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Abstract

In the technology sector of power electronics and control, the multilevel converter tech-
nology is still a rather new research area, but the application possibilities in the field of
power drives and energy will demand more solutions with this promising technology. In
the future, more converter systems will be realized with the multilevel topology. Up to
now, multilevel converters have only been used in very particular applications, mainly
due to the high costs and complexity of the multilevel converter system. The high costs
are due to the fact that the latest technology on semiconductors, magnetic material for
inductor and transformer cores and control system technology had to be used.

But nowadays new developments in the fields of power semiconductors such as the IGBT,
IGCT and perhaps in the future SiC switches as well as improvements of the perfor-
mance of magnetic cores used in medium frequency transformers will favor the multilevel
converters for many other application fields. It can be noted that the industrial trend is
moving away from heavy and bulky passive components towards power converter systems
using more and more semiconductor elements controlled by powerful processor systems
integrating intelligent multi-task control algorithms.

The presented work is a contribution to the large field of multilevel converters. It

shows a certain kind of multilevel converter in a single phase and a three-phase configu-
ration, called the series-connected four-quadrant converters (SCFQ). The two specialities
of the presented converter type are a) that all the multilevel converter steps are fed by an
identical DC voltage and b) that every multilevel converter step is realized with an indi-
vidual AC-DC converter or four-quadrant converter. This type of multilevel converter is
called multilevel converter with symmetrical feeding.
In this work, a general theoretical development has been done for the use of this multi-
level converter type. A special type of DC-DC converter is presented, in order to feed
the individual four-quadrant converters of the multilevel converter with a constant DC
voltage. All the developments and methods used are based on mathematical expressions.
Various simulations using the latest software simulation tools are accomplished and are
used to study different cases. The feasibility of the developments is underlined with
a series of experimental results with all types of the used converters, which have been
realized in the framework of this thesis.

The main application for the multilevel converter presented in this work is the front-
end power converter in locomotives. Instead of using a heavy low-frequency transformer
to reduce the high-voltage from the catenary to a supportable voltage for the semiconduc-
tors, a multilevel converter concept is used. The multilevel converter is directly coupled
to the catenary. There are many advantages compared to the existing solutions. In the
same context, a novel solution of a multilevel converter has been developed for a loco-
motive usable on different power lines. The converter allows not only the operation on
the high AC voltage power line (15kV), but also can be coupled to a medium-voltage DC
power line(3kV). Three different configuration types of the locomotive converter have
been developed and tested in a complex simulation environment. Besides the locomotive
application, there are many more interesting applications for the symmetrical multilevel
converter, e. g. in the fields of energy transmission (FACTS, static VAR compensators,
electronic high-voltage transformers, etc.) and industrial drives. But certainly in the fu-
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ture with the availability of cheap semiconductors adapted to the needs of the multilevel
converter, even more applications in lower power fields will be realized.
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Résumé

Dans le domaine de I'électronique de puissance et des systémes de réglage, les conver-
tisseurs multiniveaux sont un secteur de recherche relativement récente. Les possibilités
d’application de cette technique dans le domaine des entrainements électriques et de la
conversion statique de I’énergie électrique sont nombreuses, cependant elles demandent
encore beaucoup de développements et d’optimisations pour étre applignées industrielle-
ment. A Pavenir il aura de plus en plus de systémes de conversion statique qui vont
utiliser les onduleurs multiniveaux. Jusqu’a aujourd’hui, les solutions industrielles des
convertisseurs réalisés avec des niveaux multiples sont plut6t rares, ct on les trouve dans
des applications plutot exotiques. Ceci est causé par le fait que le nombre de composants
nécessaires comme les semi-conducteurs de puissance est élevé, et les processeurs de sig-
naux puissants inévitables. Les solutions réelles ont toujours été handicapées par le prix
élevé qui en résultait,.

Mais les derniers développements dans le domaine des semi-conducteurs de puissance
comme par exemple les IGBT, IGCT et & 'avenir les SiC (Silicium Carbide}, mais aussi
les derniers matériaux utilisés pour fabriquer des noyaux magnétiques vont faire avancer
la technologie des onduleurs multiniveanx d'une maniére décisive pour certaines applica-
tions. Dans I'industrie, la tendance et est de plus en plus de renoncer aux composants
passifs emcombrants et lourds, comme les transformateurs et les filtres, et d’utiliser de
plus en plus des convertisseurs qui ont un nombre élevé de semi-conducteurs, et qui sont
commandés et réglés par des systémes de processeurs puissants, intégrant des algorithmes
de réglage sophistiqués.

La thése présentée est une contribution au domaine vaste des onduleurs multiniveaux.

Une variante particuliére de Ponduleur multiniveaux est présentée, dans une configuration
monophasée et triphasée. Cette variante est appelée convertisseurs & quatre quadrants
reliées en série (SCFQ). Les deux particularités de Ponduleur présenté sont premié¢rement
le fait que toutes les cellules de Ponduleur multiniveaux sont alimentées avec une tension
continue identique, et deuxiémement que toutes les cellules sont réalisées avec des con-
vertisseurs a quatre quadrants autonomes. Ce type de convertisseur & niveaux multiples
est aussi nommé onduleur multiniveaux avec alimentation 4 tension continue symétrique,
ou plus simplement onduleur multiniveaux symétrique.
Dans le cadre de ce travail, une théorie générale est établie pour ce type d’onduleurs.
Un convertisseur continu-continu spécial est présenté, et qui est nécessaire pour imposer
les niveaux de tension de chaque cellule élémentaire constituant le convertisseur mul-
tiniveaux. Tous les développements et méthodes sont documentés avec des équations
mathématiques. Avec des logiciels modernes, adaptés au domaine de P'électronique de
puissance, de nombreuses simulations des systémes ont été faites pour tester les dif-
féerentes applications. La faisabilité des circuits des convertisseurs a été soulignée par une
série de mesures sur les maquettes & puissance réduite. Les maquettes de chacun des
convertisseurs ont été développées et réalisées dans le cadre de cette thése.

L’application principale de 'onduleur multiniveaux proposée correspond au conver-
tisseur d’entrée (AC-DC) pour une locomotive, afin de coupler cette dernicre avec la
caténaire. Au lieu de réduire la tension alternative élevée de la caténaire avec un trans-
formateur a basse fréquence, encombrant et lourd, un redresseur-onduleur multiniveaux
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sera directement couplé a la caténaire. Ceci est necéssaire pour amener la tension au
niveau de celle des semi-conducteurs. Dans le méme contexte, une solution configurable
originale permet de définir une nouvelle solution pour des locomotives multicourants, ¢’est
a dire gui peuvent fonctionner aussi bien sur une caténaire a tension alternative a tension
élevée (15kV), que sur une alimentation continue a tension moyenne (3kV). L’onduleur
multiniveaux présente des nombreux avantages pour ce genre d’applications. Trois config-
urations différentes d’un convertisseur de puissance pour locomotive basées sur le principe
des multiniveaux sont étudiés et simulés dans un environnement de simulation complexe.
Mais & coté des applications pour le circuit d’entrée de la locomotive, il y a beaucoup
d’autres domaines d'applications pour I'onduleur multiniveaux symétrique. Parmi ces
domaines j’aimerais mentionner le domaine du transport et de la distribution d’énergie
électrique (FACTS, Compensateurs Statiques de Puissance Réactive, transformateurs de
haute tension électroniques, etc.) et le domaine des entrainements industrielles. Mais 3
’avenir certainement, avec la disponibilité de semi-conducteurs bon marchés et adaptés
aux besoins des onduleurs multiniveaux, il y aura beaucoup plus d’applications, notam-
ment dans la domaine de basse puissance, ot les avantages d'une meilleure définition de
la tension de sortie est exigée.
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Zusammenfassung

Auf dem Gebiet der Leistungselektronik und Regelungstechnik ist die Mehrstufenwechsel-
richter-Technik eine relativ neue Forschungsrichtung. Die Anwendungsméglichkeiten im
Energie- und Antriebssektor sind gross. Noch viele Entwicklungen und Optimierungen in
der Mehrstufen-Wechselrichtertechnologie werden aber gemacht, um daraus industrielle
Produkte zu erzielen. In der Zukunft wird man die Mchrstufen-Wechselrichtertechnik
sicher mehr cinsetzen. Zum heutigen Zeitpunkt sind Mchrstufen-Wechselrichter selten in
Produkten genutzt und kommen teils in eher exotischen Applikationen zum Einsatz. Dies
ist insbesondere bedingt durch die Tatsache, dass die Anforderungen an die notwendigen
Komponenten wie Halbleiter und Prozessrechner sehr hoch und deswegen sehr teuer sind.
Man greift dabei auf die neveste Technologie zuriick.

