-side filter capacitors, LF polarization
losses are predominant. These losses are modeled based on the loss data
in [82] for the similar material X7T using an ESR at grid frequency (50 Hz)
of 66 Q and an effective capacitance, which is relevant with respect to the
capacitor current, of 1.07 uF.

The design marked with the star in Fig. A.1 refers to the calculated ef-
ficiency and power density of the realized hardware demonstrator. The re-
maining distance between Pareto front and the star is due to the practical
implementation of certain components in the converter, which leads to a
certain increase of volume and losses, as explained in the following section.
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Tab. A.3: Main parameters of the hardware design.

Switching frequency fs=35kHz
Current ripple (peak-to-peak) r=250%
Transformer turns ratio n=2.6

Calculated efficiency at full load 71=97.4%
Measured efficiency at fullload  n=97.0%
Calculated power density p=4.2kW/dm?
Final power density p=41kW/dm?

A.2 Hardware components

Table A.3 summarizes the calculated values of the most important parameters
of the hardware design marked with a star in Fig. A.1. Table A.3 further
includes the measured efficiency discussed in Section A.3 and the final power
density, resulting from the practical implementation of the components, which
is detailed in the following.

First, a copper heat sink was optimized for cooling the power semicon-
ductors using the design method described in [83]. The resulting heat sink is
shown in Fig. A.2(a). The primary-side semiconductors are mounted on top
and the secondary-side semiconductors are mounted on the bottom of the
heat sink, each with an electrically insulating thermal pad. The fins have a
reduced height at the front, because further components are placed below and
above the heat sink as visible in Fig. A.5(b). The heat sink has a total volume
of Vigs = 0.106 dm?>, which with the fans, the air duct, and the semiconductors
gives Vool = 0.217 dm?® (estimated was Voo = 0.126 dm?).!

The n-p-Pareto optimization directly provides the main design parameters
of the magnetic components, which, for the selected design, are given in
Table A.4. Fig. A.3 shows the assembly of a boost inductor/transformer in
detail. First, the five turns of the secondary-side winding are wound onto
the 3D printed Polycarbonate (PC) coil former shown in Fig. A.3(a). PC is
used because of its high temperature resistance up to 80 °C. The secondary-
side winding is isolated from the primary-side winding with a Mylar foil.
The Mylar foil is then bonded to the coil former with insulating polyester

'The difference between the estimate and the effective volume for cooling is mainly due to
the T-shaped extension of the fins, which can be seen in Fig. A.2. The heat sink was designed in
such a way that the cooling capacity provided is sufficient even without the extended fins. A
heat sink without extended fins reduces the total volume for cooling to Viye = 0.156 dm? which
is close to the estimate.
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(b)

Fig. A.2: (a) Heat sink for the power semiconductors with dimensions 150 mm X
30 mm X 32 mm (width X depth X height). The heat sink has 98 fins with a sheet
thickness of 0.5 mm and an air gap of 1 mm between them. (b) Secondary-side dc link
capacitor made of 2 X 4 X 6 = 48 C5750X6S2W225K250 ceramic capacitors.

Tab. A.4: Assembly parameter of the magnetic components.

Boost inductor/transformer

Inductance Lac =134 puH

Boxed volume Voox = 0.173 dm?

Magnetic core (stacked) Size =4XE 42/21/20

Number of turns N2 ={13,5}

Air gap (distributed) Lir ={0.5mm, 0.7 mm, 0.5 mm}
HF litz wire strands n12 ={1200,1200}

Strands diameter dy=71um

External stray inductor (placed on sec. side)
Inductance Lo =88 uH/n?

Boxed volume Voox = 0.058 dm?

Magnetic core Size =1XE 42/21/15

Number of turns N=12

Air gap (distributed) Lir ={1.5mm, 1.6 mm, 1.5 mm}
HF litz wire strands n=1200

Strands diameter d;=71um
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A.2. Hardware components

Primary-side

Mylar
winding
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4xN95 3xair-gap

E42/21/20

(© (d)

Fig. A.3: Assembly of a boost inductor/transformer. (a) Polycarbonate (PC) coil former
with secondary-side winding. (b) Coil former with primary-side winding wound over
the secondary-side winding. (c) Magnetic core material with distributed air gap of
Lpir = {0.5mm, 0.7 mm, 0.5 mm}. (d) Fully assembled transformer with the winding
package placed in the core.

tape (not shown in the picture). Subsequently, the primary-side winding is
wound over the Mylar foil and insulated from the magnetic core material
with another Mylar foil as shown in Fig. A.3(b). The magnetic core shown in
Fig. A.3(c) consists of 4 stacked E 42/21/20 Nog5 cores with a distributed air
gap, cf. Table A.4. Fig. A.3(d) shows the fully assembled transformer with the
winding package in the core, which is held together by polyester tape.

The assembly of the external stray inductance is similar and therefore not
shown here. It should be noted that the core of the external stray inductor,
2XE 35/18/10 (point on the Pareto front) that was obtained by optimization
was replaced by the theoretically larger 1XE 42/21/15. The E 42/21/15 has the
same height as the core used for the transformer which allows a more optimal
arrangement of the components.
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Fig. A.4: (a) Estimated loss distribution and (b) final volume distribution of the im-
plemented hardware prototype with estimated efficiency of n = 97.4 % and calculated
power density of p = 4.1kW/dm3.
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Finally, the EMI filter designed in Section 2.4 is used, which achieves a
volume of 0.17 dm® (0.35 dm> was estimated).? The measured ESR of the EMI
filter (measured from the primary-side ac terminals to the filter capacitances
Cp) is 22.5 mQ (including precharge relays, PCB tracks, and connection ter-
minals) measured with a 10 A dc current. This ESR corresponds to 9.6 W of
losses (5 W was estimated in [51]) at full load. The distribution of the losses
among the different converter components estimated with the models pre-
sented in [51] and the ESRs given in Table A.2 is shown in Fig. A.4(a). The
distribution of the boxed volumes among the different converter components
of the final hardware prototype is shown in Fig. A.4(b). The differently col-
ored areas refer to auxiliary components such as current sensors, EMI filters,
etc. in orange, to passive components such as capacitors and inductors in
green, and to the power semiconductors in blue.

Fig. A.5(a) shows a picture of the realized hardware with the four ports
labeled. Fig. A.5(b) shows the same hardware but with the upper PCB re-
moved to allow a better view. The cooling fans blow air through the heat
sink to the magnetic components in order to heat the core material of the
magnetic components with the preheated exhaust air of the semiconductors.
This arrangement is intentional to bring the core material to the optimum
operating temperature of 80 "C at which the No5 core material shows minimal
losses.

A.3 Measurement results

In the following, selected results of measurements with the hardware proto-
type are shown. Fig. A.6 shows the measured phase voltages, vaca, Vacp, and
ac o, together with the measured phase currents, iy o, facb, and iacc for rectifier
operation with nominal power at the secondary-side dc port, P, = 8 kW, and
no load on the primary-side dc port, P; = 0, (only four signals are measured
at a time due to the limited number of measurement channels; for the purpose
of reference, the voltage and current of phase a are shown in Fig. A.6(a) and
Fig. A.6(b)). The waveforms of the phase voltages of phases a, b, and ¢ depicted
in Fig. A.6(a) are sinusoidal and phase-shifted by 120 ° with respect to each
other, as described by (2.1). The currents in Fig. A.6(b) are sinusoidal and in
phase with the corresponding phase voltages, resulting in a Power Factor (PF)

2The difference between the estimated and effective filter volume is due to the fact that [51]
did not yet know about the EMI behavior of the D3ABC and therefore adopted the volume from
the optimization with similar specifications and optimization objectives described in [84].
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Current
sensor

(@)

Boost inductors/
transformers & g=a EMI filter

External stray
1nductorS\

(b)

Fig. A.5: (a) Hardware demonstrator of the D3ABC featuring an output power of 8 kW
for rectifier operation with galvanic isolation, i.e., from ac; to dcz. The port acy is
located at the bottom of the converter and is therefore not visible on this picture. The
overall dimensions are 150 mm X 240 mm X 54 mm = 5.91in X 9.45in X 2.13 in (width
X depth X height). (b) Picture without top PCB revealing most of the components, e.g.,
heat sink, three coupled boost inductors, and three external stray inductors, which
are used to increase the stray inductances of the coupled boost inductors according to
the needs of the D3ABC. The labeled magnetic components are those of phase a.
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Fig. A.6: Screenshots from an oscilloscope measurement showing: (a) all three phase
voltages (phase to neutral) and the phase current of phase a at port acy; (b) the phase
voltage of phase a and all three phase currents at port acy. The converter operates as a
PFC rectifier with a three-phase voltage source connected to the port ac; (fin = 50 Hz,
Vac,rms = 230 V) and load resistors connected to the secondary-side dc port (Pz = 8 kW
on dcy) and no load on the primary-side dc port (P; = 0 on dcy).
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Fig. A.7: (a) Measured efficiency of the hardware in rectifier operation as a function of
the loads on the primary-side and secondary-side dc ports, P; and P,. The individual
graphs show the efficiency for a given power P; € {0, 2, 4, 6, 8} kW and varying power
P;. (b) Changes of the individual losses as a function of the power P, (P; = 0). The
inductor losses comprise of the losses in the boost inductor/transformer and the
external stray inductor. The capacitor losses are the sum of the losses in the primary-
side and secondary-side filter and dc link capacitors. The semiconductor losses are
divided into conduction losses and switching losses. The yellow curve combines the
remaining losses of the EMI filter, the output filter, and the current sensors. Additional
losses due to the power demand of auxiliary components were neglected in these
considerations, since the auxiliary circuits of the hardware were powered by a separate

supply.

close to one, A = 0.994. The Total Harmonic Distortion (THD) of the currents
is THD < 5.6 %.

