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Kurzfassung

Hinter vielen globalen Megatrends, die unser Leben als Individuen und
als Gesellschaft in vielen verschiedenen Bereichen beeinflussen, steht die
Leistungselektronik als eine der Schliisseltechnologien, die diese Trends
ermoglichen. Prominente Beispiele sind hierbei die sukzessive Umstel-
lung der Energieversorgung von konventionellen, fossilen Energietragern
auf erneuerbare Energiequellen, die Reduktion der ausgestossenen Treib-
hausgase durch Elektrifizierung der Mobilitit und der Trend in der In-
formationstechnolgie zu cloud-basierten Anwendungen, die auch durch
die Entwicklung von kostengiinstigen, effizienten und kompakten leis-
tungselektronischen Konvertersystemen ermoglicht werden. Um die zu-
kiinftigen Anforderungen an die Leistungselektronik erfiillen zu kénnen,
ist es daher wichtig, dass neue Wege zur Entwicklung von leistungselek-
tronischen Systemen mit erhohter Effizienz, Leistungsdichte und Zu-
verlassigkeit aufgezeigt werden.

Das Studium der Fachliteratur zeigt, dass die Fortschritte bei der
Entwicklung von leistungselektronischen Systemen hauptséchlich ent-
weder durch Weiterentwicklungen auf Ebene der Komponenten zustan-
de kommen, oder auf der modifizierten Steuerung und Regelung bekann-
ter Schaltungstopologien basieren. Diese beiden Ansétze sind evoluti-
onédrer Natur und versprechen daher auf absehbare Zeit nur schrittweise
Verbesserungen gegeniiber heutigen Konzepten.

Ein vielversprechender und grundlegend anderer Ansatz, um die zu-
kiinftigen Anforderungen an leistungselektronische Systeme zu erfiillen,
ist die Entwicklung von Multizellen-Konvertersystemen, bei denen meh-
rere Teilsysteme (Zellen) in einem Verbund zusammenarbeiten. Beziig-
lich der Performancekriterien (z.B. Effizienz und Leistungsdichte) des
Gesamtsystems ergeben sich hierbei Vorteile, da die einzelnen Zellen mit
geringerer Leistung und daher mit geringerer Spannung und/oder gerin-
geren Stromen arbeiten kénnen, als ein entsprechendes Einzellenkonver-
tersystem. Die Entwicklung von Multizellenkonvertern ertffnet dariiber
hinaus neue Freiheitsgrade z.B. hinsichtlich der Zellenzahl und Koordi-
nation der Regelung der einzelnen Zellen im Kontext des Gesamtsys-
tems. Es liegt allerdings bisher keine systematische Beschreibung aller
Betriebskonzepte und Designmoglichkeiten von Multizellenkonvertern
vor, welche jedoch fiir eine umfassende Mehrkriterien-Optimierung bzw.
einen daraus resultierenden aussagekréftigen Vergleich mit derzeitigen
Losungen eine zwingende Voraussetzung darstellt.

Der Schwerpunkt der Dissertation liegt daher auf der umfassenden
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Kurzfassung

Analyse und Beschreibung von Multizellensystemen fiir verschiedene
Hauptanwendungsbereiche leistungselektronischer Konverter, wobei je-
weils mittels Mehrkriterien-Optimierung einerseits ein neues System
erstellt und andererseits z.B. hinsichtlich Effizienz und Leistungsdich-
te vorhandene Losungen vergleichend gegeniibergestellt werden. Hierzu
werden in einem ersten Schritt in Kapitel 2 die Vorteile von Multizel-
lensystemen gegeniiber Einzellenkonvertern auf Basis von Skalierungs-
gesetzen und theoretischen Modellen aufgezeigt.

Anschliessend werden fiir die Anwendung bei photovoltaischen Ener-
giesystemen in Kapitel 3, fiir die Entwicklung eines hocheffizienten
Netzteils fiir Datenzentren in Kapitel 4 und fiir die Entwicklung einer
Hilfsenergieversorgung mit hohem Spannungsiibersetzungsverhiltnis in
Kapitel 5 verschiedene Losungsansétze mit Multizellenkonvertern ana-
lysiert. Hierbei werden jeweils auf Basis analytischer Beschreibungen
und Simulationen umfassende Optimierungen durchgefiihrt. Ausserdem
wird die Abhéngigkeit zwischen den Zielgrossen Leistungsdichte und Ef-
fizienz bzw. der bei einem Design zwischen diesen Performanceindika-
toren zu schliessende Kompromiss geklirt. Die Ergebnisse der Optimie-
rungen werden jeweils durch Messungen an Laborprototypen verifiziert.
Dartiiber hinaus werden auch die Freiheitsgrade in der Regelung bzw. im
Zusammenspiel der einzelnen Zellen zu Etablierung der Gesamtfunktion
analysiert und gegeniiber konventionellen Lésungen evaluiert.

Abschliessend werden in Kapitel 6 die wichtigsten Ergebnisse dieser
Arbeit zusammengefasst und mogliche zukiinftige Forschungsthemen
kurz diskutiert.

xiv



Abstract

One of the key enabling technologies behind many global megatrends,
which are affecting our lives as individuals and as a society in many dif-
ferent areas, is power electronics. Prominent examples are the shift from
conventional energy sources to renewable energy sources, the reduction
of greenhouse gas emissions due to the electrification of mobility, and
the trend towards cloud-computing in the information technology area,
which are all based on the development of cost-effective, efficient and
compact power electronic systems. In order to fulfill future require-
ments for power electronic systems, it is therefore of great importance
to identify new ways to develop systems with higher efficiency, power
density, and reliability.

The analysis of relevant literature reveals, that improvements of
power electronic systems are to a great extent either based on the im-
provements of specific components or on the modification of known
control algorithms and/or topologies. These improvement processes,
however, are of evolutionary nature and are not going to provide signif-
icant steps of performance improvements compared to today’s solutions
for the foreseeable future.

A very promising and fundamentally different approach, in order
to fulfill the future demands for power electronic systems, is the devel-
opment of multi-cell converter systems consisting of multiple converter
cells connected together. Several advantages are obtained with respect
to different performance criteria (e.g. efficiency and power density) of
the full system by employing multiple converter cells with lower power
rating that share the voltage and/or the current. The development of
multi-cell converter systems creates new degrees of freedom regarding
e.g. the number of employed cells and the control of the individual
cells of the multi-cell system. Until now there has not been a com-
prehensive analysis and investigation of possible modulation schemes
and converter designs of multi-cell systems, which clearly indicates the
mandatory requirement for a multi-objective optimization and a com-
prehensive comparison to state-of-the-art solutions.

The main focus of this thesis is thus set on the comprehensive analy-
sis and description of multi-cell converter systems for different applica-
tion areas. For each specific application a multi-objective optimization
is performed for novel multi-cell converter solutions and compared to
state-of-the-art solutions with respect to e.g. the achievable efficiency
and power density. In a first step, different fundamental scaling laws
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Abstract

and theoretical models are derived in Chapter 2, which reveal the
advantages of multi-cell systems compared to single-cell systems.

Consequently, different multi-cell converter solutions are analyzed
for photovoltaic energy systems in Chapter 3, for the development of
a high efficiency telecom power suppy in Chapter 4, and for the de-
velopment of an auxiliary power supply with high voltage conversion
ratio in Chapter 5. Based on analytical descriptions of the convert-
ers and simulations, comprehensive multi-objective optimizations are
performed, which identify the trade-off between the achievable power-
density and efficiency. The results of the optimizations are then ver-
ified by measurements on hardware demonstrators. Furthermore, the
additional degree of freedom in the control of the multi-cell system by
controlling the individual cells is investigated and compared to conven-
tional solutions.

Finally, Chapter 6 summarizes and concludes the main achieve-
ments of the thesis and presents an outlook on possible future research
work.

xvi



Introduction

UR future as a society, but also as individuals is to a great extent
shaped by fundamental global trends that have a far-reaching

impact on different aspects of our lives [1,2]. These megatrends are
major shifts of economic, social and environmental conditions which
are happening on a global scale and affect economies, businesses, soci-
eties, cultures, and individuals. For many of these megatrends power
electronics is a key enabling technology and/or a mandatory prerequi-
site for the ongoing development of these trends. The most important
megatrends among those are:

» Changing demographics: Besides the trend of a growing and aging

society, the increasing urbanization is posing a problem to exist-
ing cities. They have to cope with a growing population, which
also implies the extension and adaptation of the public transport
infrastructure. This requires the wide-spread application of power
electronics in subway trains, electric buses and/or light-rail transit
systems.

Scarcity of resources: The dwindling supplies of fossil fuels in com-
bination with a soaring energy demand in emerging countries is
urging to shift the power generation to renewable energy sources,
such as photovoltaics, wind power and wave power. The grid in-
tegration of renewable energy sources on a large scale, however,
can only be achieved by employing power electronics in so-called
smart grids.

Climate change: The increasing concentration of greenhouse gases
in the atmosphere is the main driver of rising temperatures. Among

1



Chapter 1. Introduction

the greenhouse gases, CO5 is the most important gas with a con-
centration influenced to a great extent by mankind. Here, power
electronics is the key technology to make a valuable contribution
to reduce the CO5 footprint of humans. In this context, especially
the electrification of mobility, with the development of hybrid and
fully electric vehicles, electric buses and more electric aircraft, has
experienced a strong growth in past years.

» Technological breakthroughs: The importance of technology in our
lives will increase since innovation cycles become shorter and new
technologies are being adopted faster. One major technological
trend is the Internet-of-Things which is a mix of the internet,
mobile devices, data analytics and cloud computing. This has
initiated a tremendous growth of data centers around the world,
which has triggered the power electronic research for highly effi-
cient power supplies for data centers.

Since power electronics is behind many important global mega-
trends, further and continuous improvements of power electronic sys-
tems are a mandatory prerequisite to guarantee the advancement of
these trends.

1.1 Drivers of Performance Improvements
in Power Electronic Systems

The development of power electronic converter systems towards more ef-
ficient, compact and cost effective systems is nowadays to a large extent
driven by the performance improvement of power electronic components
and/or by a higher level of integration [3]. These improvement processes
primarily focus on semiconductors (e.g development of the insulated-
gate bipolar transistor (IGBT) [4] or the super-junction MOSFET [5]),
magnetic materials, capacitors, heat-sinks, sensor ICs, chip embedding
in printed circuit boards (PCB), and new packaging options. However,
they evolve only over longer periods of time that often span decades;
the development and market introduction of wide-bandgap semiconduc-
tors, which started about two decades ago, could serve as an example
here. Another way of improving the performance of power electronic
systems is the development of new topologies, which is able to shift the
system performance (e.g. efficiency, power density and system cost) to

2



1.2. Multi-Cell Converter Approach

Fig. 1.1: Application areas of multi-cell converters which are adressed in this
thesis: (a) mitigation of the partial shading problem in photovoltaic systems,
(b) design of a highly efficient single-phase telecom rectifier supply, and (b)
desgin of an auxiliary power supply with a high voltage conversion ratio as
found in e.g. railway applications.

new levels in a much shorter time. However, many newly developed
topologies are based on adding components to standard topologies [6],
which improves individual performance aspects of the basic system but
also leads to a higher system complexity and often reduced reliability,
since the failure rate increases with increasing component count [7].

In contrast to the development of new technologies and entirely new
topologies, this thesis proposes a new path towards improved system
performance by employing existing and well-known topologies as build-
ing blocks (i.e. converter cells) in multi-cell converter systems where
the cell terminals are connected in series or in parallel. The multi-cell
systems are then optimized by the methodology of a multi-objective op-
timization to reveal the achievable performance trade-off of the entire
system between the efficiency and the power density. This is done by
mapping the design space, which contains all degrees of freedom in the
design of a multi-cell system, into the performance space by means of
mathematical system and components models.

1.2 Multi-Cell Converter Approach

The first literature references of multi-cell converters date back more
than 40 years to the 1970s [8,9]. In the subsequent decades, multi-
cell converters have been established primarily in medium- to high-
voltage high-power applications such as traction applications [10-14],
offshore wind energy systems [15,16], and in Solid-State Transform-
ers (SSTs) [17-19]. For these applications with high operating volt-
ages like interfacing a medium voltage grid of 10kV, the lack of suit-

3



Chapter 1. Introduction

able power semiconductors with sufficient blocking voltage (typically
limited to 6.5kV) necessitates the application of multi-cell or multi-
level topologies where the operating voltage is shared among many in
series connected semiconductor devices [20]. Here, the cascaded H-
bridge (CHB) topology has gained significant interest and has been
used in a wide range of applications, e.g., in smart grid applications
/ SSTs [18,19], STATCOMs [21,22], medium voltage drives [23, 24],
and railway applications [11-14]. Additional advantages are obtained
due to the multi-level voltage waveform, including reduced harmonic
distortion and lower electromagnetic interference.

The focus of this thesis, however, is on the application of multi-cell
topologies in the power range of up to a few Kilowatts with semiconduc-
tors with a voltage rating of up to 1kV with the goal of demonstrating
the benefits of the multi-cell approach in this power and voltage range.
In order to show the versatility of the multi-cell converter concept, a
broad range of different applications is covered in this thesis. The an-
alyzed applications consist of photovoltaic energy systems, where the
multi-cell approach allows to mitigate the unfavorable effects of partial
shading, the development of a highly efficient single-phase telecom rec-
tifier system, and an auxiliary supply for high voltage conversion ratio
(cf. Fig. 1.1).

1.3 Goals and Contributions of the Thesis

The objective of this thesis is to comprehensively analyze, develop and
optimize multi-cell converter solutions for different applications by con-
sidering suitable converter topologies and control schemes. The results
are verified with simulations and/or measurements of hardware proto-
types. The main contributions of the thesis are given in the following:

» The thesis presents a comprehensive analysis of scaling laws of
multi-cell systems that reveal the dependency of different perfor-
mance and operating aspects of multi-cell systems on the number
of employed cells. The scaling laws allow to predict certain fun-
damental performance trends inherent to the multi-cell approach.

» For various applications, ranging from DC/DC to AC/DC conver-
sion, different multi-cell converter concepts are analyzed in detail.
This includes the identification of suitable multi-cell topologies,



1.4. Outline of the Thesis

the design, the multi-objective optimization, and the implemen-
tation of hardware demonstrators for each type of application.

» The multi-objective optimization of each multi-cell converter sys-
tem employs detailed and comprehensive system and component
models in the electric, magnetic and thermal domain.

» The additional degrees of freedom in the operation of a multi-
cell converter system are investigated and a novel 4 D-interleaving
control concept is introduced, which allows to improve the system
performance (i.e. efficiency and power density) even further.

> A novel scalable multi-cell converter topology for the application
as auxiliary supply with a high step-down ratio is proposed.

> A detailed analysis of the soft-switching behavior of power MOS-
FETs and of the losses associated with incomplete soft-switching
is provided.

1.4 Outline of the Thesis

The main goal of this thesis is to provide the reader with a fundamental
understanding of the multi-cell approach by presenting general scaling
laws common to all multi-cell converter systems, and a selection of
applications where specific multi-cell converter solutions are analyzed
and optimized in detail.

In order to provide an introduction and to give a motivation to in-
vestigate the multi-cell converter approach in detail, fundamental scal-
ing laws of multi-cell systems are presented in Chapter 2. Different
types of multi-cell systems are introduced and the effects of series- and
parallel-interleaving of the converter cells are discussed with the exam-
ple of boost converters.

In Chapter 3 the problem of partial shading in PV-systems is dis-
cussed and four different DC/DC multi-cell converter solutions are ana-
lyzed in detail and optimized by means of multi-objective optimizations.
The presented solutions include full-power and partial-power conversion
in series- and parallel-interleaved multi-cell systems. Where applicable,
the optimization results are validated with hardware demonstrators.

As an example for a multi-cell converter for AC/DC conversion,
the application of a telecom rectifier power supply module is presented
and analyzed in Chapter 4. The system is investigated regarding the

5



Chapter 1. Introduction

implications of the multi-cell approach for AC/DC conversion and then
optimized with the aim of achieving a high conversion efficiency. In
addition, a highly efficient prototype in combination with measurement
results is presented.

Another application for multi-cell converters is the DC/DC conver-
sion with low power but high conversion ratios, which is analyzed in
Chapter 5. Here, a scalable auxiliary power supply topology is intro-
duced and analytically described. Furthermore, a prototype verifying
the derived models is presented.

Finally, the thesis concludes in Chapter 6 with a summary and
gives an outlook on subjects of future research related to different as-
pects of multi-cell systems.

1.5 List of Publications

Different parts of the research findings presented in this dissertation and
of other research projects carried out in parallel have already been pub-
lished or will be published in international scientific journals, conference
proceedings, workshops, and/or have been protected by multi-national
patents. The publications developed in the course of this Ph.D. thesis
are listed below.
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Fundamental Scaling Laws of
Multi-Cell Converters

N order to provide a basis for an in-depth analysis of multi-cell sys-
tems for the different applications in the next chapters, this chapter
first introduces fundamental scaling laws of power electronic converters.
Subsequently, the benefits of multi-cell converter systems are discussed
in detail with the examples of parallel and series connected multi-cell
boost converters in comparison to a single-cell boost converter system.
In a third step, the challenges associated with multi-cell converter sys-
tem realizations are addressed.

2.1 Basic Scaling Laws of Power Electronic
Converters

Multi-cell topologies can in general be classified as converter systems
consisting of two or more subsystems that are connected in one of
the following configurations: input-series output-parallel (ISOP), input-
series output-series (ISOS), input-parallel output-series (IPOS) or input-
parallel output-parallel (IPOP) [25] (cf. Fig. 2.1). For the case of dis-
tributed sources or loads, only terminals of one side of the cells might be
connected in a parallel or series while the terminals of the other side are
connected individually to the distributed sources or loads, respectively.
This is the case for PV system, where each PV panel constitutes an
individual power source, and for battery systems, where each converter
cell is connected to one or more battery cells.
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Fig. 2.1: Overview of different multi-cell converter configurations: (a)
input-series output-series (ISOS), (b) input-parallel output-parallel (IPOP),
(c) input-series output-parallel (ISOP), and (d) input-parallel output-series
(IPOS) connection of the converter terminals.

The different types of configurations allow to either share the cur-
rent between the converter cells with parallel connected terminals or
distribute the voltage between the converter cells with series connected
terminals. As a result of splitting either the current or the voltage
among the converter cells, the system power is also split in such way
that each cell transfers only a fraction of the total power.

The concept of splitting the overall system into smaller subsystems
with relatively low power rating leads to benefits that can be leveraged
to improve one or more performance criteria (e.g. efficiency and power
density) of the overall system.

As derived in Appendix A, the volume V of a power electronic
system with output power P scales compared to a reference system

(Vo, PO) with
174 P 3/2
i (w) =0

under the assumption of a constant efficiency (i.e. n = ng). This is
visualized in Fig. 2.2(a). The total volume of a multi-cell system
VMc, where the power P is split among a number N of converter cells,
i.e. P = Py/N, can be derived as

Py 3/2 )
Vae = N -V = N"Y2.y,. 2.2
MC O<N-P0> 0 ( )
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Fig. 2.2: General scaling laws of power electronic converters: (a) scaling
of converter volume V with the converter power P at a constant conversion
efficiency 7 and (b) required scaling of converter efficiency with the converter
power at a constant power density p, both under the assumption of a constant
heat dissipation per converter surface area; (c) reduction of the total thermal
resistance of semiconductors by distributing the total chip area to multiple
chips with shorter edge lengths Icnip.
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As aresult, the total boxed volume of multi-cell converters scales ad-
vantageously compared to a single converter with the same total power
rating as the multi-cell converter. By splitting the power into e.g. three
subsystem, with a power of each cell of P = P,/3, the total volume of
the multi-cell system is reduced to Vyc = 0.58 - V. In other words,
the power density (p = P/V) of multi-cell systems increases with the
number of cells by

p=N">pg. (2:3)

With a similar approach (cf. Appendix A), assuming a constant power
density (i.e. p = P/V = py = Py/Vy), it can be found that the necessary
efficiency n of a converter system scales with the rated system output
power P by

No - <p%)1/3
I+ - ((5))1/3 — 1)

since only a fixed amount of losses (dissipated as heat) can be ex-
tracted per surface area. This relationship is depicted for g = 97% in
Fig. 2.2(b) and shows that, for example, doubling the system power
(P =2 Py) while keeping the same power density requires to increase
the efficiency to n = 97.6%.

By splitting the system into lower rated subsystems due to parallel-
or series-interleaving, the semiconductor ratings can be reduced, re-
sulting in a smaller silicon area of the employed chips. Due to the
better heat-spreading of smaller chips on a (comparably large) base-
plate, the total thermal resistance Rip tor Of the lower-rated chips re-
duces compared to the thermal resistance R:p o of the full-rated power
semiconductor, as shown in Fig. 2.2(c). The values were determined
with FEM simulations for a chip structure based on a TO-247 package
with 350 pm thick silicon, 2mm thick copper base-plate, 40 pm thick
phase-change material (A = 0.3474 W/(m - K)) and a 5mm thick heat-
sink connected to a reference temperature of T, = 40 °C. The copper
area of the base plate was chosen to be ten times larger than the silicon
area. As the thermal resistance decreases with decreasing chip edge
length, the overall heat-sink volume can be decreased by applying the
multi-cell approach.

n= (2.4)
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Fig. 2.3: Multi-cell converter realizations of a DC/DC boost converter: (a)
series interleaving of two boost stages and (b) parallel interleaving of two
boost stages.

As a result of the above mentioned fundamental scaling laws, which
are independent of the employed converter topology, the multi-cell ap-
proach offers advantages in terms of converter efficiency and/or power
density and potentially also costs since lower rated semiconductors
and/or smaller heat-sinks can be employed.

2.2 Multi-Cell Boost Converters

In this section, the operation and the scaling benefits of series-interleaved
and parallel-interleaved multi-cell converters are described using the ex-
ample of DC/DC boost converters as shown in Fig. 2.3.

2.2.1 Series-Interleaved Boost Converters

In the series-interleaved boost converter (cf. Fig. 2.3(a)), with N
series connected converter cells, the total output voltage V, is shared
among the output capacitors Co 1,Co2...Cons of the individual con-
verter cells, such that V,; = V,/Ns. The system is advantageously
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Fig. 2.4: Schematic waveforms of the operation of two series-interleaved
DC/DC boost converters. Dashed lines denote the waveforms for operation
without phase shift, i.e. non-interleaved operation.

operated with a phase-shifted (interleaved) modulation scheme with
a phase shift of 6 = 2w/N; [26] as shown in Fig. 2.4. This results
in an effective switching frequency of the total switch node voltage
vy = vazl v; of fower = Ns - fow with fq being the switching fre-
quency of one converter cell. Hence, the peak-to-peak current ripple
Aiy, of the input current 4;, can be calculated in dependency on the
modulation index M = V4,/V, by introducing an effective modulation
index Mg = (M modulo 1/Ny) as

. | 1
Azin = L - ;)CSW . Meﬂ‘ (Meff - M) . (25)

The maximum value of Ag;, can be found for Mg = 0.5/N; as

Vo

N2/ (26)

Aiin,max =
yielding a oc 1/N2 decrease of the ripple amplitude in dependency of
the number of converter cells.

Furthermore, the harmonic spectrum of the multi-cell converter volt-
age vy; can be derived from a single converter system by considering only
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Fig. 2.5: Comparison of the harmonic spectrum of the switch node voltage
V1 of a single boost converter (top) with the harmonic spectrum of two series-
interleaved boost converters (bottom) at a modulation index of M = 0.6.
Harmonics shown in grey are canceled in the spectrum of the interleaved
converters.

the harmonics with orders that are multiples of the number of cells Ny,
as visualized in Fig. 2.5.

Semiconductors

The losses caused by semiconductors can be divided into conduction
and switching losses and their dependency on the number of converter
cells is described in the following.

Conduction Losses

For standard MOSFETSs (i.e. not super-junction MOSFETS) the fun-
damental relation between the blocking voltage Vpg and the lowest
achievable on-state resistance Rpgon of a device is determined by the
so-called silicon limit [28], which can be expressed for a given semi-
conductor area Ag; as

Rpson1) - Asi = 8.3 - 1077 - V3 [Qem®] = kg; - V3 [Qem®] . (2.7)

This relation holds true for MOSFETs where the Rpg on is mainly
influenced by the resistance of the drift region of the device, i.e. only
for devices with blocking voltages larger than around 50V [29]. In the
multi-cell system with series-interleaved boost converters, the required
blocking voltage of Vpg =V, is equally shared by Ny series connected
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Fig. 2.6: Scaling laws of conduction and switching losses for series-
interleaved boost converters: (a) replacing a single semiconductor with a
blocking voltage of Vps (1) with Ns semiconductors with blocking voltages
of Vps/Ns, where each has either the same silicon area Ag; as the full-rated
semiconductor (2), or where the total chip area is equal to Ag; (3); (b) im-
provement of the total Rps.on for scenarios (2) and (3) with the number
of series connected semiconductors and/or converter cells; (¢) reduction of
switching losses in a series-interleaved multi-cell system with the same dv/d¢
and di/dt as the single converter system [27].

switches, i.e. each switch has to be capable of blocking a voltage of
Vps/Ns, as shown in Fig. 2.6(a). Now, it can either be assumed that
the chip area of each semiconductor is equal to the chip area of the
full-rated switch (i.e. Ng devices with Ag;, (2) in Fig. 2.6(a)) or that
the total chip area Ag; is equally distributed among the semiconductors
(i.e. N; devices with Ag;/Ns, (3) in Fig. 2.6(a)). For option (2) the
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total resistance can be calculated as

1 Vos | 2
= N.. —. i Q 2
RDS,on,N,(2) S ASi kS ( Ns ) [ cm ]
_ 1 . i ke - VD2$5 [Qch] (2.8)
\/—]Vs . Ns ASi
whereas the total resistance of option (3) equals
Ny Vbs 5 2
= N, —2 kg - 9
Rps,on,N,(3) A ks ( N, ) [Qem”]
1 1
= c— kg - VB2 [Qem?)] . (2.9)

V Ns ASi

Both equations can be interpreted as a shift of the silicon limit towards
lower specific on-state resistances [30], which can be expressed as

_ RDS,OH,(l) RDS,OI},(l)

RDS,on,N,(2) = m and RDS,on,N,(B) = \/ﬁ (2-10)

This relationship is visualized in Fig. 2.6(b). The fundamental limits
of wide bandgap materials such as GaN and SiC can be shifted in the
same manner, since their on-state resistance for a given semiconductor
area also increases more than quadratically with the break-down voltage
(i.e. Rpsoncan X V32 and Rps onensic < VL) [31].

Switching Losses (Option 1)

The first option of calculating switching losses considers the overlap-
ping of the current through the transistor and the voltage across the
transistor during the switching transition (mainly applicable to circuits
with IGBTSs). The switching losses of Ny series connected switches can
be compared to a single switch with full blocking voltage by assuming
equal rates of dv/d¢ and di/dt for all switches [27]. The switching losses
of the single full-rated switch are

(Tr,i + Tf,v)

9 'Iin'VDC'fsw,l . (211)

PSW,loss,l = Esw ' fsw,l =

As can be seen from (2.6), the switching frequency of a system with
N cells can be scaled by 1/N2 while keeping the same current ripple
amplitude for a certain inductance. Since the voltage across one switch
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is equal to V,/Ns and the same dv/dt is assumed, time T}, decreases
by a factor of 1/N;. Thus, the overall switching losses of Ny series
connected switches become

PsyossNs = Ns - Egycen - f]s\vaél
. va V‘O fsw 1
= Ng-—-|Tys 2 Ty =2 R
2 < ’ + Ns ) NS NE

1 Tk,
== TJ\E : <Tr,i + NS ) . Iin : ‘/0 : fsw,l . (212)

Neglecting T, /N (compared to T} ;) in a first step or assuming low
values of T} ; (i.e. low values of the input current Iiy), an improvement
of the switching losses of

PSw,loss,l PSw,loss,l
5 3
N: N:

PSw,loss,Ns ~ (213)

can be found.

Switching Losses (Option 2)

The second option of calculating switching losses considers the energy
stored in the parasitic capacitances of the transistor and the diode of
a half-bridge. The energy stored in a parasitic non-linear capacitance
(C,0ss Or Cp oss) can be calculated by introducing an energy-equivalent
capacitance

2 [u- Conlv)d
v - Cogs(v)dv
Comeboq(Vis) = 2. E;;E(SVDS) __0 o : (2.14)
furthermore, a charge-equivalent capacitance
' o)
v)dv
Coss,Q,cq(VDS) = QOSS(VDS) =2 - (2.15)

Vbs Vbs

can be defined for the switch and the diode. This allows to calculate
the energy FEgn 1 lost per switching cycle in a system with only one
converter cell (i.e. Ny =1) to be
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1
Eon,l :i . CT,oss,E,eq,l(VO) ' Vo2

1
- 5 . CD,oss,E,eq,l(Vo) : V02 (216)

+ Cposs.Quea1 (Vo) - V&

(cf. [32]) since the turn-off transition of the MOSFET can be regarded
as loss-less (ZVS) and thus Eog,; = 0. The above equation can be sim-
plified, since the contribution of C'p oss E,eq,1 is typically small compared
to the other terms and thus negligible, such that

1
Eon,l = 5 : Ceff,l(vo) : V02 (217)
by introducing an effective capacitance
Ccff,l(vo) = CT,OSS,E,cq,l(Vo) +2- CD,OSS,Q,cq,l(Vo) . (218)
Hence, the switching losses for a single cell system are
1
PSW,loss,l = Eon,l : fsw,l = 5 : Ceff,l(Vo) . ‘/o2 . fsw,l . (219)

In a system with Ny converter cells, the voltage across each switch is
only V, /N, and the switching frequency of each cell is fow 1 /N2 for the
same current ripple (cf. (2.6)). Thus, in the same manner as before, the
power dissipated in the switches of a multi-cell system can be calculated
as

Psyoss,Ns = Ng-FEonn- f;\gl
11 7%
— G/ (32 ) fons
= g ConmlVo/N) V2 foer (220
and/or
Psw 10ss,Ns = ! M'PSW,IOSS,1~ (2.21)

N3 Ceri 1 (Vo)
Depending on how the values of the effective capacitances of the em-
ployed low voltage switches (i.e. at Vps = V,,/Ng) compare to those of
the higher voltage switch (i.e. at Vpg = V), a significant improvement
of the switching losses can be achieved in the multi-cell system.
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Fig. 2.7: Equivalent circuit diagram of two parallel-interleaved boost con-
verters: (a) replacement of switch node voltages with rectangular voltage
sources and splitting into (b) common-mode and (d) differential-mode equiv-
alent circuits.

2.2.2 Parallel-Interleaved Boost Converters

In the parallel-interleaved boost converter (cf. Fig. 2.3(b)) with N,
parallel connected boost converters, the DC value of the input current
I;,, of the system is equally shared among the converter cells, i.e. average
input current values of Iy = Iy = ... = Inp = Iin/N, occur. The
operation of the individual converter cells is phase-shifted with the same
phase shift of 6 = 27 /N, as for the series interleaved system. This mode
of operation allows to derive the equivalent circuit of Fig. 2.7(a) for
a system with two parallel-interleaved boost converters. In this circuit
the switches are replaced by rectangular voltage sources in order to
accurately model the influence of the switch node voltages v, and vy on
the input currents 4;,,41 and 73. The rectangular voltage sources can
be divided into a common-mode voltage component (cf. Fig. 2.7(b))

V1 + V2
2

and a differential-mode voltage component [33] (cf. Fig. 2.7(c))

VoM = (2.22)

U1 — V2

2

upm = (223)
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Fig. 2.8: Schematic waveforms of the operation of two parallel-interleaved
phase-shifted boost converters. Dashed lines denote the waveforms for oper-
ation without phase shift.

Based on these equivalent circuits it can be concluded, that the in-
put current of the system 4;, is only influenced by the common-mode
voltage component vonm (hence 4y = 4in,oMm), whereas the current ipy,
driven by the differential-mode voltage component vpy, circulates only
between the boost stages and does not contribute to the power transfer
from the source to the load. The schematic waveform of those quanti-
ties (cf. Fig. 2.8) illustrates the similarity between the common-mode
voltage voym of the parallel-interleaved boost converters and the voltage
vy, of the series-interleaved boost converters of Fig. 2.4. Both exhibit
an effective switching frequency of fow.c = Np - fow O fow,et = Ns - fow,
respectively.

The harmonic spectrum of multiple parallel-interleaved boost con-
verters can also be derived from the harmonic spectrum of a single
boost converter. The spectrum of the common-mode voltage vcy is
basically identical to the spectrum of the single converter but contains
only harmonics with orders that are multiples of the cell number Ny, as
shown in Fig. 2.9. The spectrum of the differential-mode voltage vpym
contains the remaining harmonics, i.e. those harmonics of the original
spectrum that are not present in the spectrum of vcoyy. It is important
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Fig. 2.9: Comparison of the harmonic spectrum of a single boost converter
(top) to the common-mode voltage spectrum (middle) and the differential-
mode voltage spectrum (bottom) of two parallel-interleaved boost converters.

to note, that the common-mode voltage exhibits the same spectrum as
the voltage uy of the series-interleaved boost converters for the same
number of converter cells.

Stored Energy and Converter Volume

The peak-to-peak current ripple of the inductor current in any of the
parallel interleaved boost stages can be calculated for a given modula-
tion index M = Vi, /V, as

Vo M-(1—M)

Ai; = 2.24
fsw L ( )
whereas the DC value of the inductor current equals
Iin
I =— 2.25
T Np ( )

under the assumption of equal power sharing between the parallel boost
stages. The total peak energy stored in the inductors of a system with
N, parallel-interleaved boost converters is
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Fig. 2.10: Scaling laws of parallel-interleaved boost converters. (a) De-
pendency of the normalized total peak energy stored in the inductors
(FL,sys,N/EL,sys,1) with the number of converter cells and the modulation
index. The total normalized inductor volume (Vi,sys,N/Vi,sys,1) of parallel-
interleaved boost converters is shown for M = 0.5 for efficiency-constrained
designs with N87 core material and litz wires (cf. [34]). It should be noted,
that the resulting characteristic under the chosen efficiency constraint is
largely frequency independent. (b) Reduction of the normalized system in-
put current ripple and normalized input voltage ripple with the number of
converter cells.

1 Ais\?
Blysn=Np 5L (12» + ; ) . (2.26)

The energy stored in a system with interleaved boost converters can

now be compared to the energy in a single boost converter system as
depicted in Fig. 2.10(a) for V, = 400V, L = 200 uH, fs = 100kHz
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and [, = 15A. It has to be pointed out that for this and the following
considerations the inductance L of each converter cell is equal to the
inductance of a single boost converter (i.e. resulting in an increased
relative ripple of the inductor currents since the average current in each
inductor decreases but the peak-to-peak current ripple stays the same).
The result shows that for each modulation index an optimum number
of parallel-interleaved boost converters can be found where the total
peak energy is minimized. The relation between stored energy in in-
ductive components and their corresponding volume has been studied
in [34] where it was shown that the inductor volume is largely pro-
portional to the stored energy as long as low-frequency losses domi-
nate compared to high-frequency losses. The total inductor volume of
parallel-interleaved boost converters with efficiency-constrained induc-
tor designs is also shown in Fig. 2.10(a) for a modulation index of
M = 0.5. Thus, for a fixed switching frequency, minimizing the total
energy also minimizes the overall inductor volume until high frequency
losses predominate.

The peak-to-peak current ripple of the input current can be derived
for a given number of parallel boost converters N, and an effective
modulation index Mg = (M modulo 1/N,) as

Vi - N, 1
Ajjyy = —L Mg | — — M, 2.27
=g M (o) @20
with a maximum value at Mg = 0.5/N,, of
V.
Ay o = —— 2 2.98
g s 4fszpL ( )

The ripple of the input current introduces a voltage ripple on the
input capacitor Cj,, which can be calculated with the relation of v =
[idt/C as

A .in max o
Uinmax Ve (2.29)
8N, fowCin  32NZ[2,Cinl

Sw

A’UC,in,max =

(assuming a constant average current drawn from the voltage source,
which is powering the converter system). These scaling laws are shown
in Fig. 2.10(b) normalized to the values of a single boost converter
system.

Please note, that another approach of the parallel interleaving is to
scale the inductance L of each parallel cell by L = NyLg. This does
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Fig. 2.11: Comparison of switching losses between a single boost converter
(a) and parallel-interleaved boost convertes (c¢) for the same rates of dv/d¢ and
di/dt. The single boost converter can only reach the same level of switching
losses as the parallel-interleaved converter, if the rate of di/dt is increased by
a factor of N, (b).

not lead to a reduction of the stored energy in the system like in (2.26),
but reduces the total input current ripple by a factor of 1 /Ng instead
of just 1/N,, like in (2.28).

Switching Losses (Option 1)

The switching losses can be calculated by considering the overlap of
voltages and currents of the switches of the multi-cell converter, as
shown in Fig. 2.11. Based on the result of (2.28) the switching fre-
quency of each stage can be reduced by a factor of 1/N, compared to
the switching frequency of a single boost converter to obtain the same
peak-to-peak amplitude of the input current. By assuming the same
rates of dv/dt and di/dt as in the single converter system the switching
losses can be found to be

PSw,loss,Np = Np . Esw,ccll ' f;\‘;“l
p
1 (T, Iin Jsw,1
= N, .—. SR S [N /L
P 2 < NP " fﬂ)) NP ¢ Np

1 Tri
- A2 e, ) L Ve faen . (2.30
2Np (Np " b ) ¢ fs N ( )

27



Chapter 2. Fundamental Scaling Laws of Multi-Cell Converters

An upper boundary of the switching loss reduction can be found for
low output voltage values, i.e. negligible times T%,,, thus the switching
loss reduction lies in the range of

PSw,loss,l PSw,loss,l
3
Ny N2

PSw,loss,Np = (231)

Switching Losses (Option 2)

The calculation of the switching losses based on the energy stored in the
parasitic transistor and diode capacitances yields for the system with
parallel-interleaved boost converters

fsw.l
PSW,IOSS,N = N, - EOn,N 22
p P p Np
1
= 5 Cornp(Vo) - V5 - fown (2.32)
and/or
C(effN (‘/o)
PW 0SS :¢'PWOSS . 2'33
Sw,loss,Np Ceﬁ"l(‘/o) Sw,loss, 1 ( )

Since the switches and diodes in the parallel-interleaved boost con-
verters have to be rated for the same voltage but for a lower current
than the switch in the single boost converter, the employed silicon area
can be smaller and thus also the parasitic capacitances will be smaller
and the capacitive switching losses will decrease.