Doch die Neuentwicklungen im Gebiet der Leistungshalbleiter wie beispielsweise die
IGBT, IGCT und in Zukunft auch die SiC-Halbleiter, aber auch die neuesten Materialien
fiir Magnetkerne werden dem Mehrstufen-Wechselrichter einen entscheidenden Auftrieb
fiir verschiedene Applikationen geben. Der Trend in der Industrie fiihrt immer mehr weg
von den schweren und grossen passiven Bauelementen zu neuen Stromrichtertopologien,
die immer mehr Silizium-Schaltelemente aufweisen und mittels moderner Prozessortech-
nologie komplexe Steuer- und Regelalgorithmen ausfithren.

Die hier vorgestellte Arbeit ist ein Beitrag zum weiten Forschungsgebiet der Mehr-

stufen-Wechselrichter. Eine spezielle Variante des Mehrstufen-Wechselrichters wird ge-
zeigt, in der einphasigen aber auch in der dreiphasigen Konfiguration, genannt die in Serie
geschaltenen Vierquadrantensteller (SCFQ). Die beiden Eigenheiten des hier vorgeschla-
genen Mehrstufen-Wechselrichtertyps sind erstens, dass alle Stufen des Wechselrichters
mit einer dquivalenten DC Spannung versorgt werden und zweitens, dass alle Stufen
aus einem elementaren Vierquadrantensteller bestehen. Dieser Typ von Mehrstufen-
Wechselrichter nennt man auch Mehrstufen-Wechselrichter mit symmetrischer DC Spei-
sung oder kurz symmetrischer Mehrstufen-Wechselrichter.
Eine allgemeine Theorie wurde fiir diesen Wechselrichtertyp aufgestellt. Ein spezieller
DC-DC Steller wird vorgestellt, welcher fiir die Speisung der Vierquadrantensteller ver-
antwortlich sind. Dieser DC-DC Steller liefert eine konstant geregelte DC Spannung. Auf
aktueller Simulationssoftware wurden viele Simulationen gemacht, um die verschiedenen
Anwendungsfille zu testen. Die Machbarkeit der untersuchten Schaltungen wurde mit
einer Serie von Messresultaten untermauert. Die Messungen wurden mithilfe von Kon-
vertern gemacht, die im Rahmen dieser Arbeit hergestellt wurden.

Dic Hauptanwendung des hier vorgeschlagenen Mehrstufen-Wechselrichters ist die
Netzankopplungs-Leistungskonverter fiir Lokomotiven. Anstatt mit einem schweren Nie-
derfrequenztransformator die hohe Spannung des Bahnnetzes herunterzusetzen, um eine
brauchbare tiefere Spannung fiir die Halbleiter zu erhalten, wird ein Mehrstufenwech-
selrichter eingesetzt. Dies ist in Hinblick auf die heutigen Trends zur Leichtbauweise
ein entscheidender Vorteil. Der Wechselrichter ist nun direkt mit dem Bahnnetz gekop-
pelt. Der Mehrstufenwechselrichter bietet fiir dieses Anwendungsgebiet einige entschei-
dende Vorteile. Im Rahmen dieser Anwendung wurde eine spezielle Variante entwick-
elt, der konfigurable Mehrstufen-Wechselrichter. Dieser erlaubt es der Lokomotive, sich
an ein Hochspannungs-AC-Netz (15kV) zu koppeln, aber auch der Betrieb an einem
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Mittelspannungs-DC-Netz (3kV) ist moglich. Drei Konfigurationsvarianten wurden en-
twickelt und in einer vollstiindigen Simulationsumgebung simuliert. Neben dem Anwen-
dungsgebiet fiir die Lokomotiven gibt es aber viele andere Anwendungsmoglichkeiten fiir
den symimetrischen Mehrstufen-Wechselrichter. Ich mochte dabei das Gebiet der En-
ergieverteilung ansprechen (FACTS, Blindleistungskompensatoren, elektronische Hoch-
spannungstransformatoren, etc.) und industrielle Antriebe. Jedenfalls werden in Zukunft
billigere Halbleiterschaltelemente erhéltlich sein, welche an die Bediirfnisse der Mehrstufen-
wechselrichter angepasst sind. Dann werden noch mehr Anwendungen realisierbar, auch
im tieferen Leistungsbereich.
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Chapter 1

Introduction

Up to now, multilevel converters have been applied in some very specialized fields of power
electronics, such as broadcast amplifiers [1] and fast supplies used in plasma physics [2].
Nowadays many new applications are possible. This is due to the availability and low
price of high speed semiconductor devices [3], able to switch several kilovolts. The use
of more semiconductor devices instead of heavy passive components [4] like transform-
ers and inductors are a general trend observed in the fields of power electronics. New
magnetic material for transformers enable developments for medium power transformers
with medium switching frequency.

Applications in high power traction systems are of special interest for instance the 16§Hz,
15kV single-phase system in the German, Austrian and Swiss railways. The present drive
solution uses a heavy low-frequency transformer to reduce the input voltage and a clas-
sical bi-directional converter connected to the DC link. The low quality of the converter
output voltage has the consequence that low frequency filters must be used, taking a lot
of space and causing additional weight. The proposed single-phased multilevel-converter
(ML-converter) topology replaces the heavy transformer due to the direct coupling to
the catenary and allows a reduction of all filtering elcments. But not only the traction
application is an interesting field for the multilevel converter topology.

This work focuses on a special type of the multilevel converter topology, called series-
connected four-quadrant converters (SCFQ) [5] [6] [7]. Each four-quadrant converter of
the SCFQ multilevel converter is fed by an identical DC voltage. This kind of feeding
for multilevel converter is called symmetrical feeding. To create the symmetrical feeding
of a multilevel converter, many types of feeding methods are discussed, but the emphasis
is on feeding by a DC-DC converter. It allows a two-quadrant operation, having always
a positive voltage, but the current can be positive or negative. The thesis consists of six
chapters. They have the following contents:
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4 CHAPTER 1. INTRODUCTION

7 3

IIine

Uconv

Uline

Figure 1.1: The multilevel converter with symmetrical DC feeding

Chapter 2 (At this point I want to remind the reader that this introduction is the
first chapter) talks about the SCFQ multilevel converter. The SCFQ is compared with
two other existing multilevel types. Different feeding methods for the four-quadrant
converters are discussed, like the feeding from three-phase and single-phase AC voltage
power lines and from DC links by using DC-DC converters. Two modulation methods
(step modulation and PWM modulation) are defined and optimized for the multilevel
converter. For the control of a multilevel converter, a novel control scheme has been
developed. The control by a monophasor referenced to a rotating coordinate system. Of
course all the developments have been tested on a laboratory prototype. More of this
can be seen on page 7.

Chapter 3 presents the SCFQ multilevel converter in a three-phase configuration.
Two special features for this converter must be mentioned: Firstly, the converter can
generate higher voltages than the semiconductor blocking voltage and thus can be used
to supply high-power industrial drives. Secondly, the converter voltage quality is much
better than the quality from traditional converters. This advantage can be used to drive
motors that need a superior voltage quality or motor with very low inductance. For this
new converter type, a special vector modulation is presented, allowing a minimization of
switching losses. The developements have been tested on a prototype driving an induction
motor. Chapter three starts at page 59.