Fig. A.7(a) shows the measured efficiency of the hardware in rectifier
operation as a function of the loads on the primary- and secondary-side dc
ports, P; and P,. The individual graphs show the efficiency for a given power
P, € {0,2,4,6,8} kW and varying power P,. The power P, is adjusted in
discrete steps that satisfy

P, € min ({0,1.3,2.7,4.0,5.3,6.7, 8} kW, 8.0 kW — P;) (A.3)

so that the total power, P; + P,, does not exceed the nominal power, P; + P, <
8 kW. Before the efficiency is read from the power meter, the converter was
operated for a few minutes (until the value of the efficiency no longer changes)
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at the considered operating point to bring the components to operating
temperature. The point outlined in orange corresponds to the operating point
(P = 0 and P, = 8 kW) considered for the design and achieves an efficiency
of 97.0 %. The green dotted line corresponds to the calculated efficiency as a
function of power P, (P, =0).

Fig. A.7(b) shows the calculated changes of the individual losses as a
function of the power P, (P; = 0). The inductor losses comprise the losses in
the boost inductor/transformer and the external stray inductor, the capacitor
losses are the sum of the losses in the primary-side and secondary-side filter
and dc link capacitors. The semiconductor losses are divided into conduction
losses and switching losses. The yellow curve (labeled 'Remaining’) is the
sum of the losses of the EMI filter, the output filter, and the current sensors.
Additional losses due to the power demand of auxiliary components were
neglected in these considerations, since the auxiliary circuits of the hardware
were powered by a separate supply.

A.q4 Conclusion

This chapter refines the n—p-Pareto optimization for the D3ABC topology
presented in [51] and subsequently implements a selected design in a hardware
prototype. The loss models of the optimization are first extended by the losses
in the capacitors, the output filter, and the current sensors. This results in
a significant shift of the Pareto front of Ay = —0.5% at the desired power
density of p = 4kW/dm?>. The shift is mainly explained by substantial losses
in the capacitors (due to high rms currents, LF polarization losses) and non-
negligible resistances in the output filter. From the refined optimization,
a design point with n = 97.4% and p = 4.2kW/dm?® is then detailed and
implemented in a hardware prototype. For this design point, a suitable heat
sink and a specific EMI filter is designed. The designed heat sink with fans
and air duct has a volume of Vo = 0.217 dm?, which is 0.091dm? larger than
estimated in the optimization. In addition, the volume of the auxiliary circuits
is also 0.130 dm® higher than estimated. To compensate for this, the EMI filter
and the output filter were designed with special attention to compactness,
which explains the increased losses in these components. In return, the
assembled hardware prototype achieves a power density of p = 4.1kW/dm?>.

Finally, measurement results obtained on the realized hardware prototype
in rectifier operation with rated power at the secondary-side dc port, P, =
8 kW, and without load at the primary-side dc port, P; = 0, show sinusoidal
grid currents with a PF close to one, A = 0.994, and a THD of less than
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5.6 %. The measured efficiency at this operating point is 1 = 97.0 %. However,
the origin of the additional losses, leading to A = —0.4% compared to
the calculation (at P; = 0 and P, = 8 kW), is remaining, i.e. could not be
determined.
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Function of (p) for Advanced
Modulation Approach

Subsection 3.3.4 presents an approach that increases the transferable power for
the DAB part of the D3ABC. However, the used approach, i.e., the polynomial
(3.31) used for (p)(t), is not further motivated in the mentioned section.
Therefore, Section B.1 first derives the function of (p) used in this approach
based on general considerations. Section B.2 then shows that the chosen
approach is optimal with respect to the possible maximum power.

B.1 Derivation of the function for (p)(t)

The derivation of the advanced modulation approach given in (3.31) starts
with the simple approach which assigns a constant to (p),

(p) (t) = Py ao, (B.1)

with constants ay and Py. The constant Py contains all hardware specific terms
that are independent of the modulation, cf. (3.16). Consequently, ay remains
as degree of freedom for the modulation. Subsection 3.3.3 sets ag in a way
that the highest possible maximum power of the DAB part Ps oy is achieved,
but at the same time in each DAB converter phase the maximum phase power
Pmax = Pmaxm is not exceeded. However, as Subsection 3.3.3 explains, the
maximum power Ps may is strongly constrained by the power Pp,x at the
minimum and maximum duty cycles given by (3.22) and (3.23). Fig. B.1
illustrates this by plotting (p) = Py ao, which corresponds to a horizontal line
(marked with ay) in the cross section view that was shown in Fig. 3.11(b).
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Fig. B.1: Cross section through Fig. 3.11(a) as shown in Fig. 3.11(b). Red lines marked
with ag, D, D?, and D* represent the approaches for (p) with different functions that
achieve a constant power in the DAB converter part. The approaches are within the
operating range always below the maximum power (dashed orange line).

Although, the power Pp,y is strongly constrained at the minimum and
maximum duty cycles, much higher power can be transmitted for other duty-
cycle values, e.g., D1, = 0.5. Therefore, to utilize the higher power levels at
these duty-cycle values the idea of making (p) dependent on the duty cycles
is appealing. However, the question arises for which functions f(D,, D;) for
the power in each phase, (p)(Ds, D;), the total power over all three phases
(ps), defined as

(p=)(t) = (pan)(D1a, D2a) + (ppB) (D1b: Dav) + (pec)(Dic, D2c),  (B.2)

shows a constant waveform over time ¢, i.e., no power pulsation.

The derivation assumes that the duty cycles as a function of time ¢ are
sinusoidal with offsets equal to 1/2, as given in (3.5) and (3.6). However, for
convenience, the derivation is done with D; and D, given as

- 1 1 .

Diape(t) = Diape(t) — 7 = gmsin (it + Oape) (B.3)
- 1 1 .
Dyapc(t) = Dyapc(t) — 3 = pMasin (wat +0anc), (B.4)

in order to remove the offsets and use 27 f; = w;, 27 f; = w,, and © = 0. The
phase shifts are 6,1, € {0°,120°, 240 °}, leading to duty cycles bl,a,b,c(t) that
are phase shifted by 120 ° to each other. The same applies to Dy o pc(t), using
Oapc € {0°,120°,240 °}.
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B.1. Derivation of the function for (p)(t)

'{heNﬁrst C~onsidered function is the linear function that uses only bl,
fp(D1, D) = Dy. According to (B.2) {ps) is the sum of all primary-side duty
cycles, which leads to

(ps)(t) = Dia(t) + Dip(t) + Dic(t) = 0. (B.5)

This corresponds to a summation of three sinusoidal functions which are phase
shifted by 120°, i.e., {px) is equal to zero. Consequently, f; (D,D,) =Dy isa
usable function for the phase power (p). Since this holds true for Dy, it also
holds true for Dz The functions for ay, Dl, and Dz can be added together
resulting in ) )
(p)(t) = Py [ao + a1Di(t) + 1D (1)] (B.6)

as a first result for the proposed approach. An example for (B.6) with ay = 0
and a; = by > 0 is drawn in Fig. B.1 (marked with D).