2.3 Challenges of Multi-Cell Systems

The scaling laws, that were derived in the section above, clearly demon-
strate the theoretical benefits of a multi-cell converter in comparison to
a single converter counterpart. In a practical setup, however, there are
limiting factors that constrain the number of employed cells within a
multi-cell system, and the system performance would decrease if the
number of cells was increased beyond an optimal number of converter
cells. These limiting factors and challenges of multi-cell systems are
described in the following.
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2.3.1 Constant Offset Penalties

By increasing the number of cells in order to benefit from the scaling
laws, each additional cell comes with a penalty to the overall systems
performance. The main contributors are:

» Control & Communication: Each converter cell requires a control
unit which typically consists of a DSP and/or an FPGA, analog
electronics to measure control variables such as currents and volt-
ages, and other auxiliary ICs. Furthermore, the communication to
other cells has to be established, which necessitates isolation ICs
to transmit signals beyond isolation barriers and/or optical data
links. All of these components have a power consumption which is
almost independent of the power level of the converter. This de-
creases the system efficiency, especially at low load operation. In
addition, the required volume for the control and communication
deteriorates the power density of the converter.

» MOSFET package & PCB resistance: For the case of series con-
nected MOSFETS, the total Rps on,n of the series connected cells
is not only dependent on the resistance of the chip itself, but also
on the package resistance and the interconnecting PCB traces,
summarized into Rpack. Thus, (2.9) can be extended to

1 1
Rps.on,N,@3) = \/7Ni : T& < ki - VS'SS [Qch] + Ng - Rpack - (2.34)
Consequently, an optimum number Ns op¢ of series connected de-
vices with the lowest resulting total Rpg on,n can be found as

A i ac
sopt 2[( ]ﬂss Vp k) . (235)

Increasing the number of cells beyond this optimal number does
no longer result in a lower value of the total on-resistance.

2.3.2 Common-Mode Currents

The parasitic ground capacitances at the switch-nodes of the convert-
ers are a source for unwanted common-mode currents which necessitate
the application of common-mode filters, e.g. in PFC boost rectifiers,
that substantially increase the volume of the converter. The voltage
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(c)

Fig. 2.12: Equivalent circuit models for ground currents of (a) the parallel-
interleaved boost converter and (b) the series-interleaved boost converter.
The waveforms of the switch-node voltages of the parallel-interleaved system
(v1,p, u2,p) and series-interleaved system (v1,s, v2,s) are compared to those of
a single boost converter (v1) in (c) under the assumption of same dv/dt in all
systems.

of the switch-node can be modeled with a trapezoidal wave voltage
source that exhibits a certain dv/dt, as shown in Fig. 2.12(a) for the
parallel-interleaved boost converter and in Fig. 2.12(b) for the series-
interleaved boost converter with parasitic capacitances as defined in
Fig. 2.3. A comparison of the voltage waveforms between the single
boost converter (vy), the parallel-interleaved (vi p,, v2,) and the series-
interleaved boost converter (v1 s, v2,5) is depicted in Fig. 2.12(c). Based
on the fundamental relationship of I = C-dv/dt, the RMS value of the
ground current of a single boost converter system through capacitance
Cg can be calculated as

d ‘/o CJsw
Iy rvs,1 = V2k - Ckg - dit} with k = Tf‘ . (2.36)
dt

The switching frequency of the parallel-interleaved boost converters can
be reduced by a factor of 1/2 (for N, = 2) for an equal total input
current ripple amplitude (cf. (2.28)) leading to
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Vo'fsw k
kp = — =—. (2.37)
w22

Under the assumption of Cg; = Cg2 = Cg the RMS value of the
ground current can be found as

dv dv
Iy rvsp = V2 \/2ky - Cr - 5 = V2O (2.38)
For the series-interleaved system, the switching frequency can be re-
duced by 1/4 (for Ny = 2) for an equal input current ripple amplitude
(cf. (2.6)) and in combination with a voltage amplitude of only V,/2
for each equivalent source results

ke = -
d

a4

By superposition and again assuming Cg; = Cg2 = Cg the equation

for the ground current yields

d d
Isrmss = \/2]415 : ((CEO + QOE) d?) + 2k - (CE d?)

1 dv
= . . . 2 2.,
5 \/E \/(CE,O + 2 CE) + CE 7 (240)

\%
5 fsw k
z f T (2.39)

with Cg ., denoting the capacitance of the entire “upper” converter cell
to ground. By relating the ground currents of multi-cell systems to the
single boost converter it can be found that

lgnusp (2.41)
I rvis1
Ig RMS,s CE ,0

: : = —I— 1. 2.42
I; rvs,1 2f (242)

This means that the RMS ground current of the series-interleaved sys-
tem can only reach the same value as the parallel-interleaved system
(and thus as the single boost converter) if Cg o, = (v/7—2)-Cg & 0.64-Cg
(considering the series interleaving of the two cells). This is rather un-
likely, since capacitance Cf, is the capacitance of the entire “upper”
converter cell to ground, which is amongst others defined by the phys-
ical size of the entire converter cell. Thus, the series-interleaved boost
converter system will potentially exhibit larger RMS ground currents
than the single and the parallel interleaved systems.
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2.3.3 Reliability

A common argument, which is often raised in the context of multi-
cell converters, addresses the reliability of the entire system. As the
system is constructed of several converter cells, the total number of
employed components is increased compared to an equivalent single-
stage converter system. This increases the probability of a failure of a
component. However, in contrast to the single converter system, the
failure of a single component is not necessarily leading to a failure of
the entire multi-cell system since only one cell is affected. Depending
on the operation of the multi-cell system, it might still be functional
at a reduced power and/or voltage level. This might require that the
failed cell goes into a predefined state in case of failure, i.e. open or
short circuit state. It furthermore has to notify the master cell about
the occurrence of the failure such that the control loops in the master
cell can be adapted to the new number of active cells.

The simplest and most effective way to increase the reliability of the
multi-cell system is achieved by introducing redundancy by means of
additional standby cells [27]. For an assumed failure in time (1FIT =
1/ 109h) rate Acen of a single converter cell, the mean time to failure
(MTTFgyy) for the entire system with Neens can be derived as

1
Ncells )\cell

The addition of k,eq redundant cells allows to achieve a redundancy,
where the system is operational as long as at least N¢es cells are func-
tional out of Neens + krea total cells [35]. For the case, that the redun-
dant cells are just in standby, the total system mean time to failure has
increased to

MTTFy, = (2.43)

kred +1
Ncells)\cells )
The additional cost to achieve redundancy is only a fraction of the

entire system cost whereas a single converter system doubles in cost if
it is made redundant.

MTTF,y, = (2.44)

2.3.4 Transformers and Electrolytic Capacitors

In any application that requires a certain energy storage, either because
it has to fulfill a given hold-up time requirement or because it has to
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Fig. 2.13: Fitted energy density function for electrolytic capacitors of three
different manufacturers (Panasonic, Rubycon, EPCOS) in dependency of the
voltage and the stored energy. Due to the splitting of the DC-link into mul-
tiple low voltage DC-links in series-connected multi-cell converters, the total
energy is stored at lower voltages which results in a larger total capacitor
volume.

buffer a pulsating power flow such as in single-phase grid applications,
typically electrolytic capacitors are employed. This is mainly due to the
fact, that this technology provides the highest energy density among the
available capacitors technologies. The required energy storage is inde-
pendent of the system topology and applies to both single-cell converter
systems and multi-cell systems. The only difference is, however, that
in series connected multi-cell systems, the energy is stored at lower
voltage levels, since the total DC-link voltage is split into multiple low
voltage DC-links. This results in a larger volume as the energy density
decreases for electrolytic capacitors with lower voltage. This is shown
by a fitted energy density function for more than 500 electrolytic capac-
itors of three different manufactures (Panasonic, Rubycon, EPCOS) in
Fig. 2.13. The fitting function for the volume (in m?) of the capaci-
tors in dependency of the voltage rating V¢ (in V') and the capacitance
value Cyy1 (in F) is given as

VOIC,elco = kl + k2 ' Cval ' erat + kS ' Cval . V2

rat

(2.45)

where ky = 5.41-10"7m3, ky = 3.33-10°m3/(F - V), and ks = 5.5 -
10~ "m3/(F - V2).
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In multi-cell systems, where the terminals on one side of the cells are
connected in series and the terminals on the other side are connected in
parallel (e.g. ISOP or IPOS topologies), the employment of transform-
ers is mandatory. The required area product (multiplication of winding
area Aw and core area Ac) of a transformer can be derived as [36]

V2 S
WkarmSB f )
The area product is proportional to the fourth power of the characteris-

tic edge length of the transformer, as is accordingly also the (apparent)
power of the transformer

AwAc = (2.46)

AwAc ~ LY~ S . (2.47)

By taking into account, that the volume of a transformer is only pro-
portional to the cubic function of the linear dimension

Volp ~ L? ~ §i (2.48)

the volume of a transformer scales in relation to a reference design
(Voly, S*) with

4

Vol = Vol (;) . (2.49)

In multi-cell converters, the power rating of the employed transform-
ers can be reduced with the number of cells Nggs by the factor S =
S* /Neenis, as either the voltage rating is reduced in the series interleaved
connection or the current rating is reduced in the parallel interleaved
connection. Consequently, the total transformer volume in multi-cell
converters scales with the number of cells compared to a single con-
verter system by

3
1 B 1
VO]T,MC = NcellsVOIji" () = NCAIGHSVOI:;-\ . (250)
cells

This means, that the total transformer volume in multi-cell systems
increases (slightly) with an increasing number of cells.

Please note that these are only fundamental considerations of trans-
former scaling laws that do not take into account practical considera-
tions, e.g. the required isolation distance between the primary and
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secondary winding or the applied switching frequencies of the multi-cell
and single-cell systems or thermal limitations.

2.3.5 Balancing and Control of Multi-Cell
Converters

The balancing of currents and/or voltages is an important issue in multi-
cell converter systems as the design of the converter cells relies on an
equal current and/or voltage sharing among the cells, such that the
overall system power is equally distributed. Thus, any conditions that
lead to a violation of the power sharing might cause an overloading
and ultimately a destruction of individual converter cells, possibly re-
sulting in a system failure. Therefore, current and/or voltage sharing
among the converter cells has to be guaranteed for steady state condi-
tion and transients. Also, the influence of component mismatches, such
as slightly different inductance values of parallel connected converter
cells, on the balancing of the system needs to be addressed.

The operation of multi-cell systems with common-duty-ratio control,
where all converter cells are operated with the same duty cycle, relies
on the natural balancing capabilities of a multi-cell topology and is
thus only feasible for TPOS and ISOP systems [25,37,38]. For those
topologies any component mismatch leads to slightly unequal sharing
conditions, but not to a runaway situation.

In general, ISOS and IPOP are considered to have no natural balanc-
ing mechanism and thus require additional control means to guarantee a
balanced operation (even though for the ISOS converter some weak bal-
ancing mechanisms could also be found [39]). For the IPOP converter
it is sufficient to control the output current to be equally shared, as the
input current will then also be equally shared [40]. Different control
schemes such as droop methods and active control concepts have been
published and reviewed in literature [41-44]. For ISOS converter struc-
tures it was found that controlling the output voltage sharing does not
ensure input voltage sharing due to the presence of a right-half-plane
pole and thus control efforts should focus on input voltage sharing [45].

2.3.6 Impedance of the Commutation Loops

In each converter cell of the multi-cell converter the switches and the at-
tached DC-link capacitor create a commutation loop, which is shown for
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Fig. 2.14: Influence of the parasitic commutation loop inductance on the
overvoltage during switching transients: (a) commutation loop formed by
a DC-link capacitor, a transistor, and a freewheeling diode; parasitic loop
inductance Lo; (b) the turn-off transition of the transistor causes a volt-
age overshoot of kV4 of the transistor voltage vt during the time ts of the
switching transient; (¢) maximum allowed loop inductance L, for different
impedance values Zy = Vp /I, of the converter cell and different values of the
transition time s such that the voltage overshoot is limited to 10% of the
DC-link voltage V, (i.e. k=0.1).

the simplified case of a unidirectional half-bridge with the load modeled
as constant current source Iy, in Fig. 2.14(a). The commutation loop
contains an inductance L, which represents all parasitic inductances of
the commutation loop, i.e. inductances due to the semiconductor pack-
ages, the PCB or the capacitor leads. At the turn-off of the MOSFET
the parasitic inductance L, causes an overvoltage Avg, depending on
the duration of the switching transition t5 and the load current level I,

AvO:LU~%§k-%. (2.51)

S
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The overvoltage is related to the capacitor voltage V such that a con-
straint for a maximum permissible overvoltage k - Vj is given, as visu-
alized in Fig. 2.14(b). By introducing the impedance Zy = V4 /Iy, this
inequality can be rearranged to [30]

Vo _ Lo
= — > .
I, = k-t

Thus, for a given impedance of the converter cell, the parasitic loop
inductance has to be lower than a specific value, which is visualizied for
a relative overvoltage of 10% (i.e. k = 0.1) and different switching tran-
sition durations ¢ in Fig. 2.14(c). By paralleling converter cells, the
current Iy, is split up among the converter cells, thus their impedance
is increased by

Zo (2.52)

Vo-N
Z0,par = 5 = N - Zj (2.53)
L
while connecting converter cells in series distributes the voltage among
the converter cells and thus decreases the impedance by
Ve Z
0 29 (2.54)
I,-N N
As a result, it is especially important for series connected converter
cells to keep the parasitic loop inductance limited to small values, for
example by using lead-less semiconductor packages, in order to avoid
transient over-voltages at the switches.

ZO,scr =

2.4 Summary and Conclusion

Based on the investigation of the scaling laws it can be summarized that
both the series-interleaved as well as the parallel-interleaved approach
offer considerable advantages in terms of reduced

» conduction losses: The use of low-voltage semiconductors in series-
connected converter cells effectively shifts the silicon limit towards
lower specific on-state resistances which is due to the scaling
of the specific on-state resistance with the blocking voltage by
Rps.on o Vi3, This leads to the effect that Neens in series con-
nected semiconductors with a blocking voltage of Vb /Neens have
a lower total Rpgon than a single semiconductor with a blocking
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voltage of Vpc. For the case of equal total chip areas, a reduction
of the total Rpgon by a factor of 1/4/Ncens can be achieved;

current and voltage ripple: By interleaving the operation of the
converter cells, the effective switching frequency of the system is a
multiple of the switching frequency of a single converter cell [46].
In combination with the reduced voltage levels of the cells (in se-
ries interleaving) or increased boost inductance (in parallel inter-
leaving for equal total stored energy), the current ripple reduces
by 1/N?

ells?

switching losses: By splitting the system into low power cells
with low voltage and/or low current, the total switching losses
reduce with 1/NZ2, for the case of equal current ripples (under
the assumption of equal di/dt and dv/dt¢ rates of the multi-cell
system and the single-cell system and that the switching losses
are defined by the overlapping of voltage and current during the
switching transition). For the case of equal switching losses, the
effective switching frequency in the multi-cell system can be a
factor of N¢es higher than in the single-cell system:;

heatsink volumes: The reduction of the total switching and con-
duction losses combined with the distribution of the losses among
several semiconductors leads to smaller heatsinks or even com-
pletely eliminates the need for heatsinks;

magnetic component volumes: The parallel interleaving of con-
verter cells leads to a reduction of the total energy stored in the
inductors which correlates with a reduction of the total inductor
volume for the same current ripple.

The above mentioned benefits are summarized in Tab. 2.1 and can
be leveraged in different ways. In Tab. 2.1 the multi-cell systems are
designed for the same switching losses and the same stored energy as
the single-cell system, which results in a strong reduction of the current
ripple (i.e. 1/NZ2,.). Another possible design might be to operate the
multi-cell systems with the same effective switching frequency of fsy 0
as the single-cell system (i.e. each cell operates with fuw,0/Ncels). This
leads to reduced switching losses of Pey 0/Ncens as well as a reduced
current ripple of Aly/Nens. Consequently, if the systems are designed
for the same current ripple of Aly, a reduction of the switching losses

in the multi-cell systems by a factor of 1/N,

2

Sells €an be gained.



2.4. Summary and Conclusion

Furthermore, since standard components with lower voltage and/or
current ratings can be employed, the costs for a multi-cell system very
likely also decreases.

Different challenges in the design of a multi-cell system include the
control and balancing of the cells voltages and/or currents, and other
factors that adversely affect the performance of the system with increas-
ing number of cells. As a consequence, for every multi-cell system the
number of employed cells is an important optimization parameter.
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Multi-Cell Photovoltaic Energy
Systems

ENEWABLE energy sources, including hydro power, wind power etc.,
R are gaining an increasing share of the global electricity generation
and have reached a share of 19.3% in 2009 [47]. Among these, especially
the photovoltaic (PV) technology has been in the focus of many govern-
ments and, due to substantial subsidies, a steep rise in the number of
installations in those countries has resulted. In some countries, e.g. in
Germany, the electricity generated by PV systems already amounts to
30% of the overall electricity generation during some days with a record
high of almost 50% in 2012 [48]. With the ongoing trend of declining
PV panel prices from $4.90/ Wi in 1998 to $§1.28 /W in 2011 [49], the
rate of growth of new PV system installations is expected to remain on
a high level and to compensate for diminishing subsidies in the future.

In state-of-the-art PV system installations for residential as well
as commercial or utility-scale application, PV panels are connected in
series so that the panel output voltages, usually in the range of 15 to
45V, add up to a voltage of at least around 400V which is required
(in Europe) to feed power into the public grid by means of a central
DC/AC converter. Due to this series connection, the output current of
all panels is equal to the string current. The current generation of a PV
panel, however, is proportionally dependent on the irradiance level. If
all PV panels in a string receive the same level of irradiance, the whole
string of panels has only one global Maximum Power Point (¢MPP) and
all panels contribute to the total power of the string (cf. Fig. 3.1(a)).
In contrast, if the PV panels in a string are subject to different levels
of irradiance, e.g. due to local shading of some panels, the output
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Fig. 3.1: Impact of shading on a simplified PV string formed by only two
PV panels: (a) Output power of the PV string with only unshaded panels
receiving equal irradiance and (b) with one shaded panel (plotted vs. the
total bus voltage Vgus). In the case of unequal irradiance levels, multiple
local MPPs (IMPP) are formed by the string but none of them provides the
full amount of power Piot th, available from the PV panels in total.

currents are unequal and the string shows multiple local MPPs ({IMPP)
as visualized in Fig. 3.1(b). In that case, the panels generating less
current than the string current will get reverse biased and their internal
bypass diodes will conduct the string current and consequently they will
be shorted out, i.e. their power can not be harvested. Alternatively,
the string current, which is controlled by the central inverter, can be
lowered so that the shaded panels are not bypassed. But then the
unshaded panels will not be operating at their MPP. In both scenarios,
not all of the theoretically available power Piotn of a PV string with
N PV panels, which is the sum of MPPs of all PV panels
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N
Piotoh = Z Pyppy (3.1)

=1

can be harvested. This problem of unequal current generation of series-
connected PV panels within a string - often referred to as mismatch
- is not only caused by shading but also by other factors such as dif-
ferent orientation of PV panels, dirt or dust on panels, different panel
manufacturers, unequal aging etc. Especially building-integrated PV
modules are prone to orientation mismatch and partial shading.

By equipping each PV panel with a DC/DC converter, the panels
can be operated independent from each other in their individual MPPs
and the aforementioned problems can be mitigated. Those module in-
tegrated converters (MICs) allow to harvest the theoretically available
string power Piottnh. However, some reduction of the power generation
due to the finite efficiency of the DC/DC converters has to be accepted.

In this thesis, only the concept of distributed DC/DC converters
with a central grid-connected DC/AC converter is considered. Module-
level DC/AC converters (typically referred to as micro-inverters [50,51])
are not in the scope of this thesis due to a number of disadvantages
inherent to this concept. Since the whole DC/AC conversion has to
be performed, a two-stage concept is typically employed with a step-
up DC/DC converter and a DC/AC inverter with a grid filter. In
addition, the power pulsation with twice the grid frequency needs to
be filtered /buffered within the module by employing either electrolytic
capacitors or a power pulsation buffer concept [52]. Since all of this
has to be integrated into each PV module, the overall installation effort
increases whereas the reliability and lifetime decreases as all components
are exposed to the varying temperatures of the PV modules during the
day and night cycles but also over the course of the seasons. In addition,
the efficiency of this concept is typically lower compared to concepts
with a central DC/AC converter.

3.1 Classification of DC/DC Converter
Topologies for PV-Panel Integration

Possible DC/DC converter topologies for PV panel integration can be
classified into the two groups of full-power and partial-power converters
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Fig. 3.2: Classification of PV module-integrated DC/DC converter concepts
into full-power and partial-power processing converters, each with subcate-
gories of series and parallel connection.

as shown in Fig. 3.2 and in their basic form in Fig. 3.3. In a full-
power converter the whole amount of panel power is processed by the
converter, whereas in a partial-power converter only a fraction of the
panel power has to be converted. The full-power converter concepts can
be further divided into series (S-FPC) and parallel connected concepts
(P-FPC) [53].

In a similar way, the partial-power converter category contains the
subcategories of Series-connected Partial-Power Converters (S-PPC),
which add or subtract a voltage in series to the panel output voltage,
and Parallel-connected Partial-Power Converters (P-PPC) which equal-
ize the PV panel voltages. The P-PPC concept is also known as ”energy
shuffler” or ”current diverter” concept [54].

Common to all PPCs is the possibility to compensate the mismatch
between the PV panels by processing only a fraction of the full panel
power. Hence, the total efficiency 7ot of the mismatch compensation
depends only to a certain extent on the converter efficiency 7cony it-
self [55], [56]. The PPCs are characterized by a splitting of the power
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Fig. 3.3: Possible multi-cell structures with DC/DC converters ensuring
MPP operation of the individual PV panels, divided into full and partial-
power concepts with either series or parallel connection: (a) series-connected
full-power converter (S-FPC), (b) parallel-connected full-power converters
(S-PPC), (c) series-connected partial-power converters (P-FPC), and (d)
parallel-connected partial-power converter (P-PPC).

conditioning into two power flow paths (cf. Fig. 3.4) [57], [58]. If one
of the paths is highly efficient, e.g. direct power flow from the source to
the load with n ~ 1, then the effective conversion efficiency is increased.
The ratio of the power P, which is processed by the PPC, to the total
power Ppy, taken from the PV panel, determines the influence of the
PPC efficiency on the total efficiency
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Direct power flow

PPV F, out

Adaption
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Fig. 3.4: Splitting of the power flow into two parallel power flow paths
as given for PPCs. The direct path transfers power from the PV panel to
the output without any conversion stage. Only a fraction P. of the panel
output power Ppy is processed by a voltage (or current) adaption stage with
efficiency 7conv-

P
MNtot = 1-— P, (]— - nconv) . (32)
PV

This means, if less power is processed by the PPC, a higher system
efficiency is achieved. Thus, in the ideal case with no mismatch, the
PPC does not have to process any power and the total efficiency ap-
proaches 100% (neglecting load independent converter losses e.g. due
to control electronics). Furthermore, the PPC can be optimized for a
high part-load efficiency, since it will only process large fractions of the
PV panel power if high conversion ratios are required, which typically
only happens at severe mismatch conditions.
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3.2 Series-Connected Full-Power MIC

For series-connected full-power conversion (Fig. 3.3(a)) either buck,
boost or buck-boost converters can be used [59]. Other topologies like
e.g. the Cuk or SEPIC converter are not considered here due to their
higher system complexity. When the PV panels are equipped with buck
converters, the output voltage of shaded panels can only be stepped
down in order to increase their output current until it matches the
current of the unshaded panels (cf. Fig. 3.5(a)). Vice versa, if boost
converters are employed, the output voltage of unshaded PV panels can
be increased in order to lower the output current until it matches the
MPP current of the shaded panels (cf. Fig. 3.5(b)). The greatest
flexibility is given with buck-boost converters (cf. Fig. 3.5(c)) where
any string current value can be matched by the output currents of the
converters.

These three different concepts also have different implications on the
number of PV panels per string which are required in order to reach a
given bus voltage Vg of e.g. 400V despite different levels of irradiance.
In a string where all panels are equipped with buck converters, the string
voltage may drop below 400V if panels are shaded, since the adaption
to match the current of the unshaded panels is achieved by lowering the
voltage of shaded panels. Thus a minimum number of panels per string
is required to guarantee the generation of the bus voltage up to a certain
degree of shading. The upper limit of the number of PV panels with
a buck converter in a string depends on the maximum output current
rating of the converters.

With boost converters, the string voltage is prone to exceed the level
of 400V during shading, since unshaded panels increase their output
voltage to reach the lower current level of shaded panels. Thus, a maxi-
mum number of PV panels per string can be defined for a certain degree
of shading. Furthermore, the lower limit of PV panels with boost con-
verters in each string depends on the maximum output voltage rating
of the converters.

Buck-boost converters allow to keep the bus voltage constant, since
any level of string current can be set. Thus, the upper limit of PV panels
per string for the buck-boost converter concept depends on the maxi-
mum output current rating and the lower limit depends on the maxi-
mum output voltage rating of the buck-boost converters. In Tab. 3.1
the equations for the maximum and minimum numbers of PV panels
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Fig. 3.5: Working principles of full-power converters for a series connec-
tion of shaded (red) and unshaded (blue) panels: (a) buck converter, (b)
boost converter and (c) buck-boost converter. OPp: converter input (Vin,
Iin) related to MPP of a PV panel. OP»: operating point characterizing the
converter output (Vout, Jout). The first converter of (a) (cf. step inverter
in [60]), here shown in grey, can either connect the converter output to the
PV panel output or bypass the PV panel. The string voltage of a PV string
equipped with this converter type exhibits voltage steps and thus an LC filter
(not shown) needs to be connected to the string.

per string are given for the three different full-power converter topolo-
gies under the assumption that all PV panels should be able to feed
power into the string under a given shading condition which can be ex-
pressed as A = %. An example of those limitations is depicted in
Fig. 3.6. For this scyenario7 in case only boost converters are used, the
number of panels per PV string has to be in the range of 6 to 11; if all
PV panels are equipped with buck converters only, the number of panels
has to be between 25 and 32. So, if either only buck or boost converters
are chosen, there is no possibility to have between 12 and 24 PV panels
in the string. However, with buck-boost converters, any number of PV
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Tab. 3.1: Maximum, resp. minimum number of PV panels per string for
different MIC topologies, where Iout,max denotes the maximum output current
of the converter, Viipp the PV panel voltage in a typical MPP, A the fraction

Peviunsh o) g Ppv max the maximum output power of the PV panel.

Ppv sh

Type Max. nr. of PV panels Min. nr. of PV panels

Buck PIK?::HX Iout,max (\}'ﬁ;; - 1) A+1
VBus+(A—1)Vpp VBus

Boost A-Vipp Vout, max 1)a+1

Buck-boost P:\]/B,:ax Tout,max ﬁ -1)A+1

panels between 6 and 32 can be connected in series. Thus, based on
the limitations which buck as well as boost converter topologies imply
on the number of panels in a PV string, the buck-boost concept is cho-
sen for further consideration. Since MICs in general target residential
applications, which are more susceptible to shading than industrial ap-
plications, the flexibility provided by buck-boost converters is not only
advantageous for the design of a PV system regarding shading, but also
allows to fully utilize the available space on a rooftop by setting up
multiple PV strings with different lengths.

The global irradiance consists of at least one quarter to one third
of indirect irradiance, i.e. diffuse irradiance and reflected irradiance.
Therefore, the maximum shading condition Ap,.x, up to which all PV
panels should be able to operate in their MPP, is around A, = 3...4.
Furthermore, in order to set up a PV system with the greatest flexibility
in the number of PV panels per string, the maximum number of PV
panels Npax should be equal to (2« Np,in). This allows, for example, to
split up a string with more panels than Ny, into two strings with at
least Npin panels. Based on that, the required maximum output current
can be calculated with the formulas for the minimum and maximum
converters in a PV string with buck-boost converter (cf. Tab. 3.1) as

2. PPv,max(Vout,max + VBus : Amax - Vout,max : Amax)

I =
out,max
’ VBus . Vout,max

(3.3)
49



Chapter 3. Multi-Cell Photovoltaic Energy Systems

Only buck converters
R N S
24
T o > Combination of buck
v and boost converters
R o N S
11
II1 j Only boost converters
B o
5

Fig. 3.6: Example of maximum and minimum number of PV panels per
string when either only buck converters (I) or only boost converters (III)
are used. The buck-boost converters are combining those two regions and
are extending it to the previously unreachable area II. (Numbers used for
this example: VBus = 400\/7 Vmep = 25 V, va,max = 250W, A = 1.5,
Iout,max = 20 A, Vvout,max = 100 V)

3.2.1 Converter Dimensioning and Optimization

As a result of the evaluation process of Sec. 3.1, the full power buck-
boost converter concept is selected as the best suited MIC concept for

Tab. 3.2: Specifications of series-connected DC/DC converters for PV panel
integration.

Parameter Variable Value

Max. converter power Peony 275 W

Input voltage Vi 15V...45V
Max. input current Lin, max 10A

Output voltage Vout 10V...100V
Max. output current Lout, max 20A

Ambient temperature  Thmp —20°C...+80°C
Bus voltage VBus 400V
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Fig. 3.7: (a) Influence of temperature and irradiance variation on the elec-
trical characteristic of a PV panel and (b) derived input and output specifi-
cations of the series-connected PV panel-integrated converter.

series-connected PV panels due to its high flexibility in the number of
PV panels per string.

Before the buck-boost converter can be analyzed in detail, the con-
verter specifications have to be defined. The converter input operating
range depends on the electrical output characteristic of the PV panel,
i.e. dependency of the output current on the output voltage of a PV
panel. This characteristic changes with temperature and irradiance
level (cf. Fig. 3.7(a)) but also depends on the type of PV panel (e.g.
polycristalline or monocristalline). In order to cope with these vari-
ations, a converter input operating range can be defined as shown in
Fig. 3.7(b). The converter output specifications can be derived based
on the considerations of the maximum and minimum number of PV
panels per string as described in the previous section. With the con-
verter specifications as summarized in Tab. 3.2 a very high degree of
flexibility regarding the arrangement of PV panels within strings is pro-
vided as a minimum number of N,,;, = 13 and a maximum number of
Nmax = 29 PV panels can be connected in a string. Furthermore, the
system is able to operate all PV panels in their individual MPPs even
under severe mismatch conditions up to A = 4.

3.2.2 Choice of Converter Topology

The buck-boost converter can be realized by either a 2-switch topology
or a 4-switch topology as shown in Fig. 3.5(c). These two converter
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Fig. 3.8: Relation of semiconductor losses, i.e. conduction losses Prond
and switching losses Psyw, between the 4-switch and the 2-switch buck-boost
converter under the assumption that the same total silicon area is used for
both converter designs.

topologies are compared to each other regarding their switching and
conduction losses, under the assumption that the same total silicon
area Ag; and the same switching frequency is used for both converter
topologies. As a result, the conduction losses and switching losses of
the converters can be set in relation. For reasons of simplification, it is
also assumed that the 4-switch and the 2-switch buck-boost converter
comprise the same kind of switches with a specific technology-dependent
on-state resistance RES(on) = Rps(on) - Asi [55].

Since the 4-switch converter is either working in buck or boost mode,
with only one bridge-leg being switched, the conduction losses can be
obtained in dependence of the transfer ratio Tg = Vo/V; as

Rbs(on) 4 P \? .
2. == . , if Tr <1 (buck mode)

P d.4 — ASi Tr-V1
con SwWw T *
’ Rbs(on) 4 P .
2. 5em—. (&), if Tr > 1 (boost mode) .

(3.4)
The conduction losses of the 2-switch buck-boost converter can be
expressed in a similar way by

R]*DS(on) -2 . <P (1+TR)>2

Peon w = .
cond,2s ASi TR‘/1 (3 5)
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For the calculation of the switching losses it can be assumed that
only the capacitances Cygs of the transistors determine the switching
losses during the turn-on operation while the contribution of the junc-
tion capacitances and the reverse recovery current of the diodes as well
as other parasitic capacitances are neglected. By taking into account
the voltage dependency of Coss(Vpg) the loss of energy can be expressed

as (cf. [61])
2
ES,turn—on = gCoss,ref \V4 VDS,reré?é/2) . (36)

Furthermore, the 4-switch buck-boost converter can operate in pass-
through mode if the voltage transfer ratio Tr is equal to one. Hence,
the switching losses of the 4-switch converter are given by

3 Clssoret 5 \/mv1 for  if Tr <1 (buck mode)

Psw,4sw - if TR =1
%C:;ss ref 4 M(TRVQ(S/ ) fow, if Tr > 1 (boost mode)
(3.7)
and for the 2-switch converter by
9 A v (3/2)
PSW72SW = :)kss ref o5 V VDS ref 71 fsw . (38)
3 2 1- 1+TR

The values Ry, and Cg ¢ define a Figure of Merit (FOM) (see
(34) in [62]) which denotes a technology limit
1
FOM,,,1 = : (3.9
R]*DS(on)CBSS,ref

The above calculated semiconductor losses of the 2-switch converter
in relation to the 4-switch converter are shown in Fig. 3.8. It is re-
vealed that the 4-switch converter features lower switching losses but
larger conduction losses in the whole operating range. However, in this
comparison only the conduction losses in the semiconductors have been
considered. Since the inductor current in the 2-switch converter is larger
than in the 4-switch converter, the ohmic losses of the inductor and of
the PCB tracks of the 2-switch converter will probably be higher than
the ones of the 4-switch converter and the difference of the conduction
losses will decrease.
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Fig. 3.9: Relation of the energy stored in the inductors and/or capacitors
of the 2-switch and the 4-switch buck-boost converter under the assumption
of a certain equal relative current and/or voltage ripple evc = ..

Furthermore, the relative volume of the passive components can be
compared between the two converter types by assessing the stored en-
ergy in the inductor and capacitors. With the introduction of tolerable
relative voltage and current ripples, e,c = Ave/Ve and i1, = Aig /Iy
respectively (Vo and I, denominate rated values of the capacitor volt-
age and inductor current resp.), the energy stored in the input and
output capacitors (which is related to the physical capacitor volume,
see section 5 in [63]) can be expressed for the 4-switch converter as

el 2
1(1—1Tgr) ffw %, if T <1 (buck mode)

_ 14+5xC)? )
iTl%Rl f%( # ) , if TR > 1 (boost mode) .
(3.10)
and for the 2-switch converter as
2
1P (1458
Ecpsw = (Gl . (3.11)

4 fow  5BC

In an analogous fashion, the equations for the stored energy in the
inductor (which is again related to the component volume [63]) can be
expressed for the 4-switch converter as
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gL 2
1(1—"Tg) fI,D %, if Tr <1 (buck mode)
B s = gy (3.12)
2

1 .
Tﬁ,‘gl f{g %, if Tr > 1 (boost mode)

—

PN

)

and for the 2-switch converter as

1P (1)
4fow  F
The energy storage requirements of both converter topologies can now
be directly related, which yields

EL,QSW = (313)

EL,4SW o EC,4sw . { (1 — TR), lf TR S 1 (buck mode) (3 14)

Te=1" if T > 1 (boost mode)

EL,2sw EC,2SW Tk

as shown in Fig. 3.9. The comparison of semiconductor losses as well
as the ratio of the stored energies and/or volumes of passive compo-
nents indicates benefits for the 4-switch topology, which accordingly is
selected for further dimensioning and optimization. In addition, with a
special modulation scheme, the 4-switch converter can also be operated
in a soft-switching mode [64] which results in lower switching losses.
However, this modulation scheme induces higher RMS values of the in-
ductor current and an increased complexity in the control scheme and
thus is not considered in this thesis.

3.2.3 Converter Modeling and Optimization
Routine

In this section the general converter optimization procedure is described
and the results for a converter realization with Si MOSFETs with a
switching frequency of 100 kHz and a converter with GaN FETs with a
switching frequency of 400 kHz are shown.

For a comprehensive and meaningful characterisation of the con-
verter, the trade-off between efficiency and power density can be visu-
alized by means of a n-p-Pareto front. For calculating the n-p-Pareto
front, the volume of the employed components and their losses must be
identified for each design, as shown in the design procedure of Fig. 3.11.
The main losses can be categorized into:

> Switching losses (Psemi) of MOSFETS including gate drive losses.
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» DC, skin effect and proximity effect winding losses (Ppc, Psk and
P,;) and core losses (Peore) of the inductor.

» Ohmic losses of the PCB tracks (Ppcp) and conduction losses due
to the on-state resistance of the MOSFETS (Prds,on)-

» Constant losses (P.onst), 1.6. power consumption of the auxiliary
supply for the DSP, current and voltage sensors and other periph-
eral electronics.

Switching Losses (Psomi)

The choice of input side switches (i.e. at the side which is connected
to the PV panel) is based on the required blocking voltage, which is
defined by the upper limit Vi max of the converter input voltage range,
cf. Fig. 3.7. Thus, MOSFETSs with a blocking voltage capability of at
least 60 V are required for the input side and MOSFETSs with a voltage
rating of around 150V are sufficient for the output side. Resulting
from the wide operating range, the output side switches virtually have
to cope with a power of Vout max * Lout,max = 2kW.

The switching losses of the MOSFETS strongly depend on the spe-
cific PCB layout which has to be optimized with regard to parasitic
inductances in the commutation paths. This is in particular the case
for low load impedances, i.e. for operating points with low voltage
and high current as possibly occurring in buck operation. In combi-
nation with different gate drives and variations of the gate resistance,
an accurate analytical modeling of the switching losses becomes very
challenging. Thus, switching loss measurements have been conducted
with a small set of suitable switches from different manufacturers and,
where applicable, LTSPICE simulations have been performed to build
up a loss database containing the energy loss Fgemi occuring within a
switching period, depending on the switched current and voltage for a
certain junction temperature.

Inductor Design and Losses (Ppc, Ppry Psk and Peore)

The converter is designed to work in Continuous Conduction Mode
(CCM) and thus shows a DC inductor current with superimposed switch-
ing frequency-dependent ripple. The value of the inductor is chosen con-
sidering a limitation of the current ripple to a maximum of +3 A which
is equal to £30% of the maximum input current Ijn max. As shown in
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Fig. 3.10: Normalized inductance value in dependency of the output to
input voltage ratio for an operating point of Vi, = 25V and a maximum
current ripple of £30% of Iin max-

Fig. 3.10, the worst-case requirement to maintain this limit is given
by the highest boost ratio operating point, i.e. for Voyutmax = 100V.
Moreover, an inductor design is only valid, if the maximum flux density
By in the core with cross section A, is well below the saturation flux
density of the core material. The peak flux density can be calculated
as

_ L- ka
N-A
where N is the number of turns and I is the peak current which can
be determined as the sum of the maximum average current according
to (3.3) and the ripple current.