Chapter 4 shows the examined DC-DC converter topology. For the feeding of the
four-quadrant converters in the SCFQ-configuration from a DC-link, a special type of
hard-switched DC-DC converter with galvanic insulation is presented. The DC-DC con-
verter has a controlled output voltage and is able to operate in two quadrants: The
output voltage is always positive, while the current can be reversible. New modulation
and control methods have been studied for this DC-DC converter, in operation with a
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SCFQ multilevel converter. The modulation and control methods are validated on an
experimental prototype, to be seen on page 99.

Chapter 5 informs about multilevel converter systems used for the particular appli-
cation as a front-end AC-DC converter in locomotives. The main idea is to replace
the heavy low-frequency transformer and to reduce all passive filtering elements. These
new application possibilities present many advantages compared to the classical solu-
tion. Three different types of front-end converters have been developed and tested on a
complex simulation environment. This chapter starts at page 173.

Symmetrical multilevel converters with two quadrant DC-DC feeding N. Schibli
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Chapter 2

Single phase multilevel converter

Single phase multilevel converters can be used in several applications. The first applica-
tion, where multilevel converters were used in a high power field, were power supplies for
broadcast transmitters. The broadcast transmitters need a very high voltage (for instance
60kV with an instantaneous power of about 10MW), which could not be generated by
classical solid-state converter topologies. This is due to the fact that the voltage blocking
capability of semiconductors is limited. Also the supplies do need a very good voltage
definition in order to allow a transmission with little noise. The voltage has to be con-
trolled very precisely and needs fast ';—’: slopes. These special specifications for a power
converter made the multilevel converter unavoidable for this application. Some other
application fields followed, like voltage sources for accelerators used in plasma physics.
These applications fields are rather exotic and the typical clients did not fear high costs
for that kind of solutions. Nowadays, thanks to the availability of cheap and faster high-
power semiconductors, more and more applications can be found, where the multilevel
converter can replace a classical solution. The main features of the single-phase multilevel
design are:

o The use of solid-state power switches like power MOSFETS, IGBT (Iusulated gate
bipolar transistor) or IGCT (Integrated gate commutated thyristor)

¢ Totally controllable output voltage, generation of medium-frequency output wave-
forms with high power (20kHz fundamental AC frequency at 10MW). Thanks to
adapted modulation schemes the resulting output switching frequency is a multiple
of the switching frequency of each semiconductor

o All low-frequency elements like frequency filters, transformers and inductors can be
avoided or reduced in size. This allows the reduction of weight and space. In many
cases this is an important point to avoid high system costs.

The high voltage quality combined with a powerful DSP processor for the control
and modulation allows efficient active filtering applications or static VAR compen-
sation. Powerful control performance can be implemented

The main drawback of the multilevel converter is especially the high complexity of
such a system. Many switches are needed, the systems reliability depends on the quality
of the semiconductors. The chapter shows three basic single-phase multilevel converters
and the modulation methods for those topologies.
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8 CHAPTER 2. SINGLE PHASE MULTILEVEL CONVERTER

2.1 Introduction

The basic principle of multilevel converters is a series-connection of a certain number n
of DC voltage sources Uyo. These independent DC voltage sources can now be turned on
and off, in order to achieve a resulting multilevel voltage Ugn, with a maximal number
of steps n. This resulting voltage cannot be any kind of voltage, it will always be a
multiple of an independent DC voltage Uge. So if a particular voltage waveform has to
be generated (for instance a sine wave), the sinewave will not be perfect, it will be a
quantization of the desired waveforin with the quantization step Uyes.

converter output voitage  Uconv

AN AN =
VARV AR

Figure 2.1: Typical waveform from a multilevel converter

3

" time

In the Figure (2.1) it can be seen, that a reference function is quantified by a discrete
voltage waveformn with a certain number of steps. So the converter output waveform is
expressed by Equation (2.1):

Ueonv = 2 Uaergs) (2.1

i=1

The output voltage is the sum of the partial DC voltages, which are turned-on. In
this thesis, only the symmetrical multilevel converters are considered. The multilevel
converters with assymmetrical feeding are presented in [8] and [9] and are not discussed
in this work. A symmetrical multilevel converter is defined by the fact that all feeding
DC voltages are equivalent:

Uger = Udc2(i) 1= [l, 2, ..,n] (2.2)

The maximal voltage, which can be generated by a symmetrical multilevel converter,
is:

Uconu(max) =n U (23)

while n gives the number of steps used. A multilevel converter needs a certain number
of DC voltage sources. Not in all the cases these have to be galvanically separated. Figure
(2.2) shows an example of a ML-converter using sources connected in series.
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Udc2¢1) l({

+ ]
+ '

Uge2(n-2) 1 e Ucony
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Figure 2.2: Basic structure using a ladder of voltage sources

Zyoad

=l

An other typical multilevel converter structure can be realized by using a set of
galvanically separated voltage sources. These voltage sources can afterwards either be
turned-on or turned-off in order to generate the converter output voltage Ugsny.

Uconv Zioad
Udc2(n-1) 1
Udcan) 1( i )

Figure 2.3: Basic structure using a number of independent voltage sources

The main drawback of this structure is the fact that there is no possibility to generate
a negative voltage, therefore real AC voltage generation is not possible. If the load needs
an AC voltage, it is possible to put a large decoupling capacitor into the load circuit.
This capacitor would be charged to the average value of the converter voltage. In this
way, the load will see an AC voltage. The next topology presents a ML-converter which
is able to generate real AC voltages:

Symmetrical multilevel converters with two quadrant DC-DC feeding N. Schibli
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Ude2(1 )l ~————
Ude2(n-1 )l \o—j Uconv Zioad
S Ch

Figure 2.4: Basic structure using a number of voltage sources with full-bridges

This topology needs the same number of voltage sources, but it can generate actively
the positive half-period of the converter voltage U, with up to n steps, and can generate
the negative half-period as well. The implementation of such a converter is done with four
switches per DC source, in a so called full-bridge configuration or four-quadrant converter.
The middle points of each half-bridge in the full-bridge configuration is interconnected
in series with the neighbor full-bridge converter. This topology is the so called series-
connected four-quadrant converter (SCFQ) multilevel converter.

2.2 Schematics of single-phase multilevel converters

The first schematic proposed for the realization of a single-phase multilevel converter is
the series-connected four-quadrant converter topology (SCFQ) as shown in Figure (2.4).
The topology is quite simple and consists of four-quadrant converters (also called full-
bridge converters). The four-quadrant converters are fed by a constant DC source on its
DC side. So each four-quadrant converter can generate a positive or a negative voltage
step, but also the zero voltage.

N. Schibli Symmetrical multilevel converters with two quadrant DC-DC feeding



2.2. SCHEMATICS OF SINGLE-PHASE MULTILEVEL CONVERTERS 11

feh2(i)

Figure 2.5: Single-phase multilevel converter realized by the series-connection of four-
quadrant converters (SCFQ)

The AC side of the four-quadrant converters are afterwards connected in series over
the AC side as shown in Figure (2.5). All the DC sources are galvanically insulated of
cach other. This allows a free operation of the switches of the four-quadrant converters.
The features of this topology are listed below:

¢ The DC voltages for the feeding of four-quadrant converters have to be all generated
separately and with a galvanic separation. This can be done either by low-frequency
transformers from an AC line, but also from a DC source with isolating DC-DC
converters, The topology needs a complex feeding setup, but there will not be any
voltage fluctuation between the DC voltages.

o The topology is perfectly symmetrical, there are always two semiconductor voltage
drops per 4Q-converter, regardless to the generated output voltage. By using an
adapted modulation scheme, all the voltage sources are loaded symmetrically.

o Another advantage to be lined out is the lack of high-voltage elements on the DC
side of the ML-converter. No high-voltage capacitors are needed with this topology,
the high voltage is perfectly shared over a large number of steps. The high-voltage
capability of this converter is limited only by the isolation transformer to generate
the DC voltages

The SCFQ-topology presents many advantages for traction applications and is exam-
ined thoroughly in this thesis.