The next step considers quadratic functions of Dy, foe (Dy, Dy) = ﬁlz The
derivation of (ps) uses a trigometric identity (cf. Equ. 1.321.1 in [85]), which
shows that the square of a sinusoidal function is equivalent to

sin?(x) = % - %cos(2x). (B.7)

If x in (B.7) is replaced by w;t + 0, a cosine with double grid frequency is
obtained. The frequency doubling leads to

o xz o
wt+0° — 2wt+0°,
2
o1t +120° 25 2000t +240°, (B.3)
2
01t +240° 255 200t +480° = 2wy £ +120°,

ie., three cosine functions which are phase shifted by 120 and consequently
in (ps) add up to zero. Therefore, for a function f5,(Dy, D;) = D12 a total
power

ps)(0) = D) + Dy(0 + i)’ = 2 (B9)

results, where only the constant 3 X 1/2 = 3/2 remains. This extends the
usable function for the approach to

(PY(t) = Py |ag + Dy (£) + asDy ()" + biDy (1) + boDy ()|, (Buao)

which is drawn with a; = b; = 0 and the parameter given by (3.40) in Fig. B.1
(marked with D?).
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The next logical step considers the function f5s (Dy, Dy) = bf . A sinus
cubed is according to Equ. 1.321.2 in [85] equal to

sin®(x) = Zsin(x) - i sin(3x). (B.11)

The sum over the (phase-shifted) sin(x) functions of all three phases is, as
already derived, equal to zero. The frequency tripling in sin(3x) with x =
1t + 0,1, however, leads to

. X3 .
wt+0° —> 3w t+0°,
o ><3 o o
Wi t+120° =5 3wt +360° =3w t+0°, (B.12)

3
01t +240° 25 30t +720° = 3wt +0°,

i.e, to three sine functions which are all in phase. These sine functions would
therefore not cancle out in (ps) and lead to a power pulsation with three
times the mains frequency 3w;. Consequently, the function fps (Dy,Dy) = 1513
is not included in the approach.

Next is the function fp, (Dy, Dy) = 13;1 where according to Equ. 1.321.3
in [85] a constant, a sin(2x), and a sin(4x) part are obtained. The sum over the
sin(2x) components of the three phase powers is constant as already derived.
Since the sin(4x) part can be divided into sin(2 X 2x), the same argumentation
applies as for sin(2x) and the sum over the sin(4x) components of the three
phase powers is constant as well. With this function added, the final approach
presented in (3.31) results. An example of (3.31) with (B.13) is drawn in Fig. B.1
(marked with D%).

It should be mentioned that all functions with ﬁl” for n > 4 lead to power
pulsation, as, according to Equ. 1.320.3 in [85], all functions with odd n > 1
always have a sin(3x) component and, according to Equ. 1.320.1 in [85], those
with even n > 4 have a sin(6x) = sin(2 X 3x) which both are not constant in
(p=). Further, functions with product terms of D, and D, e. g., Dy X D, also
lead to power pulsations in case of w; # w, (with frequency |w; — wz| in the
given example).

B.2 Examination of the maximum power

It was shown in Subsection 3.3.4 that the final approach (3.31) without
Df part (as = by = 0) can achieve a maximum power of Pypax =
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3/16P, (1 - mrznax). With the values for Py and my,x used for the numeri-
cal analysis in Subsection 3.3.5, this gives Ps max = 8.5 kW, which agrees well
with the numerical results. A similar derivation for a4 = by # 0, which is not

shown here for the sake of brevity, gives the coefficients

1 1 1
ao,max = ﬁ (2 - mmax4) > A2,max = _Z (1 - mmaxz) > A4, max = _5» (B.13)

which results in a maximum power of
3 1
PZ,maX = EPO 1- ’nmax2 + gmmax4 . (B-14)

It should be noted that, compared to the solution with a4 = by = 0 given
in (3.41), the maximum power according to (B.14) does not approach zero
for a maximum modulation index approaching one, mm,x — 1. Accordingly,
modulation with a; = by # 0 could possibly be interesting for operating
scenarios in which very high modulation indices cannot be avoided. Using the
previously used values for Py and myp,y this leads to Ps max = 9.8 kW, which
again agrees very well with the numerical results obtained in Subsection 3.3.5.
Therefore, it is very likely that (B.14) refers to the highest power that can be
achieved with (3.31). However, the remaining question is whether a different
approach exists that can achieve even higher power.

To answer this, the case where each phase transmits the maximum phase
power is considered. The maximum phase power is given by the function
Prax - If the phase power is set equal to this maximum power, (p) = Pmaxm,
a constant waveform of the total power (p5)(¢) is rather improbable, but in
exchange it is guaranteed that the maximum possible power is transmitted at
any time.

Substituting the duty cycles D; = D+ 1/2 and D, = D, + 1/2 with the
definitions given in (B.3) and (B.4) and with my = my = mpay into the function
of Ppaxmn given in Table 3.3, results in

1
<P>(t) = BPO [ 1- mmax2 Sinz(wl I+ 91) - mmax2 Sinz(wz t+ ‘92)

+ My sin?(w; t + 01) sin?(ws t + 05) ] . (B.15)

)

In (B.15) the constant in the rectangular bracket is equal to three and the
sin? components as shown in (B.g) are equal to 3/2. What remains is the
product of the sin? components marked as (1) which is again simplified with
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a trigometric identity. If the identity given in (B.7) is substituted for sin?, we
get

1
1) = meax4 [ 1—cos(2w; t +20;) — cos(2w; t + 26,)

+ cos(2w; t + 20)) cos(2wy t + 205) ] (B.16)

@)

for the product term in the rectangular bracket of (B.15). In (ps), again the
constant in the rectangular bracket is equal to three and the cosine compo-
nents as shown in (B.5) are equal to zero. What remains is the product of
the cosine components marked by (2). According to Eq. 1.314.3 in [85], with
x =a+band y = a— b the product cos(a) cos(b) is equal to

cos(a) cos(b) = % cos(a+b) + % cos(a—b). (B.17)

The summation in the cos(a+b) part with a = w1t + 0, and b = wat +0apc
leads to

(4)1,21'+0o ;> |(x)1+(x)2|t+0°,
w12t +120° =5 |oy + wy| t+240°, (B.18)
w12t +240° =5 |y + wa| t+480° = |0y + wa| £ +120°,

i.e., three cosine functions which are phase shifted by 120 ° and therefore add
up to zero in (px). The subtraction in the cos(a — b) part, on the other hand,
leads to

w1,2t+0°;> |a)1—w2|t+0°,
0)1,2t+120° — |a)1—w2|t+0°, (B19)
w1,2t+240°;> |C01-0J2|t+0°,

i.e., three cosine functions which are in phase and therefore remain in (py).
With all parts for (ps) added together, the result is

3 1
<p2>max(t) = EPO 1- ’nmax2 + meax4 + grnmax4 COS(2 |w1 - w2| t) .

(B.20)
In summary, if each DAB converter of the three phases is operated at the
maximum possible power at any time, a total power (ps) results as given in
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(B.20). {(p=)max therefore corresponds to the maximum transmittable total
power of the DAB part of the D3ABC at any time. However, (ps )max sShows a
cosinusoidal pulsation with frequency 2 |w; — w|.

Now;, if a modulation scheme should guarantee that the transmitted power
(p=) shows a constant waveform, the power Ps, transmitted by this modulation
scheme must be strictly smaller than the maximum total power, Py < (ps)max-
Consequently, the maximum constant power Ps, ,ax of any modulation scheme
is equal to the minimum of the maximum total power, Ps may = min({ps)max)-
The minimum of (B.20) occurs when 2 |w; — wz] is equal to —1, resulting in

. 3 1
mln((pZ)max(t)) = EPO 1- ’nmax2 + grnmax4 . (B-21)

(B.21) is identical to (B.14), which is the maximum total power that can be
achieved with the proposed approach (3.31). Consequently, a modulation
scheme that is based on the approach proposed with (3.31) allows the maxi-
mum possible power transfer in the DAB part of the D3ABC.

B.3 Conclusion

This chapter motivates the approach given in (3.31), which is used in the
context of the four-port operation of the D3ABC, to eliminate LF power
pulsations. It is shown on the basis of trigometric identities that, with this
approach, a constant waveform results for the total power in the DAB part of
the D3ABC. Finally, it is proven that the maximum transferable power can
be realized with the proposed approach.
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Investigation of the Influence of the
DC Link Capacitance on the
Resonance Frequencies of the First
AC-Side Filter Stage

The inductances and capacitances of the elements of the first filter stage of
a VSC, e.g., Ly and Cr as shown in Fig. C.1, are usually chosen so that the
resulting resonance frequency is well below the switching frequency, f;, of the
converter. However, in the shown example it is not immediately obvious how
the values of all the inductors and capacitors affect the resonance frequency.
This is especially true for the dc link capacitors, Cq., of which only two are
present for the three phases. To better understand the impact of the dc link
capacitances on the first ac-side filter stage, the resonance frequencies of the
converter shown in Fig. C.1 were examined in a circuit simulation.