The core losses of the inductor can be calculated for non-sinusoidal
flux waveforms with the improved Generalized Steinmetz Equation (iGSE)
[65] which yields the power loss per unit volume,

dB

1 T
PV,core = T/O kz %

with AB being the peak-to-peak flux density and

Bk

(3.15)

[0

(AB)P~dt | (3.16)

k
ki = _ , (3.17)
(2m)a=t [ [ cos O|*20—db

where «a, 8 and k are material parameters that can be deduced from
manufacturer’s data sheets of a core material by curve fitting. Accord-
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ing to [66], these parameters have to be adapted to take the DC-bias
into account. Furthermore, (3.16) can be simplified for piece-wise linear
flux density waveforms as present in the converter [67].

The winding losses are caused by the conduction losses of the DC
inductor current and by eddy currents which increase with increasing
frequency. The eddy currents lead to skin effect and proximity effect
losses which can be determined by means of FEM simulations for a
specific core design or by analytical approximations as summarized in
[68].

Capacitor Selection

Similar to the current ripple criterion for the inductor value, a voltage
ripple criterion has to be defined for the input and output capacitors.
In [69] it was shown, that the voltage ripple at the PV panel should
be kept below 8.5% of the MPP voltage in order to extract 98% of
the available panel power. This statement mainly focuses on MPP
trackers which periodically change the converter input voltage in order
to track the MPP of the PV panel. The voltage ripple which is caused
by the switching transients should be kept to a minimum in order to not
influence the MPP tracker. Thus, the maximum relative peak-to-peak
voltage ripple at the input and output is limited to around 2%, which
yields Ci, - fsw = 7TF -Hz and Cyyy - fsw =~ 4.5F - Hz.

3.2.4 Optimization Results and Experimental Veri-
fication

In this section, the optimization results for two semiconductor tech-
nologies, i.e. Si and GaN, are shown and experimentally verified by
prototypes. First, the GaN technology is described and the differences
to Si and SiC are pointed out. Furthermore, different ways of mea-
suring a converter efficiency are compared and the measurement setup,
which was finally used for the measurements of the prototypes, is de-
scribed. In addition, the control schemes of the converter as well as the
PV system, composed of multiple PV panels with integrated DC/DC
converters and the subsequent inverter, are presented.
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Chapter 3. Multi-Cell Photovoltaic Energy Systems

GaN Transistor Technology

For the past 30 years, after its first appearance in 1976 as an alterna-
tive to bipolar transistors, the Si MOSFET has dominated the area of
switching power conversion in the low power range due to its advanta-
geous properties as an unipolar device, no threshold voltage in forward
direction, easy controllability of the switching speed via gate resistances,
lack of tail currents, ruggedness and fast switching speeds [29]. But,
since the development of superjunction MOSFETSs [5] and the related
overcoming of the silicon limit, the rate of improvement has slowed
down. However, with the recent introduction of enhancement-mode
Gallium-Nitride-on-Silicon transistors, the switching Figure of Merit
(Rps.on - Qcp) has been significantly improved by a factor of six for
200V devices and by a factor of two to three for 40V and 100V de-
vices [70]. The major benefits of GaN FETs arise from the physical
properties of Gallium Nitride as a wide band-gap material like Silicon
Carbide (SiC). Wide band-gap materials posses a higher critical electric
field strength than silicon which allows to manufacture devices with a
lower on-state resistance Rpgon at a given maximum blocking voltage
capability. A distinctive feature of GaN in combination with an AlGaN
layer is the formation of a two-dimensional electron gas (2DEG) with
unusually high electron mobility that facilitates even smaller devices
for a certain on-resistance and maximum operating voltage than real-
izable with SiC [70]. The maximum allowable operating voltage of this
type of devices is not defined by an avalanche break-down mechanism
as for a pn-junction, a metal-semiconductor contact (Schottky barrier)
or metal-oxide-semiconductor but by a subthreshold leakage (STL) cur-
rent that increases with increasing drain-source voltage [71], [72]. Fur-
thermore, due to the pure lateral structure of GaN FETs, no parasitic
pn-diode is inherently present as given for vertical Si MOSFET struc-
tures. However, a reverse biased GaN FET operates in a similar manner
as a body diode but due to a different mechanism [70]. Thus, for reverse
conduction, no minority carriers are involved so that no reverse recovery
losses are generated. These advantages enable the design of converter
systems with higher switching frequencies at the same efficiency, which
leads to reduced volumes of passive components and thus to an overall
increase in power density.

As a drawback, the recent generation of GaN FETs is not avalanche
rated, thus special care has to be taken to prevent transient overvolt-
ages. Moreover, the gate-source voltage must not exceed an upper limit
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Fig. 3.12: Results of the n-p-Pareto optimization for a 4-switch buck-boost
converter with either Si MOSFETSs or GaN FETs. The efficiency is calculated
as mean value of two operating points, i.e. at an input voltage of 30 V and an
output voltage of 20 V and/or 40 V with an input power of 200 W. Solid lines
represent the Pareto fronts of each semiconductor technology whereas the
dashed lines are results for specific switching frequencies (20 kHz...500 kHz).
The power density is calculated based on the sum of all component boxed
volumes.

of 6 V which requires the application of gate drives with voltage clamp-
ing. Because of a rather low threshold voltage of around Vgg, = 1.6V,
the gate to source path needs to be designed for minimum inductance
in order to prevent an erroneous turn-on of the switch in case of fast
switching transients in rectifier operation.

Optimization Results and Prototype Realizations

The results of the n-p-Pareto optimization of the buck-boost converter
are comparatively shown for both semiconductor technologies, i.e. Si
MOSFETs and GaN FETs, in Fig. 3.12. In order to ensure a fair
comparison, the efficiency shown in the graph is calculated as a mean
value of the efficiencies given for boost operation (Vi, = 30V, Vou =
40V) and buck operation (Vi, = 30V, Vot = 20V) at an input power
of 200W. The advantages of lower switching losses of GaN FETs in
comparison to Si MOSFETs can be leveraged in two dimensions: a
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converter system can be realized with a higher power density at the
same efficiency or with a higher efficiency at the same power density
compared to the Si-based system.

Based on the results of the Pareto optimization two converter de-
signs with different switching frequencies but same efficiency have been
selected for realization as prototypes (cf. Fig. 3.12).

The Si MOSFET based converter prototype (Fig. 3.13(a)) op-
erates at a switching frequency of 100kHz. The main inductor (L =~
30 uH) of the converter is realized using an N87 ETD34 ferrite core.

For the second prototype (Fig. 3.13(b)) GaN FETs have been
selected as input and output side switches in combinations with the
recommended half-bridge gate driver IC LM5113 / TI for GaN FETs.
Since the switches and the gate drives are only rated for 100V, the
boost operation range is limited to a maximum output voltage of around
70V. The prototype features a main inductance of 7 uH consisting of
an EFD25 core, also made of N87 ferrite material. Consequently the
inductor volume is decreased from 22.6 cm? to 8.7 cm?® (~ —62%).

Efficiency Measurement Setup

For highly accurate efficiency measurements of converters with losses in
the lower Watt range, a special measurement setup is required. In gen-
eral, there are basically three possibilities how efficiency measurements
can be performed:

» Measurement of input and output using a power analyzer.

> Separate measurements of input and output voltages and currents,
which allows a high accuracy in case of DC quantities.

» Calorimetric measurements, i.e. the direct measurement of the
losses in combination with the measurement of the input or output
power.

Using a power analyzer is the most convenient way and therefore usually
the first choice. However, measurements of a DC/DC converter for a
typical operating point of a PV module, even with a high performance
power anaylzer such as the WT3000 / Yokogawa, lead to an efficiency
accuracy of only + 0.18%. This would mean, that a measurement result
of e.g. 98.5% would only indicate that the actual value is in between
98.32% and 98.68%.
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Fig. 3.13: PV panel-integrated buck-boost converter prototypes: (a) Pro-
totype with Si MOSFETs (input side: BSB028NO6NN3 / Infineon in Can-
Pak package, output side: IPBO72N15N3 / Infineon in D2Pak package) and
100 kHz switching frequency, and (b) prototype with GaN FETs (EPC2001
/ EPC) and 400 kHz switching frequency.

With calorimetric methods, the efficiency is determined by mea-
suring the dissipated heat [55]. However, this method requires special
equipment such as a calorimetric chamber and for each measurement
some time has to be allowed until a thermal steady state has been
reached. Thus, this method is not suitable, especially for measurements
of several different operating points.

Consequently, the efficiency measurements have been performed by
separately measuring input and output voltages and currents as shown
in Fig. 3.14. The setup consists of a Solar Array Simulator (E4360 /
Agilent) as power source, two calibrated measurement shunts (1282 /
Burster) and four high-precision voltmeters (34410A / Agilent) for the
measurement of the converter input and output voltage and the volt-
age across the shunt resistors for precise current measurements and an
electronic load (63202 / Chroma). The voltmeters are synchronously
triggered by a function generator (33220A / Agilent) in order to mea-~
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Electronic

SAS Load

Fig. 3.14: High precision efficiency measurement setup comprising a so-
lar array simulator (SAS), the converter as device under test (DUT), an
electronic load, highly accurate voltmeters and shunt resistors for current
measurements.

sure all values at the same point in time. All devices are centrally
controlled by a computer via MATLAB. The converter efficiency can
thus be calculated as

V Vsh,z
7] Pout VoutIout out Rsh,Z (3 18)
Conv — - = . .
]Di Vrinlin V;n 71‘;1:11

The accuracy of this method for a typical operating point is + 0.05%,
i.e. over three times more accurate than a measurement using a power
analyzer.

Experimental Results

The efficiency measurements have been performed at a fixed input volt-
age of Vi, = 30V and for different output voltages and input power
levels. The results for the Si and GaN converters are depicted in
Fig. 3.15(a) for buck operation with output voltages of 20V and 25V
as a function of the input power. In a similar way, the results for boost
operation are depicted in Fig. 3.15(b) for both converter prototypes
for output voltages of Vo = 35V and Vi = 40V for different input
power values.

A comparison of measured efficiency values of both converter pro-
totypes together with results for a commercial converter for PV panel
integration, which employs the same 4-switch buck-boost topology as
the prototypes, is depicted in Fig. 3.16. In addition, the measured
efficiency of the GaN converter for 100 kHz switching frequency is also
shown. Due to the lower switching frequency and in order to mainly
compare the semiconductor devices, the main inductor of the Si con-
verter was used in the GaN converter for this measurement. The results
show, that the GaN converter has higher conduction losses, since the
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Fig. 3.15: Efficiency measurement results of the Si converter prototype
(fsw = 100kHz) and the GaN prototype (fsw = 400kHz): (a) buck operation
at 30V input voltage and output voltages of 20 V and 25V for different levels
of input power P, and (b) boost operation at 30V input voltage and for
output voltages of 35V and 40V for the same levels of input power Piy,.

efficiency in buck mode (with decreasing output voltage and thus rising
output current) drops below the efficiency of the Si converter for the
same switching frequency (100kHz). This is due to the fact, that, ac-
cording to the data sheets, the total Rpg(on),max value of the switches in
the Si converter is only 10 m{2, whereas in the GaN converter the total
value is 14mQ (4+40%). Furthermore, since the chip area of the GaN
switches is very small, the PCB copper traces are in general somewhat
shorter but also less wide and therefore they very likely lead to higher
PCB conduction losses. If the GaN converter is operated at a switching
frequency of 400 kHz, then, besides four times higher switching losses,
also higher inductor losses occur.

65



Chapter 3. Multi-Cell Photovoltaic Energy Systems

n/%Two

GaN FETs
99 (100 kHz)

~.1._’“ Si MOSFETSs
08 ""/ (100 kHz)
97

T
%6 GaN FETs
\ Commercial (400 kHz)
converter Vout / v
95 ' : ; : 0
0 20 40 60 80 100

Fig. 3.16: Efficiency measurement results of the Si converter prototype with
a switching frequency of 100 kHz and the GaN converter with a switching
frequency of 400 kHz and also with 100 kHz in comparison to a commercial PV
panel-integrated buck-boost converter. The measurements were performed
with an input voltage Vi, of 30 V and an input power P;, of 200 W.

3.2.5 Control of Converter and PV System

The PV panel exhibits one operating point (Vpy mpp, Ipv,mpp) that
results in a maximum panel output power at a certain irradiance and
temperature. The panel-integrated converter thus needs to constantly
track this operating point as it changes during the course of the day
due to the moving sun, shadows, e.g. caused by passing clouds, and
changing panel temperature. In literature, many MPP tracking algo-
rithms have been proposed and comparatively evaluated [73]. It was
found, that the perturb and observe (P&O) method provides a good
performance with low complexity and is thus selected for implementa-
tion in the prototypes. The controller consists of a cascaded structure
where the outer loop comprises the MPP tracker that multiplies the
measured values of panel voltage and current to determine the panel
output power (cf. Fig. 3.17). The inner loop controls the panel cur-
rent which receives reference values from the MPP tracker. The MPP
tracker constantly varies the current reference value and the direction
of perturbation is based on the previous step and the corresponding
change in panel power. The current controller has to be comparably
fast in order to decouple the control loops. The transfer function of the
converter changes as the converter operation moves from buck to boost
mode or vice versa, which has to be considered in the design of the
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Fig. 3.17: Cascaded converter control with the MPP tracker as (slow) outer
control loop and the PV current controller as (fast) inner control loop.

current controller. The small-signal transfer function of the duty cycle
to the PV panel current can be found using the state-space averaging
approach [74] for the buck converter with a stationary duty cycle Dy,
as

IQ~L'C'82+C'Dbu~VPV'S+IQ

Gid,buck(s) = C L. s2 1 (319)
and for the boost converter with a duty cycle Dy, as
1 — Dypo)log+C - Vpy -

Gid,boost(s) = ( b ) o+ PV S (320)

(1-Dyo)2+C L 52

where Iy denotes the converter output current i.e. the string current.
The string current is controlled by the central (string) inverter and thus
exhibits slower dynamics. The transition from buck to boost mode
and vice-versa is implemented as described in [75]. When the output
voltage is equal to input voltage, a so-called pass-through mode can be
activated where only the upper switches of each bridge-leg are turned
on, which allows to mitigate any switching losses by connecting the
converter input via the inductor with the converter output. However,
in this case the controllability is lost as the MPP tracker can no longer
determine whether the panel is operated in its MPP. One method to
overcome this problem is to periodically leave the pass-through mode
and to sweep through a certain range of operating points in order to
determine whether other operating points can deliver more power [76].

The control of the full system does not require any communica-
tion between the individual PV panel-integrated converters or between
the panel-integrated converters and the central DC/AC grid converter.
Each panel-integrated converter can track the MPP of the attached
PV panel as described above. As a consequence, the converter output
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voltage is not controlled by the panel-integrated converter but its value
depends on the output power of the attached PV panel and the string
current, which is common for all converters. Thus, the central DC/AC
inverter can control the bus voltage Vzus by adapting the string cur-
rent Igy,. The steady-state output voltages of the converters can be
calculated for a system with NV PV panels as

Vit = Ppv _ Ppv i - VBus _ Ppy; - VBus7 ic{1,2, N} .

Istr PPV,tot N
Ppv j
=1

’ (3.21)

An example of a PV system with only two PV panels with buck-
boost converters and a bus voltage of only 120 V is depicted in Fig. 3.18.
For extreme irradiance differences between the panels (e.g. due to un-
equal shading), the converter output voltage of the panel with the high-
est output power might reach the upper limit. In that case, this con-
verter has to deliberately move the operating point out of the MPP
to reduce the input power until the output voltage is no longer at the
maximum value. To overcome this problem, additional communica-
tion between the panels or the implementation of a supervisory control
circuit are necessary [77].

3.2.6 Summary

For the class of series-connected full-power PV module integrated con-
verters, the buck-boost converter topology is identified as the most
promising concept for PV panel integration due to the great flexibil-
ity it provides with regard to the number of panels per PV string for
a fixed DC bus voltage. An optimization and modeling procedure is
described in detail, which allows to obtain an efficiency / power densi-
tiy (n-p) Pareto front. Based on the results of the analytical modeling,
two prototypes of the full-power processing buck-boost concept are re-
alized for a rated power of 275 W and an input/output voltage range of
Vin = 15...45V and Vg, = 12.5...100 V with either Si MOSFETs with
a switching frequency of 100kHz or GaN FETs with a switching fre-
quency of 400kHz. Both converters feature efficiencies of up to 98.5%
in switch-mode operation and 99% in pass-through operation.
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3.3 Parallel-Connected Full-Power MIC

In this section, the approach of the parallel-connected full-power PV-
panel integrated converters is investigated where every PV panel is
equipped with a DC/DC converter and the converter outputs are con-
nected in parallel, i.e. to the DC-bus at the central DC/AC converter
input, as shown in Fig. 3.19. This requires the use of an appropriate
DC/DC converter topology with high step-up ratio and, at the same
time, also a high conversion efficiency.

At first, different topologies that meet these requirements are iden-
tified and evaluated and the most suitable concept is selected for an
in-depth analysis and optimization. The n-p (efficiency /power density)
Pareto optimization and the corresponding results are presented sub-
sequently. Based on the optimization outcome, a prototype employing
only GaN switches is assembled and the measurement results are shown
afterwards.

3.3.1 Classification of High Step-Up Topologies

In literature, several converter topologies have been proposed with both
high step-up ratios and high efficiency. Those topologies can be clas-
sified into two main categories of isolated and non-isolated concepts.
Depending on the country where the PV system is installed, it might
be necessary to include an isolation stage in the PV panel integrated

6 DC Y

DC

DC
o o

Fig. 3.19: Simplified PV system consisting of two PV panels with high
step-up panel-integrated DC/DC converters and a central DC/AC converter.
Each PV panel output voltage is stepped-up to reach the level of the bus
voltage Viys of the central DC/AC converter.
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DC/DC converters. However, the criteria for selecting the best suited
concept for PV panel integration are common to both categories: high
conversion efficiency both at full and part load, easy controllability, high
power density and low part count for reduced costs as well as a long
system lifetime.

Non-isolated Topologies

Non-isolated high step-up converters are usually either boost convert-
ers with coupled inductors (Fig. 3.20(a)) [78-81] or boost converters
combined with a flyback converter [82-84] (Fig. 3.20(b)). A high
conversion efficiency can be achieved with soft-switching if additional
circuits are added to these basic concepts. The converters are exten-
sions of the conventional boost converter structure, in which large duty
cycles would occur at high conversion ratios. As a consequence, the
conventional boost converter would suffer from low efficiency due to
high switching losses resulting from hard switching at high voltage and
from the reverse recovery effect of the diode. Additionally, since the
voltage conversion ratio of the boost converter is a non-linear function
of the duty cycle, large duty cycles would also have a negative effect on
the control dynamics.

High conversion ratios can also be achieved with voltage multiplier
topologies, such as e.g. switched-capacitor converters [85,86]. A draw-
back of these topologies is the limited controllability of the output volt-
age, which is usually an integer multiple of the input voltage and thus
not continuously adjustable. This controllability would only be given
for a more complex hybrid combination of a switched-capacitor and an
inductor-based converter [87].

Isolated Topologies

Isolated DC/DC converter topologies usually employ a high frequency
transformer. A transformer is inherently well suited for the application
in converters with a high voltage conversion ratio, as the step-up ratio
can be set with the turns ratio. The topologies with a transformer can
work with either unidirectional core excitation, as e.g. given for flyback
or forward converter, or with bidirectional core excitation (push-pull,
half-bridge or full-bridge converter). Since the former category exhibits
phases within a switching period, where no power is transferred to the
load, their power density and efficiency are lower compared to the lat-
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Fig. 3.20: Non-isolated high step-up converter topologies: (a) boost con-
verter with tapped inductor and (b) boost-flyback topology.

ter category and thus are not considered further. For reduced switching
losses and component stresses either additional auxiliary circuits, e.g.
snubber circuits, can be used or topologies with an inherent ZVS/ZCS
capability, such as the resonant half-bridge and full-bridge converters
can be selected [88]. The series resonant converter (SRC) is especially
well suited for applications with high output voltage and high efficiency
at part-load operation [74] and is therefore selected for further consid-
eration (cf. Fig. 3.21(a)). As the input voltage needs to be stepped
up, the SRC is advantageously equipped with a full-bridge inverter and
a voltage doubler as rectification circuit, in order to reach the highest
voltage transfer ratio at a given transformer turns ratio.

In combination with MOSFETS, it is preferable to operate the SRC
above resonance [89] as this allows utilizing the resonant current at the
switching instant to achieve ZVS.

Selection of Topology

From the aforementioned classification of topologies, the SRC offers the
advantages of high efficiency, as it can operate without (low) switching
losses due to ZVS, and a high power density because of its bidirectional
core excitation. However, the switching frequency has to be adjusted in
order to vary the voltage transfer ratio of the converter such that the
varying PV panel voltage is stepped-up to a fixed output voltage level.

Based on the SRC circuit depicted in Fig. 3.21(a) the equivalent
circuit for the fundamental harmonics analysis (FHA) can be derived, as
visualized in Fig. 3.21(b). The resonant network reacts mainly to the
first harmonic of the square wave voltage produced by the full-bridge
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Fig. 3.21: (a) Series resonant converter topology and (b) equivalent circuit
which models the fundamental frequency behavior.

switch network, thus higher harmonics can be neglected in the analysis
allowing the use of the FHA method [74]. Hence, the input voltage of
the resonant tank wvg(t) equals the first harmonic of the square wave
voltage, i.e.

4V;
vg1 () = —= sin(wst) , (3.22)
0
where wg is determined by the switching frequency ws = 27 fs. The
average value of the input current Ij, can be obtained by averaging
the absolute value of the current is; (¢), which is drawn by the resonant
tank, over half a switching period. This yields

21,
Iin = !

cos(¢s) , (3.23)
where I, is the amplitude of the first harmonic of the sinusoidal reso-
nant current 41 (¢) and ¢, is the phase angle with respect to the voltage
Usl(t>.

The rectifier network can also be analyzed with the FHA method
if it is again assumed that the resonant tank has a negligible response
to higher harmonics. Thus, the voltage v,1(¢) (on the primary side of
the transformer) is the first harmonic of the square wave voltage that
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is impressed by the rectified current. This yields for a voltage doubler
configuration

2VBus .
v () = ]\;37: sin(wst — ¢s) , (3.24)

where N is the transformer turns ratio. The voltage v,1(t) is in phase
with the resonant tank output current

i1 (t) = Iy sin(wst — o) (3.25)

where frl is the peak value of the sinusoidal current at fundamental
frequency. Based on that, the value of the DC output current I, can
be obtained by averaging the rectified resonant tank output current
liy1(t)] over half a switching period, which results in

1
Iout = ﬂlrl . (326)

Furthermore, the equivalent load resistance R.q on the primary side of
the transformer can be calculated as

Ur1 (t) 2
Req = =R—— . 3.27
T i) N2g2 ( )
With the result for R.q, the input impedance of the resonant tank can
be derived as

1
Zi (8) = SLres + W + (Req”SLm) . (328)

Based on that, the voltage gain of the resonant tank can be derived as

(Beq|sLm)
Zin(s)
which varies with the switching frequency. The resonant tank exhibits

two resonance frequencies given as

1 1
) frcs, = s
21y LresCres ? 2T (Lres + Lm)cres

and the gain of the resonant tank equals one, if operated at fres1. If
it is assumed that the leakage inductance L, of the transformer, which
usually has a value below one or two percent of the value of the magne-
tizing inductance L,,, is utilized as resonance inductance L,.s then the

Ghes(s) = , (3.29)

Jresq1 = (3.30)

74



3.3. Parallel-Connected Full-Power MIC

p.u
f 0.8
0.4 iP
Ly
0 A —
0.4 -
0.8
t
(b) o —
0 Tres/2 Tp Ty

Fig. 3.22: Proposed converter topology: (a) two-stage converter consisting
of a boost converter and a SRC and (b) characteristic waveforms of the SRC.
The SRC is operated in the HC-DCM which utilizes the magnetizing current
im for ZVS during dead-time Tp and features a constant voltage transfer
ratio.

frequencies fies,1 and fres2 differ by a factor of around ten, according
to (3.30). The transfer ratio of Vi, to Vs for fow # fres,1 does not only
depend on the switching frequency, but also on the power level. Thus, if
one wants to cover the total PV panel voltage range (Vpy = 15...45V)
at all power levels, the transformer design becomes challenging. To ac-
count for that, in [90] the leakage inductance was chosen to be in the
same order of magnitude as the magnetizing inductance, thus requiring
a transformer design with dedicated windings to achieve a high leakage
inductance. If, in contrast, the magnetizing inductance is reduced, e.g.
by introducing an airgap in the main magnetic path, the magnetizing
current will increase and cause higher conduction losses.

From the considerations above, it can be seen that the voltage trans-
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fer ratio of Vi, to Vpys is only constant, if the SRC is operated at reso-
nance frequency fsw = fres,1. At this operating point, the transfer ratio
is independent of the load current. Therefore, in this thesis a two-stage
topology is proposed, which consists of a boost converter and a SRC
as shown in Fig. 3.22(a). The boost converter steps the changing
PV voltage Vpy to an intermediate constant voltage bus Vpc mia. The
SRC converter is operated at fres,1 in half-cycle discontinuous conduc-
tion mode (HC-DCM) [91] as shown in Fig. 3.22(b). This enables
a very efficient voltage conversion from the intermediate bus voltage
Vbc,mid to the high voltage bus Vpys by utilizing the transformer leak-
age inductance as resonance inductance and the magnetizing current in
combination with the parasitic output capacitances of the full-bridge
MOSFETSs for ZVS switching. The duration of the square wave pulses
of the full-bridge are equal to the time required for the resonant current
to complete one half wave, i.e. Tres/2. Between the square wave pulses
a dead-time Tp is introduced, during which the remaining magnetizing
current charges/discharges the parasitic capacitances of the MOSFET's
in such way that ZVS is achieved before the full-bridge switches turn
on for the next half cycle. As only the magnetizing current is used for
ZVS, the SRC can operate without switching losses independent of the
transferred power.

The concept of applying two converter stages simplifies the design
and the control of the system. The bridge legs of the SRC are op-
erated at a fixed switching frequency with 50% duty cycle and 180°
phase shift. Since the output voltage Vpyus is controlled by the cen-
tral DC/AC converter, the voltage of the intermediate DC bus Vpc mid
is also constant. Thus, the boost stage can perform Maximum Power
Point (MPP) tracking of the PV panel by proper variation of the duty
cycle Dyoost Of switch S,.

3.3.2 Converter Optimization

The degrees of freedom in the design of the converter (specifications
in Tab. 3.3) are the level of the intermediate bus voltage Vbc mid,
the resonance frequency f,es of the SRC, and the switching frequency
fsw,boost~
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Tab. 3.3: Specifications of the PV panel integrated high-step up boost con-
verter.

Parameter Variable Value
Max. converter power Peonv 275 W
Max. input voltage VPV, max 45V
Min. input voltage VPV, min 15V
Max. input current Ipv max 10A
Bus voltage VBus 400V
Min. ambient temperature T, —20°C
Max. ambient temperature Tiax 80°C

Choice of the Value of Vpc mid

In contrast to the SRC stage operating in ZVS at all times, the boost
stage creates switching losses since it operates in continuous conduction
mode. The switching losses of the boost converter are influenced by the
input current as well as by the voltage Vpc mia and increases with in-
creasing values of both. As the input current is determined by the MPP
of the PV panel and thus cannot be altered, it is preferable to select
a value of Vpc mia which is as low as possible, i.e. slightly above the
maximum converter input voltage to keep the duty cycle in a reasonable
range with good controllability and efficiency. Based on this, an inter-
mediate bus voltage level of Vpc mia = 50V is chosen. Thus, the duty
cycle of the boost converter varies in the range of Dpoost = 0.1...0.7 for
input voltages in the range of Vpy = 15...45 V.

Optimization Procedure of Boost Stage

The losses of the boost stage comprise inductor losses and semiconduc-
tor switching and conduction losses. Regarding the inductor Ly,, differ-
ent values for the peak-to-peak current ripple Al max = [20%...100%]
of the maximum average value of the inductor current Iin max have
been used for the following optimization. Based on that, a value of
AL max = 60% of Iin max has been selected. The maximum inductor
current ripple occurs for Dyoost = 0.5 which is given at Vpy = 25 V. For
the product of inductance and switching frequency this yields a value
of
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Vbe,mid

L sW =™ a1 1
bf 4AIL,mainn,max

~2.1H -Hz. (3.31)
Furthermore, the maximum flux density in the core has to be kept
well below the saturation flux density, i.e.

Ly,

Bsat > Bmax = y
NInd : Ac,min

(3.32)
with Ninq being the number of turns, A¢ min the minimum core cross
section and Iy, the peak value of the inductor current.

The inductor losses comprise core losses and winding losses. The
core losses can be calculated using the improved Generalized Steinmetz
Equation (iGSE), as already introduced in (3.16).

The winding losses are caused by the DC inductor current and by
eddy current losses, which increase with increasing frequency. The eddy
currents contribute to skin and proximity effect losses, which can be
analytically approximated according to [68]. Harmonics up the 10th
order are considered in the calculations.

For the boost and the synchronous rectification switch Gallium Ni-
trid (GaN) FETs from EPC (EPC2001) are selected, since they fea-
ture lower switching losses compared to Silicon MOSFETSs at a given
switching frequency. As the switching losses are strongly influenced
by parasitic inductances of the circuit layout, a layout similar to the
one already successfully tested in Sec. 3.2.4 has been taken as a ref-
erence and the losses have been validated with LTSpice simulations of
the manufacturer’s switch models. Furthermore, the on-state resistance
Rps,on of the switches and the resistance of the PCB traces account for
conduction losses.

Optimization Procedure of the SRC

Since the SRC is operated with ZVS, the main loss contributors are
transformer losses and conduction losses in both the switches and the
PCB traces.

The transformer needs to be designed for a turns ratio of Nyec/Nprim =
4 because the voltage needs to be stepped up from Vpc mia = 50V to
half the value of Vp,s = 400V since a voltage doubler is used for the
rectification. As a first approximation, disregarding the magnetizing
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current ém(t) and the dead-time Tp, the peak value of the primary
current [, can be calculated for a given PV panel power Ppy as

- - Ppy
[h=——"—. 3.33
P 2. Vbe mid (3:33)
and the RMS value as
jp - \@71’ . va

Ip,rms \/i 4. VDC)mid . (334)
As the current exhibits a sinusoidal waveform, the winding losses can be
calculated by using only the fundamental frequency for the calculation
of the AC resistance of the windings, taking proximity and skin effect
into account.

The core losses can be assessed with the iGSE by first considering
the flux linkage ¥y, in the transformer, which exhibits in a first approx-
imation (i.e. neglecting the dead time Tp) a triangular waveform with
a peak value of \i/p on the primary side, i.e.

- Vbe,mid
by = P

Depending on the flux linkage, the flux density in the core can be cal-
culated as

(3.35)

v
B=—2F2 3.36
Np . Ac,min ’ ( )

with a peak value that has to be well below the saturation flux density

vy
Np : Ac,min .
For the switches of full-bridge stage also GaN FETs from EPC (EPC2001)
are selected due to a lower parasitic capacitance Cogss(Vpg) compared
to Si MOSFETs with similar voltage rating and on-state resistance
Rpg,on. This allows to minimize the dead-time T which is required to
charge/discharge the capacitances Coss(Vps) of all switches.

Bgsat > Brax = (3.37)

Optimization Results

For different core types (ETD and EFD cores) made of N87 Siferrite ma-
terial and a selection of Rupalit litz wires the inductor and transformer
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Fig. 3.23: Optimization results for an operating point of Ppy = 250 W and
Vepv = 30V visualized as efficiency/power density (n-p) Pareto plot. Each
marker represents one combination of an inductor core size and transformer
core size.

losses have been calculated for an operating point of Ppy = 250 W and
Vpv = 30V for different switching frequencies of the boost stage and
different resonance frequencies of the SRC stage. Since several combi-
nations of inductor and transformer designs exist, an efficiency/power
density (n-p) Pareto plot (Fig. 3.23) is created, which visualizes the
achievable trade-off between the converter efficiency and volume for all
possible combinations at the selected operating point. For calculating
the total converter volume, boxed volumes of the main components, i.e.
the inductor, the transformer and PCB have been considered.

3.3.3 Prototype and Experimental Results

Based on the optimization results, a converter prototype has been as-
sembled, shown in Fig. 3.24(a). The switching frequency of the boost
stage is set to an optimized value of fsw boost = 210kHz and the in-
ductor consists of an EFD25 core with an inductance of Ly ~ 10 uH
i.e. N =7 turns (420 strands with 71 pm diameter) and an air gap of
lgap = 0.76 mm.

The transformer of the SRC is composed of an ETD34 core with
N, =9 primary turns (420 strands with 71 pm diameter) and Ny = 36
secondary turns (120 strands with 71 pm diameter) and is operated at a
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Fig. 3.24: (a) Prototype of the high step-up boost converter comprising
a boost stage, an isolated SRC stage and a voltage doubler rectifier. (b)
Measured waveforms of the converter prototype showing the output volt-
age of both bridge-legs (vrB1 and vrp2) of the full-bridge and the trans-
former current i, on the primary side at an operating point of Ppy = 200 W,
Vbc,mia = 50V and Veus = 400V.

resonance frequency of fr.s = 350kHz. In order to limit the influence of
the dead time T on the RMS value of the transformer current, its value
is limited to 10% of the resonance period. This requires a magnetizing
inductance of L, ~ 60 uH and thus a total air gap of lgap = 0.1 mm
in the transformer core. With a leakage inductance of L, ~ 380nH
the resonance capacitance has to be Cy, =~ 484 nF in order to tune the
resonance circuit to the desired resonance frequency.
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Fig. 3.25: Measured efficiency of the prototype for different levels of input
voltage Vpyv and different levels of converter input power Ppy.

The voltage doubler rectifier circuit consists of SiC diodes from Cree
(C3D02060E).

The measurement results shown in Fig. 3.24 verify the operation
of the SRC in HC-DCM. After each resonant half-wave of the primary
current iy, the magnetizing current charges/discharges the parasitic ca-
pacitances of the GaN FETs in the full-bridge as can be seen with
the bridge-leg voltages vpp; and vppe. Thus, no switching losses are
generated in the full-bridge switches of the SRC.

The converter efficiency has been measured for different input volt-
ages Vpy at different levels of input power Ppy and the results are
visualized in Fig. 3.25(b). The converter efficiency increases with in-
creasing input voltage Vpy as the conduction and switching losses of
the boost stage decrease with decreasing input current i.e. increasing
input voltage at a given power level. A peak efficiency of around 97%
is achieved at the operating point with an input voltage of Vpy =45V
and an input power of Ppy = 200 W.

3.3.4 Improving Part-Load Efficiency

For operation of the SRC in HC-DCM, the magnetizing flux causes core
losses independent of the transferred power. At low levels of the input
power Ppy, these constant losses constitute a relatively large part of
the total losses since other loss contributions, such as e.g. conduction
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losses and switching losses of the boost stage, decrease with decreasing
input power. Hence, in order to improve the part-load efficiency of the
converter, the modulation scheme of the SRC can be slightly changed as
shown in Fig. 3.26 by introducing a free-wheeling state for the magne-
tizing current during time Tgpw. This half-cycle skipping (HCS) mode
reduces the frequency at which resonant half wave pulses are processed
by the SRC and thus also the frequency at which the magnetizing flux
changes, which results in lower core losses. This principle of operation
is comparable to the line cycle skipping (LCS) method of PFC boost
converters, which achieves an almost flat efficiency curve over the trans-
ferred power [92]. One disadvantage, however, are increased peak and
RMS values of the resonant current, giving rise to higher winding losses
in the transformer. Thus, an optimal free-wheeling time TgFw can be
found for each power level with the lowest converter losses.

The efficiency measurement results for the prototype at low power
operation at an input voltage of Vpy = 35V are shown in Fig. 3.27 for
the case of HCS operation in comparison to normal HC-DCM operation.

3.3.5 Summary

The two-stage converter concept employing a boost stage and a series
resonant converter (SRC) stage is identified as the best suited concept

p-u T
1 —
ip (with HCS)

e
0.5 \
\ 1
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\ —
0.5 / \ /

ip (without HCS) \\//
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t
—

e s
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Fig. 3.26: Operating principle of the half-cycle skipping (HCS) mode. In
comparison to the normal HC-DCM operation, a free-wheeling state for the
magnetizing current during time Trw is introduced.
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Fig. 3.27: Comparison between the measured efficiency of the prototype in
half-cycle skipping (HCS) mode and in normal HC-DCM for an input voltage
of Vpv = 35V at low levels of converter input power Ppy.

for the class of parallel-connected full-power PV module integrated con-
verters. The boost stage is required for the adaption of the temperature
dependent PV panel output voltage of Vpy = 15...45V to an intermedi-
ate constant bus voltage of Vpc mia = 50V and for tracking the MPP of
the PV panel. The high step-up conversion to a converter output volt-
age of Vgus = 400V is accomplished by the second isolated stage i.e.
the SRC operated in HC-DCM, where the magnetizing current of the
transformer is utilized to achieve soft-switching. Based on the results of
an efficiency /power density (n-p) Pareto optimization, a prototype has
been assembled employing only wide band-gap semiconductor devices
such as GaN FET switches and SiC diodes. Measurement results verify
the operation of the SRC in HC-DCM and also show that a peak con-
verter efficiency slightly above 97% could be achieved at a power level
of Ppy = 200 W and an input voltage of Vpy = 35 V. The efficiency at
part load operation can be improved by operating the SRC in half-cycle
skipping (HCS) mode which reduces the core losses of the transformer
at the expense of slightly higher conduction losses.
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3.4 Parallel-Connected Partial-Power MIC

The concept of the parallel connected partial-power converter (P-PPC)
for PV panels has been the focus of several research papers [54,93-102].
Even though the PV panels are still connected in series, the voltages of
the panels are equalized by the P-PPCs and therefore act like a “virtual
parallel” connection. Many of these topologies have been known for
more than two decades from battery equalization circuits, where the
state of charge of series connected battery cells is equalized in order to
prevent unequal aging of the batteries [93,94]. However, this “virtual
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Fig. 3.28: Comparison of different PV panel-integrated DC/DC converter
concepts for a simplified system with two PV panels receiving different levels
of irradiance: (a) the series-connected full-power converter concept adjusts
the maximum power points MPP; and MPP; of the PV panels to a common
string current Ig.; (b) the parallel-connected partial-power concept equalizes
all PV panel voltages such that the panel voltages are equal or close to the
MPP voltages.
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parallel” connection of battery cells cannot only be used for battery
systems but can also be applied to PV panels [54,96,97] or on sub-
string level to strings of PV cells within a PV panel. [98-102].

In contrast to the cited literature references, which are mainly focus-
ing either on the theoretical analysis of different balancing topologies or
on advanced control schemes, this thesis provides an analytical back-
ground of both the operation of the proposed converter concept and
the operation of the whole PV system. A novel contribution is hereby
the analysis of the impact of different shading scenarios of a PV string
on the operating points of the balancing converters. Furthermore, a
two-level overcurrent protection concept is introduced and the adjust-
ment of the operating points of each balancing converter of a PV string
installation is explained if an overcurrent exceeds the safe operating
limits. This constitutes the basis for a converter optimization which is
used for designing a set of converter prototypes which are finally tested
in string operation with different shading scenarios.