Symmetrical multilevel converters with two quadrant DC-DC feeding N. Schibli
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A second method to realize a multilevel converter consists in the principle of the
imbricated cells. The basic schematic is given in the Figure (2.6). This topology is
described in details in the publications [10], [11] and [12|. The switches are arranged in
two pairs (811, S21) and (812, 522). Like in the case of using an half-bridge converter, the
switch pair (s;1, 821) and (81, 822) have to be in a complementary state. A blanking time
must be respected (Comparable to the blanking time used for half-bridge commutation)
in order to avoid a short-circuit of the feeding voltage.

Figure 2.6: Single-phase multilevel converter realized by imbricated cells

The main goal of this converter topology is to use only one DC supply voltage Uye.
All the other voltages Uc,) will not be active, there shall only be a capacitor instead
of a DC feeding voltage source. The idea is to pre-charge the capacitors at the partial
voltage values:

n—
n

Uy = k Uyeo k=1[1,2,.,n-1] (2.4)

The voltages on the capacitors shall afterwards be maintained by an adapted modu-
lation scheme. The modulation scheme must guarantee that the capacitor input current
and output current have always the same average value. By doing this, the capacitor
voltages will not fluctuate. This must be guaranteed even for low frequencies, when a
variable speed drive is used. But the implementation of such a modulation strategy is
not a trivial problem and has been a research activity in the framework of the project
[11]. Each capacitor is connected between two pairs of switches, for instance C3 for the
pair (811, 521). The current in this capacitor can now be either Ij;,., —Ijie or zero. Thus,
the voltage on the capacitors is stable if:

d— T
— = 1 = 5
dtUC(k) /O c(k)dt 0 (2 o)
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The Figure (2.7) shows the working principle of the imbricated cells converter. The
converter has only four switching clements and is capable to generate three different
voltage levels, if U, = 0.5 - Uye.

A
&2t | Ueony = Uge2 - Uc]'

state2

o 1 Ueony = Ug :I_
S22

state3 state4

Figure 2.7: Commutation sequence of a two-level imbricated cells converter

The typical modulation sequence is statel — state2 — state3 — state4. During a
modulation cycle, the current in the capacitor can be positive, negative and zero. In the
two states 2 and 4, the current of the capacitor I will be equal to the load current Ij;,.
In state2, the line current [j;,. will be a positive charging current of C. In stated, the
current is inverted and so will be negative. The output voltage will be the same value, if
the following equation is valid:

1
U = 5V (2.6)

In the other two states, the current through the capacitor is equal to zero. In a PWM
modulation strategy, it must be alternatively changed between state2 and stated. If the
duration of these two states is the same, the capacitor voltage will remain constant. This
allows the operation with low frequency currents or even with DC current sources as a
load. In a chopper mode, where the multilevel converter acts like a DC-DC converter
towards another voltage source decoupled by an inductance, the voltages on the capacitors
will be symmetrized automatically. For instance, if the following relation is valid:

U, = %-UM 2.7)

and the voltage source on the load side is assumed being zero, the load current
generated in the state2 will be higher than the load current generated in state4. This
means that the capacitor C will be more charged in the state2 than discharged in the
stated. This effect will cause an natural symmetrization of all the capacitor voltages.

Anyway the impedance of the load Ly, has a big influence on the natural equalization
of the capacitor voltages. In some cases a filter for each capacitor C has been used to

Symmetrical multilevel converters with two quadrant DC-DC feeding N. Schibli
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Uonv | Uoaa=0.75 - Ugea

Figure 2.8: Imbircated cells ML-converter working as a chopper

get rid of the switching frequency and the harmonics. For AC drives with high line
impedances, the symmetrization problem of the voltage is not easily solved, some active
symmetrization techniques have to be used.

The third realization of the multilevel converter presented in this overview is the
topology with the diode clamping of the neutral points. The basic topology was presented
the first time in [13]. Multilevel NPC converters are proposed in [14]. This topology is
well-known for three-phase applications, where three different voltage levels per phase
voltage can be generated. In this example, the topology is given for a single-phased
implementation in a multilevel structure.

|d£2

i

[y

8

N
-«
(D—

M

Figure 2.9: Single-phase multilevel converter realized by clamping all the neutral points
by diodes

This topology has some problems which have to be solved before implementing a
solution. It is considered that the topology is fed by only one voltage source Uyg. All
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the other partial voltages are generated by a ladder of equal capacitors. This setup
can be seen in Figure (2.10). If this converter topology is used to feed variable-speed
drives, the line current Ij;,. can be very low frequency, it can even be a DC current.
By locking on the switching sequences given in Figure (2.10), it can be seen that the
multilevel converter will not generate an AC voltage for a while, but a DC voltage like a
chopper. This can be achieved by changing constantly between the two converter state2
and stated. In this way, the capacitors C3 and C; will be constantly discharged by the
line current Ij;;.. The line current Ij;, is scen each time as discharging capacitor current
for the capacitor C; or Cy, depending on the chosen state. The conclusion for this effect
is that for low-frequency drives, these capacitors have to be very big. But a DC current
is not tolerable, otherwise the capacitors must be infinitely big. If instead of capacitors
controlled voltage sources could be used, the problem is solved, but the system is much
more expensive and complex.

Ty,

-4
state4

Figure 2.10: Switching sequence with a five-level NPC mulitlevel topology

Another observation on this topology can be made on the clamping diodes CL; to
CL,_;. While the lowest clamping diode CL,,_; will only have to block a voltage equal
to Uy, the highest clamping diode CL, will have to block the voltage (n — 1) - Uga.
So actually, only the semiconductor switches with its anti-parallel diodes will share the
same voltage. If there are many steps, the highest clamping diode will have to block a
very high voltage (up to 70kV), comparing to the lowest one. Diodes with high-blocking
voltage do exist, but there on-state characteristics will cause large losses (high on-state
voltage). The NPC multilevel solution remains only usable if the number of steps is
limited.

Symmetrical multilevel converters with two quadrant DC-DC feeding N. Schibli
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2.3 Feeding of the multilevel cells

2.3.1 Feeding from DC voltage source

Due to the nature of the SCFQ multilevel converter, the converter cells have to be fed
by an individual DC voltage, which usually has to be isolated from ground by at least
the maximal generated voltage of the multilevel converter. The multilevel converter
output voltage composes its voltage from the individual DC voltages. If these are not
galvanically separated there would be immediately a short-circuit. In some applications,
these independent DC voltages are naturally at disposition. There are installations,
where a several number of photovoltaic cells, DC current motors in power generation
mode, fuel cells, etc. have to be converted into a three-phase voltage system. Often
this is done to put their power into an existing power grid of 50Hz/60Hz. By using a
multilevel structure it can even be possible to avoid the grid transformer, because the
ideal voltage can be reached and there is only a decoupling inductance needed.

But there are many cases, where only one DC voltage is available. Typically in many
locomotives and other mobile systems only one DC link can be found to feed the motor
converter. In these cases, the DC voltage has to be generated by a number of DC-
DC converters. The DC-DC converters can be realized using a medium-frequency (8-
12kHz) or high-frequency (40-100kHz) transformers with high-voltage isolation, in order
to reduce the weight. The needed winding ratio between the primary and the secondary
side will be w, = 1. In the most applications, the medium-frequency transformer would be
ideal because the weight gain is considerably high while the losses are not to important.
A typical DC-DC converter, which is well studied and could be used for a multilevel
converter is the series-loaded series-resonant DC-DC converter [15]. Its operation mode
consists of the alternate closing of a pair of transistors 71, T2, T3 and T'4. The excitation
of the resonant LC circuit with the series-connected passive elements Ly, Cr and L,
will generate a resonant current. The switches are controlled in a way that they always
turn-on when the resonant current passes through zero. The detailed description of the
modulation methods can be found in [16] and [17].