C.1 Circuit simulation

The schematic of the analyzed converter is shown in Fig. C.1. The compo-
nent and voltage values used in the simulation are given in Table 2.2 and
Table 2.1, respectively. In addition, each inductor has an ESR of 100 mQ for
damping. The operation and generation of the switching signals is described
in Subsection 2.2.2, i.e., the converter behaves the same as the primary side
of the Dual Three-Phase Active Bridge (D3AB) converter when it is not cou-
pled to the secondary side. The inductors, Lyt = 1.7 mH, have a value more
than 10X larger than L,. = 134 uH, so Lyt and the mains can be neglected
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Fig. C.1: Investigated circuit of the VSC with a first ac-side filter stage considered in
the circuit simulations. The VSC is operated as a rectifier, drawing power from the
mains, vac, which is dissipated in the resistor connected to the dc link. The voltage
sources, vext, are used to identify resonances in the first ac-side filter stage, which
consists of a boost inductor, L, = 134 pH, and a filter capacitor, C¢ = 10 uF, in each
phase. The three grid side inductors Lpet have a value more than 10X larger than Ly,
80 Lpet and the mains can be neglected for the following considerations.

when considering the resonance frequency of the first filter stage. In the
considered operation, the converter draws a power of 8 kW from the mains,
which is dissipated in the resistor connected to the dc link.

The three voltage sources, Uexta, Uextc, and eyt c, generate an excitation
voltage given as,

Uext,a,b,c(t) =A (Uext,dm,a,b,c(t) + Uext,cm(t)) 5
Uext,dm,a,b,c(t) = sin (27Tfextt + ga,b,c) > Ga,b,c € {Oo: 120°, 2400}, (Cl)
Uext,cm(t) = sin (Zﬂféxtt) >

with frequency fi and amplitude A. These excitation voltages excite each
phase with a small DM and CM voltage with amplitude A = 1V and a constant
frequency below the switching frequency foxt < f;, i.e., the excitation voltages
have a negligible influence on the rectifier operation of the converter. After
the simulation has reached steady state, the three phase currents, iy, i, and
ic, are recorded over one mains period (e.g., shown in Fig. C.2 for phase a)
and then separated with
Ig +ip +ic
lem = —— >

3 (C.2)

ldm,a,b,c = la,b,c ~ lems
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Fig. C.2: Simulated mains voltage, v,ca, and phase current, i,, waveforms of phase a
for rectifier operation. Component values and parameters used in the simulation are
given in Table 2.2 and Table 2.1, respectively.

into DM and CM components. Finally, a post-processing extracts the compo-
nents with frequency fey from the currents igm apc and icm.

C.2 Simulation results

The circuit simulation, recording, and post-processing is done several times
with a range of different excitation frequencies feyt. The solid black line
in Fig. C.3 shows the extracted DM and CM current amplitudes in dBA as a
function of the frequency fex;. Both DM and CM characteristics show peaks
in the amplitudes indicating the presence of series LC resonant circuits. The
peak in the CM characteristic occurs at a higher frequency, i.e. it is closer
to the switching frequency f; = 35kHz, and therefore the CM component is
investigated further. First, the simulation series is repeated using half the
value for the dc link capacitances, C4./2. The green dashed line in Fig. C.3
shows the resulting current amplitudes. It can be seen that the resonance
frequency in the CM component increases as expected (the first peak on the
DM characteristic is determined by the series resonance frequency of L,. and
Ct). The same is true for the result shown as a blue dotted line in Fig. C.3 which
is obtained with half the value for the filter capacitances, C¢/2, indicating
that the CM resonance frequency depends on the values of both capacitances,
Cyc and C.

This behavior of the CM resonance frequency can be explained as fol-
lows. By definition, the CM component of the currents, i,, i, and i, is the
component that is equal in all three phases. Assuming a symmetric mod-
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Fig. C.3: Simulated DM and CM current amplitudes in dBA (e.g., 20 dBA represents
a current of 10 A) as a function of the excitation frequency fexr. The solid black
line shows the initial result, the green dashed line the result with half the value
for the dc link capacitances, Cq./2, and the blue dotted line with half the value
for the filter capacitances, C¢/2. Initial case simulation parameters: Ly = 134 uH,
Cr = 10 puF, C4. = 12 uF. When two voltage sources are used instead of the dc link
capacitors (corresponding to a very large dc link capacitance value), the DM and CM
characteristics have the same resonant frequency given by L, in series with C.
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(b)

Fig. C.4: Derivation of the CM equivalent circuit. (a) Assuming a symmetric modu-
lation scheme, half of the CM current, icm /2, is conducted through the positive rail
and half through the negative rail of the dc link, recombined at the dc link mid-point,
conducted through the three filter capacitors, 3C¢, and, since the grid is decoupled by
Lnet/3, back through the three filter inductors, Ly /3, closing the loop. (b) Resulting
equivalent circuit, given the current path shown in (a).

ulation scheme, one would expect half of the CM current to be conducted
through the positive rail and half through the negative rail of the dc link as
illustrated in Fig. C.4(a). Since the dc link capacitors have a much lower
impedance than the load resistance at the frequencies considered, the two
halves are each conducted through a dc link capacitor, C4., and recombine
at the mid-point of the dc link, denoted by MP. From there, the CM current
is conducted through the three filter capacitors, 3Ct, and, since the grid is
decoupled by Lyet/3, which has more than 10X the impedance of L,./3, back
through the three inductances, L,./3, closing the loop. This results in the
series resonance circuit shown in Fig. C.4(b) which, given the values used
in the simulations, shows a resonance at f; € {6.52kHz, 8.13 kHz, 7.84 kHz}.
These resonance frequencies are in good agreement with the values obtained
by the simulations.

Further simulations showed that the proposed equivalent circuit also holds
for operation as an inverter instead of a rectifier, with different modulation
schemes (e.g. interleaved carries, Discontinuous Pulse Width Modulation
(DPWM) MIN/MAX), and different modulation depths (which take influence
on the DM resonant frequencies). Furthermore, the simulation results indicate
that no cross-coupling between DM and CM occurs due to the switching of the
half-bridges (i.e., excitation with a pure DM signal leads to zero CM current
and vice versa).
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C.3 Conclusion

The derived CM equivalent circuit allows to calculate the resonance frequency
of the first filter stage of a VSC. It was found that for CM current the two
dc link capacitors are effectively connected in parallel, resulting in 2Cy4. in
series with the effective capacitance, 3Cy, of the ac-side filter capacitors. The
proposed equivalent circuit holds for operation as a rectifier and inverter,
different modulation schemes, and different modulation depths.

152



(1]

(2]

Bibliography

G. Neidhofer, Michael von Dolivo-Dobrowolsky und der Drehstrom (in
German), 2nd ed. Berlin, Deutschland: VDE VERLAG GmbH, 2004.

A. Allerhand, “The earliest years of three-phase power—1891-1893 [scan-

ning our past],” Proc. IEEE, vol. 108, no. 1, pp. 215-227, Jan. 2020, DOL:
10.1109/JPROC.2019.2955618.

H. Farhangi, “The path of the smart grid,” [EEE Power Energy Mag., vol. 8,
no. 1, pp. 18-28, Jan. 2010, DOI: 10.1109/MPE.2009.934876.

T. Dragicevic, J. C. Vasquez, J. M. Guerrero, and D. Skrlec, “Advanced
LVDC electrical power architectures and microgrids: A step toward
a new generation of power distribution networks.” IEEE Electrif. Mag.,
vol. 2, no. 1, pp. 54—65, Mar. 2014, DOI: 10.1109/MELE.2013.2297033.

J. J. Justo, F. Mwasilu, J. Lee, and J.-W. Jung, “AC-microgrids ver-
sus DC-microgrids with distributed energy resources: A review,
Renew. Sustain. Energy Rev., vol. 24, pp. 387-405, Aug. 2013, DOL
10.1016/j.r5€1.2013.03.067.

J. M. Guerrero, J. C. Vasquez, J. Matas, L. G. de Vicuna, and M. Castilla,
“Hierarchical control of droop-controlled AC and DC microgrids—A
general approach toward standardization,” IEEE Trans. Ind. Electron.,
vol. 58, no. 1, pp. 158-172, Jan. 2011, DOI: 10.1109/TTE.2010.2066534.

J. Mohammadi, F. B. Ajaei, and G. Stevens, “Grounding the DC microgrid,”
IEEE Trans. Ind. Appl., vol. 55, no. 5, pp. 4490—4499, Sep. 2019, DOL:
10.1109/TTA.2019.2928278.

B. Liu, W. Wu, C. Zhou, C. Mao, D. Wang, Q. Duan, and G. Sha, “An
AC-DC hybrid multi-port energy router with coordinated control and
energy management strategies,” [EEE Access, vol. 7, pp. 109 069—109 082,
Aug. 2019, DOI: 10.1109/ACCESS.2019.2933469.

F. Heinke and R. Sittig, “The monolithic bidirectional switch (MBS),” in
Proc. of the Int. Symp. Power Semicond. Devices ICs (ISPSD), Toulouse,
France, Aug. 2000, pp. 237-240, DOI: 10.1109/ISPSD.2000.856815.