3.4.1 Operating Principle

In order to extract the maximum amount of power from a string of PV
panels, each PV panel has to be operated at its maximum power point
(MPP). On the one hand, this can be achieved with full-power DC/DC
converters on each PV panel that adjust the PV panel current Ipy to the
string current I, as shown for the series connected full-power converter
in Fig. 3.28(a) (cf. Sec. 3.2). On the other hand, instead of adjusting
all PV panels to the same current, they can also be operated with the
same panel voltage by means of partial-power balancing and/or panel
voltage equalization converters, since the voltage of the MPP of a panel
is barely affected by the level of received irradiance, as visualized in
Fig. 3.28(b). In contrast to full-power converters, however, the partial-
power balancing converters cannot track the MPPs of the PV panels;
the overall MPP tracking of the whole string in this case is performed
by the central inverter. Furthermore, due to the series connection of
the PV panels in the balancing converter concept, the voltage of the
string is given by the addition of the individual PV panel voltages.
Thus, paralleling multiple strings is only feasible if all strings contain
the same number of PV panels of the same type which have equal
temperatures. Those limitations regarding the flexibility of the system
design, however, are in many cases outweighed by a lower complexity
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Fig. 3.29: Analyzed PV system with balancing circuits: (a) circuit dia-
gram showing a PV string with N PV panels (PV4,...,PVx), N — 1 balancing
converters (Bi,...,Bn.1y) and a grid connected DC/AC converter and (b)
characteristic inductor current waveform and gate signals of one balancing
converter.

in the control, lower component count, and higher efficiency of the
balancing converters, since they convert only a small part of the panel
power, defined by the differences of the actual PV panel current values.

The balancing converters denoted as Bj, Bs in Fig. 3.29(a), are
inverting buck-boost DC/DC converters, each connected around two
adjacent PV panels. This means that a PV string consisting of N PV
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panels requires (N — 1) balancing converters, i.e. (2- (N — 1)) switches
and (N — 1) inductive components in total.

The balancing converters do not require any closed loop control
since the switches of each buck-boost converter can be controlled by a
simple PWM signal with a fixed duty cycle of 50% in case of normal
operation without over-current. Furthermore, the balancing converters
operate independent of each other and neither require any communica-
tion or synchronization with neighboring converters nor with the central
inverter.

The waveforms of the gate signals and the inductor current are
shown in Fig. 3.29(b) for one balancing converter. The triangular
current of the inductor can be utilized in combination with the para-
sitic drain-source capacitances of the MOSFETsS to achieve zero-voltage
switching (ZVS) (cf. Appendix C), as the current direction reverses
during each conduction interval. In order to maintain ZVS operation
over the whole PV panel voltage range, the switching frequency is lin-
early adjusted with the PV panel voltage by means of a voltage con-
trolled oscillator (VCO). This results in a constant peak-to-peak current
ripple Aly, of the inductor current If..

Panel-Level vs. Sub-String Level Equalization

In recent publications, a voltage equalization on sub-string level of the
PV panels has been proposed [98-102]. This is motivated by the fact,
that a PV panel usually consists of two or three strings of series con-
nected PV cells, so-called sub-strings. They are equipped with bypass
diodes, as depicted in Fig. 3.30(a) for a PV panel with two sub-strings.
Thus, if equalization modules are connected around the sub-strings,
each sub-string can be operated at its MPP. In contrast, the equaliza-
tion on PV panel level only regulates the terminal voltage Vpy of the
PV panel and not the voltages of the sub-strings. The current through
the sub-strings is equal to the PV panel current which is drawn from
the terminals of the PV panel. The whole system, consisting of the PV
panels with balancing converters and the central DC/AC converter, is
driven by the MPP tracker of the central DC/AC converter to strive for
maximum output power. Thus, the currents within the PV panels will
adjust to the value that still yields the required PV panel voltage, which
is the voltage applied to the PV panel by the balancing converters.

As a result, in a partially shaded PV panel, the output power of
the unshaded sub-strings will be below their MPP, since the shaded
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Fig. 3.30: Issue of partial shading of a PV panel: (a) structure of a standard
crystalline Si PV panel with two internal strings (i.e. sub-strings) of PV cells
with bypass diodes; (b) simplified system with a voltage balancer around an
unshaded PV panel (PV panel 1) and a partially shaded PV panel (PV panel
2) and the corresponding current/voltage diagram of the partially shaded
PV panel with the operating points of the unshaded and shaded sub-string,
OPgs1 and OPgs2, respectively.

sub-string dictates the current level. This is visualized in Fig. 3.30(b)
for a PV string with two PV panels and one balancing converter, where
the upper panel is unshaded and the lower panel is partially shaded.
The panel voltage Vpys is equal to the voltage of the upper PV panel
Vpbv1 as a result of the equalization process. The current Ipys of the
partially shaded panel is therefore given by the intersection of the PV
panel terminal characteristics and the impressed voltage Vpys and is
conducted by both sub-strings.

In practice, however, only few PV panels, namely these at the border
of shaded and unshaded areas, will be partially shaded. Thus, the
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benefit of sub-string level equalization circuits compared to panel level
balancing converters is in most cases outweighed by higher system costs
resulting from the increased part count.

3.4.2 Analytical Description

In this section, the operation of a PV string with balancing converters
is analytically described in order to determine the influence of different
shading conditions on the operation of the converters. In case of any
mismatch between the PV panels within a string, the currents in the
inductors of the balancing converters exhibit DC values Ir1, ..., Ir,(n-1)
(cf. Fig. 3.29(a)). The values of these DC currents can be calculated
depending on the values of the PV panel currents (Ipyi,..., Ipv(n)),
i.e. preferably the MPP currents of the PV panels, as long as a duty
cycle of 50% is maintained and also by taking into consideration that
no DC current can flow through the capacitors. The current direction
is inherited from Fig. 3.29(a) and, based on Kirchoff’s current law,
the equations for the (N — 1) nodes between each pair of adjacent PV
panels can be written as

1
Node 1: Ipyo —Ipy1 +1I1h — = - I1o =0

2
1 1
Node 2: Ipys — Ipys + 1o — 5 Iy — 5 I3 =0

1 1
Node N-2: Ipv(n-1) — Ipv(n-2) + IL(N-2) — 3 Ay — 3 It N3y =0

1
Node N-1: IPV(N) — IPV(N-l) + IL(N-l) — 5 -IL(N_Q) =0.
(3.38)

This can also be expressed in matrix form as
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Ipvny — Ipv(n-1)

By applying mathematical reformulation, the average inductor cur-
rent Ir, , of one balancing converter can be expressed in a summation
of the PV panel currents as

"N -
IL,n2~< Ip\/lf Z N IPV1> . (340)

1=1 1=n+1

The DC string current Iy, that is drawn by the central inverter,
can be calculated as

N
> Ipvi

Istr = i:1N . (341)

Based on the DC string current I, the DC currents in the induc-
tors (cf. (3.40)) can be expressed by a simple equation in only one
summation as

_2.<§5AL> (3.42)

where Al; = Ipy i — Is, is the difference between the PV panel current
and the string current.

Based on (3.40) or (3.42), the average value of the inductor current in
each balancing module can be calculated for different shading scenarios.
In Fig. 3.31 two shading scenarios are depicted for a string with 10 PV
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Fig. 3.31: Impact of different shading scenarios on average current values of
inductors in balancing converters: (a) PV string with N = 10 PV panels and
two different shading scenarios. In both scenarios the same number of panels
are shaded, but the shaded panels are located at different positions within
the PV string: In scenario 1 the shaded panels are placed at the bottom of
the string, whereas in scenario 2 the shaded panels are placed at the center
of the string. (b) Average inductor current values Ir, of balancing modules
for both scenarios.

panels and 9 balancing modules. In both scenarios, the same numbers of
shaded and unshaded panels is assumed (i.e. 4 shaded and 6 unshaded
panels). Furthermore, it is assumed that all panels are operated at their
MPP where the unshaded panels deliver Inipp unsh = 8 A and the shaded
panels provide Ivppsn = 4A. In scenario 1, the shaded panels are
placed at the end of the string, whereas in scenario 2 the shaded panels
are located at the center of the string. The resulting average inductor
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Fig. 3.32: The maximum worst-case DC inductor current that occurs in
the balancing converter with an adjacent shaded and unshaded PV panel for
shading scenarios, where the string is divided into a shaded and an unshaded
section. The DC inductor current of this balancing module increases when
1) the string gets longer, 2) the amount of shaded and unshaded PV panels
is balanced, and 3) the ratio of irradiance kiyr decreases.

current values in each balancing module are visualized for both scenarios
in Fig. 3.31(b). The largest average value that appears in scenario 1
amounts to I, max = 20 A, whereas the largest value in scenario 2 is
only It max = 12 A and thus only 60% of the value of scenario 1. This
aspect has not been discussed in the literature so far and constitutes an
important point in the course of the converter design and selection of a
proper protection concept in order to prevent overloading of balancing
converters in a PV system in certain shading situations.
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The most critical operation in matters of shading situations of a PV
panel string is a two-part distribution of the shaded and the unshaded
PV panels, given that there is then just one balancing module in the
total string with an adjacent shaded and unshaded PV panel. Then,
the DC inductor current of this balancing module carries the maximum
DC inductor current. For an analytical derivation of the maximum DC
value of the inductor current the DC string current I, is expressed
depending on the amount of shaded PV panels n, a ratio of irradiance
kirr, and the PV panel current Ipy of unshaded panels in their MPP

Ipv - (N —n) 4+ ki - Ipv - 1
N )

(3.43)

Istr =

Inserting (3.43) in (3.42) and differentiating with respect to n yields a
maximum DC inductor current at n = % which equals

(1= ki) - N - Ipy . (3.44)

N =

IL,max n:% -
Based on (3.42) the maximum DC inductor currents for n shaded PV
panels are illustrated in Fig. 3.32 where the combination of ki, = 0.5,
N =10 and n = 5 corresponds to scenario 1 of Fig. 3.31.

The DC current of an inductor also influences the RMS current
values in the switches of a balancing module and thus the conduction
losses. The RMS current value of a switch can be expressed as a function
of the peak-to-peak inductor current ripple Al;, and of the average
inductor current Iy, by

1 1
Isw,rms = 5 2- II% + EAIIQJ . (345)

Furthermore, the efficiency of a PV system with N PV panels and
N — 1 balancing converters can be calculated by taking into account
the power generated by the PV panels (Ppy 1, ..., Ppy,n) and the losses
in the balancing converters (Ppross,1, -, Ploss N-1), Which results in

N

N-1
Z PPV,i - Z PLoss,i
i=1 i=1

nSys == (346)

N
Z Ppy

i=1
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3.4.3 Over-Current Protection

The currents in the balancing modules might exceed the limit of the safe
operating area as a result of unfavorable shading scenarios, meaning the
balancing module drops out of ZVS due to a large DC current. The
large DC current might furthermore lead to either the saturation of the
inductor and/or to the thermal destruction of the MOSFETSs caused by
the switching losses. Therefore, a two-level protection concept is used
in order to counteract high DC inductor current values and guarantee
safe operation. In a first step, the balancing module is kept in the safe
operating area by adjusting the duty cycle within the balancing module.
In a second step, in case a situation with either very fast changes of the
operating points of the PV panels occurs or when the irradiance levels of
the PV panels are severely different, the balancing module is bypassed
by turning off the MOSFETSs. The protection methods are described
in more detail in the following paragraphs.

The balancing module loses ZVS when the DC value of the inductor
current exceeds half of the peak-to-peak inductor current Aly,. Thus,
the duty cycle adjustment is initiated as soon as the measured DC value
of the inductor current exceeds a predefined value. The direction of the
duty cycle adjustment is given by the sign of the DC current. The duty
cycle is changed until the DC current is below the limit. This allows to
operate the PV panels in operating points with different voltages and
therefore smaller differences in the PV currents, as shown in Fig. 3.33.
As a drawback of this protection measure, however, the PV panels are
moved out of their MPP and operate at a sub-optimal operating point.
Since the shading situation might change over time, the controller is
constantly trying to bring back the duty cycle ratio to the initial value
of 50 %.

In case the duty cycle modification cannot provide safe operation
and the DC inductor current exceeds a defined limit, the second level of
the protection concept is activated and the balancing module is turned
off. By turning off a balancing module, the string of PV panels is
divided into two parts that are independently balanced by the remaining
converters. Thus, the string contains two MPPs and the central inverter
tracks the MPP with the highest power. A restart of the turned-off
balancing module can be attempted once the voltages of the adjacent
panels are in close vicinity.

A more detailed analysis of the output power of a PV string with
power limited balancing converters is provided in Appendix B.
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Fig. 3.33: Operating points of (a) two PV panels with equalized voltages
and (b) unequalized voltages due to duty cycle adjustment. The duty cycle
adjustment keeps the balancing converter in the safe operating area with ZVS
since the DC inductor current I1, is decreased by the adjustment.

3.4.4 Balancing Converter Optimization and
Realization

In this section the optimization procedure and design of the balancing
converter prototype are explained. The balancing converter specifica-
tions do not only depend on the electrical characteristics of the PV
panels but also on the expected shading scenarios, i.e. the difference
between the generated panel currents within a string. Since worst case
scenarios can result in high average inductor current values, as described
and depicted in Sec. 3.4.2, the design of the converter has to be limited
to reasonable shading scenarios. With larger values of the maximum
average inductor current, the balancing converter can work in a wider
range of shading conditions without reaching the limits at which the
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protection circuits are activated. This, however, leads to larger con-
stant losses due to the larger peak-to-peak current ripple in the inductor
and larger RMS current values in the MOSFETSs. Thus, as a result of
this trade-off, the maximum average inductor current up to which the
switches can operate in ZVS is set to I, max = 5 A for the prototype. In
order to achieve ZVS, the amplitude of the peak-to-peak inductor cur-
rent ripple Aly, has to be twice the maximum average inductor current
I, max, i.e. A, = 10A. The switching frequency is linearly adjusted
to the PV panel voltage by a voltage controlled oscillator (VCO) that
senses the voltage across both PV panels. This yields constant volt-
seconds A1, = Vpv/(2 - fsw) which are applied across the main inductor
of a balancing module during a switching state and thus, also yields a
constant inductor current ripple Ay, for all PV panel voltages. Hence,

s ——— Auxiliary
Voltage Supply

|

2 PCB-Stacked, Protection

Integrated Inductance vVCO Circuit
Current Sensor Gate Driver
[Top Side]
11 [mm)] /
0.43 [in] .
45 [mm)] /

1.77 [in]

[Bottom Side]

Fig. 3.34: Dimensions and components of the voltage balancing converter
prototype for PV panel voltages of Vpy = 15V...45 V.
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Tab. 3.4: List of main components per balancing converter.

Component Specifications

2x MOSFET'Ss BSC190N15NS3 / Infineon [Rpgon = 19m2 @
T, =25°C, Vpg =150V, Ip = 50 A]

1x Gate driver Half-bridge gate driver LM5106 / TI

1x PCB integrated ~ ELP32/6/20, N87 ferrite / EPCOS

inductor [L ~ 9.5uH, 6 turns, 2 stacked 4-layer PCBs,

track width ¢, &~ 7mm, copper thickness t;, =
35 pm, lairgap = 0.37 mm]

1x VCO LTC6992-2 / Linear Technology
2x Auxiliary supply LMZ35003 & LMZ31503 / TI
2x Capacitors X7R ceramic capacitors [C' = 10.8 uF (4x2.2 uF

and 2x1.0 uF), Viatea = 100 V]

the inductance of the main inductor can be calculated as L = A\, /ATL.
The PV panel voltage is strongly influenced by the PV panel tem-
perature, thus the converter has to be designed for a wide input voltage
range, i.e. Vpy = 15V..45V (cf. Fig. 3.7) covering a factor of k =
VoV, max/VPv,min = 3. The switching frequency has to be varied with
the same factor between maximum and minimum switching frequency.
Since half-bridge gate drivers usually have a fixed dead-time (often in
the range of Tgead ~ 100 — 200 ns), the maximum switching frequency
is chosen to be fiax = 250kHz, so that the total dead-time is less than
10% of the total switching period. As a result, the prototype operates
with a switching frequency in the range of fs = 80kHz...250 kHz which
translates into Ay, = 100 pVs and a required inductance of L = 10 pH.
In order to achieve a compact converter layout with minimal height
to facilitate the integration into the junction box of a PV panel, a PCB
integrated inductor design has been chosen. Thus, for the optimization
of the inductor, all available EPCOS N87 cores with ELP and I-core
shape for PCB-integration have been considered. The losses in the
inductor can be divided into core losses and winding losses. For the
calculation of the core losses the improved generalized Steinmetz equa-
tion (iGSE) (cf. (3.16)) has been applied. The eddy current losses in
the PCB tracks of the integrated inductor have been calculated based
on the results of [103]. The combined core and winding losses of the
chosen inductor design (cf. Table 3.4) amount to 1.93 W at PV panel
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Fig. 3.35: Voltage balancing converter measurement setup and results: (a)
measurement setup where a SAS is used to emulate two PV panels and an
electronic load to emulate the central inverter; (b) parameters of the emulated
PV panels (PV; and PV2) and measured operating points; (¢) measured
waveforms of the inductor current i1, and PV panel voltages vpyvi1 and vpva.

voltages of 25 V. The conduction losses in the MOSFETSs at a junction
temperature of T} = 25°C are calculated as PyosSFET,cond = 180 mW
based on (3.45).

3.4.5 Measurement Results

The measurement setup and results of one balancing converter con-
nected around two PV panels are shown in Fig. 3.35. The electrical
characteristics of PV panels were emulated with a Solar Array Simu-
lator (SAS) from Agilent (E4360) and the central DC/AC converter
was resembled by an electronic load (Chroma / 63200), which was op-
erated in constant voltage mode. The applied test scenario reflects
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Fig. 3.36: Measurement results of the overcurrent protection concept: (a)
operating points OP s and OPg of a system consisting of one heavily shaded
and one unshaded PV panel with a balancing converter shown for the cases
without any protection concept (i.e OPa) and with the proposed protection
concept (i.e OP4); (b) measured voltage and current waveforms for the oper-
ation without any protective measures with the MOSFETSs operating at hard
switching; (c) activated protection concept where the PV panels are operated
at different voltages with a smaller current difference and thus the triangular
current is utilized for ZVS.

the case of one unshaded PV panel with a maximum output power of
PPVl,MPP = 145W (1e VPVLMPP =29V and IPVl,MPP = 5A) and a
shaded panel with a maximum output power of only Ppva mpp = 70 W
(i.e. VPVQ’MPP =28V and IPVQ’MPP =25 A) With the application of
the balancing module, both PV panels can be operated in or close to
their MPP as visible in Fig. 3.35(b). The measured inductor current
waveform with triangular shape and the balanced PV panel voltages
are depicted in Fig. 3.35(c).

The protection circuitry was tested with a scenario where one panel
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is unshaded (1e PPVLMPP = 145 W, VPVl,MPP =29V and IPVl,MPP =
6.5 A) and the second panel is heavily shaded (i.e. Ppyempp = 28 W,
Vovempp = 28V and Ipyompp = 1.0A) accordingly delivering only
a fraction of the power of the unshaded panel. Without any protec-
tive measures, the average inductor current in the balancing module
is driven above the predefined upper limit of 5 A and the MOSFET'Ss
are operated in hard switching mode since there is no change in the
direction of the current anymore, as shown in Fig. 3.36(b). When the
protection circuit is active, however, the duty cycles of the balancing
converter are slightly adapted until they reach 48 % / 52 %. This allows
to drive the operating points of the PV panels to values with a lower
current difference, i.e. the unshaded PV panel is operated at a voltage
above the MPP whereas the shaded PV panel is operated at a voltage
below its MPP. Then the absolute value of the average current in the
inductor decreases and, since the current changes its direction again at
each switching state, the MOSFETSs are operated again with ZVS, as
depicted in Fig. 3.36.

The total losses in one balancing module at no load operation (i.e.
no mismatch between the PV panels) for PV panel voltages of 25V
were measured to be Pposs ot = 2.66 W, where the losses that can be
attributed to the auxiliary electronics account for around Ppossaux &
550mW. As a result, in a PV system with a string of 10 equally ir-
radiated PV panels with an output power of Pyipp = 220 W each, the
system efficiency reaches ngys = 99.0% based on (3.46).

3.4.6 Summary

For the class of parallel-connected partial-power PV panel integrated
converters a voltage balancing converter based on the buck-boost topol-
ogy is presented. The converter is designed to operate with ZVS at all
operating points by adjusting the switching frequency depending on the
PV panel voltage and by an additional two-level overcurrent protection
concept. The two-level protection concept provides safe operation with
ZVS also at undesired shading scenarios by adjusting the duty cycle or
by shutting down the balancing module if severe mismatch conditions
occur. Furthermore, an analytical framework is introduced to describe
the current distribution within a PV system with an arbitrary number
of PV panels and corresponding balancing converters. Based on this
analytic framework, a converter optimization is performed and a com-
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pact prototype with low part count and easy controllability is designed.
The measurement results show that the output power of a string with
PV panels receiving different irradiance can be maximized with a very
high efficiency with this concept. The protection concept is verified
with measurements at two very unequally irradiated PV panels.
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3.5 Series-Connected Partial-Power MIC

The S-PPC can add the output voltage of the converter to the panel
output voltage (boost operation) and/or subtract it from the panel
voltage (buck operation). The S-PPC with only boost functionality
is also often referred to as Series Connected Boost (SCB) converter
[104], [105]. This converter type can be realized with a transformer
with either a full-bridge, half-bridge or push-pull stage on the primary
side and a full-bridge diode rectifier, center-tapped rectifier or voltage
doubler rectifier on the secondary side [106]. Topologies which allow for
both buck and boost operation are presented in [107], [108] and [109].
For the same reasons as explained for the series connected full-power
converter concept (cf. Sec. 3.2), a S-PPC with buck-boost voltage
conversion capability is favorable.

3.5.1 Component Load Factors

In order to assess the potential of the S-PPC concept in comparison to
series-connected full-power converters, the concept of component load
factors (CLF) [110] is selected among different evaluation methodologies
such as e.g. calculating component utilization quantities [74,89, 111,
112], and other criteria [113]. According to [110], the CLF is calculated
by relating the apparent power of a component to the active output
power of a system:
V*I*

o= . 3.47
Ptot ( )

A total CLF can be derived for each component type, i.e. for tran-
sistors, diodes, inductive components and capacitors by adding the CLF
values of the individual components of the same type. A low CLF in-
dicates a low component and/or low realization effort due to a good
utilization of the components and thus low values are better than large
values. Depending on the type of component, the values of V* and I'*
can be peak, RMS or peak-to-peak values. The quantity P, is the
total output power which is for PPCs the sum of the power directly
transferred to the load and the power processed by the converter (cf.
Fig. 3.4).

Since the buck-boost S-PPCs [107-109] exhibit a high component
count and complexity, which renders the application as MICs with long
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lifetime requirement as rather unlikely, only S-PPC with boost function-
ality are regarded in the assessment to identify their potential as MICs.
In the following, three different topologies of S-PPC boost converters
(cf. Fig. 3.37(b)-(d)) are evaluated and compared to the standard
full-power boost converter (Fig. 3.37(a)). All values related to the full-
power boost converter are labeled by the subscript FP as an acronym for

Bl oO—4 r
S - o ? + Vout
; < , r
Vin == :j = Vout Vin=/
o o o— o
(a)
[ . 0
¥ 4 L +
B 3 + %

Vo T Ny .H.’NQ == Vu
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Vin . . = Vout
J Ni No
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Fig. 3.37: Full-power and S-PPC boost converter topologies: (a) Standard
full-power boost converter used as reference (label: FP), (b) cascaded S-PPC
consisting of a buck-boost converter with cascaded input and output voltages
(label: CAS), (c) S-PPC with a MOSFET full-bridge on primary side and
full-bridge diode rectifier on the secondary side (label: PP1), (d) S-PPC
with push-pull stage on the primary side and center-tapped rectifier on the
secondary side (label: PP2).
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full-power. The S-PPC converter topology shown in Fig. 3.37(b) [114]
is labeled with the subscript CAS since it can be seen as a boost con-
verter with input/output voltage cascading. (The topology is similar
to the P-PPC voltage balancer converter shown in Fig. 3.29(a) even
if both converters perform a different function.) The other two topolo-
gies are a subset of possible S-PPC realizations of the series connected
boost converter (SCB) [104], [105] that can comprise either a full-bridge,
half-bridge or push-pull topology on the primary side or a full-bridge
rectifier, voltage-doubler, current-doubler or center-tapped rectifier on
the secondary side [109], [108], [106]. The realization of Fig. 3.37(c))
is labeled with PP1 and the one from Fig. 3.37(d)) with PP2. For
a meaningful comparison, the duty cycles of all topologies have to be
given as a function of the voltage transfer ratio Tr = Vout/Vin,

Tr —1
Dpp = Dcas = RT (3.48)
R
N
Dpp1 = Dpp2 = (Tr — 1)F1 . (3.49)
2

For the deduction of the CLF values, following assumptions were
made [110]:

» Ripple currents in filter chokes are neglibly small.

» Converter losses are negligble, thus Py, = Poyt-

Transistor CLFs

As MOSFETSs have a resistive on-state behavior, the RMS current is
chosen as I*. For V* the peak blocking voltage is selected based on the
simplification that no over-voltage occurs during the switching tran-
sient. This yields as total transistor CLF values

D

OSFP = T p ;FPP (3.50)
VD

OS.CAS = T l;j(/;is (3.51)

| Dpp1 1 Ny
o =4 — 3.52
S,PP1 5 1+ z]:r[f Dot M1 ( )
| Dppa 1 Ny
=2 — . 3.53
03,PP2 5 11 ]]:,[2 Dops M1 ( )

1
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Diode CLFs

The conduction losses of diodes are mainly determined by the average
diode current chosen as I*. Similar to the transistor CLF, the peak
diode blocking voltage is chosen as V*. The total diode CLF values can
be determined as

O'D7Fp =1 (354)

op,cas =1 (3.55)
1 Ny

o =2—— 3.56

D,PP1 o %Dppl N, ( )
1 N-

OD,pP2 = 2 (3.57)

22—
1+ %Dppg Ny

Inductor CLF's

For the inductors, the average current is approximately equal to the
RMS current if a low current ripple is assumed and is accordingly se-
lected as I*. For V* the average AC-voltage is chosen, which is the
product of applied voltage and duty cycle if a square wave excitation
voltage is assumed [110]*. This results in

oLrp = Dpp (3.58)
or,cAs = Dcas (3.59)
1 N-
or,pp1 = Dpp1(1 — DPPI)HTDFT (3.60)
N Dpp1
1 N-
ovL,pp2 = Dpp2(1 — Dpp2) 2 (3.61)

1+ N2 Dppy N1

Transformer CLF's

Only the topologies Fig. 3.37(c) and (d) comprise a transformer for
which again a CLF can be computed for each transformer winding.

1The energy stored in an inductor is equal to W = L~I]230/2 where the inductance
value L is determined by the current ripple Al and the applied voltage; L = V -
D/(fsw - AI). With an allowed current ripple of €i1, = AI/Ipc the energy can be
expressed as W = Ipc -V -D/(2-€i1,- fsw) which yields W = I*-V*/(2-&i1,- fsw) and
therefore justifies the selection of the above mentioned values for the calculation of
the CLF.
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The average AC voltage and the RMS current are selected as V* and
I* respectively and the transformer load factor is calculated as the sum
of the load factors of all windings

1 N.
or,pp1 = Dpp1v/ DPPIH—TDF? (3.62)
~; PpP1

Dpp2 1 Ny
OT,PP2 = 2DPP2\/j1 ¥ Dors N (3.63)
1

Please note that this concept is different to the definition of the
rated power of a transformer, which is calculated by dividing the sum
of all apparent power values of all windings by a factor of two.

Capacitor CLFs

The capacitor design is determined by the current stress and the voltage
rating (besides a voltage ripple condition defining a minimum capaci-
tance value). Thus the RMS current is chosen as I* and the DC voltage
as V*. The CLF values can be derived as

1

= ——+/(1—=Dgpp)D .64
TCFP = T ( rp)Drp (3.64)
1
0C,CAS = m\/(l - DCAS)DCAS (3-65)
1 Ny
- 2 A Dep)D .
0C,PP1 T %—’;‘Dppl N, \/( pr1)Dpp1 (3.66)
1 N-
oC,pP2 = *2\/(1 — Dpp2)Dpps . (3.67)

1+ %Dppz Ny

3.5.2 Comparison of the Results

The CLFs are evaluated for the requirement of a small maximum trans-
fer ratio of Tk max = 1.2, which yields a transformer winding ratio of
N3/N; = 0.2 for the PPCs. The results for each component type are
shown in Fig. 3.38(a)-(e) versus TR for the topologies of Fig. 3.37.
As already visible from the derived CLF equations above, the full-power
boost converter and the cascaded S-PPC exhibit the same CLF values
for all components. Thus, in this case the cascaded S-PPC (CAS) po-
tentially does not exhibit any advantages in terms of converter losses

107



Chapter 3. Multi-Cell Photovoltaic Energy Systems

Oy Op
0.5 1.2
04 ppy / : FP/ CAS
0.3 pS }P/CAS 0.8
0.2 ] 0.6 PP1 / PP2
’ < 0.4 i
PP2
0.1 0.2
0 Tr 0 TR
(@) 1105 11 115 12 ()1 105 11 115 12
oy, or
0.2 0.25
015 0.2
FP / CAS 015
0.1 D PP2
PP1 / PP2 01 > X
0.05 / 0.05 PP1
0 Tr 0 Tr
(© "1 105 11 115 12 @1 105 11 115 12
oc o
0.5 1.25
FP/ CAS
0.3 > 0.75
PP1
0.2 PP1 / PP2 05 o PP?
0.1 s 0.25 Y
TR

0 —
(e "1 105 11 115 12 OV o e a o o

Fig. 3.38: CLF values of the different component types for the converters
of Fig. 8.37 for a maximum transfer ratio of Tr,max = 1.2: (a) transistor
CLF (os), (b) diode CLF (op), (c) inductor CLF (o1,), (d) transformer CLF
(or) and (e) capacitor CLF. In (f) the different CLF values are plotted for a
transfer ratio of Tg = 1.1.

and/or realization effort. Conversely, the other two concepts (PP1 and
PP2) exhibit lower values of the diode CLF (op), the inductor CLF
(o1,), and the capacitors CLF (o¢) than the full-power boost converter
and the PP2 topology also features a lower CLF value of the tran-
sistors (og). Yet, the S-PPCs require the use of a transformer which
yields an additional CLF value. In order to facilitate an easier assess-
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ment and comparison of the CLF values of the different topologies, the
CLF results for a transfer ratio of Tg = 1.1 are shown for the different
topologies in the bar chart of Fig. 3.38 (f).

However, even though only a very small maximum transfer ratio
was chosen, which requires only a small fraction of the power to be pro-
cessed by the converter stage of the S-PPC concepts (cf. (3.2)), they do
not exhibit a lot smaller CLF values than the full power concept and
some CLF's are even larger. However, the partial shading can lead to se-
vere mismatch conditions, which, in combination with the requirement
of some flexibility regarding the number of PV panels per string, re-
quires series-connected converters to have a large output voltage range
(cf. Fig. 3.7). Thus, the concept of S-PPCs will not have any advan-
tages anymore compared to the series-connected full-power converter
concept. Quite the contrary, a S-PPC with buck-boost functionality
is substantially more complex than the 4-switch buck-boost concept of
Sec. 3.2 and thus will not be investigated further.

3.5.3 Summary

The class of series-connected partial-power converters for PV panel in-
tegration is analyzed by means of component load factor comparison.
As a result, the possibility to exploit the advantages of S-PPCs as PV
panel-integrated DC/DC converters mainly depends on the required
voltage conversion ratio. The S-PPC concept only offers an advan-
tage if a slight adaption of the PV panel current is required, and thus
the rated power of the converter can be relatively low, which yields low
CLF values as shown for small maximum transfer ratios of TR max = 1.2.
However, as already mentioned in Sec. 3.2, the output voltages of the
converters have to cover a wide range (up to a factor of four between
the minimum and maximum voltage) in order to cope with the most
challenging shading scenarios. In combination with the relatively high
complexity of the S-PPC buck-boost concept, this renders the S-PPC
as unsuitable for PV panel integration.
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3.6 Summary and Conclusion

In this chapter, all four possible combinations of series and parallel
connection of full- and partial-power converters for PV panel integra-
tion are analyzed in detail. The partial-power concepts feature the
advantage, that the overall system efficiency is only to some extent in-
fluenced by the conversion efficiency of the converter, depending on the
mismatch condition between the PV panels. However, the analysis of
the partial-power converter concepts has revealed some drawbacks of
these concepts:

» P-PPC': The power flows in the balancing modules are interdepen-
dent, such that a shading of one PV module affects all balancing
modules. Depending on the length of the PV string and the spe-
cific shading scenario, very high currents can occur in the balanc-
ing modules. This requires the implementation of over-current
protection schemes, which however reduce the power output of
the string. Since the string length and the specific shading sce-
narios also influence the design of the converter, it is difficult to
define general converter specifications and design guidelines. Fur-
thermore, paralleling strings, which are equipped with P-PPCs
is only possible for the exact same number of PV panels in each
string.

» S-PPC: In order to obtain some flexibility in the number of PV
panels per string and in order to cope with different levels of
mismatch conditions, the S-PPCs have to be designed with almost
the same component load factors as a full-power converter. In
addition, the S-PPC topologies are substantially more complex
than full-power converters.

Therefore, the partial-power concepts are well suited for applications
with small voltage conversion ratios and/or cells with similar power
levels. In PV systems, however, the purpose of the module-integrated
converters is to mitigate the negative effects of mismatch between the
PV panels where these conditions are not given.

Consequently, the full-power concepts are better suited for the ap-
plication as PV module integrated converters where the parallel and
series connected concepts have different advantages:

» P-FPC: The concept of parallel-connected full-power converters
offers the greatest flexibility in the design of a PV system. Since
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each converter steps up the PV voltage to the DC-link voltage,
the system can already be operated with only one PV panel. This
might be an advantage for islanded operation in remote areas,
where only a small number of PV panels might be available. The
maximum number of PV panels is only determined by the power
rating of the central DC/AC converter. Furthermore, the oper-
ation of a P-FPC is independent from the shading conditions of
the other converters, which simplifies the design process.

S-FPC'": The concept of series-connected full-power converters pro-
vides a higher efficiency than the P-FPC concept. This is due to
the fact that always only one conversion stage is employed with
a smaller conversion ratio than in the P-FPC concept (which in
this thesis has been implemented with two series connected con-
verter stages, cf. Fig. 3.22(a)). In addition, a bypass mode can
be activated when the input and output voltage of a S-FPC are
in close vicinity. Furthermore, due to the omission of a second
conversion stage, the part count is lower, which also reduces the
costs of this concept.
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Multi-Cell Telecom Rectifier

RIVEN by the increasing popularity of cloud-based internet ser-
D vices, the Internet-of-Things, and the trend around “big data”,
the electricity consumption of data centers has grown tremendously in
the past decade and is projected to grow even further in the future,
e.g. around 70% from 2013 to 2020 in the US alone [115]. As a conse-
quence, data centers are now one of the largest consumers of electricity
and therefore also under a growing financial and political pressure to
increase their energy efficiency.

State-of-the-art single-phase telecom power supply modules usually
comprise a PFC rectifier stage and an isolated DC/DC converter output
stage, usually generating a nominal output voltage of 48 V. The rectifier
stage is typically a boost-type PFC rectifier which in the simplest case
consists of a full-bridge diode rectifier in connection with a boost con-
verter. Since the forward voltage drops of the diodes in the rectifier ac-
count for high conduction losses, alternative bridgeless topologies have
gained significant interest over the past years [116,117]. One example
of a highly efficient single-phase bridgeless telecom rectifier is described
in [55]. This is a triple-parallel-interleaved Triangular Current Mode
(TCM) PFC rectifier system with a double-parallel-interleaved phase-
shift full-bridge isolated DC/DC converter (rated power Poy = 3.3kW,
rated output voltage Vouy = 48 V) which features a power density of

= 3.3kW/dm?® and an efficiency of n = 97% at half of the rated
power. A new approach towards a hyper-efficient and super-compact
telecom rectifier design beyond the barriers of traditional converter con-
cepts is presented in this chapter. The approach is based on the em-
ployment of multiple low power converter cells which are connected in
series at the input terminals and in parallel at the output terminals

113



Chapter 4. Multi-Cell Telecom Rectifier

Converter Cell

Fig. 4.1: Multi-cell telecom power supply module topologies in input-series
output-parallel (ISOP) arrangement: (a) input side diode rectifier with con-
verter cells containing an |[AC|/DC boost converter (processing a time-varying
input voltage) and an isolated DC/DC converter connected in series; topolo-
gies where each cell contains an AC/DC converter input stage with (b) either
a distributed line inductance or (c) a single line inductor, and an isolated
DC/DC converter stage.
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(Input Series Output Parallel - ISOP). A multi-cell telecom power sup-
ply with this configuration can essentially be realized in three different
ways, as shown in Fig. 4.1. Common to all three concepts is the appli-
cation of multiple converter cells that equally share the input voltage
and the output current, which requires a means of isolation between the
individual series-stacked DC-link potentials from the common output
potential. Therefore, in all three concepts an isolated DC/DC con-
verter stage is employed in each converter cell. The three concepts
mainly differ concerning the rectification of the sinusoidal mains volt-
age. In Fig. 4.1(a) a full-bridge diode rectifier is utilized, similar to the
structure of a conventional boost PFC rectifier, but with the difference
that the boost stage is split-up into multiple |AC|/DC converter boost
stages, which are located at the input of each converter cell. Since the
diode full-bridge leads to significant conduction losses and synchronous
rectification devices would have to be rated for the full peak input volt-
age, this concept will be discarded. In Fig. 4.1(b) and (c) the diode
bridge is omitted and, instead, a full-bridge synchronous rectifier is inte-
grated in each converter cell, which only requires semiconductors which
are rated for the DC-link voltage of a single cell. The boost inductor
(Ly,) can either be realized by distributed inductors where each induc-
tor is associated to one converter cell (cf. Fig. 4.1(b)) similar to the
distributed boost stages of Fig. 4.1(a), or can be realized by a single
inductor for the whole converter system (cf. Fig. 4.1(c)). The induc-
tance value of the single inductor in the latter concept equals the sum of
the distributed inductances of the former concept, for the assumption
of same input current ripple. Since the realization effort and the total
volume is smaller for a single inductor than for distributed inductors®,
the concept of Fig. 4.1(c) is selected in this paper.