Figure 2.11: Single-quadrant operated DC-DC converter for resonant current operation

This DC-DC converter is usually used with rather high switching frequencies (around
50kHz) might be suitable for many applications and does not generate much losses.
Many other resonant DC-DC topologies can be used for the feeding of the four-quadrant
converters, an example is [18] and [19]. Every four-quadrant converter has to be equipped
with one of those converters. The next Figure (2.12) shows a setup, where there is only

N. Schibli Symmetrical multilevel converters with two quadrant DC-DC feeding



2.3. FEEDING OF THE MULTILEVEL CELLS 17

one converter on the primary side with n transformers. This feeding topology can be
used, if the overall system power can be handled by one single four-quadrant converter,
using a medium or high frequency to feed the power transformers.
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Figure 2.12: Series-connected resonant DC-DC converters with additional clamping diode

The additional clamping diode Dy is introduced to provide a free-wheeling operation
with only one voltage drop over the semiconductors and thus reduces on-state losses.
These topologies unfortunately do not allow the possibility of reversing the power direc-
tion. So the multilevel converter can not work in power recuperation mode. A resonant
DC-DC converter topology for the feeding of ML-converters is presented in the next
Figure (2.13), also shown in [16].

leh
L.
Cactq Cde2y i
TT‘ e CR LR }'fa I
O i .
c "M C
dc1z T_j &h“‘ _1Cdc

Figure 2.13: Resonant DC-DC converter for two-quadrant operation

This half-bridge DC-DC converter topology can be used for ML-converters, where the
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power must flow in both directions. It is capable to transfer the energy in the two ways.
The load current I, can be positive or negative, which allows a two-quadrant operation.
The switches 7’1 and T'3 are switched on and off in alternatively with the switches 72
and T4. The resonant circuit Lg, Cr is designed in the way that the resonant frequency
is the same as the switching frequency f, of the DC-DC converter.

1

fr = DI o (2.8)

Two AC voltages are generated on the resonant LC circuit. The difference between
the two voltages Uy, and Uy will so be applied to this LC circuit and a resonant
current is generated. The input and output capacitors are connected as a bridge with
middle point used as the AC terminal. They must be chosen much bigger than the
resonant capacitor. This avoids parasitic oscillation. This half-bridge configuration with
only four semiconductors allows a reduction of the on-state losses by only having one
semiconductor voltage drop over a current path. Another advantage is the lack of a DC
current through the transformer, due to the termination of the AC link in the middle
point of the capacitor bridges.

Cacz, Caca, >> Cr (2.9

The current I, will be sinusoidal with a frequency f,, if Equation (2.8) is respected.
This topology is useful, if the input and the output voltage is the same (or the voltage
level is adapted by the winding ratio of the transformer). Unfortunately, the duty cycle
of the generated AC voltages on the transformer and the LC circuit has to be controlled
in order to avoid a saturation of the transformer [20].

The DC-DC converter proposed and studied in details in this thesis is proposed in
chapter 4, page 99. This DC-DC converter allows not only a two-quadrant operation (bi-
directional load current), but also a fully controllable DC output voltage. The controlled
output voltage is in this way completely decoupled from the input voltage. Furthermore,
modulation methods are proposed for reduced losses without the use of resonant topolo-

gies.

2.3.2 Feeding from low-frequency AC voltage grids 50Hz/60Hz

If a low-frequency AC source (single- or three-phased) can be used for the feeding and
weight as well as volume of the setup are not a problem, the supplying can easily been
done by a low frequency transformer with the needed number of secondary turns, shown
in [1}, [2], [21] and [22]. The voltages on the secondary side of the transformer are rectified
by a rectifier bridge or another power converter into a DC voltage. The first figure shows
a simple way to do the feeding by single-phase diode bridges to rectify single-phased
voltages. Of course the rectifier bridge only allows an energy flow in one direction.
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/

Figure 2.14: Multilevel converter feeding by single-phase diode bridges

If all the phases have to be charged symmetrically, the number of multilevel cells has
to be a multiple of three. Otherwise, a three-phase rectifier for each multilevel cell has
to be used. In this way there is no problem of symmetrical power sharing, independent
of the number of multilevel cells. This is shown in Figure (2.15).
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Figure 2.15: Multilevel converter feeding by three-phase diode bridges

L]

In any case it is recommended to use the three-phase rectifier bridge. The single-phase
rectifier generates each half-period a current peak. This current peak is non-sinusoidal
waveform and can of course be found on both sides of the transformer. On the primary
side the feeding network will be disturbed, while on the capacitor on the output of the
rectifier bridge is charged by these current peaks. The ripple on the voltage Uy of the
DC capacitor will twice the line frequency fiine, mostly 100Hz. If now the three-phase
rectifier is used, the current peaks occurred by a diode half-bridge occur at 100Hz for
each phase. Due to the fact that there are three phases, there will be a oscillation of
300Hz on the capacitors at load. So by using the three-phase rectifier, smaller capacitors
can be chosen for the same voltage ripple on Uge. The rectifier bridges at least generate
AC currents with no DC component. on the primary side, but there is much low-order
harmonic content. The proposed solutions with the rectifier bridges can be improved.
The disadvantage of this solution is still the poor current quality by having non-sinusoidal
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peak currents on the line side. The improved transformer topology must fulfill the two
following points:

e The current taken from the grid on the primary side are must of course be sinu-
soidal, resulting a good power quality. If the currents cannot be sinusoidal, there
should be at least an harmonic cancellation of low-order harmonics.

® On the other hand, the multilevel converter needs a high number of galvanically
insulated ideal DC voltages sources. The desired voltage is achieved by adapting
the winding ratio of the transformer coils.

If the currents are of poor quality, there are two main disadvantages: Firstly the
primary side of the transformer does need a low-frequency filter so that the converter
feeding system introduces fewer harmonics into the grid. The simulation shows insuffi-
cient current quality for high-power transformers. Secondly the transformer has to be
designed for more power than is actually demanded from the power converter, in order to
handle the peak currents. Otherwise there would be saturation effects causing excessive
losses. So the basic idea is to use several secondary coils, each of them generating a
phase-shift between the phase of the voltage and the current.

The proposed transformer circuit is using a special transformer winding configura-
tion on the secondary side, taking advantage of the possibility to generate phase-shifted
voltages on the secondary side of the transformer [21]: By having phase-shifted current
demands from every rectifier bridge on the secondary side, the overall primary current
has less harmonic content due to harmonic cancellation. The superposed current of the
primary side has a more sinusoidal shape. The feeding topology below shows a solution,
if the number of multilevel converter cells are a multiple of 2:

. ~ 355 |

Figure 2.16: Multilevel converter fed by 12-pulse polyphase transformer

The upper coil in the star configuration does not generate any phase shift comparing
to the primary side. But the lower one with the special middle-point connection generates
a phase-shift of 30°. This gencrates two pairs of phase-shifted current peaks. For the
whole transformer, there are twelve current peaks. That is why the transformer is called
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12-pulse polyphase transformer. More details on these transformer types with simulations
are given in Appendix B.
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2.4 Modulation methods

There are several different methods to modulate a classical single-phase voltage-source
inverter. Each of them can also be implemented on a multilevel converter. This is obvious,
because the ML-converter consists of a series-connection of independent four-quadrant
converters. The aim of the modulation is to generate a voltage output of the multilevel
converter which follows as accurate as possible a referential function k - V;¢y, also called
set value. Usually, this set value is sinusoidal. V. represents the sinusoidal function
with the amplitude boundaries [-1,1]. k is the modulation degree and is something like
an weight factor for the reference function. The modulation should also work even if the
referential function is not sinusoidal. This is an important fact if a active harmonic filter
has to be implemented, or if the multilevel converter works on power lines, where the AC
voltage is not sinusoidal at all. The ideal modulation method for a ML-converter can be
described as follows:

¢ Easy implementation as processor algorithm or as digital state machine

o Very short delay time from the generated reference function to the switching signals

Symmetrical distribution of the losses on all the switches and symmetrical power
consumption from the feeding DC source

e Reduction of the switching losses to a minimum

e Very low harmonic content in the generated voltage

Of course, not every modulation method can present all the advantages at once.
Depending on the application and the setup of the converter, it has to be decided which
method has to be implemented. Two methods have been compared and tested.