T. Morita, M. Yanagihara, H. Ishida, M. Hikita, K. Kaibara, H. Matsuo,
Y. Uemoto, T. Ueda, T. Tanaka, and D. Ueda, “650 V 3.1 mQcm2 GaN-based

153


https://doi.org/10.1109/JPROC.2019.2955618
https://doi.org/10.1109/MPE.2009.934876
https://doi.org/10.1109/MELE.2013.2297033
https://doi.org/10.1016/j.rser.2013.03.067
https://doi.org/10.1109/TIE.2010.2066534
https://doi.org/10.1109/TIA.2019.2928278
https://doi.org/10.1109/ACCESS.2019.2933469
https://doi.org/10.1109/ISPSD.2000.856815

Bibliography

154

monolithic bidirectional switch using normally-off gate injection tran-
sistor,” in Proc. of the IEEE Int. Electron Devices Meet. (IEDM), Washington
(DC), USA, Dec. 2007, pp- 865-868, DOIL: 10.1109/IEDM.2007.4419086.

J. Waldron and T. P. Chow, “Physics-based analytical model for high-
voltage bidirectional GaN transistors using lateral GaN power HEMT,
in Proc. of the Int. Symp. Power Semicond. Devices ICs (ISPSD), Kanazawa,
Japan, May 2013, pp. 213-216, DOI: 10.1109/ISPSD.2013.6694483.

D. Bergogne, O. Ladhari, L. S. C. Gillot, R. Escoffier, and W. Vandendaele,
“The single reference bi-directional GaN HEMT AC switch,” in Proc. of the
Eur. Conf. Power Electron. Appl. (EPE - ECCE Eur.), Geneva, Switzerland,
Sep. 2015, DOIL: 10.1109/EPE.2015.7309334.

C. Kuring, O. Hilt, J. Bocker, M. Wolf, S. Dieckerhoff, and J. Wurfl, “Novel
monolithically integrated bidirectional GaN HEMT, in Proc. of the IEEE
Energy Convers. Congr. Expo. (ECCE USA), Portland (OR), USA, Sep. 2018,
pp- 876—883, DOL: 10.1109/ECCE.2018.8557741.

S. Leo, F. Jean-Paul, F. David, J. Pierre-Olivier, P. Pierre, and L. Othman,
“Implementation of monolithic bidirectional switches in a AC/DC dual
active bridge in ZVS auto-switching mode,” in Proc. of the IEEE Int.
Conf. Ind. Technol. (ICIT), Lyon, France, Feb. 2018, pp. 742—746, DOL
10.1109/ICIT.2018.8352270.

H. Umeda, Y. Yamada, K. Asanuma, F. Kusama, Y. Kinoshita, H. Ueno,
H. Ishida, T. Hatsuda, and T. Ueda, “High power 3-phase to 3-phase
matrix converter using dual-gate GaN bidirectional switches,” in Proc.
of the IEEE Appl. Power Electron. Conf. Expo. (APEC), San Antonio (TX),
USA, Mar. 2018, pp. 894-897, DOL: 10.1109/APEC.2018.8341119.

F. Vollmaier, N. Nain, J. Huber, J. W. Kolar, K. K. Leong, and B. Pandya,
“Performance evaluation of future T-type PFC rectifier and inverter
systems with monolithic bidirectional 600 V GaN switches,” in Proc.
of the IEEE Energy Convers. Congr. Expo. (ECCE USA), Vancouver (BC),
Canada, Oct. 2021, pp. 5297-5304, DOI: 10.1109/ECCE47101.2021.9595422.

N. Nain, D. Zhang, J. Huber, J. W. Kolar, K. Kin Leong, and B. Pandya,
“Synergetic control of three-phase AC-AC current-source converter em-
ploying monolithic bidirectional 600 V GaN transistors,” in Proc. of the
IEEE Work. Control Model. Power Electron. (COMPEL), Cartagena, Colom-
bia, Nov. 2021, DOI: 10.1109/COMPEL52922.2021.9646006.


https://doi.org/10.1109/IEDM.2007.4419086
https://doi.org/10.1109/ISPSD.2013.6694483
https://doi.org/10.1109/EPE.2015.7309334
https://doi.org/10.1109/ECCE.2018.8557741
https://doi.org/10.1109/ICIT.2018.8352270
https://doi.org/10.1109/APEC.2018.8341119
https://doi.org/10.1109/ECCE47101.2021.9595422
https://doi.org/10.1109/COMPEL52922.2021.9646006

Bibliography

(18]

[19]

F. Feng, F. Wu, and H. B. Gooi, “Impedance shaping of isolated two-stage
AC-DC-DC converter for stability improvement,” IEEE Access, vol. 7, pp.
18 601-18 610, Feb. 2019, DOI: 10.1109/ACCESS.2019.2892080.

S. Madhusoodhanan, A. Tripathi, K. Mainali, A. Kadavelugu, D. Patel,
S. Bhattacharya, and K. Hatua, “Three-phase 4.16kV medium voltage
grid tied AC-DC converter based on 15kV/40A SiC IGBTs,” in Proc. of the
IEEE Energy Convers. Congr. Expo. (ECCE USA), Montreal, QC, Canada,
Sep. 2015, pp. 6675-6682, DOI: 10.1109/ECCE.2015.7310594.

[20] J. W.Kolar and F. C. Zach, “A novel three-phase utility interface minimiz-

ing line current harmonics of high-power telecommunications rectifier
modules,” IEEE Trans. Ind. Electron., vol. 44, no. 4, pp. 456—-467, Aug. 1997,
DOI: 10.1109/41.605619.

D. Christen, F. Jauch, and J. Biela, “Ultra-fast charging station for electric
vehicles with integrated split grid storage,” in Proc. of the Eur. Conf. Power
Electron. Appl. (EPE - ECCE Eur.), Geneva, Switzerland, Sep. 2015, DOL:
10.1109/EPE.2015.7309322.

Z. Zhang, A. Mallik, and A. Khaligh, “A high step-down isolated three-
phase AC-DC converter,” IEEE . Emerg. Sel. Top. Power Electron., vol. 6,
no. 1, pp. 129-139, Mar. 2018, DOI: 10.1109/JESTPE.2017.2725821.

R. Yamada, Y. Nemoto, S. Fujita, and Q. Wang, “A battery
charger with 3-phase 3-level T-type PFC,” in Proc. of the IEEE Int.
Telecommun. Energy Conf. (INTELEC), Osaka, Japan, Oct. 2015, DOL
10.1109/INTLEC.2015.7572419.

G. R. Chandra Mouli, J. Schijffelen, M. van den Heuvel, M. Kardolus, and
P. Bauer, “A 10 kW solar-powered bidirectional EV charger compatible
with Chademo and Combo,” IEEE Trans. Power Electron., vol. 34, no. 2,
pp- 1082—1098, Feb. 2019, DOIL: 10.1109/TPEL.2018.2829211.

S. Madhusoodhanan, A. Tripathi, D. Patel, K. Mainali, A. Kadavelugu,
S. Hazra, S. Bhattacharya, and K. Hatua, “Solid-state transformer and
MV grid tie applications enabled by 15 kV SiC IGBTs and 10 kV SiC
MOSFETs based multilevel converters,” IEEE Trans. Ind. Appl., vol. 51,
no. 4, pp. 3343-3360, Jul. 2015, DOI: 10.1109/TIA.2015.2412096.

M. H. Kheraluwala and R. W. de Doncker, “Single phase unity power
factor control for dual active bridge converter,” in Proc. of the IEEE Ind.

155


https://doi.org/10.1109/ACCESS.2019.2892080
https://doi.org/10.1109/ECCE.2015.7310594
https://doi.org/10.1109/41.605619
https://doi.org/10.1109/EPE.2015.7309322
https://doi.org/10.1109/JESTPE.2017.2725821
https://doi.org/10.1109/INTLEC.2015.7572419
https://doi.org/10.1109/TPEL.2018.2829211
https://doi.org/10.1109/TIA.2015.2412096

Bibliography

[27]

(30]

[31]

(32]

(33]

[34]

156

Appl. Soc. Annu. Meet. (IAS), Toronto, Canada, Aug. 1993, pp. 909-916,
DOI: 10.1109/1AS.1993.299007.

J. Everts, F. Krismer, J. van den Keybus, J. Driesen, and J. W. Kolar, “Opti-
mal ZVS modulation of single-phase single-stage bidirectional DAB AC-
DC converters,” IEEE Trans. Power Electron., vol. 29, no. 8, pp. 3954-3970,
Aug. 2014, DOI: 10.1109/TPEL.2013.2292026.

D. Das and K. Basu, “A soft-switched isolated single stage bidirectional
three phase AC-DC converter,” in Proc. of the IEEE Energy Convers. Congr.
Expo. (ECCE USA), Baltimore (MD), USA, Sep. 2019, pp. 596—601, DOIL:
10.1109/ECCE.2019.8912481.