In the following sections the benefits of the multi-cell converter ap-
proach, the optimization, the design, and the control of the multi-
cell telecom rectifier system of Fig. 4.1(c) are analyzed. At first,

IThe area product of an inductor (defined as product of the winding area and
the core area) scales with the required inductance and can be calculated in a first
step as AwAc = L - I?/(S - kg1 - Bmax) where S is the current density, kg is the
filling factor of the winding area and Bmax the maximum flux density. The area
product is proportional to the fourth power of the linear dimension ! whereas the
volume is proportional to 2. Thus, the volume of N inductors with each having an
inductance of L/N is Vol = N - (AWAC/N)(3/4) = Nl/‘l\/olsingle which is by a
factor of N1/4 larger than the volume Volgingle of a single inductor with inductance
L.
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in Sec. 4.1 fundamental scaling laws of power electronic systems are
summarized, which highlight the advantages of multi-cell converters for
AC/DC conversion. The implemented control scheme for the ISOP
multi-cell system with a master-slave regime is presented in Sec. 4.2.
In Sec. 4.3 the available degrees of freedom in the design of a multi-cell
converter system are analyzed, the modeling of the losses and volumes
of the employed components is outlined and the optimization results
are discussed. Subsequently, in Sec. 4.4 the design of the hardware
demonstrator is shown and critical design aspects are analyzed. In or-
der to verify the optimization results, different measurement results of
the hardware demonstrator are presented in Sec. 4.5. Since the stan-
dard control concepts do not leverage all available degrees of freedom in
the control the ISOP system, a more advanced 4D-interleaving control
scheme is introduced in Sec. 4.7. Finally, conclusions are drawn in
Sec. 4.8.

4.1 AC/DC Converter Scaling Laws

In this section, the benefits offered by a multi-cell AC/DC converter
system compared to its single-cell converter counterpart are presented.
The discussion is based on the fundamental scaling laws of both parallel-
and series-interleaved DC/DC converter systems introduced in Chap-
ter 2 which are now applied to the AC/DC multi-cell converter system
at hand.

4.1.1 Input Voltage Harmonic Spectrum and Input
Current Ripple

The AC/DC conversion of the multi-cell telecom PFC rectifier (cf.
Fig. 4.1(c)) comprises multiple series connected full-bridge switching
stages that are advantageously operated with a phase-shifted (inter-
leaved) modulation scheme considering a phase shift of d,, = 27/Neeus,
with Neens being the number of converter cells. In the simplest case,
only one bridge leg of each cell is operated at switching frequency
fsw,cell, While the other bridge leg is operated at mains frequency fg.
This modulation method is commonly referred to as totem-pole modu-
lation [118]. For a system with Ngeps series-connected and interleaved
full-bridge cells, this results in an effective switching frequency fsw,cg of
the entire rectifier stage, which is Neys times higher than the switching
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T Normalized current ripple A iy
1 - - -

Neaps=1
0.8

0.6
0.4
Neais=4  Neans
0.2 W
0 X/ \//
-1 -0.5 0 0.5 1

Modulation index m

Fig. 4.3: Peak-to-peak current ripple reduction of the boost inductor current
i (normalized to Vpc /(4 fswLy)) for different numbers of rectifier stages Neeiis
in dependency of the modulation index m = vrg,tot/Vbc for a given value of
boost inductance Ly.

frequency fsw,cell of a Single cell, i.e. fsw,eff = Neells * fsw,cell- Compared
to the conventional single-cell topology where a capacitor voltage Vpc
is required for the operation of the PFC rectifier (i.e. sufficiently above
the peak value of the mains voltage f@), in the multi-cell system this
voltage is distributed among N5 capacitors, i.e. each DC-link capaci-
tor is charged to Vpc,i = Vbc/Neenis- As a result, the voltage vpp ot (i€
sum of all rectifier stage voltages vpgp ;) comprises 2 - Neens + 1 voltage
levels, as shown in Fig. 4.2(b).

Consequently, with a higher effective switching frequency and more
voltage levels of the rectifier voltage vrp tot, the peak-to-peak current
ripple Aip of the boost inductor current i, decreases with increasing
number of converter cells. The current ripple can be calculated in de-
pendency of the modulation index m by introducing an effective mod-
ulation index meg = (m modulo 1/Neeps), i.e. a modulation index that
has only values between 0 and 1/Nps, with the relation of v = Ldi/d¢
as

. \% 1
Aiy(mest) = % cMefr <N11 — meg> . (4.1)

(cf. [119]). This relation is shown in Fig. 4.3 normalized to the value of
Vbe /(4 fswLp). The maximum peak-to-peak value of the boost inductor
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current ripple can be found at meg = 0.5/Neens as

Vbe
4chells fSWLb

As a result, by increasing the number of cells, Neeis, with the same
switching frequency, the current ripple of the boost inductor current
decreases quadratically for a given boost inductance Ly,.

The additional voltage steps of the converter voltage in combination
with a higher effective switching frequency also lead to an improved EMI
spectrum, as can be derived based on [120]. For a single full-bridge
stage with a total DC-link voltage Vpc, the amplitude VFB,Single(q) of
a harmonic with order ¢ of the mains frequency f; = 1/T, can be
calculated for a modulation index m(t) = veB tot(t)/Vbc as

~ —4 V4 (1 — 71]@‘ Ty /4
VEB single(q) = DCmT(Tg (=" ./0 cos(k - wg - t)

Aip max = (4.2)

(4.3)
-sin(n - - m(t)) dt

with ¢ = n -z + k, where z = fo /fs and |k| < z/2. Typically
n is referred to as number of the harmonic of the switching frequency
and k specifies the sideband (n,k € N), as visualized in Fig. 4.4 for
the example of f, = 50Hz and fsw = 10kHz. In a system with Nees
rectifier stages, each cell emits harmonics where the amplitude of a
harmonic with order ¢ can be calculated according to (4.3) just with a
lower DC-link voltage, i.e.

v 1
1] ‘ 1ol
fo Fou ' 2 !
q 1 ... 198 ... 200...202 ... ... 398 ...400...402 ...
0 1 11 1 1 11 2 2 2 2 2 2 2
k 1 3-2-101 2 3 3-2-101 2 3

Fig. 4.4: Explanation of the nomenclature used to specify the order ¢ =
n - z + k of the harmonics with the example of f; = 50 Hz and fsw = 10kHz.
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~ VFB7sin le
VFB@ell(q) = N lgl (@) . (44)

Since the cells are operated interleaved to each other, the time de-
pendent waveform of a harmonic with order ¢ of the total multi-cell
converter input voltage vrp tot has to be expressed as a sum of voltages
of all cells, taking into account the phase-shift between the individual
cells,

> Nt VFB,Single(q) 2 .
Vensoo(t) = 3, T cos (a (2nfst + Sgm(i=1) ) )
i—1 cells cells

(4.5)
By assuming z — 00, (4.5) converges to the simplified expression of

> o VFB,singlc(q) COS(qQﬂ-fgt% ifn=1-Neens, | €N
VEB tot,(q) (1) = {
0, else.
(4.6)

The amplitude of this time-dependent waveform is the amplitude
of the considered harmonic. Consequently, the harmonic spectrum of
the multi-cell system can be derived from the spectrum of a single-cell
converter system by considering only the harmonics ¢ = n - z + k where
n is a multiple of the number of converter cells Negys, i.€. VFB’tot,(q) =
VFB’Single(q) for n =1+ Neens, ! € N, as visualized in Fig. 4.2(b). Thus,
the interleaving of multiple low-voltage converter cells has the advan-
tage of harmonic cancellation compared to a single-cell converter under
the assumption of equal switching losses.

In order to quantify the effect of the harmonic cancellation on the
EMI filter design and/or requirement, however, the relevant EMI stan-
dards have to be taken into account. In typical PFC applications
the conducted high-frequency harmonic noise emissions are restricted
by EMI standards (e.g. CISPR Class A and B) which define abso-
lute allowable emissions limits on harmonics in the frequency range of
150kHz < f < 30MHz. Since the noise transfer function of an EMI
filter stage has a roll-off slope of —40dB/dec and an EMI filter has typ-
ically two or more filter stages, the overall filter frequency characteristic
has a much steeper roll-off characteristic than the EMI standard which
shows a roll-off slope of the admissible noise level of only —20dB/dec
(Class B) up to a frequency of 500 kHz. Therefore, typically only the
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first harmonic of the converter, which falls into the restricted EMI spec-
trum, has to be considered for the design of the EMI filter. As a result,
the cancellation of harmonics in multi-cell converter systems is only
offering benefits in terms of reduced EMI filtering efforts compared to
single-cell systems if the first harmonic is among the canceled harmonics
of the single-cell system and would fall into the limited EMI spectrum,
which was previously determining the filter design in the single-cell con-
verter. That means, that e.g. in Fig. 4.2(b) the multi-cell converter
with six converter cells has the greatest reduction of the EMI filter
volume if the restricted frequency band starts between the sixth and
seventh harmonic (i.e. after a harmonic that is not canceled) of the
single-cell system (cf. fgmice) in Fig. 4.2(b)), e.g. if the sixth har-
monic is at 140kHz . On the contrary, however, if the sixth harmonic
would be the first harmonic in the EMI limited frequency band (cf.
Jemiq in Fig. 4.2(b)), e.g. at 150 kHz or above, then the interleaving
of the converter with six cells would not result in EMI filter benefits
since the sixth harmonic is not canceled, i.e. the harmonic which de-
termines the filter design in the single-cell system is the same harmonic
as in the multi-cell system.

Please note, that the cancellation of harmonics in multi-cell systems
is not equal to operating the single-cell system with N.es times the
switching frequency. This would (apart from a sixfold increase of switch-
ing losses) only shift the harmonics to higher frequencies but not ad-
ditionally reduce the amplitude of the harmonics, as it is the case for
the interleaved cell operation of a multi-cell system. The reason for
this is, that the single-cell converter would still switch the full DC-link
voltage and not the low voltage levels as in the staircase voltage wave-
form of the multi-cell system. This is visualized in Fig. 4.2(b) where
the harmonic spectrum of Viy(2) is the spectrum of the single-cell con-
verter with six times the switching frequency of the original system with
spectrum Vewmr(1)-

The boost inductor can also be considered as a part of the EMI fil-
ter since it provides attenuation to emitted harmonics of the converter,
which offers a degree of freedom in the choice of the boost inductance
and the attenuation of the remaining EMI filter. Instead of designing
the multi-cell converter for the same maximum peak-to-peak current
ripple Aip max as the single-cell system, which would yield a boost in-
ductance which is 1/NZ2,,. times smaller, a reduction of the boost induc-
tance of e.g. only 1/N¢es might also be acceptable which in addition
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to a smaller boost inductance also leads to a lower current ripple. This
would result for the multi-cell system in a lower attenuation require-
ment of the remaining EMI filter and thus in a smaller volume of this
part of the EMI filter in addition to the smaller volume of the boost
inductor than in the single-cell system.

4.2 ISOP Converter Control Concept

One of the main challenges regarding the control of multi-cell converters
in general is the equal distribution of the current and/or voltage among
the converter cells. In ISOP systems, the total DC-link voltage should
be equally shared between the individual cells in order to avoid critical
voltages above the component ratings of each cell. Furthermore, the
output current and/or power should be equally split among the DC/DC
converter stages such that no cell exceeds its power rating and the losses
are evenly distributed between the cells.

4.2.1 Common-Duty Cycle Control

The most convenient way to operate an ISOP multi-cell system is to
apply a common modulation index to all AC/DC converter stages and
a common duty cycle (i.e. phase-shift for the phase-shifted full-bridge
(PSFB) converters) to all converter cells. This operation scheme relies
on the natural balancing behavior inherent to ISOP multi-cell converter
systems [25,37,121].

Voltage and Current Balancing

For the case that all converter cell hardware realizations are exactly
identical, the DC-link voltage and output currents are perfectly bal-
anced since any deviation of the DC-link voltages from the balanced
steady state leads to different output power levels which are coun-
teracting the unbalance. Since this balancing method is not actively
controlling the DC-link voltages and output currents, however, any mis-
match between the converters, such as e.g. slightly different transformer
terminal behaviors, leads to unbalanced DC-voltage levels and output
currents but not to a runaway situation [25]. The DC-link cell voltages
Vbe,i can be calculated for the case of different transformer turns ratios
as [25]
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1
Vbe,i = Vb ( (4.7)

Neens 1
k=1 ny ) T4

with nx being the transformer turns ratio Ngec k/Nprim,k Of cell k& with
k € [1, Neens). In the same way, the average steady state output current
Iout,i of each converter cell can be calculated in dependence of the total
output current oy ot as

1
Iout,i = Iout,tot ( (48)

Neens 1 o
k=1 ny ) T

As a consequence, the total power of the system is unequally shared
among the converter cells, i.e.

(4.9)

)

Typically, the mismatch between the transformers of the different
cells can be kept reasonably small with standard industrial manufac-
turing methods and/or before assembling a multi-cell converter only
transformers with similar terminal characteristics can be selected.

Circulating Currents

Another issue of mismatch between the converter cells can arise from
different DC-link capacitances. The employed capacitors in the DC-
links are usually electrolytic capacitors featuring a high energy density
which is required to filter the power pulsation with twice the grid fre-
quency, if not more advanced compensation techniques such as power
pulsation buffers [52] are used. The electrolytic capacitors in the in-
dividual cells, however, might have different capacitance values either
from the beginning due to manufacturing variance or after some time
because of unequal aging processes which might lead to an uneven re-
duction of the capacitance values [122]. This difference in the DC-
link capacitances can cause additional circulating currents between the
ISOP connected converter cells with the common-duty cycle control,
which is analyzed in the following.

For the simplified case of only two converter cells with equal trans-
former turns ratios of n = 1 (cf. Fig. 4.5(a)), an equivalent circuit
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Fig. 4.5: Analysis of circulating currents in ISOP multi-cell systems with
common-duty cycle control: (a) simplified ISOP AC/DC converter system
with only two converter cells; (b) characteristic waveforms of the input cur-
rents and the circulating currents in the output inductors for the case where
C1 > C3; (¢) low-frequency AC-equivalent circuit of the two cell ISOP sys-
tem. The AC/DC converter full-bridges can be modeled as current sources
where only the AC-component is considered for the analysis of the circulat-
ing current. Since the impedance of the output capacitor at low frequencies
is dominating compared to the impedance of the output inductors, the out-
put capacitor can be regarded as an open circuit for the AC-analysis; (d)
generalized equivalent circuit with Ncens cells.
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model can be derived (cf. Fig. 4.5(c)) for the analysis of the circulat-
ing currents that can occur with the common-duty cycle control. The
analysis can be further simplified by considering the low frequency of
the circulating current (i.e. twice the fundamental frequency), which
allows to regard the output capacitor Cyy as an open-circuit due to
its large impedance (Z¢ out = 1/wCoyt) at low frequencies compared to
the impedance of the output inductors (Z1, = wL). The AC/DC con-
verter stages can be modeled as equal current sources, where only the
AC-component is of interest for the following analysis, which is

Z.in ac — %

’ Vbe

under the assumption of negligible voltage ripples on the DC-links. By

applying the concept of superposition for the two current sources, the

currents into the capacitors (ic1, ic2) and the ac-components of the

inductor currents (ir, ac.1 = —ir,ac,2) can be found in dependence of the
component impedance values, i.e.

- ed2wet (4.10)

2. (Zy, + 7.
ic,l = iin,ac : % (411)
tot
2 (Zy, + 7.
ic}z = iin,ac'% (4.12)
tot
Ze1 — 2,
Z.L,auc,l = iin,ac'% (413)
tot

with Zc1 = 1/(j2wgCh), Zeo = 1/(j2wsCa), Z1, = j2wgL and Zioy =
Zea + Zep +2- Zy,. The resulting voltage ripple on each capacitor can
thus be calculated by

Vei = ic,i : Zc,i . (414)

As a result, the amplitude of the circulating current equals

iL,ac,1 Voo 7o (4.15)

This analysis can be extended to ISOP systems with Ngeys cells
with the same methodology of superposition. For the case that only
the first cell has a different DC-link capacitance value than the other
cells (Zcy # Zeo = ... = Zen = Z.) the amplitude of the circulating
current in the first cell can be derived as

“ Psys ‘ Zc,l - ZC,Q
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2 o Psys (Ncells - ]-) . (Zc,l - Zc)
L,ac,1 = . (416)
VDC Ncells . ZL + (Ncells - 1) : Zc,l + Zc
and in the remaining cells as
Lone2 = o = iLaeN = itaer . (4.17)
(Ncells - 1)

Even though the circulating currents are not destabilizing the sys-
tem operation, they are a source of additional conduction losses due to
higher rms-values of the currents conducted by the switches, transform-
ers and output inductors.

4.2.2 Active Balancing Control Schemes

In order to remedy the adverse effects associated with the mismatch in
common-duty cycle control and to guarantee balanced operation, dif-
ferent active control strategies have been proposed for ISOP AC/DC
converter systems [123-125]. The balancing of the DC-link voltages
can be controlled either by the AC/DC converter stages (also termed
cascaded H-bridges in [126-128]) and/or the isolated ISOP DC/DC con-
verter stages whereas the output current sharing is only controllable by
the DC/DC stages where control concepts known from ISOP DC/DC
conversion systems can be applied [41,129-131].

In [123] a voltage balancing control is presented which is based on modi-
fying the common-duty cycle control (in dg-coordinates) for the AC/DC
converter stages [125] in order to balance the DC-link voltages by al-
lowing different duty cycles. Since this can only counteract limited
power unbalances of the DC/DC converter stages, an additional power
balancing control is also required for the DC/DC converters that are
connected in parallel at their outputs.

In [124], the voltage of the DC-links is balanced by operating the
AC/DC converter stages with a mixture of low and high frequency
PWM and the power transferred through the DC/DC converter stages
is balanced by additional controllers. In the aforementioned methods,
the voltage balancing is performed by a different stage than the power
balancing.

In the selected control scheme, both the DC-link voltage balancing and
the output current sharing are handled by the DC/DC converter stages
whereas the grid current is controlled by the AC/DC converter stages
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Fig. 4.6: Control implementation of the multi-cell telecom rectifier: (a) total
DC-bus voltage controller and input current controller; (b) output current
controller and DC-link voltage controller.

with a common-duty cycle control, as shown in Fig. 4.6. This con-
trol scheme contains a total DC-link voltage regulator on the rectifier
side (cf. Fig. 4.6(a)) in order to obtain a constant total DC-link volt-
age (i.e. the sum of all DC-link voltages) with a superimposed 100 Hz
ripple. The DC-link voltage regulator of the AC/DC converter stage
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consists of cascaded control loops where the outer control loop com-
prises a proportional-resonant (PR) voltage controller Gy 1(s). This
controller creates a current reference value ig rer of the input current by
multiplying the controller output value (power reference value P*) with
the time varying grid voltage value vgiq and a factor k = 2/ V;rid. This
current reference value is tracked by the inner proportional-integral (PI)
current controller Gj1(s) which outputs the modulation index m that
is given to all AC/DC stages.

Furthermore, the control scheme of the DC/DC converters contains
a cascaded output voltage regulator (cf. Fig. 4.6(b)) consisting of the
outer PI voltage controller G, 2(s), implemented on the master cell,
and inner PI current controllers Gj2(s) which are implemented locally
on each cell. By controlling the output current of each cell, circulating
currents can be prevented. Since output current control alone is not
leading to a stable operation of an ISOP system with balanced DC-link
voltages [41], an additional DC-link voltage balancing control mecha-
nism has to be implemented. For this reason, each cell also receives the
value of the average DC-link voltage of all cells Vpc rer. Each cell can
compare this value with its own DC-link voltage and based on that dif-
ference the voltage controller G, 2(s) creates a current value iy,0q Which
is added t0 Zous,ref, the output of the voltage controller Gy 2(s) of the
master cell [41]. Thus, the system is driven back to the state where the
output power and the total DC-link voltage are equally shared among
the converter cells.

This control concept can be implemented as a master-slave control
regime. The master cell measures the input current 4444, the grid volt-
age Vgrid, the output voltage Vi and its own output current i4y¢;. The
slave cells, on the other hand, only need to measure their own DC-link
voltage Vpg,; and output current ious;. The slave cells transmit the
value of the DC-link voltage Vpc,; to the master cell and receive the
modulation m index for the AC/DC stages, the output current reference
value igut, rer Which they have to track, the average value of the DC-link
voltage of all cells Vpc ref and the information about their individual
phase-shift 0 required for the interleaved operation of the cells.

4.3 Converter Optimization

In order to identify the efficiency (1) vs. power density (p) Pareto per-
formance limit of the proposed multi-cell telecom power supply module
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Tab. 4.1: Specifications of the ISOP multi-cell telecom rectifier module.

Parameter Variable Value

Nominal grid voltage Verid, RMS,nom 230V / 50 Hz

Grid voltage range Verid, RMS 180V - 270V

Rated output power Fiys rat 3.3kW

Nominal output voltage Vout,nom 48V

Output voltage range Vout 40V -60V

Hold-up time Thold 10 ms at rated power
Switching freq. per cell fsw > 18kHz

EMI standards CISPR Class B
Max. ambient temperature T,mp 40°C

(the full set of specifications can be found in Tab. 4.1), a comprehen-
sive converter optimization has to be performed. This routine takes all
available degrees of freedom of the design of the converter into account,
which constitutes the design space, and maps the design space into the
performance space by means of a performance function, as visualized
in Fig. 4.7. This allows to compare all possible converter designs with
respect to their efficiency and power density [62,132]. The performance
function contains the converter behavioral models and analytical mod-
els of the losses and volumes of each type of component. The behavioral
models allow to determine the characteristic waveforms for each com-
ponent at a given operating point, and thus to identify the electrical
quantities of each component required for the loss and volume calcula-
tion, e.g. the RMS values and peak values of voltages and currents and
voltage-time areas seen by the components.

4.3.1 Design Space

The design space (cf. Fig. 4.7(i)) is comprised of different levels of
available degrees of freedoms in the multi-cell converter design where
the most basic level is the multi-cell topology itself, i.e. the interconnec-
tion of the converter cells such as input-series output-parallel (ISOP),
input-series output-series (ISOS), input-parallel output-parallel (IPOP)
and input-parallel output-series (IPOS) (cf. [133]). In the case at hand,
the ISOP structure is selected since it inherently provides a step-down
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Fig. 4.7: Flowchart visualization of the n-p multi-objective optimization of
the multi-cell telecom rectifier module.

voltage conversion ratio of 1/Nces, depending on the number of em-
ployed converter cells N5, as also utilized in [134] for a DC/DC power
supply. As already mentioned, another benefit of the ISOP structure
is that the input voltage and output current are already naturally bal-
anced among the converter cells when operated with the same control
parameters (cf. Sec. 4.2) for the case of no mismatch between the cells.

The choice of the converter topologies for the AC/DC and the
isolated DC/DC stages is an additional very basic level of degree of
freedom. The selected topology of the AC/DC converter stages is a
full-bridge rectifier operated with totem-pole modulation, which means
that one bridge-leg of the full-bridge is operated with high frequency
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whereas the other bridge-leg is switched with line frequency. The totem-
pole modulation has the potential to reduce the common-mode volt-
age spectrum compared to bipolar or unipolar modulation schemes
[118,135]. For the isolated DC/DC converters a Phase-Shifted Full-
Bridge converter (PSFB) with a secondary-side synchronous rectifica-
tion for higher efficiency is selected [136]. This topology has the ad-
vantage of an easy controllability with a single control parameter (i.e
phase-shift value) and of a high efficiency due to ZVS where only a
small circulating energy is required [137,138]. The drawback of the
PSFB converter is the over-voltage occurring at the secondary recti-
fier devices due to resonances between parasitic elements such that a
snubber is required, as will be addressed later on. The LLC resonant
converter [139] and the dual-active bridge converter (DAB) [140] have
also been considered since they also allow to achieve high efficiencies
over a wide power range. However, either they require unreasonable
transformer designs (e.g. a leakage inductance in the same order of
magnitude as the magnetizing inductance) for the specifications at hand
in the case of the LLC converter or the control implementation for min-
imum conduction losses [141] mandates the employment of an FPGA
on each cell with a high power consumption in the case of the DAB,
which renders them unfeasible for the implementation in a multi-cell
system. Furthermore, the system specification also requires a current
and a voltage source characteristic of the power supply, which means
it has to be able to control the output voltage and to limit the output
current in case of a short circuit. This requirement is fulfilled by the
PSFB converter.

The above mentioned basic level of degrees of freedom are deter-
mined beforehand and are not part of the iteration in the optimization
routine since this would lead to unreasonable computational and mod-
eling efforts beyond the scope of this thesis.

The next level of degrees of freedom is the abstract level of electrical
parameters (cf. Fig. 4.7(ii)) which define a single converter design.
The most universal parameter is the

» Number of converter cells Neens: With increasing number Neopg
the benefits of the scaling laws of [133] and Sec. 4.1 are leveraged
to a larger extent. However, the communication overhead and the
constant losses associated with each converter cell also increase.
Thus, for the optimization algorithm the range for the number of
cells is limited to Neepns € [3...10].
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Additional electrical parameters which define a single converter de-

sign are associated with the AC/DC stages (including the EMI filter)
and the isolated DC/DC converter stages as discussed in the following,.

AC/DC Converter Stages

» DC-link capacitance Cpc: The converter system and especially
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the energy stored by the DC-link capacitors have to be designed
for the worst case operating condition, which is given for the case
of a grid outage during half a mains period (i.e. Thoa = 10ms
hold up time) when the system still has to supply the full amount
of power to the load. This case inevitably leads to a voltage drop
in the DC-link, depending on the overall energy stored in the
DC-link. Thus, by specifying a maximum permissible drop of the
DC-link voltage (i.e. kpc.drop € [10%...40 %)), the required ca-
pacitance value Cpc cen of the DC-link in a cell can be determined
as

2- Ncells ' Psys,rat : Thold
2
2 - kDC,drop) . kDC,drop . VDC

Cpo,cen = ( (4.18)

Switching frequency fsw,1: The lower limit of the switching fre-
quency of each cell is deduced from the audible frequency range
and thus should not be lower than fy; > 18kHz. An upper
boundary of the switching frequency is not inherently given; how-
ever, the CISPR EMI standards impose limits on the harmonics
in the frequency range above fry = 150kHz [142]. Thus, an up-
per boundary of the switching frequency per cell can be derived as
fsw,1 < fem1/Ncens which allows to have the first harmonic below
the EMI restricted frequency range.

Boost inductance Ly: The inductance of the boost inductor de-
pends on the specified maximum allowable current ripple Aty max
derived in (4.2) for a given number of cells and switching fre-
quency. The maximum peak-to-peak current ripple is varied be-
tween Aip max € [5%...30 %].

Input filter stages Ngy: The input filter, which is needed to sup-
press harmonics such that the EMI standards are fulfilled, can
be designed with different numbers of stages Ngyix € [1...3] and
different filter component values
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Isolated PSFB DC/DC Converters

> Switching frequency fsw,2: The switching frequency is an impor-
tant parameter for the design of the DC/DC converter as it in-
fluences the transformer design, the output inductor design and
also the losses in the MOSFETSs (i.e. gate driver losses). The
effective frequency at the output inductor is twice the switching
frequency of the full-bridge rectification. The range of the switch-
ing frequency for the optimization is set to fsw,2 € [50...300 kHz].

» Qutput inductance Loy: The required output inductance can be
calculated for a defined switching frequency in dependency of the
maximum peak-to-peak output current ripple, which is varied in
the range of Al € [5 %...20 %).

» Transformer turns ratio ny,: The PSFB converter is a buck-type
topology which is not able to boost the output voltage beyond
Vout = Vb cell - Nty Therefore, the minimum turns ratio is defined
by the lowest DC-link voltage (during the hold-up time) and the
maximum specified output voltage.

For a single converter design, there are still many available degrees
of freedom on the component level, which are based on the various pos-
sibilities of how the physical components can be realized. Therefore, a
Pareto front can be calculated for each component by sweeping through
all possible combinations of a component implementation, as shown in
(Fig. 4.7(ii)). Thus, the total Pareto front of a single converter design
is obtained by combining the Pareto results of the individual compo-
nents. The degrees of freedom in the component implementations are
as follows:

» MOSFETs: For MOSFETs the technology (Si, GaN or SiC) as
well as the chip size can vary for a given voltage rating. For the op-
timization in this paper, Si is selected due to the broad availability
of devices with different chip sizes. The chip size optimization al-
lows to trade-off conduction and switching losses and is performed
in the range of Acpip € [Fmm?...30 mm?]. Additionally, the junc-
tion temperature can also be varied (Tj € [70°C...110 °C]) which
enables the trade-off between heat sink volume and conduction
losses (since the switching losses show a negligible temperature
dependency).
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» Magnetic components: The magnetic components can be realized

with a variety of different options. For the cores, all available
E-cores and RM-cores of N87 and N97 ferrite material (TDK-
EPCOS) and AMCC cores of amorphous material 2605SA1 (Met-
glas) are considered. For the windings, litz wires with different
wire diameters and strand numbers, solid round wire and foil
windings are considered. Additionally, the winding number and
the length of the air-gap (in inductors) are further degrees of free-
dom.

DC-link capacitors: The required capacitance can be realized with
different numbers of paralleled electrolytic capacitors. This allows
to trade-off the ESR-related losses with the leakage current losses.

EMTI filter: For the EMI filter ring cores with T35 and T38 ferrite
material (TDK-EPCOS) with solid round wires are considered.

4.3.2 Mapping of Design Space into Performance

Space

In order to map the obtained design space with all possible implementa-
tions into the performance space, detailed component loss and volume
models have to be applied to the aforementioned components:

» MOSFETs: For performing a chip size optimization, the conduc-
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tion and switching losses of the MOSFETSs have to be described
in dependence of the chip size Aepip. For the AC/DC converter,
the losses have to be calculated as an average value over a mains
period. The conduction losses can be calculated with the RMS
current Igyg of a MOSFET as

PriosFET cond (Tiet, Achip) = Tims - Bps.on(Tict, Acnip) - (4.19)

In the considered current range, the on-state resistance of the low-
voltage MOSFETS is basically not dependent on the conducted
current.

The switching losses of the MOSFETs of the AC/DC stage (the
DC/DC converters are operated with ZVS) depend on the spe-
cific layout of the commutation loop (e.g. the parasitic loop in-
ductance) and thus are difficult to precisely calculate. However,
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a fairly good approximation can be obtained by taking into ac-
count different loss mechanisms of the switching process, such as
the stored charge in the parasitic drain-source capacitances (Qoss ),
the reverse recovery charge of the intrinsic body diodes (Q,;), and
the gate drive losses in dependence of the chip size [143]. The en-
ergy lost in a hard switching transition of the AC/DC stages is at
least

EMOSFET,IOSS = VDC . (Qoss + er) + Vgate . ante (420)

For the losses associated with the soft-switching transitions of the
DC/DC stages it is assumed that only gate driver losses occur and
Coss-related losses during ZVS [144] are not considered, as they
are small for low-voltage Si MOSFETSs. Since the hard and soft
switching losses increase and the conduction losses decrease with
larger chip size, an optimal value of the chip size leading to the
lowest total losses can be found. The thermal resistance of the
junction to the case is also influenced by the chip size. Thus, in
the last step, the required heatsink can be calculated based on the
total MOSFET losses and the specified junction temperature. By
considering the CSPI (cooling system performance index [145]) of
different types of heatsinks or by employing a more sophisticated
cooling system design approach [146], the volume of a heatsink
for a MOSFET can be calculated based on the required value of
thermal resistance Rrpps. Since the PCB itself also functions
as heat-spreader and helps to dissipate heat, there is no need for
a heatsink if the required Rty ps is below a certain threshold
(e.g. 50K /W for a board with a copper area of 6 cm? and copper
thickness of 70 pm around the switch).

Inductive components: The losses of inductors and transformers
can be divided into winding and core losses. The core losses (per
unit volume) can be calculated for arbitrary waveforms of the flux
with the improved Generalized Steinmetz Equation (iGSE) by

«

B 4 (4.21)

1/ fsw
P.icse = ki - fsw - (AB)P7. / T
0

where AB is the local peak-to-peak flux density and
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136

ki = _ . (4.22)
(2m)a=t [ |cos 0] 26—df

with «, 8 and k being the material parameters. These can be
deduced from data sheets of the manufacturer or by means of loss
maps based on measurement values which also allow to incorpo-
rate DC-offsets in the flux [66]. The winding losses consist of DC
losses and AC current losses (skin and proximity effect) which
can be calculated based on [34,68] for different winding types.
For the calculation of the proximity losses, the external magnetic
field strength on each conductor has to be known. This can be
determined via 1-D [147] or 2-D [67] modeling approaches or FEM
simulations. A thermal impedance network [34] is applied to ad-
equately model the heat-transfer within an inductive component
and to the ambience which also impacts the losses in both the
core and the windings.

DC-link capacitors: The electrolytic DC-link capacitors have to
carry an RMS current, which creates losses in connection with
the equivalent series resistance (ESR) of the capacitors. Since the
ESR is frequency dependent, the total losses are the sum of the
losses at twice the fundamental frequency and at the switching
frequency of the AC/DC stage. Furthermore, each capacitor ex-
hibits a leakage current which has to be taken into account, too.
The total capacitor losses can be modeled in dependency of the
number of paralleled capacitors npay as

(Irms,loon ) RESR,lOOHz + Irms,fsw ) RESR,fsw)

Pgrco =
Npar

+  Npar- VDC,cell “Teak - (423)

The volume of the capacitors in a single cell can be approximated
with the fitting function of (2.45).

Input filter: The volume of the input filter is considered in the
optimization by models which translate the required filter atten-
uation for different numbers of filter stages into component vol-
umes [148].
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Fig. 4.8: Pareto-optimal (efficiency / power density) designs of the multi-
cell telecom power supply module for different numbers of converter cells and
a drop of the DC-link voltage during the hold-up time of kpc,arop = 20% for
the operation at nominal voltages and Pout = 80% - Pout,rat-

» Auziliary electronics: For the losses attributed to auxiliary elec-
tronics (e.g. a digital signal processor, voltage and current sens-
ing) on each slave converter cell constant losses of Psjave const =
800mW are estimated and for the master cell constant losses of
Praster,const = 2 W are considered since this cell also has to oper-
ate the precharge relay and additional sensors. It should be noted,
that the constant losses change with the number of cells and there-
fore have an influence on the optimal number of converter cells,
but for a given number of cells they do not influence the choice of
Pareto-optimal designs but only reduce the achievable efficiency
of all designs.

4.3.3 Optimization Results

The n-p Pareto-limits resulting from the optimization for the entire
multi-cell converter system of Fig. 4.1(c) are depicted in Fig. 4.8 for
operation at Poy, = 80% - Poutrat and nominal voltages for different
numbers of converter cells and a maximum permissible drop of the DC-
link voltage during the hold-up time of kpc drop = 20%. It can be seen
that the optimum number of converter cells is Nype = 6 where a per-
formance of 7 = 98% and p = 3.3kW/dm? (calculated by summing
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Fig. 4.9: Impact of different values of the maximum permissible drop of the
DC-link voltage during the hold-up time on the achievable Pareto-optimal
results of the entire system, the AC/DC converter stages and the DC/DC
converter stages for N = 6 converter cells.
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up the boxed volumes of all components, i.e. not yet considering inter-
mediate spaces between components of different shapes and sizes) can
be achieved. In a real setup, the power density typically decreases by
factor of around 2/3 compared to the calculation due to spaces between
the components and other mechanical constraints.

An optimum value can also be found for the maximum permissible
drop of the DC-link voltage during the hold-up time. In Fig. 4.9(a)
the Pareto-optimal results are shown for the entire system for different
values of kpc drop for Neels = Nopts = 6. The results are examined
in greater detail in Fig. 4.9(b) and Fig. 4.9(c) which depict the in-
dividual results for the AC/DC converter stage and the DC/DC con-
version stage, respectively. Based on these results an optimum value
of kpc,drop,opt = 20% can be deduced. The trade-offs, leading to this
optimal value, are described in the following:

» AC/DC converters: In the AC/DC converters, the value of kpc drop
mainly influences the trade-off between the losses and the size of
the electrolytic DC-link capacitors. With a larger permissible
voltage drop, lower capacitance values can be used within the
cells. However, since the ESR of electrolytic capacitors increases
with decreasing capacitance, the losses also increase.

» DC/DC converters: The performance of the DC/DC converters
deteriorates with larger values of kpc,drop- This is due to the fact,
that the transformer turns ratio has to be adjusted according to
the lowest DC-link voltage value. Thus, at the nominal operating
point a lower duty cycle of the DC/DC converter is required which
results in larger RMS current values in the transformer and the
input full-bridge switches and therefore in higher losses if large
values of kpc,darop are chosen.

In Fig. 4.10(a) and (b) a loss and volume breakdown is provided
for the selected design operating at Poy = 80% - Poytrat @t nominal
voltages. The main share of the losses is attributed to the DC/DC
stages where the transformers and the output inductors account for
half of the total converter losses. Regarding the volume distribution
it can be deduced that half of the total converter volume consists of
DC-link capacitors. The second and third largest volume contributors
are the transformers and output inductors, respectively, of the DC/DC
converter stages. In summary, the converter losses and volumes are
dominated by the passive components, whereas the active components
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Fig. 4.10: Break-down of the losses (a) and the volume (b) for the optimized
converter design of the multi-cell telecom power supply module at Pou =
80% - Pout,rat at nominal voltages for N = 6 converter cells.

(i.e. semiconductors) contribute only around 30% of the losses and a
negligible share of the overall volume due to an absence of heatsinks.

4.4 Hardware Demonstrator Design

The design, which is selected for the hardware demonstrator with a
calculated maximum efficiency of n = 98% at 75% of the rated out-
put power and a power density above peae = 3kW/dm?, is marked in
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Tab. 4.2: Main system parameters of the selected design for the hardware
demonstrator with N = 6 converter cells. (All values given per component,
e.g. parallel MOSFETS, if not otherwise noted.)

AC/DC Converter

Switching frequency fswcel = 20kHz

Boost inductance AMCC-4, 2605SA1, 25 uH, 7 turns

MOSFETSs 2x BSC040N10NS5G, 100V, 4.0 mQ

DC-link cap. 4x Panasonic ECO-S1KA222CA, alum. elect.,
80V, 2.2mF

EMI filter 3 stages, 2x common mode chokes

(EPCOS RA40 cores T38, 10 turns), 3x680 nF
DC/DC Converter

Switching frequency fsw = 80kHz
Transformer turns ratio 9:9, RM14, N97, EPCOS
litz wire (420x71 um)
Inductance RM14LP, N97, EPCOS, 25 uH
Prim. MOSFETSs BSCO040N10NS5G, 100V, 4.0 mQ2
Sec. MOSFETs BSCO040N10NS5G, 100V, 4.0 mQ2

Fig. 4.8. The main system parameters of the selected design are listed
in Tab. 4.2. A picture of the assembled prototype is shown in Fig. 3.34
which features a volume of Vol = 30.4cm - 4.5cm - 11cm = 1.504dm?
and thus an overall power density of psys = 2.2kW/dm?. The power
density of the prototype is lower than the calculated value since the
space between the components adversely affects the achievable power
density and the volume of the PCB and the control boards have not
been included in the calculations.