2.4.1 Step modulation

A simple method to do the modulation is to approximate the desired output voltage by
certain nuimnber of steps, shown in [23] and [7]. This is exactly the principle of an AD-
converter: A reference function is quantified into a set of discrete values. Exactly this
principle can be used for the multilevel converter. The output voltage will correspond to
the number of four-quadrant converters generating a voltage (either positive, negative or
zero): It can be said that the output voltage is:

Ueonv = Ugea - ZSJ (2.10)

j=1

S; represents the quantification functions, Uy, is the supply voltage of the four-
quadrant converters. To generate the quantification functions, a reference function is
simmply compared in parallel to a number of threshold values. After the comparison the
switching patterns are generated. The value of these thresholds are at the arithmetic
mean value between two voltage steps. So for each of the n full-bridge converters there
must be a comparator. The Figure (2.17) shows the principle of operation:
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Figure 2.17: Typical waveform generated by the step modulation

The next Figure (2.18) shows an analog implementation of this modulation method.
The Figure represents the schematics of a flash AD-converter. For each of the n steps,
there is a comparator. The threshold values are generated by a resistance ladder or by
constant voltages sources with the adequate values.
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Figure 2.18: Principle of the modulator for the step modulation

The same principle is used for a digital implementation. The only disadvantage of
the digital implementation is the resolution of the modulator: If the chosen resolution
is res = 8Bit, there are 256 steps where the threshold values can be set. For an equal
distribution of the threshold values, the Equation (2.11) must be respected:

mod(2n) =0 (2.11)
For instance, in the case of a n = 12 step multilevel converter, the are no equal

distributed threshold values. To avoid a non-equal distribution of these values, it is

advised to use a modulator resolution of 12 or 16 Bit.

In Figure (2.18) it can be seen that the switching signals must be optimized for the

multilevel converter. The following algorithms can be followed to symmetrize losses of the

multilevel converter. The first method is self-explaining with Figure (2.19). The method
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consists of a simple turn-on and turn-off in series from one four-quadrant converter (4Q-
converter) to the other.

voltage
hatt-bridge 3
saf~ |
| half-bridge 2 I~ |
81| .
I’ half-bridge 1 . »

Figure 2.19: Principle of the modulator for the step modulation

This modulation optimization is simple, it only has to be ensured that there is never
a negative voltage from a 4Q-converter that is cancelling a positive voltage, If it is
considered that the current is in phase with the multilevel converter voltage, it can be
seen that the first half-bridge is conducting the most of the time the full current. So
the RMS of the current seen by each 4Q-converter is different. On the other hand,
the switching losses are the smallest for the first 4Q-converter, it has only to switch a
small current at 12.5% of the full current. This means that the losses are not shared
equally on all the individual converters. The following Table (2.1) gives an overview of
unsymmetrical distribution of the losses:

Half-bridge Conduction Commutation Total Percentage

losses losses losses
1 132.6W 0.6W 133.2W 0.27%
2 126.3W 1.3W 127.6W 0.25%
3 108.7W 2.1W 110.8W 0.22%
4 69.1W 3w 721W 0.14%

Table 2.1: Step modulation losses A

The example given in this table is concerning a ML-converter with n = 4 steps, a
fundamental frequency of 50Hz, with the overall power of 50kVA (625V/80A). Of course
the step modulation method generates hardly any switching losses at low frequencies
(50Hz). But it has to be considered that the converter is feeding high-speed motors
with fundamental frequencies above 500Hz. To avoid the non-equal power share, a step
modulator is used with load sharing, as described in [2] and [24]. The Figure (2.20) shows
the principle.

To compare this method with the precedent version, the losses have been calculated
and compared. The Table (2.2) shows the results. It can be seen that the RMS current for
each cell is better distributed, but in this case the switching losses are worse distributed.

N. Schibli Symmetrical multilevel converters with two quadrant DC-DC feeding



2.4. MODULATION METHODS 25

T voltage
s =
| haltbridged ™.
s3[7 < |
haif-bridge 3
b oz |
‘ e balf-bridge 2
sy {7
A haif-bridge 1 |

Figure 2.20: Load sharing

Half-bridge Conduction Commutation Total Percentage

losses losses losses
1 100.6W 1.5W 102.1W 0.2%
2 117.6W 1.7TW 119.3W 0.24%
3 117.6W 1.9W 119.5W 0.24%
4 100.6W 2W 102.6W 0.2%

Table 2.2: Step modulation losses B

Due to the high turn-on losses with a high current, the fourth half-bridge takes an
important part of the switching losses. This causes a superior stress in the recovery diode
of the first element. The circuit of the multilevel converter was given in Figure (2.5).
If the frequency of the generated voltage is risen, the commutation losses will become
very important. To distribute the power losses equally over all cells, the third method
proposes a rotating switch pattern after each period of the fundamental sine-wave. Due
to the high thermal capacity of the converter, the losses will be perfectly shared. The
principle is shown in Figure (2.21).
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Figure 2.21: Rotating commutation patterns each period

If the modulation is executed with the full modulation degree, all the 4Q-converters
are used. The upper 4Q-converter (modulation function s,) is related with the lowest
one (modulation function s;). The function s,_; will be correlated with s,, etc. If the
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rotation Sy, ..,82  Sp,., 5241 s, ..,s’g sh, ..,s’%ﬂ
0 0 0 0 0
0 0 1 0 1
0 1 0 1 0
0 1 1 1 1
1 0 0 0 0
1 0 1 0 1
1 1 0 1 0
1 1 1 1 1

Table 2.3: Rotation logic table

number of steps n is not an even number, the middle step function sz.; will not be
changed. The next Figure (2.22) illustrated the multilevel converter, where only three
steps are active. The middle step 2 is not changed.

A period A

s’y

“" hal-bridge 3

A period B

Figure 2.22: The middle step is not changed

The sequential analysis of the commutation signals allows the generation of a logic
for this optimization. For this reason, the truth table with the state "rotation” has to
be considered. The state rotation must be stored in a flip-flop.

The algorithm below will execute a rotation of the switch patterns. The input are
the original switch signals s; to sp.

for i = 1 to round(n/2)

8 (i) =lrotation*s(i) + rotation*s{n-i+1)
s'(n-i+1)  =lrotation*s(n-i+l) + rotatiom*s(i)

end(for)

The next step is to introduce a second rotation of the already symmetrized modulation
functions s} to s/,. This function must be done by a counter, which starts at zero, when
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the first period is passed. Each period, the counter increments until the number n of
4Q-converters is passed. This function does not depend on the fact that the number n of
4Q-converters is even or odd. To execute this algorithm, it is important to have a digital
signal giving an impulse each time the period changes.

repeat

read (impulse)
if impulse = i then period := period + 1 end(if)
it (period > n) then period := 0 end(if)

fori=1ton
8’(i) = s’(mod((j+period)/n))
end(for)

until (end modulation)

The next steps concerning the step modulation are talking about the generated har-
monics and the transfer function of the step modulation. The aim is to express an
analytical transfer function and calculate the ideal angles of step modulation. Therc are
three different usable methods to optimize the harmonics:

o The width of the steps are all equal, and the height of the steps is varied (this
would demand a variable DC supply voltage)

e The height of every step is equal {fed by a constant DC voltage source) but the
width is variable

e Both, width and height can be optimized

In is not in the interest of the multilevel converter principle to vary the feeding
DC voltages Ugeaqi)- This is implementable with a voltage-controlled DC-DC converter,
but the control performance of the output voltage of a DC-DC converter is limited. It
depends especially on the output capacitor of the DC-DC converter. Details on the
voltage-controlled DC-DC converter can be found in Chapter 4. To have a mathematical
base, the fourrier series are developed of a ML-converter with n 4Q-converters. The
Figure (2.23) shows the variable parameters.