P. Cortes, J. Huber, M. Silva, and ]J. W. Kolar, “New modulation
and control scheme for phase-modular isolated matrix-type three-
phase AC/DC converter,” in Proc. of the IEEE Annu. Conf. Ind. Elec-
tron. Soc. (IECON), Vienna, Austria, Nov. 2013, pp. 4899—4906, DOL
10.1109/IECON.2013.6699928.

J.Lu, K. Bai, A. R. Taylor, G. Liu, A. Brown, P. M. Johnson, and M. McAm-
mond, “A modular-designed three-phase high-efficiency high-power-
density EV battery charger using dual/triple-phase-shift control,” IEEE
Trans. Power Electron., vol. 33, no. 9, pp. 8091-8100, Sep. 2018, DOL
10.1109/TPEL.2017.2769661.

B.J. D. Vermulst, J. L. Duarte, C. G. E. Wijnands, and E. A. Lomonova,
“Quad-active-bridge single-stage bidirectional three-phase AC-DC con-
verter with isolation: Introduction and optimized modulation,” IEEE
Trans. Power Electron., vol. 32, no. 4, pp. 2546—2557, Apr. 2017, DOL
10.1109/TPEL.2016.2579682.

N. D. Weise, K. Basu, and N. Mohan, “Advanced modulation strategy
for a three-phase AC-DC dual active bridge for V2G,” in Proc. of the
IEEE Veh. Power Propuls. Conf. (VPPC), Chicago (IL), USA, Sep. 2011, DOL:
10.1109/VPPC.2011.6043121.

D. Das, N. D. Weise, K. Basu, R. Baranwal, and N. Mohan, “A bidirectional
soft-switched DAB-based single-stage three-phase AC-DC converter for
V2G application,” IEEE Trans. Transp. Electrif., vol. 5, no. 1, pp. 186-199,
Mar. 2019, DOI: 10.1109/TTE.2018.2886455.

R. Baranwal, K. V. Iyer, K. Basu, G. F. Castelino, and N. Mohan, “A
reduced switch count single-stage three-phase bidirectional rectifier


https://doi.org/10.1109/IAS.1993.299007
https://doi.org/10.1109/TPEL.2013.2292026
https://doi.org/10.1109/ECCE.2019.8912481
https://doi.org/10.1109/IECON.2013.6699928
https://doi.org/10.1109/TPEL.2017.2769661
https://doi.org/10.1109/TPEL.2016.2579682
https://doi.org/10.1109/VPPC.2011.6043121
https://doi.org/10.1109/TTE.2018.2886455

Bibliography

[37]

[39]

with high-frequency isolation,” IEEE Trans. Power Electron., vol. 33, no. 11,
PP- 9520-9541, Nov. 2018, DOI: 10.1109/TPEL.2018.2790800.

H. Kim, H. Belkamel, J. Park, R. M. Hakim, and S. Choi, “Modular three-
phase single-stage isolated AC-DC converter for electrolytic capacitor-
less EV DC charging,” in Proc. of the IEEE Int. Power Electron. Motion Con-
trol Conf. (IPEMC-ECCE Asia), Nanjing, China, Nov. 2020, pp. 15731578,
DOI: 10.1109/IPEMC-ECCEAsiag8364.2020.9368079.

F. Jauch and J. Biela, “An innovative bidirectional isolated multi-port
converter with multi-phase AC ports and DC ports,” in Proc. of the
Eur. Conf. Power Electron. Appl. (EPE), Lille, France, Sep. 2013, DOL
10.1109/EPE.2013.6634754.

K. Alj, R. K. Surapaneni, P. Das, and S. K. Panda, “An SiC-MOSFET-
based nine-switch single-stage three-phase AC-DC isolated converter,’
IEEE Trans. Ind. Electron., vol. 64, no. 11, pp. 9083-9093, Nov. 2017, DOL:
10.1109/TIE.2017.2701764.

K. Alj, S. K. Dube, P. Das, J. C.-H. Peng, and D. J. Rogers, “Improvement
of ZVS range and current quality of the nine-switch single-stage AC-DC
converter,” IEEE Trans. Power Electron., vol. 35, no. 5, pp. 4658—4668, May
2020, DOI: 10.1109/TPEL.2019.2947151.

J. C. U. Pena, R. Espinoza, and D. Sal y Rosas, “Single stage AC-DC
bidirectional converter with high frequency galvanic isolation suitable
for V2G applications,” in Proc. of the IEEE Energy Convers. Congr. Expo.
(ECCE Asia), Singapore, May 2021, pp. 1384-1389, DOI: 10.1109/ECCE-
Asiag9820.2021.9479050.

A. Chandwani and A. Mallik, “A reduced stage configuration of
three-phase isolated AC/DC converter for auxiliary power units,” IEEE
Trans. Veh. Technol., vol. 71, no. 4, pp. 3687-3703, Apr. 2022, DOL
10.1109/TVT.2022.3146805.

H. Jeong, J. Lee, T. Song, and S. Choi, “Three-phase single-stage
bi-directional electrolytic capacitor-less AC-DC converter with min-
imum switch count,” in Proc. of the IEEE Energy Convers. Congr. Expo.
(ECCE Asia), Singapore, May 2021, pp. 2011-2015, DOI: 10.1109/ECCE-
Asiag9820.2021.9479415.

157


https://doi.org/10.1109/TPEL.2018.2790800
https://doi.org/10.1109/IPEMC-ECCEAsia48364.2020.9368079
https://doi.org/10.1109/EPE.2013.6634754
https://doi.org/10.1109/TIE.2017.2701764
https://doi.org/10.1109/TPEL.2019.2947151
https://doi.org/10.1109/ECCE-Asia49820.2021.9479050
https://doi.org/10.1109/ECCE-Asia49820.2021.9479050
https://doi.org/10.1109/TVT.2022.3146805
https://doi.org/10.1109/ECCE-Asia49820.2021.9479415
https://doi.org/10.1109/ECCE-Asia49820.2021.9479415

Bibliography

[42]

[43]

(46]

[49]

158

J. Khodabakhsh and G. Moschopoulos, “A four-switch three-phase
AC-DC converter with galvanic isolation,” IEEE Trans. Power Electron.,
vol. 35, no. 2, pp. 1699—-1710, Feb. 2020, DOI: 10.1109/TPEL.2019.2922349.

Y. Jang, M. M. Jovanovic, M. Kumar, Y. Chang, Y. W. Lin, and C. L.
Liu, “A two-switch, isolated, three-phase AC-DC converter,” IEEE
Trans. Power Electron., vol. 34, no. 11, pp. 10 874-10 886, Nov. 2019, DOL:
10.1109/TPEL.2019.2898120.

D. Xu, C. Yang, J. Kong, and Zhaoming Qian, “Quasi soft-switching
partly decoupled three-phase PFC with approximate unity power factor,”
in Proc. of the IEEE Appl. Power Electron. Conf. Expo. (APEC), Anaheim,
CA, Feb. 1998, pp. 953—-957, DOIL: 10.1109/APEC.1998.654013.

P. Barbosa, F. Canales, and F. C. Lee, “Analysis and evaluation of the two-
switch three-level boost rectifier,” in Proc. of the IEEE Annu. Power Elec-
tron. Spec. Conf. (PESC), Vancouver, BC, Canada, Jun. 2001, pp. 1659-1664,
DOI: 10.1109/PESC.2001.954357.

J. Song, W. Ding, D. Yang, H. Bai, C. Zhang, and B. Duan, “A novel
three-phase single-stage isolated AC-DC converter with symmetrical
structure for battery charger,” in Proc. of the Conf. Veh. Control Intell.
(CVCI), Hefei, China, Sep. 2019, DOI: 10.1109/CVCl47823.2019.8951686.

D.d.S. Oliveira and B. R. de Almeida, “A bidirectional single-stage three-
phase ac/dc converter with high-frequency isolation and PFC,” in Proc. of
the Int. Exhib. Conf. Power Electron. Intell. Motion, Renew. Energy Energy
Manag. (PCIM Eur.), Nuremberg, Germany, May 2015.

B. R. de Almeida, J. W. M. de Araujo, P. P. Praca, and D. d. S. Oliveira,
“A single-stage three-phase bidirectional AC/DC converter with high-
frequency isolation and PFC,” IEEE Trans. Power Electron., vol. 33, no. 10,
pp- 8298-8307, Oct. 2018, DOI: 10.1109/TPEL.2017.2775522.

G. Li, J. Ruan, K. Wang, Y. Deng, X. He, and Y. Wang, “An interleaved
three-phase PWM single-stage resonant rectifier with high-frequency
isolation,” IEEE Trans. Ind. Electron., vol. 67, no. 8, pp. 6572—-6582, Aug.
2020, DOI: 10.1109/TIE.2019.2938461.