4.4.1 Phase-Shifted Full-Bridge Converter Design

The phase-shifted full-bridge converter (PSFB) with full-bridge syn-
chronous rectification (SR) is chosen for the isolated DC/DC converter
stage since it allows to achieve a comparably high efficiency by oper-
ating the semiconductors under zero-voltage switching (ZVS) and still
provides an easy way to control the power flow by means of the phase
shift between the bridge legs on the primary side at a constant switching
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Fig. 4.11: Prototype of the multi-cell telecom rectifier with N = 6 converter
cells according to the specification of Tab. 4.2: (a) full system consisting of
the power board, the control board (mounted on top of the power board),
and the EMI filter board with the boost inductor. The power board is shown
individually in (b) for a better visualization of the ISOP interconnection of

the converter cells.

frequency. For a proper operation of the converter, however, certain de-
sign guidelines have to be considered [149]. While ZVS can be achieved
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for the leading leg (i.e. transition from active into freewheeling phase)
of the primary side full-bridge easily by utilizing both, the energy stored
in the output inductor and in the leakage inductance of the transformer,
the operation of the lagging leg (i.e. transition from the freewheeling
into the active phase) with ZVS relies solely on the energy stored in the
leakage inductance during the freewheeling phase

1
ELO’ = §La (ILoad “ Ny + Imag)2 . (424>

This energy has to be sufficient to charge/discharge the parasitic
output capacitances of the MOSFETs in the lagging bridge leg. The
energy analysis of Appendix C reveals, that soft-switching can only
be achieved if the energy Et,, is larger than the energy which is fed back
into the DC input voltage during discharging of the charge-equivalent
capacitance of a MOSFET, i.e.

EC,SW = Loss,Qeq * V[%(j . (425)

In the prototype at hand, the leakage inductance of the transformer
was selected to be L, = 1uH by adjusting the spacing between the
primary and secondary winding. This allows to achieve soft-switching
in the lagging leg at levels of the output current above Iy,g,q > 3.4 A
(i.e. 30%) according to (4.24) and (4.25).

Increasing the leakage inductance even further for a broader range
of load currents for soft-switching would introduce the drawback of a
larger duty cycle loss caused by the time required to reverse the current
in the leakage inductance from (—Ipoaq - Ntrafo) 0 (+1Load * Mtrafo) OT
vice versa, and also to a larger ringing of the voltage at the synchronous
rectification MOSFETs (as described in the following paragraph) thus
rendering it an unpractical solution.

Another issue in the operation of the PSFB is the voltage ring-
ing at the secondary rectifier MOSFETSs after the freewheeling phase.
The ringing is caused by the resonant circuit comprising the leakage
inductance L, of the transformer and the parasitic capacitances of the
rectifier MOSFETSs (2-Cogs) since the voltage across the output rectifier
is decoupled by the output inductor from the output voltage and there-
fore not clamped to a fixed voltage (cf. Fig. 4.12(b)). The resonant
frequency of this resonant circuit equals

Wres = 1/ ZCOSSLO'TL%I- (426)
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and the characteristic impedance amounts to

Zves = \| LonZ. [ (2C,ss) - (4.27)

The worst case voltage overshoot can reach a value of twice the
transformed primary voltage Vsr peak = 2Viec = 2n4:Vbc, as shown
in Fig. 4.12(d). In the case at hand, the DC-bus voltage in each
cell equals Vbc = Vbc,tot/Nees = 400V /6 = 66V and with a trans-
fomer turns ratio of ny, = 1 the worst case voltage spike could reach
around Vggr peak = 133V which would lead to the destruction of the
synchronous rectification MOSFETs with a voltage rating of Vpg max =
100 V. Since the diodes in the rectifier MOSFETSs are prone to reverse
recovery effects, the voltage spike increases further depending on the
peak reverse recovery current Igr and can be calculated as

Ver.pk = Vooni + v (Vocni)? + (ZresIrr)? - (4.28)

In order to limit the voltage spike a loss-less snubber circuit con-
sisting of a snubber capacitor Cgn,, and two diodes is added to the
converter [150]. An alternative snubber that works with an additional
transformer winding can be found in [151]. By introducing the snub-
ber, the equivalent circuit of the resonant network changes as shown in
Fig. 4.12(c) and the resonant frequency becomes

fres,snub = 1/\/Lant2r(2coss + Csnub) (429)

while the resonant impedance becomes

Zres,snub = \/Lnn%r/(2coss + Csnub) (430)

after the voltage vgr has reached the level of the output voltage V.
This is also depicted in Fig. 4.12(d) where the sudden change of the
resonant impedance leads to a drop in the vsg — Z - ¢ plane. The
maximum voltage spike can then be derived as a function of the output
voltage to be

VSR,pk,sb = VDCntr + \/(VDCntr - Vvout)2 + (Zres,snubISR)2 (43]—)

where the value of Isg can be found through geometrical consider-
ations in the v-Zi plane as
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Fig. 4.12: Phase-shifted full-bridge converter with over-voltage limiting loss-
less snubber circuit [150] for the secondary side synchronous rectifier MOS-
FETs: (a) application of the snubber circuit to the converter; (b) equivalent
circuit of the resonant network for the case without snubber; (¢) modified
resonant network for the case with snubber elements; (d) comparison of the
resonant trajectories for the cases with and without snubber elements and
their resulting voltage peaks Vsr pk,sb and Vsgr,pk, respectively.

Isk = \/R2 - (VDCntr - Vout)2 (432)

with R = /1 121R + (Vbenyr). The value of the over-voltage depends on
the output voltage Vi, in which the worst case situation is obtained

for low output voltages, as indicated in Fig. 4.12(d). The snubber
capacitor is chosen to have a value of Cs,,, = 14 nF which limits the
worst case voltage spike at the lowest output voltage of Voyt,min = 40V
t0 V&R peak,snub = 92V without considering the influence of the reverse
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Fig. 4.13: Effect of a large snubber capacitor on the freewheeling current of
the transformer leakage inductance.

recovery current. For the material of the ceramic snubber capacitors the
CO0G (NPO0) dielectric is chosen since it provides a stable capacitance
value under varying temperature and voltage. In order to minimize
the reverse recovery currents of the diodes, the conduction time of the
diodes in the SR MOSFETS is kept to a minimum (around 10ns) by
adjustments of the timings of the gate signals [152].

Please note, that the snubber capacitor also adversely affects (i.e.
reduces) the current in the transformer leakage inductance during the
freewheeling phase of the primary full-bridge (cf. Fig. 4.13), which
is required for soft-switching of the lagging leg. In order to change
from the active phase into the freewheeling phase, the snubber capac-
itor Cgnyp has to be completely discharged. During the discharging
process, which is dependent on the output current of the converter, the
voltage of the snubber capacitor is opposing the leakage inductance and
reducing its current level. In case the snubber capacitor is significantly
larger than the parasitic capacitances of the employed primary and sec-
ondary side MOSFETSs (e.g. a factor of 10), the current value of the
leakage inductance after the transition from the active phase into the
freewheeling phase can be approximated as

CVsnu
ILG‘,FW = Ny - (ILoad - VC,snub : T b) + Imag (433>

by considerations of the differential equations of the resonant network
of L, and Cguup with an impressed output current Iy.q of the output
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Fig. 4.14: Schematic of the employed 3-stage common-mode and differential-
mode mains EMI filter.

inductor. The voltage Vi gnub of the snubber capacitor Cgpun can be
obtained as V¢ snub = VSR pk,sb — Vout, based on (4.31).

The energy in the leakage inductance, which is available for soft-
switching of the lagging leg, is then reduced to

Fr, = %LUIEUFW (4.34)
which is lower than the value given for the ideal case of (4.24). This
requires either to increase the leakage inductance value to obtain soft-
switching at the desired output power level or to take the additional
losses resulting from incomplete soft-switching into account based on
Appendix C.

4.4.2 EMI Filter Design

For the design of the EMI filter, the influence of the differential-mode
and the common-mode noise have to be considered. The filter design
can be performed individually for the common-mode and the differential-
mode noise if the required attentuation for each case is calculated with
a margin of around 16dB to the limits, i.e. 6dB for the worst case
addition of the two noise signals and 10dB to account for component
tolerances.

In order to calculate the required attenuation for the differential-
mode noise, the first harmonic that falls into the EMI constrained
spectrum (fgvr > 150kHz) is considered, since the amplitude of the
harmonic spectrum of square wave voltage decreases with 20dB per
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frequency decade, whereas the filter attenuation increases with 40 -
NsdB/dec with Ny being the number of filter stages. For the case at
hand, the first harmonic in the constrained frequency range is at twice
the effective switching frequency of fsw g = 120kHz of the interleaved
AC/DC stages, i.e. at fh; = 240kHz. The compliance with EMI stan-
dards is evaluated by determining the quasi-peak emission levels of the
converter. The quasi-peak voltage of the harmonic at fg; = 240kHz
is calculated by considering a 9kHz band around that harmonic and
by synthesizing a time domain signal which is fed into the non-linear
quasi-peak detection network [120] and results in a quasi-peak noise
voltage of the converter at fay, = 240kHz of Viiy,qp = 17.2V and/or a
required attenuation of 92.8 dB including the margin previously men-
tioned. Following the filter volume optimization guidelines presented
in [148] the number of filter stages for a minimum volume and its as-
sociated volume can be found at ng;; = 3 as shown in Fig. 4.14. The
maximum value of the total differential-mode capacitance is limited by
the maximum allowable reactive power consumption of the filter. The
limit was set, such that a power factor of cos¢ = 0.9 can be reached
above 10% of the nominal power. This leads to a total differential-mode
capacitance of Cpu ot = 2 UF, which means each differential-mode ca-
pacitance amounts to Cpy = 660 nF. This leads to differential-mode
inductances of Lpy = 18 pH in order to achieve the required attenua-
tion in combination with the boost inductor L.

The precise modeling of the common-mode noise is challenging since
it requires the exact knowledge of the stray capacitances of all electric
nodes in the converter cells to the ground. Since this is practically
impossible to determine for multi-cell converter systems, an approach
as presented in [153] was followed which deduces an equivalent circuit for
the common-mode noise. By applying a worst-case approximation and
neglecting small capacitances compared to larger ones, it can be found
that due to the nature of the series connection of the converter inputs
the measured common-mode voltage at the line impedance stabilization
network (LISN) depends on which cell of the series stack is switching,.
So, for example each time the lowest cell of the series stack switches, all
upper cells are also moved in respect to their potential to ground. Since
the cells are operated interleaved, the common-mode voltage resembles
a staircase like voltage waveform with the levels being

. Nce s 1
vem (i) = 7]\;1 o Vbe (4.35)
cells
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Fig. 4.15: Measured waveforms of the operation of the AC/DC stages of
the multi-cell telecom rectifier with a grid voltage of Vyrms = 230V: (a)
measurement of the converter input voltage vrB,tor and the boost inductor
current i, for a load power of P, = 1.5kW and (b) for a load power of
P, =2.5kW.

for i € [1, Neens) where ¢ = 1 means that the lowest cell of the stack is
switched and ¢ = N¢epis means the uppermost cell is switched. Based on
that voltage waveform the quasi-peak voltage spectrum can be derived
by means of simulations and the required common-mode filter atten-
uation can be determined to be 78 dB. The maximum allowable total
common-mode filter capacitance is limited by the maximum total leak-
age current to earth (e.g. 3.5 mA RMS) which leads to Ccm tor = 36 nF
and thus the value for each common-mode capacitor is selected as
Ccm = 4.7nF. Usually, the smallest common-mode filter volume is
obtained by utilizing the maximum allowable amount of common-mode
filter capacitance [154]. As a result, the common-mode inductances can
be determined to be Loy = 1.6 mH. In the prototype, the leakage in-
ductances of the common-mode chokes are utilized as differential-mode
filter inductances.

4.5 Measurement Results

In order to validate the operation of the multi-cell system and the result
of the optimization routine, different measurements of the hardware
demonstrator are shown in this section.
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Fig. 4.16: Measurement of the voltage vsr across the synchronous recti-
fication MOSFETSs of the DC/DC converter stage for an output voltage of
Vout = 48V and a load power of P, = 2.5kW. The employed snubber is ca-
pable of limiting the voltage ringing to values below the maximum blocking
voltage of Vpg max = 100V

In Fig. 4.15 the measured waveforms of the converter input voltage
UFB,tot and the boost inductor current 4, are shown for different power
levels (i.e. P, = 1.5kW and P, = 2.5kW). The converter input
voltage exhibits multiple voltage levels, as described in Sec. 4.1. The
boost inductor current shows a sinusoidal shape in phase with the input
voltage.

The proper operation of the over-voltage snubber (cf. Fig. 4.12)
for the synchronous rectification MOSFETSs of the phase-shifted full-
bridge DC/DC converters is demonstrated in Fig. 4.16 for an output
voltage of Vot = 48 V. The selected snubber design allows to suppress
the voltage overshoot to values below the rated drain-source voltage
of Vpg,max = 100V. Since the MOSFETSs are avalanche-rated, a short
spike of voltage over-shoot above the rated drain-source voltage will not
lead to a destruction of the device but introduce additional losses.

The conversion efficiency of the entire system has been measured
with a single-phase grid emulator (SW 5250A / ELGAR), a high-
precision power analyzer (WT3000 / Yokogawa) and resistive loads.
The measurement results for the full multi-cell system are depicted in
Fig. 4.17 for different output power levels P,,;. The measurement
results include all losses associated with the system, i.e. also control
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losses, and the peak efficiency of nmax = 97.7 % is reached at an output
power level of around P, = 2.25kW. The measured power factor at
nominal output power and nominal input voltage is A = 99.8 % and the
THD of the input current is THD; = 4.6 %.

For a more detailed analysis, the efficiency of the DC/DC stage has
also been measured independently. Based on this result and the effi-
ciency characteristic of the entire system, the efficiency of the AC/DC
stage (including the EMI filter) is calculated. The measurement results
of the DC/DC stage and the calculated efficiency curve of the AC/DC
stage are also shown in Fig. 4.17.

The main deviations between the measured and the calculated effi-
ciency (cf. Sec. 4.3.3) arise from non-idealities in the hardware setup,
that have not been considered in the optimization:

» PCB losses: Even though the PCB containing the power elec-
tronic components and the EMI filter board are manufactured
with a copper thickness of dc, = 70 um, additional conduction
losses are generated. At the operating point of P,y = 2.25kW
these losses are estimated based on the converter layout to amount
to almost Ppcg = 5 W for the entire converter. This results in a
drop of the efficiency of around Anp = —0.2%.

» Thermal coupling: Due to the dense layout of the power stage,
the components are no longer thermally decoupled. This means,
that e.g. the inductive components transfer heat to the MOSFETSs
which leads to a larger than expected junction temperature. Since
the Rpg.on of the silicon MOSFETS is strongly dependent on the
junction temperature, larger MOSFET conduction losses are cre-
ated. An increase of the junction temperature from 7j = 50 °C to
70°C results in an increase of the Rpg on of around 15%.

» Magnetic coupling: The close vicinity of the inductive components
and the electrolytic capacitors and also the PCB creates eddy
currents in the capacitors and the PCB, which are induced by the
stray fields of the inductive components. The precise extent of
this effect is difficult to quantify, though.

» MOSFET switching losses: For the calculation of the switching
losses, the parasitic capacitances of the PCB traces connected to
the switch nodes have not been considered, which also contribute
to a small amount of losses. Furthermore, the dead-time of the
synchronous rectifier switches has been assumed to be zero, such
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Fig. 4.17: Measurement of the conversion efficiency of the multi-cell telecom
rectifier. The efficiency of the full system and the efficiency of the DC/DC
stages have been measured with a power analyzer. Based on these measure-
ments, the efficiency of the AC/DC stages was derived.

that the conduction interval of the internal body-diode of the
MOSFETS is negligible.

» Control, communication, and auxiliary electronics: The amount
of losses attributed to control and auxiliary electronics (e.g. damp-
ing resistors of the EMI filter, power relay) have only been esti-
mated by a fixed value of losses and thus lead to an additional
deviation between the calculation and the measurements.

Since the exact layout of the components and the precise design of
the converter are not known at the stage of the optimization, it is very
difficult to include the above mentioned loss components in a meaningful
way in the optimization.

4.5.1 Challenges in the Operation of the Hardware
Demonstrator

Apart from the challenges in the design of the PSFB converter, such

as the load current dependent ZVS range and the voltage ringing at

the synchronous rectification MOSFETs, additional issues have occured
during the commissioning of the hardware demonstrator:

» Common-mode currents: As already mentioned in Sec. 2.3.2 the
series connection of cells leads to increased common-mode cur-
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Fig. 4.18: Possible performance improvements by shifting from Si to GaN
semiconductors as a result of an n-p Pareto optimization. The efficiency of
the prototype design Dprot can be increased by An = 40.4%.

rents since the potentials of the cells with reference to ground
exhibits a step-change every time any other cell in the stack be-
low changes its switching state. The change of the potential drives
a current through all parasitic common-mode capacitances, which
also includes the capacitances of the signal isolators. It was found
that these currents disturb the SPI communication between the
master and the slave cells if not properly attenuated by common-
mode chokes on the signal lines. Since the communication between
the master and slaves is vital for the operation of the entire sys-
tem, a CRC check is implemented in order to verify that the data
transmission is not corrupted. Further methods of suppressing the
common-mode currents suggest the application of common-mode
chokes at the input terminals of each cell [155].

» System startup: Due to the boost characteristic of the AC/DC
stages the DC-links are charged via a precharging circuit as soon
as the converter is connected to the grid. Directly after the con-
nection to the grid, the DC/DC stages are not immediately op-
erated which means that the system can be regarded as a stack
of series-connected capacitors and does not posses the natural
balancing capability at this point, which is inherent to ISOP sys-
tems. This requires some method of balancing the voltages of the
DC-link capacitors until the system is in normal operation.
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4.6 GaN Implementation

The multi-cell telecom power supply offers different paths for future per-
formance improvements. One possibility is on the hardware level to shift
the semiconductor technology from Si towards wide-bandgap materials
such as GaN. The superior Figure-of-Merit (FOM = 1/,/Rps onCoss
[565]) of GaN high electron mobility transitors (HEMTs) compared to
Si MOSFETs allows to push the performance of the multi-cell system
to higher levels. A multi-objective optimization (cf. Sec. 4.3) with
GaN HEMTs (based on the Vpg = 100V devices of EPC) reveals the
achievable performance gain in case wide-bandgap semiconductors are
employed. The optimization results are shown in Fig. 4.18 and indi-
cate that the performance of the design of the prototype system Dyt
can be increased by An = +0.4% (Dgan) without altering the power
density.

4.7 Advanced 4D-Interleaving Control of
ISOP Converters

Another possibility to improve the performance of the multi-cell system
is on the software level the operation of the system with a sophisticated
4D-interleaving modulation scheme, as will be described in the follow-
ing.

The multi-cell converter system with ISOP configuration itself can
be considered as a spatial, i.e. 3-dimensional interleaving of multiple
converter cells, where the cells are operated with a fixed operation mode
and/or constant time-invariant interleaving with a common duty cycle,
as described in Sec. 4.2. This ensures an equal voltage sharing at the
series connected inputs and an equal current sharing at the parallel
connected outputs of the converter cells.

However, this modulation scheme, does not take into account that
the time-varying input voltage and load power in addition to the pres-
ence of large DC-link capacitors provide additional degrees of freedom
for the operation of the system. These degrees of freedom allow to in-
troduce a 4'" dimension (4D) of interleaving the converter cells, where
the operation mode (e.g. PWM vs. fundamental frequency modula-
tion) and/or the number of active cells is varied over time - hence the
denomination of 4D. Depending on the input voltage and output power,
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Fig. 4.19: 4D interleaving concept for the ISOP multi-cell telecom power
supply module. The available degrees of freedom in the operation of the
system arise from the fact, that for each operating point of input voltage and
output power only a certain minimum number of active AC/DC and DC/DC
converter stages - Ny min and Np min - is required. Any number of stages
between the minimum and the maximum available number of cells can be
operated as shown in (a) for the AC/DC and in (b) for the DC/DC stages.
Furthermore, the number of active cells can be different for both stages, as the
DC-link capacitors employed in the cells decouple the instantaneous power
flow between the input and the output stages.

the number of active rectifier stages and output stages can vary over
time as long as the following three conditions are fulfilled:

» Input voltage: At any given time the AC/DC converter stages
have to provide a voltage vrg tot(t) which is defined by the grid
voltage, i.e. vg(t) = Trpsot(t) over a switching period, where

- Neens — Neens :

UFB,tot (t) = Ei:lu 'UFB,i(t) = Zi:lu VDC,Z‘-’ITLZ‘ (t) with mi denot-
ing the modulation index of a cell. This allows to derive a mini-
mum number of active rectifier stages Ny min that are required for

the operation of the system: Ny min = [‘%7(5)—‘ (cf. Fig. 4.19(a)).
> Qutput current: The total output current ious ot (t) which is pro-
vided by the parallel connected DC/DC converters has to be equal
to the load current, i.e. 410aa(t) = %out.tot(t) = Zf\ii“ iout,i(t).

Since each converter cell has a maximum power and current rating
Ipc/pe,max; @ minimum number Ny, iy of converter cells required

for the power transfer can be derived as Np min = [blcl‘/’;idc(t)] (cf.
Fig. 4.19(c)).

» DC link capacitors: The DC-link capacitance is typically sized
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for a hold-up time requirement. Therefore, especially at low-
power levels, this capacitance allows to have a power flow of the
AC/DC converter stages that is different from the power flow of
the DC/DC converters. The difference in the power flow is then
stored in or supplied by the DC-link capacitors. This means, that
the number of active AC/DC converter stages Ny op at a given
time can be different from the number of active DC/DC con-
verter stages Np op, as long as the net power flow of the DC-link
capacitors of each cell is zero over a certain time interval, e.g.
some milliseconds.

Based on the above mentioned degrees of freedom, a selection of

modulation schemes making use of the 4" dimension of interleaving is
presented in the following paragraphs.

4D-Modulation of the AC/DC Converter Input Stages

The total sinusoidal cell input voltage vrp tor can be distributed among
the AC/DC converter stages in different ways. Apart from the num-
ber of active modules (Ny op € [Ny min, Neells]) the mode of operation
of each active module can also be chosen. Namely, an active module
can be either operated with PWM modulation or with fundamental fre-
quency modulation (ON-OFF). Based on these degrees of freedom, two
essentially different modulations schemes can be identified:

» Variable number of PWM cells: In this modulation scheme only
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the minimum number Ny o, = Ny min 0Of required cells is operated
with PWM while the remaining cells are turned off, as shown
in Fig. 4.20(a). This means, that the number of active cells
Ny op changes with the time-varying value of the grid voltage.
All active cells are operated with a fixed frequency PWM, i.e.
Npwm = Nyop, with the same modulation index and a phase
shift between the cells which depends on the number of active
cells, ¢ = 360° /Npwn. This leads to a varying effective switching
frequency due to the varying number of active cells. In order to
limit the difference between the maximum and minimum effective
switching frequency, a lower limit for the number of active PWM
cells Npwn, min can be defined.

Fized number of PWM cells: Instead of changing the number of
PWM cells during a grid cycle, this modulation scheme operates
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Fig. 4.20: Examples of the 4D-interleaving concepts for the series connected
AC/DC converter stages: (a) operation with a variable number of PWM mod-
ules where all active rectifier stages (Nv,op) are operated with PWM with the
same modulation index mact. The minimum number of active PWM stages
is set to Npwm,min = 1; (b) operation with a fixed number of PWM stages
(i.e. Npwm = 1) where the remaining cells are operated with fundamental
frequency and are either turned on or off (Nrrm,on = Nv,op — NewmM).

with a defined number of PWM cells at all times (Npwy = const),
as depicted in Fig. 4.20(b) for the case of a single PWM cell
(Npwm = 1). The remaining cells are operated with fundamen-
tal frequency which means that they are either turned on or off
(NrrMm,on = Ny,op — NpwwMm). As a result, in this operation mode
only a fixed number of cells (Npwn) exhibits switching losses,
whereas the other cells only have conduction losses. A disadvan-
tage, however, is the reduced effective switching frequency which
requires an increase of the boost inductance value in order to limit
the peak-to-peak ripple of the input current.

For all of the above cases, the instantaneous cell power values are un-
equal and the individual DC-link capacitor voltages inherently fluctu-
ate. Thus, it is required to properly permute the operation of the cells,
e.g. by cyclically changing the selection of PWM cells. Especially, in
order to achieve an accurate cancellation of harmonics by interleaving
multiple PWM cells, the DC-link voltages of these PWM cells should
be kept as close as possible to the same value.
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4D-Modulation of the DC/DC Converter Output Stages

Similarly to the voltage distribution among the input side series con-
nected AC/DC converter stages the output current can be distributed in
different ways among the parallel connected DC/DC converter output
stages:

» FEqual current sharing: The number of active DC/DC stages varies
depending on the output current. All cells are operated with the
same current reference value and therefore equally share the out-
put current. The current reference of a single cell can be calcu-
lated by dividing the total output current by the number of active
cells. As a drawback, however, the current reference of each cell
will exhibit a step change every time the number of active cells
changes, which requires a highly dynamic current controller in
each cell.

» Unequal current sharing: In this modulation scheme the output
current is unequally divided among the active cells. This might be
achieved e.g. if an additional cell is only activated when the pre-
viously actived cell has reached its maximum current value. This
has the advantage that the current reference values of all cells are
continuously changed over time without any step changes (under
the assumption that there are no load steps). As a drawback, the
stress on the DC-link capacitors is heavily unbalanced as some
cells operate at their maximum power levels while others are in
stand-by mode.

A minimum number of DC/DC converter stages can be defined to re-
duce the total current ripple at the output by interleaving the active
DC/DC converter stages. This can be applied to both concepts, since
the current ripple at the output of an individual cell is independent
from the current level of the cell (i.e. the average value of the output
current). Thus, even the interleaving of two cells with unequal current
sharing reduces the output current ripple.

4.7.1 Simulation and Optimization Results

In this section the aforementioned different 4D-interleaving modulation
schemes are comparatively evaluated in order to identify the best pos-
sible modulation scheme for the AC/DC and the DC/DC converter
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Fig. 4.21: Comparison of simulated boost inductor current ripple waveforms
(i.e. current 4, without the 50 Hz low frequency component) for different
4D-interleaving schemes: (a) variable number of PWM modules (Npwu,min
denotes the minimum number of active PWM modules); (b) fixed numbers
Npwwm of PWM modules where the remaining cells are operated as funda-
mental frequency modules. (System with 6 cells and a switching frequency
of the PWM cells of fow,pwym = 20kHz, a boost inductance of Ly, = 25 uH,
and a DC-link voltage of each cell of Vb cen = 66 V.)

stages. In the following, the 4D-interleaving modulation schemes are
analyzed for the ISOP multi-cell telecom power supply module with
Nceis = 6 converter cells where each cell has a rated power level of
P,,; = 550 W and a DC-link capacitance of Cpc = 8.8 mF with a nom-
inal DC-link voltage of Vpc,cet = 66 V.

AC/DC Converter Stages

The modulation scheme of the AC/DC stages takes direct influence
on the harmonic spectrum of the input current waveform, the RMS
value of the input current, and also on the total switching losses. The
effect of the selected modulation scheme on the input current waveform
is shown for both modulation schemes (variable and fixed numbers of
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PWM cells) in Fig. 4.21 for two selected scenarios. The modulation
with a variable number of PWM modules and a value of Npwn,min = 6
is equal to the operation with a fixed number of Npwy = 6 cells which
is the standard 3D interleaving operation as measured in Fig. 3.35(b).

The harmonic spectrum of the generated converter input voltage is
shown for both of the aforementioned modulation schemes in Fig. 4.22.
It can be seen that the modulation with the variable number of PWM
modules (Fig. 4.22(a)) leads to a more even distribution of the switch-
ing frequency harmonics over the frequency range, due to its varying
effective switching frequency.

As a remark, for the generation of the plots in Fig. 4.21 and
Fig. 4.22 the DC/DC stages were operated with conventional (3D)
modulation where all stages are activated and equally share the total
output power.

Since the choice of the modulation scheme affects several system pa-
rameters, a comprehensive optimization of the entire input stage com-
prising the EMI filter, the boost inductor and the MOSFET chip area
of the AC/DC full bridges has to be performed to take into account
the dependencies between the different elements and the modulation
schemes. This optimization allows to identify the Pareto-limit of the
trade-off between efficiency and power density of the entire rectifica-
tion stage by considering all available degrees of freedom given for the
design:

» EMI Filter: Regardless of the selected modulation scheme, the
system has to comply with the CISPR Class B directive which
specifies limits for the conducted noise emissions in the frequency
range of foispr = 150kHz — 30 MHz. This requires the calcula-
tion of the harmonic spectrum for each modulation scheme and
the identification of the Pareto-optimal filter designs which can be
found by considering different degrees of freedom like the num-
ber of filter stages and the choice of different values for the filter
elements.

» Boost Inductor: The value of the boost inductance is another op-
timization parameter since a small value leads to a large input
current ripple which increases the RMS value and also the losses
of the inductor and conduction losses of the MOSFETs. However,
a large current ripple also results in lower switching losses of the
MOSFETSs as the hard-switching instants occur at lower current
levels. In addition, the design of the boost inductor represents a
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Fig. 4.22: Comparison of the harmonic spectrum of the input voltage
UFB,tot Of the series connection of AC/DC converter cells (without the 50 Hz
low-frequency component) for different 4D-interleaving schemes: (a) variable
number of PWM modules (Npwwm,min denotes the minimum number of active
PWM modules); (b) fixed numbers of PWM modules Npwwm where the re-
maining cells are operated as fundamental frequency modules. (System with
6 cells and a switching frequency of the PWM cells of fsw pwym = 20kHz and
a DC-link voltage of each cell of Vg cen = 66 V.)

Pareto-optimization problem by itself as for a given set of electri-
cal parameters different inductor designs can be found due to the
possibility of employing e.g. different types of core material, core
shapes, winding types (e.g. litz or foil windings), number of turns
and air gap lengths.

Switching Frequency: The switching frequency directly impacts
the switching losses but also the shape of the input current for a
given boost inductance. This also has an effect on the inductor
design and the EMI filter design. Regarding the MOSFETSs, a
high switching frequency leads to larger switching losses but to a
lower current ripple and thus to a lower current RMS value which
decreases the conduction losses.
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Fig. 4.23: n-p efficiency vs. power density Pareto-optimization results of the
entire rectification stage (including EMI filter, boost inductor, AC/DC full
bridges, and DC-link capacitors): (a) Performance trade-off with a variable
number of PWM cells for different minimum numbers Npwwm,min of PWM
cells, and (b) performance space for a fixed number Npwm of PWM cells
where the remaining cells are operated with fundamental frequency mod-
ulation. Compared to a conventional approach employed in the prototype
system (Dproto, Npwm = 6) a selected design on the Pareto-front (Dpest,
Npwwm = 1) shows 10% lower total volume and 17% lower losses.

» MOSFET Chip Areas: The chip area selection of the MOSFETSs
allows to trade-off conduction losses which decrease with a larger
chip area and hard-switching (turn-on) losses, which increase with
a larger chip area.

The results of the Pareto-optimization of the entire rectification
stage, including the EMI filter, boost inductor, full-bridge MOSFETSs
of the AC/DC stages, DC-link capacitors (selected for a hold-up time of
tholdup = 10ms), resistive PCB losses, and constant control losses, for
operation at rated power (Pt = 3.3kW) are plotted in Fig. 4.23(a)
and 4.23(b) for the modulation scheme with a variable number of
PWM modules and the modulation scheme with a fixed number Npw
of PWM modules, respectively. It can be concluded that the highest
performance can be achieved by operating only one cell with PWM
and the remaining cells with fundamental frequency modulation. Com-
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pared to the design of the hardware demonstrator (Dproto) [156] with
a continuous operation of Npwy = 6 cells, the 4D-interleaving concept
allows to simultaneously improve the efficiency and the power density
of the rectification stage; the losses are reduced by 17% and the volume
by 10%, as shown for design Dpest in Fig. 4.23(b). More details about
both designs can be found in Tab. 4.3.

DC/DC Converter Stages

For the parallel connected DC/DC converter stages the most efficient
4D-interleaving modulation scheme can be analytically derived by as-
suming a generic loss function of each DC/DC converter depending on
the output power as

Ploss,i = ko + k1 Pout,i + k2 - Doy (4.36)

where ko models the constant losses (e.g. auxiliary power), k1 - Pous,i
the linearly output power dependent losses (e.g. a diode voltage drop)
and ko - pgum the quadratically dependent losses (e.g. resistive losses).
The total losses of the DC/DC converter stage comprising N DC/DC
converters can thus be written as

N N
Plosses,tot = N -ko+k- Zpout,i + ko Zpgut,i . (437)

i=1 i=1
By applying the Lagrangian method to the minimization problem of
(4.37) under the constraint of poys ot (t) = Zf\;cj“s Dout,i(t) the solution

for the general case is

Tab. 4.3: Comparison of the parameters of the AC/DC converter stages of
the prototype design Dpyoto and the Pareto-optimal 4D-interleaving design
Dgest (cf. Fig. 4.23).

Variable Dproto  DBest
Npwwm 6 1
fsw,PWM 20kHz 24kHz
Ly, 25uH 90 uH
EMI Filter Stages 3 3
Parallel MOSFETs 2 5
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Fig. 4.24: 4D-interleaving of the parallel connected DC/DC converter stages
of an ISOP system with Ncens = 6 converter cells which leads to a higher
part-load efficiency (cf. (a)) by always operating only a subset of converter
cells. (b) Operation mode with equal power reference values for all active
cells, which results in discontinuous changes of the power levels of the indi-
vidual active cells. (c) Alternative operation with unequal power levels of the
converter cells but smooth changes of the power levels of the individual cells.

Pout, tot
Pout,1,0pt = Pout,2,0pt = --+ = Pout,N,opt = N (438)

under which the total losses are minimized. By inserting the solution
of (4.38) in (4.37) the total losses can be calculated as
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2
pout,tot

N

The remaining optimization parameter is the optimum number of
active DC/DC converters N = Nopt € [N min, Neelis) used for the power
transfer for maximum efficiency. By differentiating (4.39) with respect
to NV and setting the derivative equal to zero, the optimal number of
active cells can be found as

1k
Nopt = k_*Q * Pout,tot - (440)
0

Since the number N, is typically a rational number, the two near-
est integer values have to be considered and the integer value which
still satisfies Nopt,int € [Np,min, Neens] and leads to lower losses accord-
ing to (4.39) has to be considered. If none of the nearest integer values
satisfies the condition of Nopt int € [Np,min, Neens] (typically for systems
with larger constant losses than quadratic losses, i.e. ko > ki), the
value of Nopt int = Np,min has to be chosen.

As a conclusion, this means, that the most efficient 4D-interleaving
modulation scheme for the parallel connected DC/DC stages is obtained
by equally sharing the total power and/or the total output current
among the active DC/DC cells. This allows to extend the level of
highest efficiency also to very low power levels as shown in Fig. 4.24(a)
for the multi-cell telecom rectifier of Fig. 3.35(a). Compared to the
standard modulation where all six DC/DC stages are operated at all
power levels, significant efficiency gains can be achieved at power levels
below 30% of the rated power Prat tot-

In order to avoid step changes of the power reference values of the
cells every time the number of cells changes (cf. Fig. 4.24(b)) it is
preferable to allow unequal reference values in load changing intervals
(cf. Fig. 4.24(c)).

DPlosses,tot = N - kO + k- Pout,tot + ko - (439)

4.7.2 DC-Link Voltage Balancing

The 4D-interleaving modulation schemes lead to an unequal stress of
the DC-link capacitors since, on the one hand, at low input voltage
and/or output power only a fraction of the AC/DC stages and DC/DC
stages is active at a given time and, on the other hand, the number
Ny op of active AC/DC input stages can be different from the number
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Fig. 4.25: Implementation of the 4D-controller in the existing control loops
of the multi-cell system as shown in Fig. 4.6.

N, op of active DC/DC output stages. Thus, in order to balance the
DC-link voltages during the operation with 4D-interleaving, a proper
permutation algorithm has to be employed which activates/deactivates
the AC/DC and DC/DC stages of the cells in such way that a minimal
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voltage ripple on the DC-link capacitors is obtained. This necessitates
that the 4D-controller is implemented in the master cell, as shown in
Fig. 4.25. For the AC/DC stages the 4D-controller is added to the
existing control structure (cf. Fig. 4.6) and receives the calculated
modulation index m. Based on that and the actual DC-link voltages,
the individual modulations indices m;...my are determined. Regarding
the DC/DC stages, the control loop of the slave controllers is slightly
adjusted, since the individual DC-link voltage balancing loops are no
longer required. Again, the master cell determines the individual ref-
erence output currents iout,ref,1---fout,ref,2 based on the required total
output current iout ref,tot and the DC-link values of all cells.

One possible permutation algorithm for the AC/DC stages is de-
scribed below for a system with N5 = 6 converter cells and a fixed
number of Npwy = 1 PWM AC/DC stages and Nppy = 5 AC/DC
stages with fundamental frequency modulation (FFM). In contrast to
the balancing scheme proposed in [128], the AC/DC stage which is se-
lected for PWM operation is always the uppermost cell in the stack of
converter cells, i.e the cell which is connected to the input side boost
inductor Ly, since this minimizes the common-mode currents in the
system caused by the switching operation of the PWM cell. The pro-
posed permutation algorithm works in such way, that an additional
FFM AC/DC stage is activated every time the modulation index of the
PWM cell reaches its upper limit and is deactivated when the lower limit
of the modulation index of the PWM stage is reached, similar to the con-
cept shown in Fig. 4.20(b). The decision about which FFM AC/DC
stage to activate/deactivate is based on the deviation of the DC-link
voltages of the cells from the set-point voltage (Vb set = 400 V/Neeis)
in such a way that the AC/DC stage of the cell with the lowest DC-link
voltage is always the next one to be activated and the AC/DC stage of
the cell with the highest voltage is the next one to be deactivated.