The mathematical development can be seen in Appendix A.1. The next Expression
(2.12) gives all the harmonics in relation with a timebase ¢ and a fundamental frequency
Wiine:

Aaeoti) S & . stn(jwiinet
Ucanu(t) = %() Z ZCOS(] "P(k))ij[—e_) (212)

j=odd k=1
The amplitude of a harmonic with the frequency p - n is given by (2.13):

S 4Ud 205) = €05(j - <P k)
harm(p) = <2(0) Z () (213)
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Figure 2.23: Generalized step modulation waveform

Depending on the modulation degree k, a certain mumber of steps of the n steps
are activated. The modulation degree k is defined as follows for the multilevel step
modulation:

k=142 Uy = 7 Usagy (2.14)

So over-modulation means that the modulation functions amplitude is higher than
the maximal number of steps. By an equation it has to be found out how many steps
are active, depending on the modulation degree &, the number of steps n. The threshold
values thy o are considered to be at equal distance.

1 . 1 ,
th(l,Z,..,n) = i§7—l + (’L - 1) . E 1= [1 . n] (215)

The threshold values are always in pairs with a positive and a negative one. There
are 2n threshold values. The number of active steps is given by the value ny,, and is
defined in the Equation (2.16):

Tstep = TOUNA(K - 1) (2.16
24

The firing angles are calculated after knowing how many steps are active. The Equa-
tion (2.17) shows the computing of these angles.

. [tha )
@ = arcsin (%)-) i = (1. Taep) (2.17)

If the Equation (2.16) is not used or the threshold values are not distributed with
equal distances, there is an easy way to find out if the calculated angle is valid or not:

Im [arcsin (HZ_MH =0 i={1. "Ny (2.18)

The easiest way to reduce the harmonics is of course to take an important number of
steps. But in the most applications a ideal value between the number of steps and the
tolerated harmonics have to be found. The idea is to see if the equal distance between
the threshold values for the comparator in Figure (2.18) is the ideal method. To verify
this, the following procedure has been followed:
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o The firing angles (corresponding to u threshold value) are varied in small stops
around the valnes given by the equal distribution of the steps

e Calenlation of the THD value of the given sine-wave

® Find the minimal THD value to find the ideal firing angles

The THD (total harmonic distortion) is & value expressing the energy of all the
harmonies in comparison with the fundamental sine wave. All the caloulations have been
done with s modulation degree of £ = 1. The definition is given in Equation (2.19):

l":{,,, + Zl f?.mu:

THD|%] = 100- \J . = (2.19)

U ane 18 the amplitude of the output voliage of ML-converter (the mmplitude of the
fundumental sine wave), while Uy are the amplitudes of the harmonics of the same
voltage. A numerical analysis have been done as deseribed above. Two angles have heen
optimized for a multilevel converter using n = 2 full-bridge converters. To reduce the
comploxity of the analysis, only the harmonics to the « = 250 arder have boen taken into
account, In any ease, the harmonics of o higher order have a negligible influence. The
result of this optimization is shown in Figure (2.24).

THD (%]

165

hy 0.66 thy

Figure 2.24: Optimal fring angles for o n—2 ML-converter

It is surprising to see that the optimal angles are not on the thresholds on the equal
distance aresin(gq) = 0.25,0.75, but below these values. This can be explained by the
fact thit the THD becomes much better as soon as there are two steps active instoad of
one. The next Table (2.4) shows the optimal THD firing angles for different multilevel
converters (ML converters):

The FFT of the step modulation voltage has been calculated. It can be seen that
the step modulation has low-order harmonics which could be filtered. The simulation is
done for a ML-converter with n = 8 steps.

If the step modulation is used in a closed-loop control system. there is another prob-
lem to resalve. The transfer-function of a step modulator is not linear in the small-signal
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Nr. of steps  Threshold Firing angles [deg] THD [%] SNR [dB|

2 thy = 0.394 o1 = 23.2° 28.86%  10.7dB

4 thy = 0210 ¢ = 12.12° 16.32%  15.8dB
thy = 0.645 @y =40.17°

8 th, = 0.1%5 o =718 883%  21.1dB

thy = 0.365 @y = 21.41°
ths = 0.600 w3 = 36.87°
thy = 0.835 s = 56.62°
12 thy = 0.087 @ =4.97° 5.87% 24.61dB
thy = 0.247 @y = 14.28°
th3 = 0.410 w3 = 24.21°
th4 = 0.570 Py = 34.75°
ths = 0.733 5 = 47.17°
the=0.893 g =63.30°

Table 2.4: Optimal firing angles
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Figure 2.25: FFT of the step modulation voltage

response. If the modulation factor varies around the threshold values, there is a strongly
non-linear behavior. This behavior can be explained by the sudden activation of a addi-
tional step. If the modulation degree is very high and there are a lot of steps, linearity of
the change from on step to the next one is better than in the region of the low-modulation
degree. :

Figure (2.26) shows the non-linear transfer function. The linear graph represents the
ideal linear behavior of the modulation method. If the modulation degree is below the
value 7offeet, there is no action on the modulator side.

Tof fset = (2.20)

2n

If the number of steps is very high (e.g. n» = 10,12), this might not be a severe
problem. But if the number is small, it is better to compensate this non-linear behavior,
especially the offset effect. From Equation (2.16), it is known how many steps are active
at the moment. In the next Equation (2.22), the transfer function of the fundamental
sine wave in function of the modulation degree is represented.

N. Schibli Symmetrical multilevel converters with two quadrant DC-DC feeding



2.4. MODULATION METHODS 31
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Figure 2.26: Nonlinear behavior of the step modulation

)

cony = f(UdC27n7k)

AU "2teP (14206 -1
conv = -—tf—i Z cOSs { arcsin I:——_t(l—z ) (Toffset < |k| < OO) (2'2])
T = Ink

)

fj{:()ml 0 ‘ (0 < lkl < TOff”t)

The interval of validity has to be respected. n,, is calculated with Equation (2.16).
If the modulation degree k is smaller than the smallest threshold value, the modulator
shows no action. The desired transfer function with a new value for the modulation k'
should be:

0r,¢mv = f(Ud627 n, k’)
~ 4
= . k! / —
Uconu = n Ud(:2 k (0 < |k| < ﬂ') (222)

The maximal achievable value for the amplitude of the fundamental sine wave is given
when all the steps are turned-on at the angle ¢ = 0, so is a rectangular block. The value
is:

- 4Ud_- n
Uconv(maz) = 22

- (2.23)

In this way, the step modulation would have a linear behavior (towards the funda-
mental sine wave) in the whole range. As shown in Figure (2.26), it is not recommended

Symmetrical multilevel converters with two quadrant DC-DC feeding N. Schibli



32 CHAPTER 2. SINGLE PHASE MULTILEVEL CONVERTER

to use modulation degrees above 1. The optimal THD value is found at £k = 1. An
inverse function has to be found for the linearization:

Uions = f(Usez,n, K'(n, k) (2.24)

The function &' in dependence of n and k is computed and represented in Equation
(2.25):

K = iﬂf‘j cos (arcsin [liw]) (i < |k| < o0) (2.25)

n 2nk 2n

i=1

This Equation {2.25) has to be resolved by k in order to have the inverse function
for the compensation of non-linearity. Unfortunately, the analytical reverse function can
only be calculated if n = 1.

1

2n sin (arccos [%’“'D

k= (2.26)

dagres k (no

o 0.2 04 06 o8 1 12
linear modulation degres k'

Figure 2.27: Compensation function to generate modulation degree k

For values of n superior to 1, the function must be evaluated numerically, as shown
in Figure (2.27). The values can be put down in a look-up table. Anyway, the look-up
table solution is more convenient, due to the fact that an algorithm implementation needs
much computation power per sampling period.