A. U. Barbosa, B. R. de Almeida, D. d. S. Oliveira, P. P. Praca, and L. H.
S. C. Barreto, “Multi-port bidirectional three-phase AC-DC converter
with high frequency isolation,” in Proc. of the IEEE Appl. Power Electron.


https://doi.org/10.1109/TPEL.2019.2922349
https://doi.org/10.1109/TPEL.2019.2898120
https://doi.org/10.1109/APEC.1998.654013
https://doi.org/10.1109/PESC.2001.954357
https://doi.org/10.1109/CVCI47823.2019.8951686
https://doi.org/10.1109/TPEL.2017.2775522
https://doi.org/10.1109/TIE.2019.2938461

Bibliography

(53]

(54]

Conf. Expo. (APEC), San Antonio (TX), USA, Mar. 2018, pp. 1386-1391,
DOI: 10.1109/APEC.2018.8341198.

F. Krismer, E. Hatipoglu, and J. W. Kolar, “Novel isolated bidirectional
integrated dual three-phase active bridge (D3AB) PFC rectifier,” in Proc.
of the Int. Power Electron. Conf. (IPEC-ECCE Asia), Niigata, Japan, May
2018, pp. 3805-3812, DOI: 10.23919/IPEC.2018.8507362.

M. J. Heller, F. Krismer, and J. W. Kolar, “EMI filter design for the
integrated dual three-phase active bridge (D3AB) PFC rectifier,” IEEE
Trans. Power Electron., vol. 37, no. 12, pp. 14 527-14 546, Dec. 2022, DOL:
10.1109/TPEL.2022.3195343.

M. J. Heller, F. Krismer, and J. W. Kolar, “Quad-port AC-DC-DC-AC
operation of isolated dual three-phase active bridge converter,” in Proc.
of the IEEE Appl. Power Electron. Conf. Expo. (APEC), Phoenix (AZ), USA,
Jun. 2021, pp. 1643-1650, DOL: 10.1109/APEC42165.2021.9487240.

M. J. Heller, F. Krismer, and J. W. Kolar, “Duty-cycle dependent
phase shift modulation of dual three-phase active bridge four-port
AC-DC/DC-AC converter eliminating low frequency power pulsa-
tions,” IEEE Open }. Power Electron., vol. 3, pp. 705-722, Oct. 2022, DOL:
10.1109/OJPEL.2022.3213274.

H. Li, F. Z. Peng, and J. S. Lawler, “A natural ZVS medium-power
bidirectional DC-DC converter with minimum number of devices,”
IEEE Trans. Ind. Appl., vol. 39, no. 2, pp. 525-535, Mar. 2003, DOL:
10.1109/TIA.2003.808965.

F. Z. Peng, H. Li, G.-J. Su, and J. S. Lawler, “A new ZVS bidirec-
tional DC-DC converter for fuel cell and battery application,” IEEE
Trans. Power Electron., vol. 19, no. 1, pp. 54-65, Jan. 2004, DOL
10.1109/TPEL.2003.820550.

R. W. De Doncker, M. H. Kheraluwala, and D. M. Divan, “Power conver-
sion apparatus for DC/DC conversion using dual active bridges,” U.S.
Patent 5027 264, 1991 (filed 1989).

I. Stevanovic and S. Skibin, “Behavioral circuit modeling of single- and
three-phase chokes with multi-resonances,” in Proc. of the Int. Conf.
Power Electron. (ICPE-ECCE Asia), Jeju, Korea, May 2011, pp. 435439,
DOI: 10.1109/ICPE.2011.5944573.

159


https://doi.org/10.1109/APEC.2018.8341198
https://doi.org/10.23919/IPEC.2018.8507362
https://doi.org/10.1109/TPEL.2022.3195343
https://doi.org/10.1109/APEC42165.2021.9487240
https://doi.org/10.1109/OJPEL.2022.3213274
https://doi.org/10.1109/TIA.2003.808965
https://doi.org/10.1109/TPEL.2003.820550
https://doi.org/10.1109/ICPE.2011.5944573

Bibliography

[59]

[60]

H. Bishnoi, P. Mattavelli, R. Burgos, and D. Boroyevich, “EMI be-
havioral models of Dc-fed three-phase motor drive systems,” IEEE
Trans. Power Electron., vol. 29, no. 9, pp. 4633—4645, Sep. 2014, DOL:
10.1109/TPEL.2013.2284436.

B. Sun, R. Burgos, and D. Boroyevich, “Common-mode EMI untermi-
nated behavioral model of wide-bandgap-based power converters operat-
ing at high switching frequency,” IEEE J. Emerg. Sel. Top. Power Electron.,
vol. 7, no. 4, pp. 2561-2570, Dec. 2019, DOIL: 10.1109/JESTPE.2018.2888604.

[61] J. Sun, “Conducted EMI modeling and mitigation for power converters

[62]

[63]

[64]

and motor drives,” in Proc. of the ESA Work. Aerosp. EMC, Venice, Italy,
May 2012.

J. Wei, D. Gerling, and S. P. Schmid, “Prediction of conducted EMI in
power converters using numerical methods,” in Proc. of the Int. Power
Electron. Motion Control Conf. (EPE-PEMC), Novi Sad, Serbia, Sep. 2012,
pp- DS1a.3-1-DS1a.3-6, DOI: 10.1109/EPEPEMC.2012.6397193.

J. Qu, Q. Zhang, Y. Wang, and S. Cui, “Conducted EMI investigation of a
SiC-based multiplexing converter for EV/PHEV,” IEEE Access, vol. 9, pp.
58 807-58 823, Apr. 2021, DOI: 10.1109/ACCESS.2021.3072976.

D. O. Boillat, F. Krismer, and J. W. Kolar, “EMI filter volume minimiza-
tion of a three-phase, three-level T-type PWM converter system,” IEEE
Trans. Power Electron., vol. 32, no. 4, pp. 2473-2480, Apr. 2017, DOL:
10.1109/TPEL.2016.2617085.

A. Singh, A. Mallik, and A. Khaligh, “A comprehensive design and
optimization of the DM EMI filter in a boost PFC converter,” IEEE
Trans. Ind. Appl., vol. 54, no. 3, pp. 2023-2031, May 2018, DOL
10.1109/TIA.2018.2789859.

M. Najjar, A. Kouchaki, J. Nielsen, R. Dan Lazar, and M. Nymand, “Design
procedure and efficiency analysis of a 99.3% efficient 10kW three-phase
three-level hybrid GaN/Si active neutral point clamped converter,” IEEE
Trans. Power Electron., vol. 37, no. 6, pp. 6698—6710, Jun. 2022, DOL
10.1109/TPEL.2021.3131955.

M. L. Heldwein, “EMC filtering of three-phase PWM converters,” Ph.D.
dissertation, ETH Zurich, Zurich, Switzerland, Jan. 2008.


https://doi.org/10.1109/TPEL.2013.2284436
https://doi.org/10.1109/JESTPE.2018.2888604
https://doi.org/10.1109/EPEPEMC.2012.6397193
https://doi.org/10.1109/ACCESS.2021.3072976
https://doi.org/10.1109/TPEL.2016.2617085
https://doi.org/10.1109/TIA.2018.2789859
https://doi.org/10.1109/TPEL.2021.3131955

Bibliography

[68]

[69]

X. Zhang, D. Boroyevich, P. Mattavelli, J. Xue, and F. Wang, “EMI filter
design and optimization for both AC and DC side in a DC-fed motor
drive system,” in Proc. of the IEEE Appl. Power Electron. Conf. Expo. (APEC),
Long Beach, CA, Mar. 2013, pp. 597-603, DOI: 10.1109/APEC.2013.6520271.

M. Kacki, M. S. Rylko, J. G. Hayes, and C. R. Sullivan, “A practical method
to define high frequency electrical properties of MnZn ferrites,” in Proc.
of the IEEE Appl. Power Electron. Conf. Expo. (APEC), New Orleans (LA),
USA, Mar. 2020, pp. 216—222, DOI: 10.1109/APEC39645.2020.9124101.

T. P. Todorova, A. Van den Bossche, and V. C. Valchev, “A procedure
for the extraction of intrinsic AC conductivity and dielectric constant
of N87 Mn-Zn ferrite samples based on impedance measurements and
equivalent electrical circuit modeling,” IEEE Trans. Power Electron., vol. 33,
no. 12, pp. 10 723-10 735, Dec. 2018, DOI: 10.1109/TPEL.2018.2802787.

Schaffner EMV AG, “Leakage currents in power line filters,” Tech. Rep.,
Jun. 2008.

Y. Shi, R. Li, Y. Xue, and H. Li, “High-frequency-link-based grid-tied
PV system with small DC-link capacitor and low-frequency ripple-free
maximum power point tracking,” IEEE Trans. Power Electron., vol. 31,
no. 1, pp. 328-339, Jan. 2016, DOI: 10.1109/TPEL.2015.2411858.