Apart from the AC/DC stages of the cells the DC/DC stages can
also be utilized for DC-link voltage balancing by means of permutation.
For a system which operates at a constant power level, however, there is
no natural event when DC/DC stages have to be activated/deactivated
like there is for the AC/DC stages, due to the time-varying input volt-
age. Thus, a constant time interval of e.g. Tperm = 2ms is chosen after
which the selection of active stages is re-evaluated based on the DC-link
voltage values of the cells. This means, that the DC/DC stages of the
Np.op cells with the highest DC-link voltages are activated.
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Consequently, the balancing of the DC-link voltage is achieved by
permutation of the active AC/DC and DC/DC stages, which is shown
in Fig. 4.26 for the operation at a constant output power level of
Pouttot = 1.5 kW where the most efficient operation is achieved with
Np.op = 4 active DC/DC stages. As can be seen, the ISOP system can
be operated in a stable condition with 4D-interleaving at the AC/DC
and DC/DC stages while the DC-link voltages are effectively balanced
with only small deviations of around a maximum of AVpc ~ 3V.

4.8 Summary and Conclusion

In this chapter, a new approach towards a highly efficient and very
compact single-phase telecom recitifier module is presented. The system
is based on the multi-cell converter approach with a series connection of
the cells at the input and a parallel connection of the cells at the output
(ISOP). Each converter cell employs an AC/DC converter stage, which
consists of a full-bridge and an isolated DC/DC converter, which is
made up of a phase-shifted full-bridge DC/DC converter.

Based on fundamental scaling laws, the benefits of a multi-cell con-
verter system are derived in comparison to a single-cell AC/DC con-
verter system. As a result from the increased effective switching fre-
quency and the multi-level voltage waveform, due to the interleaving
of the series-connected AC/DC stages, the ripple of the boost inductor
current is greatly reduced and a cancellation of harmonics occurs.

The degrees of freedom in the design procedure of the multi-cell tele-
com power supply module in ISOP configuration are outlined. Based
on the degrees of freedom in the converter design, a multi-objective op-
timization is performed, which allows to map each converter design into
the performance space by use of analytical component loss and volume
models. The optimization results show, that a converter design with an
efficiency of n = 98% and a power density of p = 3.3kW/dm? can be
achieved. The results also reveal an optimum value of Nces = 6 for the
number of converter cells and an optimum maximum permissible drop
of 20% of the DC-link voltage during the hold-up time.

In order to validate the theoretical aspects of the multi-cell converter
operation and the optimization results, a prototype system is designed
and built up. Different critical design aspects like the ZVS conditions
and the snubber design of the DC/DC converter stage are analyzed in
detail. The measurement results confirm the optimization results and
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show that this converter concept can achieve a very high conversion
efficiency. Additionally, several pitfalls and challenges in the operation
and commissioning of the converter are highlighted.

The overall control of the ISOP multi-cell system is described with a
master-slave control concept. In addition to this state-of-the-art control
concept, a novel 4D-interleaving control concept is introduced. The
proposed concept is based on a time-varying activation/deactivation of
individual AC/DC input and DC/DC output stages of different cells
and utilizes the decoupling of the input and output sides of the cells
provided by the energy storage capability of the DC-link capacitors.
Different 4D-interleaving operation schemes are discussed for the series
connected AC/DC stages and the parallel connected DC/DC stages and
evaluated by means of a comprehensive n-p Pareto optimization and
analytical calculations. Compared to the standard 3D-interleaving, the
losses of the entire rectifier stage can be reduced by 17% and the volume
can be decreased by 10% and a very flat efficiency vs. output power
characteristic of the parallel connected DC/DC converter stages can be
achieved.

Considering the increasing importance of high efficiency telecom
power supplies, also in the part-load operation range, the multi-cell
converter approach in combination with the proposed 4D-interleaving
concept therefore provides an interesting solution for future implemen-
tations.

Furthermore, the degrees of freedom in the operation of multi-cell
systems in general and the ISOP converter in particular are discussed.
Based on these degrees of freedom, different new control concepts are
presented which allow for an optimal operation of the converter system
as will be theoretically and experimentally verified in the course of
future research.
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Multi-Cell Auxiliary Power Supply
with High Step-Down Ratio

TATE-OF-THE-ART electronic systems do not only comprise power
S electronic components but also auxiliary electronics such as digital
signal processors, measurement electronics required for the control of
the entire system and gate drivers. These parts of the system usually
require a low DC supply voltage (e.g. 3.3V for a DSP) and their com-
bined power consumption often lies in the low double-digit Watts range.
Generally, it is preferable to generate this auxiliary supply voltage from
the input voltage of the power electronic system to avoid further con-
nections to an external supply. However, in high power systems e.g.
traction converters, the input voltage is in the medium voltage range
and/or up to some tens of kVs and thus a voltage conversion with a
high step-down ratio at a low power level is needed.

A high step-down ratio can be achieved in several different ways.
The most straight forward option is to use buck converters which are
cascaded in order to avoid too small duty cycles. Another option is to
use a flyback or forward converter. The aforementioned possibilities,
however, share a common drawback: the employed switches have to
be rated for the full input voltage of the system. Due to that, those
switches will mainly be IGBT switches, if available for the voltage rat-
ing, or a series connection of such. This will lead to an increased size
of the passive components, since they operate at a lower switching fre-
quency than MOSFETs. Furthermore, as the auxiliary supply draws
only a small current, the conduction losses will be increased if IGBTs
have to be used instead of MOSFETs.

The Input-Series Output-Parallel (ISOP) converter (Fig. 5.1(a)) is
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Fig. 5.1: Converter concepts for high step-down ratios as presented in lit-
erature: (a) ISOP (Input-Series Output-Parallel) converter and (b) switched
capacitor converter (resonant version).

another type of converter that has been presented in literature [25,130,
157] to facilitate the voltage conversion with a high step-down ratio.
Here, the input terminals of several isolated DC/DC converters are
connected in series in order to divide the input voltage by the number
of converters and to limit the voltage stress of the employed switches
of each converter, and the converter output terminals are connected in
parallel to each other. One disadvantage is, that the employement of
transformers is necessary and the isolation between the primary and
secondary side needs to withstand voltages as high as the total input
voltage.

Another concept to obtain a high step-down conversion ratio is by
using switched capacitor converters (Fig. 5.1(b)) [85,86]. These cir-
cuits basically consist of a capacitive voltage divider where the load is
attached to one or more capacitors and an additional voltage balanc-
ing circuit in order to still ensure an equal voltage distribution among
the capacitors despite the asymmetric load connection. Such balancing
circuits are also known from battery management systems [93,94]. In
the operation of the circuit, the capacitors of the balancing circuit are
alternately connected in parallel to adjacent capacitors of the voltage
divider. As a further modification of this concept, the topology can

172



+

=)

(a) (b)

Fig. 5.2: Multilevel converter concepts for high step-down conversion ratios:
(a) diode-clamped topology and (b) flying capacitor topology.

also be implemented as a resonant circuit where additional inductors
are connected in series to each capacitor of the balancing circuit [158].
A main drawback of this concept is that the switches of the balancing
circuit have to be controlled synchronously for proper operation of the
system. Accordingly, a central control stage and a distribution of the
gate drive signals with high isolation voltage has to be provided.

The multilevel converter concept has also been proposed for high
step-down voltage conversion [159,160]. The most basic structure does
not comprise inductive components and thus features a high power den-
sity. Common types of multilevel converters are the diode-clamped
topology (Fig. 5.2(a)) and the flying capacitor topology (Fig. 5.2(b)).
The former category exhibits high voltage stresses on the diodes and
hence requires a large number of series connected diodes which leads to
increased conduction losses. The latter category exhibits high voltage
stresses on the capacitors, thus requiring many capacitors to be ar-
ranged in a series connection. Since the total capacitance of series con-
nected capacitors is smaller than that of a single capacitor, multiple ca-
pacitor cascades need to be paralleled. Furthermore, only the flying ca-
pacitor topology can actively balance the input voltages of the DC/DC
converters equally by means of redundant switching states [161]. The
diode-clamped topology, however, requires an additional balancing cir-
cuit [162].
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The problem of high conversion ratios, although with reversed power
flow direction, can also be found in photovoltaic (PV) architectures
as described in Chapter 3. There, a DC-bus voltage which is much
larger than the individual PV panel voltages has to be supplied to feed
power into the grid. Among the suitable converter concepts for that
application, the parallel connected partial-power converter (P-PPC) (cf.
Sec. 3.4) equalizes the PV panel voltages of series connected PV panels,
which ensures the operation of all panels in or close to their Maximum
Power Point. These P-PPC topologies can also be applied to vertically
stacked voltage domains such as proposed for multi-core microprocessor
power supplies [163], [164]. They allow for regulating the operating
voltage of series connected loads supplied from a fixed DC-bus. Thus,
as the loads are no longer connected in parallel, the load current is
decreased, which leads to a higher system efficiency.

This chapter introduces a new type of multi-cell high step-down
converter, based on the P-PPC concept. Due to its operating principle,
this new converter is denominated as Rainstick converter (RSTC). The
converter features low voltage stresses of the employed components and
a simple control scheme. First, the fundamental principle of operation is
explained in Sec. 5.1. Subsequently, an analysis of the average current
values in the inductors and RMS current values in the switches along
with the conversion efficiency is presented in Sec. 5.2. In addition,
the topology and the working principle of an auxiliary power supply on
cell level are detailed in Sec. 5.3. Furthermore, different alternative
realizations of the RSTC principle are described in Sec. 5.4. The
optimization and realization of a RSTC prototype are shown in Sec. 5.5
and measurement results are depicted in Sec. 5.6.

5.1 Operating Principle

In this section the structure of the RSTC and the fundamental operating
principle are described.

The converter, as depicted in Fig. 5.3(a), has a modular structure
which is based on a capacitive voltage divider (Cy...Cx) with buck-boost
DC/DC converters as balancing modules and/or cells (e.g. Bj), similar
to the P-PPC converter structure for PV panel voltage equalization in
Fig. 3.29. The balancing modules are connected around two adjacent
capacitors. This means, that an RSTC consisting of N capacitors con-
tains (N — 1) balancing modules i.e. (2(N — 1)) switches and (N — 1)
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0
(b) to to+ Ty

Fig. 5.3: New Rainstick converter (RSTC) topology: (a) circuit diagram
showing a capacitive voltage divider (C1...Cx) and balancing modules (B1,Ba,
highlighted) and (b) inductor current waveform and gate signals of one bal-
ancing module.

inductive components in total. A load can be attached in parallel to
one or more capacitors of the voltage divider. The converter output
voltage at the load Rpoaq is a fixed fraction of the input voltage Vi,
determined by the number N of capacitors. For the sake of simplic-
ity, the load is depicted as a single resistor, whereas in reality it would
usually consist of an additional DC/DC converter in order to provide a
variable voltage conversion of the RSTC output voltage to the voltage
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level of the load.

The switches of each buck-boost converter can be controlled by a
simple PWM signal with a fixed duty cycle of (slightly less than) 50%
and a 180 ° phase shift at a fixed switching frequency. There is no com-
munication or synchronization needed between the different balancing
modules, which allows them to operate independent from each other.

The waveform of the gate signals and the resulting inductor current
and its average value are shown for one balancing module in Fig. 5.3(b).
The system can operate with zero voltage switching (ZVS) as the direc-
tion of the inductor current reverses during each half period. Thus, in
combination with the parasitic drain-source capacitances of the MOS-
FETSs, ZVS can be provided. The converter can operate in ZVS over
the whole range of input voltages by linearly increasing the switching
frequency with increasing input voltage, which yields a constant peak-
to-peak current ripple Alf, of the inductor current I, for different input
voltages Viy.

In this thesis, the main focus is on the step-down operation, but
the converter structure is bidirectional and thus equally well suited for
step-up operation, too. For that kind of operation, the source would be
connected to one or more capacitors and the load would be attached
across the whole stack of capacitors.

5.2 Analytical Description

In case of no load operation, the inductor currents shows no DC value.
However, if a load is connected to the system, the currents in the induc-
tors exhibit a DC value with a superimposed switching frequency ripple
as shown in Fig. 5.3(b). The average current value in the inductors
(I.,avg) can be calculated for a given load current Itqaq. The highest
average current is obtained when the load is connected across only one
capacitor and at the same time one terminal of the load is either con-
nected to the highest or lowest potential of the system, i.e. the load is
connected around the first or last capacitor in the stack of capacitors.
Then, for a system with N capacitors, the average current values in the
inductors 1 to N — 1 are given by

2.1

It aveli = N Itoad, 1 € {1,2,...,N — 1} (5.1)

176



5.2. Analytical Description

—o g
Z [Load
— Jl"
i

2
IIL()‘Axl
p—<—— - =1

= e

1
4 ]Loml 1

4
1 [Loa(l

Vin C=)
= <
5 o
4 ‘IIA)‘(I‘(I
———— 1=3

- k3

ILoad

directly from

source
1y
41“;,“1
=) T,
) I[Imad ]’1 B
=t ds - | 1
4 ! Load T [)Lu;\tl
=== | -
1 r)[,u,ul
[ __(i
IIL()‘(L(l [)j; —
------ Tlip |3 p
1 FLoad 4 " Load
Ry0ad :> = i
b i
( ) - r’[.u.\(l """"""

Fig. 5.4: Steady state analysis of the RSTC: (a) current distribution in the
converter and (b) different representation of the converter with multiple buck-
boost converters for an easier understanding of the power flows. The power
is not at once directly transferred from the source to the load but through a
cascade of different converter stages, comparable to the pebbles falling down
in a rainstick.
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where each of those values appears only in one inductor. So, in a
converter with e.g. N = 5 capacitors, the average current values in
the inductors are %, %, g and % of the load current. The largest value
occurs in the inductor closest to the load. For N — oo the maximum
average current value approaches 2 - I1oaq-

The main sources of losses in the RSTC are winding and core losses
in the inductors and conduction losses of the switches. The RMS values
of the currents in the switches of a balancing module depend on the
average value I, .vg and on the peak-to-peak value Al of the inductor
current ripple in that module,

1 1
Isw,rms = 2\/2 ' Iﬁ,avg + EAIE . (52)

For calculations of the system efficiency, the power flow in the con-
verter has to be analyzed. In general, the converter structure can be
visualized as a stack of multiple buck-boost converters, as shown in
Fig. 5.4(b), which facilitates the power flow analysis. Similar to the
pebbles in a rainstick, the power is not at once transferred from the
source to the load but through a cascade of buck-boost stages. As seen
in Fig. 5.4(b), the largest amount of power is processed by the lowest
converter of the chain, i.e. the converter closest to the load. It is inter-
esting to note, that none of the balancing converters has to transfer the
full amount of load power. Thus, this converter concept can be classi-
fied as partial-power converter [55]. A detailed power flow analysis can
be found in Appendix B.

For the calculation of the RSTC efficiency, it is assumed that each
of the balancing modules has a certain conversion efficiency, which is a
function of the output power P; of the module, i.e. 7i(P). Then the
total converter efficiency can be calculated as

N—-1 [N—-1
1+ ; ( I1 77j(Pj)>
Tlsys,N = - ]J\; . (53)

For the above mentioned example of a RSTC converter with 4 ca-
pacitors and 3 balancing modules, this equation yields 7sys4 = 1/4 -
(1 +n3(P3) +n3(P3) - m2 (P2) + 13 (Ps) - 2 (P2) - m (P1)). However,
the conversion efficiency is usually of minor interest, since the main
idea of the RSTC concept is a high voltage conversion ratio for low
power (e.g. auxiliary) electronics. Since the power consumption of the
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auxiliary electronics in a power electronic system is usually very small
compared to the rated power of the system, the impact of the efficiency
of the auxiliary power supply on the overall system efficiency is very
small. Nevertheless, the RSTC efficiency can still be optimized, if the
hardware of each buck-boost balancing module is optimized for the re-
spective power level. The output power of the individual balancing
modules can be found as

1 C o
"o { e (- N'??“’N) A L (54
77i+16311+1) o N;z:;:N’ ie{l,2,.,N -2}

The values of nsys and F; can be calculated in an iterative process
as they are dependent on each other. This is due to the fact, that
the losses of a balancing module are influencing the power, that has to
be delivered by the balancing modules located above that module, i.e.
located closer to the upper power source terminal.

5.3 Balancing Cell Auxiliary Supply

In order to supply the gate drives and the control electronics of each
balancing module with power, an on-board auxiliary supply with a low
component count and simple controllability is preferable. This allows
to operate each module without an external power supply or external
gate signals. The proposed auxiliary supply consists of capacitor Cyux,
diode D,uy and switch S,ux which are integrated into each balancing
module, as depicted in Fig. 5.5(a).

With the switch S,ux being turned on, the balancing module op-
erates as usual. If the voltage Voo drops below the lower threshold
Vece,th1, however, the switch Syux is turned off, as shown at time ¢; in
Fig. 5.5(b). At time t5, when the switch Sy starts conducting the in-
ductor current Iy,1, capacitor C,ux is charged via the diode D,ux. This
charging interval ends when current Iy, changes its direction, i.e. at
t3, which is necessary for ZVS operation of the switches S; and Ss.
Then, the internal body diode of S,.x (or an external diode placed in
anti-parallel to that switch) conducts the current Ir;. The charging
continues at time t, when switch Sy is turned on again. The switch
Saux is turned on when the voltage V¢ of capacitor Cy,x reaches the
upper threshold Voc tha.
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Fig. 5.5: Structure and analysis of the proposed module integrated auxiliary
power supply unit: (a) balancing module with auxiliary power supply unit
comprising switch Saux, diode Daux and capacitor Caux; (b) characteristic
waveforms of inductor current I1,1, charging current Icc of auxiliary capacitor
Claux, auxiliary voltage Voc and gate signal of auxiliary switch Saux.

The minimum energy transfer to C,ux during a switching period
of S1 and S; can be calculated for the case of an inductor current
without an average value (i.e. I, avg = 0), as with an increasing load
current I1,aq the energy transfer is increased (cf. Fig. 5.5(b)). Under
the simplification of a small width of the voltage band defined by the
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voltage thresholds (i.e. Veoc = Voctne = Vecogni), the transferred
energy equals

Tp
Wax = / Vcc(t) . Icc(t)dt
0

Tp
~ Voo / Icc (t)dt
0
1 1

= Ve — . —.
16 fow

AL . (5.5)

Hence, the minimum average power that can be delivered by the
auxiliary supply is independent of the switching frequency, as it is given
by

Vee - A
16 '

The proposed power supply unit can also be used in other converter
topologies. A (minor) drawback of this auxiliary supply unit is, that
the voltage, which is applied across inductor L1, is altered by the value
of Ve each time the auxiliary switch S,ux is turned on or off. This can
have an effect on the voltage balancing of the capacitors if the voltage
Ve is not negligibly small compared to the voltage of the capacitors
C;...CnN.

Paux = Waux : fsw = (56)

5.4 Alternative Designs

The concept of the multi-cell Rainstick converter can be realized in
different ways. In this section a number of possible modifications of the
basic circuit from Fig. 5.3 are described and examples of their potential
applications are given.

5.4.1 Load Connection

The load can also be connected to capacitors in the middle of the voltage
divider, as shown for example in Fig. 5.6(a). This offers the advan-
tage to limit the maximum average current value that appears in any

inductor to I .
_ Load s i is even
|Imd,avg‘max - { N]\_fl-[Load7 if N is odd (57)
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Fig. 5.6: Possible modifications of the Rainstick converter concept: (a) load
connection to a capacitor in the middle of the capacitor stack, yielding lower
average current values in the inductors and (b) connection of the source to
only a fraction of the stacked capacitors.

Hence, inductor losses and conduction losses decrease and the overall
system efficiency increases when the load is connected to capacitors
closer to the middle of the voltage divider.
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Fig. 5.7: Possible modifications of the RSTC converter concept with reduced
component count by use of coupled inductors: (a, b) resonant versions with
different load connections and (c, d) isolated output stages.

(c)

5.4.2 Source Connection

The RSTC operation principle does also apply when the source is only
connected to some of the N capacitors. An example with corresponding
power flows is given in Fig. 5.6(b). In contrast to the original idea of
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the RSTC, those balancing modules that are not connected to the source
need to carry the full load power and the losses.

5.4.3 Coupled Inductors and Isolation

The component count can be reduced by the use of coupled inductors
i.e. transformers with a voltage transfer ratio of 1:1, instead of inductors
as depicted in Fig. 5.7. The basic circuit of the RSTC can be modified
in such way, that for an even number (N) of capacitors only (N/2 — 1)
transformers and (N) switches are needed. With resonant capacitors in
series with the transformers, the system can still be operated in ZVS.
This can be done by adjusting the switching frequency to the resonance
frequency of the resonance capacitors and the leakage inductance of the
transformer. It is also possible to couple all cells together by means of
only one transformer. The different coupling concepts are analyzed in
more detail in Appendix B.

*— +— Modules 1...5

Mainboard

Fig. 5.8: Rainstick converter prototype with five balancing modules for an
input voltage of up to Vinmax = 2.4kV and Poy = 30 W.
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5.5 Prototype Optimization and
Realization

A prototype of the RSTC comprising five balancing modules, each with
its own on-board power supply unit (cf. Sec. 5.3), has been assembled
and is shown in Fig. 5.8. As five balancing modules are used, the con-
verter output voltage is equal to one sixth of the input voltage. The
prototype is designed for a maximum input voltage of Vip max = 2.4kV
and a rated output power of P,y = 30 W (at input voltages between
Vin = 1.6kV...2.4kV). Thus, each balancing capacitor has to be rated
for a voltage of at least 400 V and the employed switches have to with-
stand voltages of up to Vpgmax = 800V. The switching frequency
of each balancing module is adjusted by a voltage controlled oscilla-
tor (VCO) that senses the voltage accross both balancing capacitors.
Hence, the switching frequency is linearly increased with increasing con-
verter input voltage, yielding constant volt-seconds A\, = Vio/(2fsw)
which are applied across the main inductor during all switching peri-
ods. As a certain peak-to-peak inductor current ripple Aly, is required
by the auxiliary supply of a module, the inductance of the main inductor

L1 equals
AL
L = —_—, .
'TAL (58)

The power consumption of the control electronics was estimated

Tab. 5.1: List of main components of the RSTC prototype. (Note: All
quantities are given per balancing module.)

Component Specifications
2x MOSFETs STD3NK100Z / ST
[RDS70n =549, Vps = 1000V, Ip = 2.5 A]
1x Gate driver Half-bridge gate driver IR2214 / Int. Rectifier
1x Inductor EFD25/13/7, N&7 ferrite / EPCOS
[L ~ 1mH, 60 turns, litz wire (60x71pum),
lairgap = 0.25 mm]
1x VCO MCB14046B / ON Semiconductor
2x Capacitors ~ X7R ceramic capacitors
[C = 1.05 uF (7x150nF), Viatea = 500 V]
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Fig. 5.9: Calculated inductor losses depending on the applied volt-seconds
(An) for an EFD25 N87 core, A, = 0.8 A, and capacitor voltages of V. =
300 V. The total inductor losses Piota1 consist of core losses Peore and winding
losses Pyinding-

to be less than 400mW per balancing module. With a lower voltage
threshold level of the auxiliary supply of the module of Voc i =8V, a
minimum required peak-to-peak current ripple in the inductor of A}, =
0.8 A can be calculated. In order to select a suitable value of Ap, an
inductor optimization has been performed. Here, the inductor design
with the lowest losses for a given value of A, is computed. For this
optimization, all available EPCOS N87 cores with either ETD or EFD
core shape and a selection of Rupalit litz wires are considered. The
results for an EFD25 core are demonstrated in Fig. 5.9 for a capacitor
voltage of Vo = 300V and Al;, = 0.8A. Even though the lowest
inductor losses can be achieved at A\, = 0.4 mVs, values below 0.8 mVs
already yield switching frequencies above fq = 250kHz, which proved
to be unpractical in combination with the selected gate drive due to
high gate drive losses. Thus, a value of A\, = 0.8 mVs was selected for
the prototype. Furthermore, the employed components of the RSTC
prototype are listed in Tab. 5.1.

5.6 Measurement Results

The converter efficiency measurements of a single RSTC balancing mod-
ule are performed with a high precision setup shown in Fig. 5.10, which
is in accordance to setup proposed in Fig. 3.14. The measurement
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Fig. 5.10: Measurement setup for the efficiency measurements of a single
RSTC balancing module. The setup utilizes shunt resistors (Rsh,1, Rsh,2)
with high-precision voltmeters for precise measurements of the input and
output currents. More details about the measurement setup can be found in
Sec. 3.2.4.

results of a single balancing module at different levels of capacitor volt-
ages are presented in Fig. 5.11(a) in dependence of the output power.
The results show, that for higher capacitor voltages and thus higher
switching frequencies the efficiency decreases. This is due to the fact,
that any increase of the switching frequency results in higher inductor
losses since the core losses as well as the winding losses are frequency
dependent. Furthermore, the power consumption of the gate-drive also
increases linearly with the switching frequency. One way to increase
the efficiency of the system would be to design the system with a larger
value for Ar, and with a larger core size. Thereby, the switching fre-
quency of the balancing modules could be decreased without increasing
the magnetic flux density, both being contributors to core losses. This,
however, would decrease the power density of the system and thus has
to be considered as a trade-off.

Based on the efficiency measurements of an individual module, the
efficiency of the system with 5 balancing modules has been calculated
based on (5.3) and (5.4) for different levels of input voltages. The calcu-
lated efficiency values are compared to the measured system efficiency
in Fig. 5.11(b). It can be seen, that the calculation results correspond
well with the measurement results with a maximum error of around 7%
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Fig. 5.11: Efficiency measurement results of the RSTC plotted over the out-
put power: (a) single balancing module at three different levels of capacitor
voltages Vc and (b) full system comprising five balancing modules at different
levels of input voltage Vin. The dotted lines denote calculated system effi-
ciency values. Remark: The measurement for Vi, = 1.2kV and Poy = 30 W
could not be performed as the prototype can only supply the rated output
power at input voltages between Vi, = 1.6kV...2.4kV.

at rated power.

The measured waveforms of the inductor current I, and the inductor
voltage Uy, of the balancing module closest to the load are shown in
Fig. 5.12 for the operation at an input voltage of Vi, = 1.8kV and an
output power of Py,q = 20 W. The small current dips of the inductor
current during the reversal of the inductor voltage are caused by intra-
winding capacitances of the inductor.

The voltage distribution of the input voltage Vi, among the six
capacitors of the RSTC prototype is shown for no-load operation in
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Fig. 5.12: Measured waveforms of the inductor current I, and inductor
voltage U, of the balancing module closest to the load. The measurements
were performed during the operation with an input voltage of Vi, = 1.8kV
and an output power of Poag = 20 W.

Fig. 5.13. It is visible, that the input voltage is not equally divided
among the capacitors. Instead, the voltage of the uppermost capacitor
is up to around 17% higher than the expected value whereas the voltage
of the lowest capacitor is around 16% lower than what is expected if
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Fig. 5.13: Distribution of the input voltage Vi, among the six capacitors of
the RSTC converter prototype in percent of nominal value (i.e. Vin/6). The
capacitors are numbered with C; being the uppermost and Cs the lowest
capacitor of the stack. The load is connected in parallel to capacitor Cs.
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perfect equalization was assumed. This can partly be explained by the
fact, that the auxiliary power supply unit is connected in series to the
lower capacitor of a balancing module. Thus, each time the auxiliary
switch S,ux (cf. Fig. 5.5) is turned off, the voltage of the upper capac-
itor (C1) is equalized with the voltage of the series connection of the
lower capacitor (C3) and the auxiliary capacitor (Caux). If a load is con-
nected to the RSTC, this unequal voltage distribution tends to become
slightly worse, as the superimposed load current causes voltage drops
across the MOSFETSs and the inductor in each balancing module, which
influences the voltage equalization. A solution would be to include a
controller in each individual balancing module that adapts the duty-
cycles of the switches to values that are slightly different from 50%.
This could be implemented e.g. as a feedback loop with the voltage
difference of the capacitors as input variable for a PI controller.

5.7 Summary and Conclusion

In this chapter, a novel modular multi-cell converter structure, named
the Rainstick converter, has been presented for a voltage conversion
with high conversion ratios.

The converter structure consists of multiple converter cells which
balance the voltages of a capacitive voltage divider employing a stack
of series connected capacitors. The converter allows for bidirectional
power flow with a fixed voltage conversion ratio, which, due to its mod-
ular structure, can be easily adapted to high conversion ratios. Based
on the presented current and power flow analysis, this converter struc-
ture can be classified as a partial-power converter since none of the
employed modules needs to transfer the full amount of load power.

In order to operate all converter cells independently without any
exchange of information between the cells, a self-controlled on-board
power supply unit with a low part count has been presented. This
power supply unit serves to provide the power required by each cell to
run the control electronics and the gate drives.

Different variations of the basic multi-cell Rainstick converter are
shown. They allow to reduce the component count by coupling differ-
ent balancing converter cells by means of transformers. Furthermore,
different possibilities to connect the load are presented.

In order to verify the theoretical analysis and the operation of the
proposed concept, a converter prototype has been optimized and built
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up. The measurement results of the operation of the prototype for input
voltages up to Vi, = 2.4kV and an output power up to Proaq = 30 W
have been shown. The measurements verify the operation principle and
demonstrate that the converter can be operated over a wide range of
input voltages beginning from V;, = 200V.
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Conclusion & Outlook

OWER electronics is a key enabling technology for several mega-
trends that are shaping the way we will be living in the future.
Thus, innovations and further improvements of power electronic sys-
tems with respect to different performances like efficiency, power den-
sity, and cost are mandatory prerequisites to further continue the ad-
vancement of these megatrends. Many performance improvements in
power electronics are based on the gradual improvement of employed
materials, e.g. core materials, or on disruptive technology changes like
the shift towards wide-bandgap semiconductors.
In this thesis, the multi-cell converter approach in combination with
a multi-objective optimization is identified as another path to the per-
formance improvement of power electronic systems. The multi-cell con-
verter approach employs well-known topologies within the cells, which
can benefit from fundamental scaling laws attributed to sharing the
power flow among the cells of a multi-cell system. Inherent to all power
electronic systems is the trade-off between different performance mea-
sures which necessitates a multi-objective optimization. This approach,
in contrast to a single-objective optimization, allows to directly identify
the feasible performance space and the Pareto front, which quantifies
the trade-off between different performance aspects that is given by
Pareto-optimal designs. This requires the mapping of the design space,
which contains the set of possible realizations, into the performance
space by means of accurate multi-physic component models. In multi-
cell systems, this approach is even more called for, as the design space
is augmented by more degrees of freedoms like e.g. the number of em-
ployed cells.
As a result of the systematic optimization of the multi-cell converter
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systems for different applications, a broad variety of improvements and
advantages of multi-cell systems compared to single-cell counterparts
are revealed in this thesis:

» Higher performance: The hardware demonstrators for the differ-

194

ent applications verify the introduced scaling laws by achieving
higher efficiency and power density values than state-of-the-art
systems with only one converter cell. This is especially true for
the multi-cell PFC telecom rectifier, which not only features a
high peak efficiency but, by means of 4D-interleaving control, also
a very flat efficiency vs. output power characteristic.

Increased control flexibility and functionality: The multi-cell ap-
proach for PV systems allows to operate each PV panel individ-
ually in its MPP. This maximizes the power output of the total
PV system by mitigating the effects of partial shading of the PV
string. Furthermore, with the possibility of supervising the opera-
tion of each PV panel, additional functionality is introduced that
is not available with conventional string inverters. The control of
individual cells is also the basis for the advanced 4D-interleaving
modulation of the ISOP telecom PFC rectifier, which not only in-
creases the system performance but also offers additional failure-
handling possibilities by bypassing the cell where a failure has
occurred and potentially allowing to hot-swap a broken cell.

Modularity: The inherent modularity of multi-cell systems offers
an easy scalability of the operating range by changing the number
of employed cells. Once the design of the basic building block (i.e.
of one conversion cell) of the system is determined, the system can
be easily scaled for other power and/or voltage levels. This was
shown for the ”Rainstick” multi-cell auxiliary power supply, which
can be extended with additional cells to higher input voltage lev-
els. In a similar way, PV systems can be extended to higher power
levels with additional PV panels with PV module-integrated con-
verter cells.

Economies of scale: Each conversion cell is designed for just a
fraction of the power and/or the voltage of the entire system.
Therefore, the cells contain only high-volume low-cost compo-
nents (e.g. low-voltage MOSFETs and standard core shapes)
instead of specialized and expensive components (e.g. semicon-
ductors with high blocking voltage and custom made core shapes).



This potentially allows to benefit from economies of scale effects
which can lead to lower costs of the system.

» Well-proven topologies: The cells are based on well-proven and
established converter topologies, which potentially increases the
industry acceptance of the multi-cell approach.

Apart from the multitude of benefits arising from the multi-cell ap-
proach, some weaknesses have to be mentioned that are inherent to
designing and commissioning a multi-cell system:

» Increased control and communication complexity: The balancing
of the voltages and/or currents among the cells has to be guar-
anteed for all operating conditions. Even if the system exhibits
self-balancing features (e.g. typically given for ISOP and IPOS
systems) during normal operation, this might not be the case
during start-up and/or shut-down phases. There, special care has
to be taken and additional control algorithms might have to be
implemented. Furthermore, the control of the system requires a
reliable communication between the cells, which leads to an in-
creased communication overhead.

» Inter-cell influence: The operation of the cells within a multi-cell
system is strongly coupled and implicates that the cells influence
each other. This can result, e.g., in common-mode currents within
cells, which are caused by the switching action of others cells due
to the series connection of cell terminals in ISOP systems. This
can require additional hardware components, e.g. common-mode
chokes for each cell, to limit the effect of the coupled operation of
cells.

» Debugging: The commissioning of a multi-cell system and the in-
evitable trouble-shooting requires to simultaneously monitor many
system variables of the power as well as the control part, which
necessitates a more extensive measurement setup.

Consequently, the multi-cell converter approach is a feasible way of
improving the performance of power electronic systems, however at the
cost of a higher control and operational complexity.
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6.1 Future Trends & Outlook

A main weakness of multi-cell systems at present time is the additional
control complexity and inter-cell communication effort. This drawback
will however diminish, since Moore’s law predicts an exponential growth
of computation power over time [165]. This fundamental trend will
drive down the cost overhead for the communication between the cells
in a multi-cell system and provide enough computation power for more
advanced 4D-interleaving control schemes in multi-cell systems.

In order to gain a broader adoption of multi-cell systems in industry
and to bridge the gap between academic research and commercial ap-
plications, the integration level has to be advanced [3]. This can be the
integration of multiple semiconductors into a package, preferably with
their gate drives, or the integration of passives and other components
into the PCB. This allows to design a switching and in the next step the
conversion cell as a highly integrated building block, which is the small-
est element of a multi-cell system. Thus, the high number of individual
components in multi-cell systems, built up of discrete components, is
decreased to a smaller number of building blocks. The conversion cells
can then be arranged in different ways, e.g. with series or parallel con-
nections of the input and output terminals, according to the intended
operation. By also integrating the fiber-optic communication into the
PCB, the additional communication effort for multi-cell systems can be
reduced with the additional benefit of immunity of the communication
channel against common-mode noise.

The presented multi-objective optimization results of the different
multi-cell systems were limited to the performance measures of effi-
ciency and power density. This can be extended in future research to
additional performance measures such as costs and reliability in order
to obtain a more complete comparison of multi-cell systems to state-of-
the-art converter concepts.
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Derivation of Converter Scaling Laws

The efficiency of a power electronic system with input power P;, output
power P and losses Py, is defined as

P P 1—n
= — = :}P :—P. A.].
P P+p YT (A1)

In the most simplified approach, the power electronic system is con-
sidered to be a cube with a total surface area A which scales with the
volume V of the cube by A = 6V?/3. The heat dissipation capability
pL of a system can be defined by relating the losses of the system to its
surface area,

n

P 1-9q P
=== A2
PL="4 n 6V2/3 #-2)
This allows to derive fundamental scaling laws since any scaled sys-
tem needs to have the same value of py, as the reference system (denoted
by subscript “p”),
1-— n P - 1-— Mo PO

. _ . _ (A.3)
2/3 2/3
no 6V mo 6V

Rearranging this equation yields

P _(1-m) n (V 2/3
roay e (w)

By assuming a constant efficiency, i.e. = 19, the relation
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Appendix A. Derivation of Converter Scaling Laws

can be found. This means, that doubling the power (P = 2P;) leads
to an increase of the volume of V = 23/2.V, ~ 2.83 - V. This is also
reflected in a decrease of the power density (p = P/V’) which can be
derived for the case of a constant efficiency as

_P_ P B ((RYE_ PN
TV ey W \P) TR |
%o (#)

Py
and yields p = 271/2 . py = 0.707 - po when the power is doubled. This
can be explained by the fact, that a system with a larger volume has a
smaller surface-to-volume ratio than smaller systems. Since the surface
area is required for heat dissipation, the power per volume can only be
scaled with the surface area of the system and not with the volume. This
leads to smaller power densities of (thermally limited) larger systems.

The scaling law of (A.4) can also be evaluated for the condition of
a constant power density, i.e. p = P/V = pg = Py/Vp, which leads to

" (%)1/3

o ((£)7 1)

For an assumed efficiency of 1y = 98% of the reference system, the
efficiency of the scaled system has to be increased to n = 98.4% if the
power of the system is doubled (P = 2F,).

(A7)

7’]:
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Unified Power Flow Analysis of
String Current Diverters

Partial power processing converter architectures for series connected
sources and/or loads, also termed power shufflers, differential power
processing converters, or current diverters, have gained significant in-
terest in the past, due to their capability of balancing local asymme-
tries in voltages by processing only a fraction of the full system power.
This promises high efficiencies and small converter volumes compared to
full-power converters since the converter modules can have a low power
rating and their efficiency has a reduced impact on the total conver-
sion efficiency. Popular applications are battery state-of-charge (SOC)
equalization [93,166], data center power distribution [167], multistage
stacked boost converters [168—170], stacked voltage domains for CPU
power delivery [163], photovoltaic (PV) energy systems (cf. Sec. 3.4
and Fig. B.1(a)) [98,171,172] and auxiliary supplies for high conversion
ratios (cf. Chapter 5 and Fig. B.1(b)). The current diverter modules
typically consist of synchronous buck-boost converters (Fig. B.1(c))
for bi-directional power flow which can be operated with zero voltage
switching (ZVS) if the (peak-to-peak) current ripple in the inductor is
sufficiently high, i.e. Al > 2 I1, avg, as shown in Fig. B.1(d). An-
other advantage of this converter type is, that for voltage balancing
every module can be operated with a fixed duty cycle of 50% with-
out any communication between the modules and without any control.
Furthermore, due to the modular nature of this type of system, it can
easily be extended to longer strings and/or higher voltages.