H. Li, K. Zhang, H. Zhao, S. Fan, and J. Xiong, “Active power decoupling
for high-power single-phase PWM rectifiers,” IEEE Trans. Power Electron.,
vol. 28, no. 3, pp. 1308-1319, Mar. 2013, DOI: 10.1109/TPEL.2012.2208764.

H.-S. Jung, S.-]J. Chee, S.-K. Sul, Y.-J. Park, H.-S. Park, and W.-K. Kim,
“Control of three-phase inverter for AC motor drive with small DC-link
capacitor fed by single-phase AC source,” IEEE Trans. Ind. Appl., vol. 50,
no. 2, pp. 1074-1081, Mar. 2014, DOI: 10.1109/TIA.2013.2288238.

R. Chen, Y. Liu, and F. Z. Peng, “A solid state variable capacitor with min-
imum capacitor,” IEEE Trans. Power Electron., vol. 32, no. 7, pp. 5035-5044,
Jul. 2017, DOI: 10.1109/TPEL.2016.2606582.

Y. Liu and F. Z. Peng, “DC capacitor-less solid-state variable capacitor,”
IEEE Trans. Power Electron., vol. 36, no. 3, pp. 3540—3550, Mar. 2021, DOL:
10.1109/TPEL.2020.3017515.

A. Marcos-Pastor, E. Vidal-Idiarte, A. Cid-Pastor, and L. Martinez-
Salamero, “Minimum DC-link capacitance for single-phase applications

161


https://doi.org/10.1109/APEC.2013.6520271
https://doi.org/10.1109/APEC39645.2020.9124101
https://doi.org/10.1109/TPEL.2018.2802787
https://doi.org/10.1109/TPEL.2015.2411858
https://doi.org/10.1109/TPEL.2012.2208764
https://doi.org/10.1109/TIA.2013.2288238
https://doi.org/10.1109/TPEL.2016.2606582
https://doi.org/10.1109/TPEL.2020.3017515

Bibliography

with power factor correction,” IEEE Trans. Ind. Electron., vol. 67, no. 6,
PP- 5204-5208, Jun. 2020, DOL: 10.1109/TIE.2019.2922925.

[78] J. Bohler, F. Krismer, and J. W. Kolar, “Analysis of low frequency grid

current harmonics caused by load power pulsation in a 3-phase PFC
rectifier,” in Proc. of the Int. Conf. Smart Grid Renew. Energy (SGRE), Doha,
Qatar, Nov. 2019, DOI: 10.1109/SGRE46976.2019.9020959.

[79] J. Dixon and Boon-Teck Ooi, “Indirect current control of a unity power

[80]

factor sinusoidal current boost type three-phase rectifier,” IEEE Trans.
Ind. Electron., vol. 35, no. 4, pp. 508-515, Nov. 1988, DOI: 10.1109/41.9172.

D. Zhang, M. Guacci, M. Haider, D. Bortis, J. W. Kolar, and J. Ev-
erts, “Three-phase bidirectional buck-boost current DC-link EV battery
charger featuring a wide output voltage range of 200 to 1000V, in Proc.
of the IEEE Energy Convers. Congr. Expo. (ECCE USA), Detroit (MI), USA,
Oct. 2020, pp. 4555-4562, DOI: 10.1109/ECCE44975.2020.9235868.

[81] J. A. Anderson, C. Gammeter, L. Schrittwieser, and J. W. Kolar, “Accurate

162

calorimetric switching loss measurement for gooV 10mQ SiC MOSFETSs,”
IEEE Trans. Power Electron., vol. 32, no. 12, pp. 8963-8968, Dec. 2017, DOIL:
10.1109/TPEL.2017.2701558.

D. Menzi, M. Heller, and J. W. Kolar, “iGSE-Cy - a new normalized Stein-
metz model for class Il multilayer ceramic capacitors,” IEEE Open J. Power
Electron., vol. 2, pp. 138—144, Feb. 2021, DOI: 10.1109/OJPEL.2021.3060874.

C. Gammeter, F. Krismer, and J. W. Kolar, “Weight optimization of a cool-
ing system composed of fan and extruded-fin heat sink,” IEEE Trans. Ind.
Appl., vol. 51, no. 1, pp. 509-520, Jan. 2015, DOL: 10.1109/TIA.2014.2336977.

L. Schrittwieser, M. Leibl, M. Haider, F. Thony, J. W. Kolar, and T. B.
Soeiro, “99.3% efficient three-phase buck-type all-SiC SWISS rectifier for
DC distribution systems,” IEEE Trans. Power Electron., vol. 34, no. 1, pp.
126—-140, Mar. 2018, DOI: 10.1109/TPEL.2018.2817074.

D. Zwillinger, Table of Integrals, Series, and Products, 8th ed. Amsterdam,
Netherlands: Elsevier, 2015, DOI: 10.1016/C2010-0-64839-5.


https://doi.org/10.1109/TIE.2019.2922925
https://doi.org/10.1109/SGRE46976.2019.9020959
https://doi.org/10.1109/41.9172
https://doi.org/10.1109/ECCE44975.2020.9235868
https://doi.org/10.1109/TPEL.2017.2701558
https://doi.org/10.1109/OJPEL.2021.3060874
https://doi.org/10.1109/TIA.2014.2336977
https://doi.org/10.1109/TPEL.2018.2817074
https://doi.org/10.1016/C2010-0-64839-5

Curriculum Vitae

Personal Information

Name Morris Jonatan Heller
Date of birth February 8, 1990

Place of birth Luzern, Switzerland
Citizen of Luzern, Switzerland
Contact mheller@lem.ee.ethz.ch

morris_heller@hotmail.com
+4178 688 09 52

Education

2018 - 2022 Doctorate - Power Electronic Systems Laboratory (PES)
Swiss Federal Institute of Technology - ETH Zurich
Zurich, Switzerland

2015 - 2018 MSc Information Technology and Electrical Engineering
Swiss Federal Institute of Technology - ETH Zurich
Zurich, Switzerland

2011 - 2014 BSc in Science in Electrical Engineering
Hochschule Luzern/FHZ, Horw, Switzerland
2006 — 2010 Apprenticeship as an Electronics Technician

RUAG Aviation, Emmen, Switzerland

Work Experience

2018 Research Assistant - Power Electronic Systems Laboratory (PES)
Swiss Federal Institute of Technology - ETH Zurich
Zurich, Switzerland

2014 — 2015 Research Assistant
Hochschule Luzern/FHZ, Horw, Switzerland
2010 — 2011 Electrical Technician

RUAG Aviation, Emmen, Switzerland

163



	Title
	Acknowledgments
	Abstract
	Kurzfassung
	Abbreviations
	Contents
	Introduction
	Existing Converter Topologies
	Multi-stage converter topologies
	Single-stage converter topologies
	Integrated converter topologies
	The D3ABC topology

	Aims and Contributions
	Thesis Outline
	List of Publications
	Journal papers
	Conference papers
	Further scientific contributions


	EMI Filter Design for the D3ABC
	Introduction
	Operating Principle for ac1–dc1/dc2 Rectifier Operation
	Independent single-phase circuits
	Separation of ac–dc and dc/dc operation

	Noise Model of the D3ABC
	DM EMI model of the D3ABC
	CM EMI model of the D3ABC
	Verification of the EMI models

	EMI Filter Design
	EMI noise voltages without EMI filter part
	DM filter design
	CM filter design

	Measurements
	Hardware
	Measured TFs of EMI propagation paths
	EMI measurements

	Conclusion

	Advanced Modulation for Four-Port Operation of the D3ABC
	Introduction
	Multi-Port Operation of the D3ABC
	Operating principle for a ac1–dc1/dc2–ac2 multi-port operation
	Synchronized line voltages at ac1 and ac2
	Operation with different line frequencies at ac1 and ac2

	Elimination of LF Power Pulsation
	DAB operating modes
	Considered constraints
	Simple modulation approach
	Advanced modulation approach
	Results of the numerical analysis

	Simulation and Experimental Verification
	Simulation results
	Experimental verification

	Conclusion

	Conclusion and Outlook
	Challenges of the D3ABC Topology
	Outlook and Future Research

	Appendices
	Design of the D3ABC Hardware Prototype
	D3ABC η–ρ-Pareto front
	Hardware components
	Measurement results
	Conclusion

	Function of 〈p 〉 for Advanced Modulation Approach
	Derivation of the function for 〈p 〉(t)
	Examination of the maximum power
	Conclusion

	Investigation of the Influence of the DC Link Capacitance on the Resonance Frequencies of the First AC-Side Filter Stage
	Circuit simulation
	Simulation results
	Conclusion

	Bibliography
	Curriculum Vitae