Even though the current diverters have been in the focus of research
for many years, there are still no general design guidelines for the con-
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Diverters
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Fig. B.1: Possible applications of string current diverter modules: (a) PV
energy systems where local asymmetries can be caused by mismatched oper-
ating conditions, e.g. due to shading of some PV panels; (b) power supplies
with high conversion ratios where asymmetries are created since the load is
attached e.g. to only one capacitor or to a fraction of all capacitors. (c¢) buck-
boost topology of the current diverters. (d) characteristic inductor current
waveform and gate signals of one balancing module for ZVS operation.
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struction of the diverter modules. Especially in the area of photovoltaic
energy systems, the design of the diverters is strongly dependent on the
number of PV panels in a string and the expected worst case shading
scenario, as described in Sec. 3.4, which partly explains the lack of
general design guidelines. Therefore, in this chapter a universal power
flow analysis is introduced, which can be applied to the different appli-
cations of the current diverter concept. This analysis allows to identify
the power level which is processed by any diverter module in order to
derive the required specifications for the design of the diverter modules.
The chapter is structured such that the universal power flow analysis
is introduced in Sec. B.1 and the specific application to solar energy
systems is presented in Sec. B.2 and the application to converters
with high conversion ratios in Sec. B.3. The concept of coupling the
inductors of the diverter modules and the associated advantages and
disadvantages is analyzed in Sec. B.4.

B.1 Power Flow Analysis

In this appendix a universal analytical solution for the power flow in
the current diverters is derived, which is applicable to all operation
scenarios of the diverter modules.

From a very general point of view, the structure of the system con-
sists of Ny power sources/sinks and Ny, = Ny — 1 current diverter mod-
ules, as shown in Fig. B.2. Depending on the type of operation and/or
application, the power sources/sinks can have any of the following three
states:

» Positive: Operation as a power sink, i.e. load;
» Negative: Operation as a power source, e.g. PV panel;

» Zero: No net power flow, i.e. capacitor.

The sources/sinks in the system can be written in a vector form
175> = (Ps1,Ps2, ..., Ps,ns), which defines the power flow in the system.

Based on ]73 the power flow Pio to/from the DC-link source Vpc
can be derived as the sum of all sources in ]75 Due to the stacked nature
of the power sources in 175) and/or cells (which implies that the current
from/to the DC-link through the individual cells is equal) and the fact,
that the voltages of the cells are equalized by the current diverter mod-
ules (i.e. every power source has the voltage of Vpc/Ny), the power P;qt
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Fig. B.2: Generalized equivalent circuit of N5 series stacked power sources
and/or converter cells with N, = Ny — 1 current diverter modules. (a) The
power sources Ps; can either have a positive value (i.e. loads), a negative
value (i.e. generators) or be zero (i.e. capacitors). (b) Detailed explanation
of the power balance of the converter cells in (a), where Ps; > 0 indicates
that power is transferred from a cell to an attached load.

to/from the voltage source Vp is equally divided among the individual
power sources. This means, that each cell provides/receives a power of
P, which is directly transferred to/from the DC-link source Vpc, which
can be calculated as

N,
‘SPsi Po
Poz%: ]i]t . (B.1)

Accordingly, that the average power of all sources is directly trans-
ferred to the DC-link (or taken from the DC-link). The current divert-
ers thus only balance the power asymmetries among the stacked power
sources such that the difference between the average power P, and ac-
tual power level P ; of the power sources is compensated.
Furthermore, since for each of the stacked power sources a power bal-
ance has to prevail, the following set of equations has to be fulfilled
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- s,1+P0_Pc,1
- S,2+PO+PC71_PC72

_Ps,Ns-l + Po + PC,NS-2 - Pc,Ns-l = 0
*Ps,Ns + Po + Pc,Ns—l = 0 (BQ)

where P, ; is the power transferred in each current diverter module, as
shown in Fig. B.2. This set of equations can be solved to find the
levels of power which are transferred by the current diverter modules,
i.e. po = (Per, Pegy ooy Penei1), a8

N, i
1 . - .

Pey= |t E Py j—(Ns —1)- g P - (B.3)
s j=i+1 j=1

O

It can be seen, that the power transferred through any current di-
verter module is influenced by all power sources, since the power level
is calculated by weighting the sum (1) of all power sources “below” the
diverter module with the index number 7 of the diverter, i.e. the num-
ber of sources “above” this diverter, and subtracting the sum (2) of the
power sources “above” the diverter module weighted with the number
of sources Ny — i “below”. For the case of equal power sources, the
power in the diverter modules becomes zero, which is in accordance
with the expectation that there is no power transfer through the di-
verter modules if there is no mismatch.

B.2 PV Energy Systems

As a solution to the problem caused by mismatched operation condi-
tions in a PV system, current diverter modules (also termed parallel-
connected partial-power module integrated converters) can be installed,
as described in Sec. 3.4. Based on the nomenclature introduced in
Sec. B.1, where power sources have a negative sign, the vector of power
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sources Fs can be written as ﬁg = (—Pupp,1, —Puvpprg2, -, —PuMpPP.NPV ),
Pypp,; > 0, for a system with Npy PV panels.

In the following, a worst case scenario is considered, where the string
of PV panels is divided into a shaded part and an unshaded part. It is
assumed that the first n panels are shaded and have a maximum power
generation of kg, - Pypp per panel and the remaining Npy — n panels
are unshaded with a maximum output power of Pypp. According to
(B.1), the power which is directly transferred from each PV panel to
the DC-link source is

kg - P Npy —n)- P
p, = " ke Mpp + (Npv — 1) - Pupp . (B.4)
Npv
Regarding the diverter modules in this scenario, the biggest amount
of power has to be processed in the diverter module n which is at the
boarder of the shaded and unshaded section of the PV string. Based

on (B.3), this diverter module processes a power level of

_ Pupp

Pcn:
’ Npy

. (n (NPV — n) —-—n-: (NPV - T‘L) . ksh) . (B5)

Npv

The maximum of (B.5) can be found at n = , i.e. in case half of
the PV string is shaded and the other half is unshaded, which leads to a
power flow through the balancing converter connecting the two sections
of

Nev
4

As can be seen clearly in (B.6), Pc max is not only proportional to the
panel power Pypp and kg, but also to the total number of PV panels
in the string Npy. Thus, by relating the maximum converter power to
the MPP power of the unshaded panels, i.e. r, = |Pemax|/Pupp, the
number of PV panels in the string can be found, where a certain power
ratio 7, is reached in dependence of the light transmissibility factor of
the shade, kg, as

| Pe,max| = - Pupp - (1 — kgn) - (B.6)

4-7rp
1— kg
As an example of this worst case scenario, for a string with Npy = 20

PV panels out of which the first (or last) 10 PV panels are shaded, and a
shading scenario of kg, = 0.8 (i.e. the shaded panels deliver 80% of the

Npy = (B.7)
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power of the unshaded panels Pypp) the diverter module in between
the shaded and the unshaded section of the string has to process already
100% of the power generated by an unshaded PV module (Pypp), i.e.
rp = 1. Hence, this diverter module has to be designed for the same
power rating as the full power converter concepts of Chapter 3 and
would thus nullify the advantages of the partial power conversion. For
even more severe shading scenarios (i.e. lower kg,) the situation be-
comes even worse and the most affected current diverter module has to
process multiple times the power of a single PV panel.

B.2.1 Power Limited Current Diverters

The dependency of the required power rating of the current diverter
on the shading scenario and the string length complicates the converter
design. Therefore, in Sec. 3.4 a current diverter module (cf. Fig. 3.34)
is presented with an over-current protection mechanism, which modifies
the duty cycle of the switches once the current rating is exceeded. This
allows to operate the diverter modules at a predefined power limit. By
limiting the power of the diverters, however, it is no longer possible to
operate all PV panels in their respective MPPs at all times.
Considering again the worst case, where the string with Npy panels
is split into halves, i.e. an unshaded section (each panel delivers the
power of Pypp) and a shaded section (each panel delivers a power of
ksh - Pupp), the total theoretically available power of the entire string
is
Pth,max = % . PMPP : (1 + ksh) . (B8)

This is shown in Fig. B.3 (normalized to Ppax = Npv - Pupp) as
the topmost line with the highest power.
In state-of-the-art systems with only bypass diodes, the string can ei-
ther be operated at the MPP current level of the unshaded panels, i.e.
bypassing the shaded panels, which yields an output power of

Ppy = —— - Pupp (B.9)

which is independent of light transmissibility factor kg, and thus a hor-
izontal line in Fig. B.3.
Alternatively, all PV panels can also be operated at the MPP current
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Fig. B.3: Influence of the current diverter power rating r, on the harvested
power of a string with Npy PV panels for different shading intensities. In
the considered worst case scenario, the string of PV panels is divided into
two sections, where one half is unshaded and the other half is shaded. The
maximum output power of the shaded section is by a factor of ks, lower than
the maximum power of the unshaded section. For the case that only by-
pass diodes are used without current diverter modules, the achievable output
power of the string is given by Ppi and Pp2 whereas the theoretically avail-
able power is given by Pih max. The red colored area defines the power which
can not be harvested even when the diverter modules are sized for the full
power of an unshaded PV panel, i.e. for r, = 1.

level of the shaded panels, i.e. operating the unshaded panels at sub-
optimal operating points below their MPPs, which results in an output
power of

PD1 = T . ksh . PMpp . (B.lO)

which is directly proportional to kgy and thus in a diagonal line in
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Fig. B.3.

In the case were current diverters with a limited power rating of r, =
| Pemax|/Pupp are used, the theoretically available string power can
only be harvested above a light transmissibility factor kg, of the shade
of

ke >1— (B.11)

Npv
which can be derived from (B.7). If the light transmissiblity falls below
this limit, the only way to keep the power of the current diverters at or
below their maximum power rating is to operate the unshaded panels
at an operating point Ppv sub = kpv 1im - Pmpp below their MPP. The
factor of power reduction kpy 1im can be derived by modifying (B.6) to

Npv

4

Inserting the relationship of |P;max| = 7p - Pupp and solving the
equation for kpv jim yields

|Pc,max| = . PMPP . (kPV,lim - ksh) . (Blz)

4-rp
Npy

Based on this, the total power that can be harvested from a string
of PV panels under the worst case shading scenario (i.e. splitting the
string into two equal sections), can be derived for power limited current
diverters as

kpv lim = Ksh + (B.13)

N; 4
Poutlim = % - Pupp - <2 ksn + NP:/) (B.14)

(parallel lines in Fig. B.3) which are valid for kg, < 1 — i,l::/ For

kg > 1 — ﬁ,’np the total available power can be harvested.

The results of the calculations above are visualized in Fig. B.3(a)
(normalized to Ppax = Npv - Pypp) for a string length of Npy = 20. It
can be seen, that even if the current diverters are designed for the full
power rating of an unshaded PV panel (i.e. r, = 1, which is the same as
full-power converter concepts are requiring), it is not possible to harvest
all of the string power FPin max for shading factors below kg, < 0.8. The
red colored area represents the lost power for 7, = 1. In Fig. B.3(b)
the results are shown for a shorter string length with Npy = 10 PV
panels. It can be seen, that in this case the maximum available power
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can be harvested for lower values of kg, i.e. kg, > 0.6, for the same
converter power ratings 7.

As a conclusion, even when the current diverters are designed for
the full PV panel power rating, it is not possible to harvest all of the
available power of a PV string if the power levels of the shaded panels
differ too much from the power of the unshaded PV panels. Especially
for longer PV strings, the tolerable power difference can only be e.g.
up to 20% for Npy = 20 before the power limit of the most affected
diverter module is exceeded. Furthermore, the gain in harvested power
compared to using only bypass diodes is limited and even reduces with
longer string lengths.

As a protection mechanism, the unshaded PV panels have to be
operated below their maximum power levels to avoid overloading the
diverters. Thus, full-power converters (cf. Sec. 3.1, which are by
definition designed for the full power rating of the PV panels, i.e. r, =
1, are a better choice for more severe shading scenarios (i.e. lower values
of kg ) since the power level they have to process is decoupled from the
power levels of the other PV panels.

B.3 High Step-Down Conversion Ratio
“Rainstick” Converters

Another application for current diverter modules are “Rainstick” power
supplies with high conversion ratios as presented in Chapter 5. In this
application, current diverter modules are connected around a stack of
series connected capacitors, where e.g. a voltage source is connected in
parallel to the stack of capacitors and the load is attached to the bottom
capacitor, as depicted in Fig. B.1(b). The achievable conversion ratio
thus depends on the number Ny of employed capacitors. According
to the definitions of Sec. B.1, the vector of power sources becomes
Pl = (0,0,...,0, PL) in this case. Consequently, the power P, which is
directly delivered from the source to the load (i.e. flowing through the
series connected capacitors) is

Po=5

(B.15)

The remaining part of the load power has to be delivered by the
diverters. The power level which is processed by each current diverter
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module depends on the position of the diverter in the stack and can be
determined with (B.3) as

Ny
P = 5|10 2 P =0 YRl

j=i+1 j=1

=P =0
P,
= . B.16
Ny ( )

This means, that the largest amount of power is processed by the
converter closest to the load, i.e. at ¢ = Ny — 1 which yields

(Ns - 1)

Pcmax:P '
) L N,

(B.17)

and approaches the load power P, max ~ F;, for high values of N;. As
a result, for large conversion ratios the current diverters have to be
designed for almost the same power rating as the load power. Fur-
thermore, the total system efficiency contains a multiplication of the
efficiencies of the individual diverter modules according to (5.3). As
an advantage of this type of voltage conversion, however, due to the
modular structure of the system, the diverter modules have to be de-
signed for only a fraction of the entire DC-link voltage which enables
the use of semiconductors with reduced blocking voltage compared to
full-power concepts. In addition, the modular structure allows for an
easy realization of the system by employing multiple diverters modules
with identical hardware. Another advantage is the simple and robust
control of each diverter module with fixed duty cycles of 50% without
any communication between the divertes. Thus, this conversion concept
is especially well suited in high-voltage and high-power environments
(e.g. traction applications) where low-voltage equipment with a low
rated power has to be supplied and a high conversion ratio is required
(e.g. as an auxiliary supply). For this type of application the limited
conversion efficiency of this supply is of minor concern since it will not
affect the efficiency of the entire system which has a power rating that
is magnitudes larger than the auxiliary power.
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B.4 Coupled Inductor Concepts

As mentioned in the previous sections, a disadvantage of the current di-
verter concept is the influence of the number of sources Ny on the power
transfer through the diverter modules. This is especially unfavorable
for the application of this concept in PV energy systems, but is also a
disadvantage for the Rainstick converters, where each diverter module
has to be designed for a power rating (almost) equal to the load power.
One possibility to mitigate or even remedy this problem is to couple
the inductors of diverter modules, as will be described in the below.

The first option is the addition of coupled inductors in the first
and last diverter module. Together with series connected capacitors,
this creates a series resonant converter (SRC) structure as shown in
Fig. B.4(a), and/or allows to transfer power between these two diverter
modules. The resonant frequency of the SRC (defined by the leakage
inductance of the coupled inductors and the resonant capacitor) can
be tuned to the switching frequency of the diverter modules in order
to operate the SRC in HC-DCM [91]. The SRC allows to transfer
power directly between the first and the last module which creates a
daisy chain (i.e. ring) structure. As a result, the maximum power
which is transferred in any diverter module or the module employing
the coupled inductor is half of the maximum power of the uncoupled
structure. This can be intuitively explained, by considering that the
power flow can be divided into two paths in the ring structure. The
disadvantage of this option, however, is the required voltage isolation of
the coupled inductors which has to be rated for the full input voltage.

The second option is to couple each diverter module with the neigh-
boring diverter modules. With this arrangement, the SRC topology can
be used to minimize the component count of the system, as shown in
Fig. B.4(b). Instead of employing Ny — 1 inductors and 2 - (N — 1)
switches as in the uncoupled structure, the proposed concept with SRCs
employs only Ny switches and N /2 sets of coupled inductors with Ng/2
capacitors for the resonant operation. The SRCs are used to transfer
power from two sources to another two sources, e.g. the power Py ; is
transferred from P ; to Ps 3 and Ps 2 to Ps 4, and vice versa. In order to
balance the power between P ; and P2 or Py 3 and Py 4 etc., the mag-
netizing currents of the SRC converters are used. It should be noted,
that the magnetizing current will have a DC-offset if the power levels of
the two sources on one side of the SRC are unequal. Thus, the magne-
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tizing current can only balance the sources on the side of an SRC where
no resonant capacitor is present. This is also visualized in Fig. B.5,
where the current i, can have a DC-offset if the voltages V; and V, are
unequal (i.e. a DC-offset in the magnetizing current is created in order
to balance the voltages V; and V3), while the resonant capacitor Cies
between V3 and Vj also functions as a DC-blocking capacitor, which
prevents current ig from having a DC-offset. In case the resonant ca-
pacitors are placed on both sides of the coupled inductors, additional
inductors have to be employed in at least one diverter module, which
then allows to balance two neighboring sources.

S2, 84 " L ; —

(c) %) to + T,

Fig. B.5: Detailed explanation of the operation of diverter modules with
coupled inductors: (a) coupled inductors as proposed for the current diverters.
Splitting the stack of capacitors in (a) between C> and Cs5 yields the equivalent
series resonant converter (SRC) in (b); (c) characteristic current waveforms
and switching patterns of the SRC where the current i, is an addition of
the current is and the magnetizing current imae. Due to the presence of the
resonant capacitor Cies, the current of is cannot show any DC-offset in , while
a DC-offset can result in the current imag (and thus also in ip) if the voltages
Vi1 and V4 are unequal.
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The third option for further minimizing the power rating of the
diverter modules is to assemble all coupled inductors on a common core,
as visualized in Fig. B.4(c). This does not only reduce the number of
coupled inductors to just one multi-terminal coupling device, but also
enables the direct power flow between all diverter modules. Each SRC
transfers the power level of

Ng 2%
5 M
P = N ; P, — sz:_l P.; . (B.18)

Twice the average of all sources  Sources at diverter module ¢

The power transferred via the uncoupled inductors can be calculated
as

1
P = 5 (Ps2i — Py (2i-1)) (B.19)

which is just required to balance the two sources on one side of the SRC
modules. The option shown in Fig. B.4(c) has uncoupled inductors in
every diverter module such that all modules are identical. Alternatively,
the balancing of the power sources will also work if only one diverter
module is equipped with an uncoupled inductor. In that case, since the
SRCs are balancing only the sources with even numbers and also the
sources with odd numbers, this single uncoupled inductor is used as the
balancing module between the group of sources with even numbers and
the group of sources with odd numbers. It should be noted, however,
that besides the advantage of a reduced number of components, this
option has the drawback that in the worst case where the even numbered
sources have very different power levels than the odd numbered sources,
the diverter with the uncoupled inductor has to process very high power
levels (i.e. similar to the situation in PV systems where the diverter
module in between the shaded and unshaded section requires the highest
power rating).

When applying the option of Fig. B.4(c) to the worst case scenario
in PV energy systems (i.e. the PV string is divided into a shaded and
an unshaded half) the maximum power level that has to be processed
by any SRC equals

Px,max = Pupp - (]- - ksh) (B20)
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which is independent of the number of PV panels in the string and is
just the power difference between the shaded and the unshaded panels
which is always lower than the power processed by full-power converters.

Despite the various advantages there are also some disadvantages
resulting from the employment of coupled inductors. Foremost, the op-
eration of the diverter modules can no longer function without synchro-
nizing the switching patterns between the diverters. This mandates the
implementation of some sort of communication or synchronization sig-
nal among the diverters which leads to additional hardware and wiring
effort. Another drawback especially of the concept with only one com-
mon core for coupling the diverters lies in the loss of modularity. The
system and particularly the multi-terminal coupled inductor has to be
designed for a specific number of sources and can no longer be eas-
ily extended for larger numbers of sources as given for the uncoupled
system.

B.5 Conclusion

The concept of voltage balancing with current diverter modules can be
utilized in various different applications ranging from SOC equalization
of batteries to mitigating mismatch effects in PV systems. Therefore,
a universal power flow analysis is introduced in this chapter, which
can be applied to any application of current diverter modules. This
analysis allows to derive the power transferred by each diverter module,
which is a mandatory requirement for properly designing the diverter
modules. The application of the power flow analysis is shown with
the example of PV energy systems and a power supply with a high
conversion ratio. As a result of the analysis it is revealed, that in PV
systems the shading scenario as well as the string length take a great
influence on the power rating of the current diverter modules. This can
necessitate a dimensioning of the diverter modules for a higher power
level than the rated power of the PV panels.

For the “Rainstick” power supplies with high conversion ratios it is
shown, that the power rating of the diverter modules approaches the
load power level for large numbers of diverters. The advantages of this
concept, however, are the modularity of the system, which allows an
easy adjustment for different conversion ratios, and the absence of any
communication between the diverter modules due to the operation with
fixed duty cycles of 50%. Additionally, none of the employed compo-
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nents has to be rated for the full input voltage. Thus, this concept is
especially well suited for high-voltage environments where a step-down
conversion is required for low-power equipment, e.g. as an auxiliary
supply.

Moreover, the concept of coupling the inductors of the diverter mod-
ules is presented, which allows to reduce the required power rating of the
diverter modules and/or to minimize the number of required diverter
modules.
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ZVS of Power MOSFETs Revisited

For the design and optimization of a converter system with ZVS it
is crucial to identify the conditions under which soft-switching can be
achieved. A basic structure enabling ZVS is a semiconductor half-bridge
with an inductive element connected to the midpoint of the half-bridge
as given for a phase-shift full-bridge converter (cf. Chapter 4) and
other topologies depicted in Fig. C.1. In order to calculate the re-
quired energy stored in the inductive component at the beginning of a
switching transition to achieve soft-switching a practical approach such
as presented in [173] can be used.

This chapter however, introduces an analytical approach to specify the
conditions for ZVS which only relies on data sheet values of the semi-
conductors. At first, the non-linear behavior of the parasitic MOSFET
capacitances is described in Sec. C.1. Sec. C.2 analyzes the condi-
tions to achieve ideal soft-switching. In Sec. C.3 analytical formulas
are presented that allow to calculate the losses associated with incom-
plete soft-switching, i.e. the turn-on of switches at non-zero voltage.
The derived equations are validated with measurements on different
hardware setups with different types of semiconductors in Sec. C.4.
Finally, Sec. C.5 summarizes the key results.

C.1 Non-linear Parasitic MOSFET Capac-
itances

It is widely known, that the parasitic output capacitance Cyss of MOS-
FETs exhibits a non-linear dependency on the applied drain-source
voltage Vpg, which is shown in Fig. C.2(a) for a low-voltage Si MOS-
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Fig. C.1: Popular ZVS converter topologies: (a) phase-shift full-bridge con-
verter, (b) Dual Active Bridge converter, (c) cascaded buck-boost converter
with constant switching frequency ZVS modulation [6] and (d) Triangular
Current Mode (TCM) PFC rectifier. The basic structure of all soft-switching
topologies consisting of a MOSFET bridge-leg and an inductor/inductance
L. is highlighted.

FET (BS046N100NS3 / Infineon). Due to this non-linearity, the charge
stored in parasitic capacitances is also a non-linear function of the ap-
plied voltage, as shown Fig. C.2(b) for the charge Qs stored in
Coss- In order to facilitate the modeling of MOSFETSs, a linear charge-
equivalent capacitance Cq oq can be introduced which exhibits the same
amount of stored charge as the non-linear capacitance at a given drain-
source voltage Vpg [32], i.e.

Vbs
oss (V1 Coss(v) dv
CaealVis) = LolVo8) L o Ol

In a similar way, the energy F,s stored in the non-linear capacitance
Coss can be considered. In Fig. C.2(b) the blue shaded area enclosed
between the graph of the charge QQ,ss and the y-axis equals the energy
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which is stored in Cygss at a given voltage Vpg. Thus, a linear energy-
equivalent capacitance Cg ¢ that stores the same amount of energy as
Coss at a selected voltage Vpg needs to have the same enclosed area, i.e.

2 Boss(Vbs) 1 2y Vo5, L s (v) do

C %
E,eq( DS) VSS V]%S

(C.2)

As a result, the energy-equivalent capacitance Cg q and the charge-
equivalent capacitance Cqeq can be calculated for every drain-source
voltage Vps (cf. Fig. C.2(c)). It can be seen that the values of
these capacitances differ for the considered case by a factor of up to
CQ.eq(VDS max)/CB.eq(VDS max) = 1.5. For other MOSFET devices,
such as super-junction MOSFETSs, the equivalent capacitances may
even differ up to a factor of 4 to 5. This difference implies the ne-
cessity to clarify which equivalent capacitance has to be used in the
case of modeling the soft-switching behavior of MOSFETs.

C.2 Conditions for Ideal Soft-Switching

In order to avoid the losses caused by hard-switching transitions of
MOSFETS, zero-voltage switching (ZVS) is commonly applied. This re-
quires the presence of an impressed inductive current which charges/discharges
the output capacitances of the MOSFETSs within a bridge-leg during the
interlocking time of the associated gate signals, as visualized in Fig.

C.3 for a transition where switch Ss turns off and S; turns on. The
required energy of the inductor for a complete soft-switching transition

can be found by considering the energy balance of

Einitial + Edelivered = Eﬁnal + Edissipated (CS)

where FEinitial denotes the energy within the system at ¢ = t; and
Fna denotes the energy after the ZVS transition. Fgelivereq 18 the
energy which is delivered by the DC source and FEgissipatea is the en-
ergy which is dissipated during the ZVS transition which is assumed
to be Fajssipateda = 0. Furthermore, it is assumed that the switches S;
and Sy in the half-bridge are equal, which means that they exhibit the
same non-linear characteristic of Cogs in dependency of Vpg. This is
also typically the case in half-bridge configurations with bidirectional
power flow capability.

At the beginning of the transition (¢ < 1) the current 4y, of the inductor
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Fig. C.2: Non-linear behavior of parasitic MOSFET capacitances: (a) para-
sitic capacitance Cogss in dependency of the applied drain-source voltage Vpg
as provided by the datasheet (BS0O46N100NS3 / Infineon); (b) charge Qoss
stored in Coss as a function of Vpg, charge-equivalent capacitance Cqeq and
energy-equivalent capacitance CE,cq for a drain-source voltage of Vps = 60V;
(c) calculated values of Cqeq and Cg,eq in dependence of the drain-source
voltage.

is free-wheeling through S, and the output capacitance Cogss,1 of switch
S1 is charged to the source voltage Vpc. Assuming a linear inductance,
the energy within the system for ¢ < ¢; is therefore equal to
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1
FEinitial = Eoss(Vbc) + §L112. (C.4)

During the switching transition (f; < t < t2), the inductor and
the capacitances of the switches are forming a resonant circuit. The
current ¢y, is split up between both capacitances and charges Cogs 2
and discharges Cogs,1. In the case of a complete ZVS transition at the
boundary to loosing ZVS, the charging/discharging process is finished
at the same time (¢2) when the inductor current reaches i, = 0 A which
is also when switch S; is turned on. Thus, the energy in the system
after the ZVS transition equals

Eﬁnal - EOSS(VDC), (05)

and the energy received by the source during the transition equals

Edelivered = _QOSS(VDC) : VDC (06)

since the charge of switch S; was moved by ig to the source with volt-
age Vpc. As a result, the energy balance of (C.3) reveals that the
requirement for a complete zero-voltage transition is given by

1
iLIIQ 2 Qoss(VDC) : VDC- (07)

This requires the evaluation of the charge-equivalent (and not the
energy-equivalent [138,174-176]) capacitance at the voltage Vpc

1
S LI = Cq.ea(Vio) - Vie- (C8)

Please note, that additional parasitic capacitances of the switch node
(e.g. PCB capacitances and the parasitic capacitance of the inductor)
also influence the required energy of the inductor for soft-switching.
The parasitic capacitances are assumed to be linear with respect to their
capacitance value in dependency of the applied voltage, which allows
to lump them into a total parasitic capacitance Cpar. Accordingly,
considering Fig. C.3 the energy term %Cparvgc has to be added to
the right-hand sides of (C.7) and (C.8).
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Fig. C.3: Soft-switching transition of a MOSFET bridge-leg and an induc-
tor L: (a) free-wheeling interval with inductor current ir, = I1; (b) switch
Sz turns off and resonant transition starts with an additional current path
through the DC source. (For simplicity reasons the parasitic output capaci-
tances are assumed to be linear); (c) end of transition when the drain-source
voltage of S has reached the source voltage, i.e. v2 = Vpc, and switch
S1 turns on at zero voltage. As a result of the transition, the charge Qoss
was moved from switch S; to the DC-source and the energy of the induc-
tor L, is zero whereas the total energy stored in the MOSFET bridge-leg
remains unchanged. Thus, the condition for complete soft-switching equals
LLIT > Qoss(Vbe) - Ve

ZVS losses due to non-idealities

Even if the above mentioned condition for ZVS is fulfilled, switching
losses might still be measured due to following two effects:

» At large inductor currents, turn-off losses can occur if the gate
drive circuitry is too slow to turn-off of the semiconductor be-
fore the drain-source voltage rises. The resulting overlapping of
drain-source current and drain-source voltage leads to losses in
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the semiconductor.

» The charging/discharging process of the output capacitances cre-
ates additional losses [144]. For SiC MOSFETs, GaN HEMTs,
and low-voltage Si MOSFETS, this effect is mainly of resistive
nature and might lead to a dissipation of up to 10% of the stored
energy in the output capacitance. For super-junction Si MOS-
FETSs, however, the loss mechanism is a combination of a resistive
and a diode-like component and might dissipate more than 50%
of the stored energy. More details about the C,gs related losses of
super-junction MOSFETSs can be found in [144,177]. As a result,
a significantly larger energy has to be stored in L to achieve ZVS
and even with ZVS significant switching losses can occur.

C.3 Incomplete Soft-Switching

Even if all non-idealities of real MOSFET circuits (cf. Sec. C.2) are
disregarded, the soft-switching transition can result in losses if the con-
dition for ZVS, (C.7), is not fulfilled and/or incomplete soft-switching
(iZVS) occurs. This means, that there is still a voltage AV present
across the switch S; that turns on after the resonant transition. In or-
der to calculate the remaining voltage AV, the energy expression Fgpa;
has to be revised to

Eﬁnal = Eoss(VDC - AV) + EOSS(AV) (09)

and the energy delivered by the source has to be changed to

Edelivered = - (Qoss(VDC) - QOSS(AV)> : VDC . (ClO)

The value of AV can then be found by solving the energy balance of
(C.3) (again for Egigsipatea = 0). Please note, that additional parasitic
capacitances and resistive losses are not included in this equation.

In the incomplete ZVS transition, switch S; turns on while Cygg 1 is still
charged to AV, which dissipates a certain amount of energy that can
be derived by solving the energy balance of

Ediss,izvs = Einitial,izvs — Enal,izvs + Edelivered,izvs - (C.11)

Before S; turns on, the energy within the system is equal to
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Einitializvs = Eoss(Vbo — AV) + Eoss(AV) . (C.12)
After S; has turned on, Coygs 2 of switch S is charged to Vpc, there-
fore
Efnalizvs = Foss(Vbe) - (C.13)
In order to charge the output capacitance of Se to Vpc, the source
has to deliver the remaining charge AQgo which is
AQSQ - QOSS(VDC) - QOSS(VDC - AV) (014)

and thus has to deliver the energy

Egelivered,izvs = AQs2 - Vpe - (C.15)

As a result, the dissipated energy of the incomplete ZVS transition
can be derived and interpreted as

Ediss,iZVS = EOSS(AV)
@ Energy dissipated in §; when S; turns on
+ AQs2 - Vbc
@ Energy provided by source during turn-on of S;
- (Eoss (VDo) — Eoss(Vpe — AV)) (C.16)

Share of energy of (2) which is stored in Cogs of So

For the case of a complete soft-switching transition (i.e. AV — 0)
the above equation yields Eyissizvs — 0. For the second limit case of
AV — Vpe, which denotes hard-switching, the energy

Eiss,izvs = Qoss(Vbe) - Vbe = Cqeq - Ve (C.17)

can be used to estimate the losses which occur due to the parasitic
output capacitance in the event of hard-switching [32]. Please note
again, that in the case of incomplete soft-switching and also in the
case of (full) hard-switching, the charge-equivalent and not the energy-
equivalent capacitance (as frequently used in literature) is relevant and
therefore the actual switching losses are greater than switching losses
estimated using the energy equivalent capacitance. Furthermore, non-
idealities resulting in additional losses are not included in the equations.
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Fig. C.4: Measurements of an incomplete ZVS transition with a MOSFET
bridge-leg (BS046N100NS3 / Infineon) and an inductor with L = 4.6 uH:
(a) calculated and measured remaining voltage AV (cf. (C.9)) across switch
So for different initial values of inductor current ¢r, = I; and the associated
dissipated energy FEuiss,izvs of an incomplete ZVS transition with remaining
voltage AV; (b) measured waveform of the drain-source voltage vps of switch
S and inductor current ¢, for an initial inductor current value of i1, = 1.2 A.

C.4 Experimental Validation

The theoretical derivations of the previous sections have been experi-
mentally validated and the results are shown in the following.

C.4.1 Incomplete Soft-Switching Transition

The incomplete soft-switching process was tested with a bridge-leg con-
taining two low voltage MOSFETs (BS046N100NS3 / Infineon) con-
nected to a voltage source with Vpc = 60V and an inductor with
L = 4.6 uH. The voltage AV, remaining at the switch node after an in-
complete soft-switching process, was calculated according to (C.4) and
(C.9) and is shown in Fig. C.4(a) for different values of the initial in-
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Tab. C.1: Detailed comparison of selected incomplete ZVS (iZVS) loss mea-
surement results with calculated values.

Vo AV Edissizvs meas Ediss,izVS,cale Brror

200V 200V 8.26uJ 8.39 wJ 1.5%
200V 100V 1.26uJ 1.35 1) 7.0%
200V 50V 0.273u] 0.318nJ  13.9%
400V 300V 11.6wJ 114p]  -1.8%
400V 100V 1.11uJ 111w 0.5%
600V 400V 18.1uJ 18.1 1) 0.4%
600V 200V 4.13uJ 4.3u] 3.9%

ductor current Iy and compared to measurement results. The difference
between the measurements and calculations can be attributed to ohmic
losses in the conduction path (i.e. coil winding, MOSFETSs, PCB) and
to additional layout dependent capacitances which require additional
energy to be charged/discharged. In addition, the calculated value of
the energy Eujissizvs which is dissipated at this incomplete ZVS tran-
sition is also shown as a function of the initial inductor current. The
transient waveforms of the inductor current and the bridge leg voltage
are depicted for an initial inductor current of I; = 1.2 A in Fig. C.4(b).

C.4.2 Loss Measurements

In order to verify the derived formulas of Sec. C.3 of the switching
losses occuring in case of incomplete soft-switching, a measurement
setup for precise switching loss measurements (cf. Fig. C.5(a)) was
used with SiC MOSFETs (C2M0080120D / Cree). In this setup, the
current and voltage waveforms across the top switch S; are measured by
means of a high bandwith oscilloscope and a current shunt which allows
to determine the energy released or stored by this switch during the
incomplete soft-switching process and thus to verify equation (C.16).
The experimental setup contains specific layout dependent parasitic ca-
pacitances (e.g. probes, PCB) that are included into the calculation
by means of a lumped capacitance, which was measured to amount to
Cpar = 123pF. The energy stored in the parasitic capacitances is also
dissipated in switch S; and has to be included into the calculations,
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Fig. C.5: Experimental verification of switching energies for incomplete
ZVS: (a)measurement setup to determine the dissipated energy of S; which
turns on with a non-zero drain-source voltage of vpssi = AV. The test
bench employs a digital controller to generate the gate signals of the double
pulse tests. High-bandwith 1 GHz current shunts (SDN-414-10 / T&M Re-
search) are used to measure the currents by means of a coaxial cable whereas
the voltages are measured with high-voltage passive probes. The schematic
waveforms are split into the resonant transition phase (Ttes) where energy is
recovered from S; and a dissipative phase (Tuiss) which occurs when switch Sy
is turned on. The total dissipated energy Faiss,izvs for different DC-link volt-
age Vpc and different remaining voltages AV is shown in (b) as a comparison
between measured and calculated values according to (C.16).

which yields
1
Ediss,iZVS,calc = Ediss,iZVS + icparAV2~ (018)
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The measurements were conducted for different levels of DC-link volt-
age Vpc and different levels of remaining midpoint voltage AV. The
results are visualized in Fig. C.5(b) and a detailed overview of the
measurement results is provided in Tab. C.1. The theory is confirmed
by the measurements with a high accuracy.

C.5 Conclusion

In order to determine whether soft-switching can be achieved in a circuit
with a MOSFET bridge-leg and an inductor carrying the initial current
i1, = I the stored charge (Qoss of the MOSFETSs has to be considered
and the condition

1
§LI12 > Qoss(Vbe) - Vbe (C.19)

has to be fulfilled. For the case that the condition for complete soft-
switching is not fulfilled the additional losses of the incomplete soft-
switching process can be calculated based on formula (C.16). The for-
mulas also allow to calculate the losses which occur due to the parasitic
output capacitances in the event of (full) hard-switching. The derived
equations have been validated with high accuracy on dedicated mea-
surement setups with low voltage Si MOSFETs and high voltage SiC
MOSFETs.
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Nomenclature

Abbreviations
4D Four Dimensional
AC Alternating Current
CCM Continuous Conduction Mode
CLF Component Load Factor
CM Common-Mode
CRC Cyclic Redundancy Check
DAB Dual-Active Bridge
DC Direct Current
DCM Discontinuous Conduction Mode
DM Differential Mode
DOI Digital Object Identifier
DSP Digital Signal Processor
EMI Electromagnetic Interference
ESR Equivalent Series Resistance
FPC Full-Power Converter
FPGA Field Programmable Gate Array
GaN Gallium Nitride
iGSE Improved Generalized Steinmetz Equation
GSE Generalized Steinmetz Equation
HB Half-Bridge
HC-DCM Half-Cycle Discontinuous Conduction Mode
HCS Half-Cycle Skipping
HEMT High-Electron-Mobility Transistor
IGBT Insulated-Gate Bipolar Transistor
IPOP Input-Parallel Output-Parallel
IPOS Input-Parallel Output-Series
ISOP Input-Series Output-Parallel
ISOS Input-Series Output-Series
LCS Line Cycle Skipping
MC Multi-Cell
MIC (PV) Module Integrated Converter
MOSFET Metal-Oxide Semiconductor Field-Effect
Transistor
MPP Maximum Power Point
PCB Printed Circuit Board
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Nomenclature

PFC
P-FPC
P-PPC
PPC
PSFB
PWM
RMS
RSTC
Si
S-PPC
S-FPC
SiC

SR
SRC
TCM
iZVS
ZVS
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Power Factor Correction
Parallel-connected Full-Power Converter
Parallel-connected Partial-Power Converter
Partial-Power Converter

Phase-Shift Full-Bridge

Pulse-Width Modulation
Root-Mean-Square

Rainstick Converter

Silicon

Series-connected Partial-Power Converter
Series-connected Full-Power Converter
Silicon Carbide

Synchronous Rectification

Series Resonant Converter

Triangular Current Mode

Incomplete Zero Current Switching

Zero Voltage Switching
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