2.4.2 PWM modulation

The most common modulation method, the pulse width modulation or simply PWM,
can also be used for the multilevel converter. To use the PWM modulation method, a
certain number of carrier functions (also called auxiliary modulation signals) are needed.
All of them are compared with the same reference function k- V;.5. The carrier functions
are normally symmetrical triangular functions, with the same slope in the rising and
descending part. In some applications saw-tooth signals are implemented as carrier func-
tions, but this is not discussed in this thesis. The use of the PWM is simple: An carrier
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Figure 2.28: Principle of the modulator for the PWM modulation

function is always continnously compared with the set value k - Viop: If the set value is
smaller than the carrier function, the output of a simple half-bridge would be a negative
voltage. If the set value is higher, the half-bridge will generate a positive voltage.

Figure (2.28) shows a schematics of the implementation of the PWM method. So for
each half-bridge converter in the multilevel system, an carrier signal is needed.

Nayze = 2+ N (2.27)

In some applications it is desired that every 4QQ-converter of the ML-converter is
modulated with a different set value. Every 4Q-converter sees a sine wave set value
with the same amplitude, but all of them with a small phase shift. This method is only
used in particular cases where the power flow for each 4Q-converter must be controlled
separately, to be seen in Section 5.1.1, page 194.

Modulation by horizontally shifted carrier signals HSCS

There are two different methods that can be used to create the carrier modulation func-
tions. The first method is called horizontally shifted carrier signals (Method HSCS). All
the carrier functions are phase shifted for this modulation method. The frequency f,
of the carrier signals is in any case higher than the frequency fiin. of the set value, so
the frequency of the converter output voltage. So cach half-bridge is modulated by a
triangular signal with a different phase angle. Figure (2.29) illustrates the modulation
method.

For the proposed converter with n = 4 steps, 8 carrier signals are needed. A carrier
signal for the generation of the positive voltages (auz;) is represented and a carrier signal
for the negative voltage (auznyi). The carrier signals are in this way indexed from 1 to
2n. If the modulation degree is equal to k = 1, the reference voltage k - V¢ will be a
sine wave moving within the interval [—1,1]. The definition of the modulation degree
k is given in Equation (2.14). It is the same definition for step and PWM modulation
method. All the carrier signals for the generation of the positive output voltage have to
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Ueony (n=4, resulling frequency 4-f;)
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Figure 2.29: Horizontally shifted carrier signals HSCS

be between the interval [0, 1]. For the generation of the negative sine wave of the output
voltage, the interval is between [—1,0]. This vertical distribution of the carrier signals
has a very positive effect for the PWM modulation:

e There is never an voltage cancellation of a positive voltage step by an negative
voltage. This effect would generate losses without any power transfer and has to
be avoided if the losses shall be kept low.

e Due to the fact that each step of the multilevel converter has the same sliding
average value, the switching and conduction losses are automatically equally shared
over all voltage steps. This allows the construction of equal cooling facilities for
every module.

o No further optimization of the switching signals is required, the signals can directly
be used by the converter

The carrier functions can be described mathematically by the following Equation
(2.28):
1 2 s .
3 (1 + _arcsin [sin(27 fst + Ago,-)]) 1=11,2, ..n]
aux;(t) = (2.28)
1 2 . .
5 (—1 + = arcsin [sin (27 f5t + Acp,—+1_,,)]> i=[n+1, .20
T
By an equal distribution of all the phase angles over the 3607, a reduction of the
voltage and current harmonics can be observed: The phase angles are chosen as follows:

Ap; = iflﬂ.(i~1) i={1,2,..,n] (2:29)

So there are n different phase shift values. The resulting switching frequency on the
voltage generated by the PWM modulation with the horizontal shift method (HSCS) is:

Srestuscsy = n- f, (2.30)
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Modulation by vertically shifted carrier signals (VSCS)

Instead of shifting positive and negative triangular signals by a phase angle, each of the
carrier signals per half-bridge can also be shifted vertically, this means the amplitude
and offset of the carrier signal depends on the number of steps. But all the triangular
carrier signals have got the same amplitude and phase.

Comparison of the caner signal with the set value for the positive voltage (frequency fa)

AVAYAYAANAYAYNIANY
ANVAAAANAYANAYAYNY
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awa (t) k-v,.,(:)\
i L 1 1 1 1 —1

Comparison of the carrier signal with the set value for the negative voltage (frequency f;)

T T T T T T T
au(t) m

1 1 1 1 1 1 1

Figure 2.30: Vertically shifted carrier signals (VSCS)

This modulation method is easy to implement (with all the synchronous carrier sig-
nals), but presents some disadvantages:

e The voltage cancellation problem is resolved

o Each 4Q-converter has a different RMS voltage value. The upper steps only have a
small duty cycle, while the lower steps are turned-on nearly the whole period. This
causes unsymmetrical share of losses

If this method is used, an switching optimization has to be implemented in order
to share the losses symmetrically. A algorithm is shown in Appendix A.2 where an
optimization is done for the a general multilevel voltage. The carrier functions for the
VSCS method is given by the Equation (2.31).

1 /2i-1 2 s .
o (-—8—— + aresin [sm(27rfst)]) i=11,2, .n]
auz;(t) = ( ) (2.31)
1( 26i-n)—-1 2 . . .
P (————8— + —arcsin [sm(27rfst)]) i=[n,n+1,. 20

It can bee seen, that there is only a vertical shift (y-axis) and no phase shift angle. But
due to the fact that the carrier signals are not phase-shifted, there is no multiplication
of the switching frequency. The output voltage of the multilevel converter has the same
switching frequency as the carrier signals:

Frestvscsy = [ (2.32)
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Harmonics generated by PWM

Another interesting point is the evaluation of the harmonics generated by the PWM. The
Figure (2.31) shows a quarter of a period in a PWM modulated multilevel converter. A
fourier series expression for this generalized function will be found.

Uconv(k)

Ugc2

o w2

Figure 2.31: Computation of the turn-off and turn-on angles

For this matter, the fourier series of every generated impulse has to be added up.
This is done by decomposing the ML-converter in individual 4Q-converters. Each 4Q-
converter uses one carrier signal (for the positive part of the sine wave), so there are n sets
of turn-on and turn-off angles. In the Figure (2.31), the parameter v, x) has the index j,
which indicates the impulse number (the number depends on the switching frequency),
while k belongs to the carrier function which generated the waveform. Always a pair
with a even and a odd number belongs to the same carrier function: The odd numbers
are the turn-on angle, while the even numbers represent the turn-off angle. The set 1, 2]
belongs to the first carrier function, [3,4] to the next one and it goes up to [2n — 1, 2n|
for the last carrier function.

The Equation (2.33) is the fourier evaluation of the converter voltage given in Figure
(2.31). To use this equation, the switching frequency f; should be an entire multiple of
the fundamental frequency fiige:

Wy & o —cos(it) | P40 —cos(it} | 742
Uomo(t) = —= 3 3 ([—Z——] [——z—] ) (2.33)

T . p
izodd j=1 P Pi,2n-1)

The number of steps is also summed, so the following Equation can be found, ex-
pressing the output voltage waveform as a fourrier series:

Usono(£) = 4Ud°2 3 fz(( D cos(ips) - ““(“*’t) (2.34)

i=odd j=1 k=1

The variable < represents the order of the harmonic. The next Equation shows the
amplitude of a harmonic Upyrmpy Of the order p:

4Udc e B cos(p - (i)
Unarm(p) = > ((—1)chrl Pl 4L (2.35)

=1 k=1 p
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The next to Figures (2.32) and (2.33) show a simulation of a multilevel converter
using n = 8 steps, including the FFT analysis of the voltage. The HSCS method was
used. In the first simulation, the switching frequency is 250Hz, so the resulting frequency
Sresut is 2kHz. In the second simulation, the switching frequency is doubled.
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Figure 2.32: PWM simulation with f,=250Hz
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Figure 2.33: PWM simulation with f,=500Hz

In the PWM modulation, there arc no low-frequency harmonics, as can be seen in the
simulations. The first harmonics are grouped around the resulting switching frequency,
and the next package can be found at the every entire multiple of the resulting switching
frequency. This is a important advantage over the step modulation.
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2.5 Control methods

There are many usable methods to control the single-phase multilevel converter. There
are two points to be noted for the implementation of a multilevel controller, especially
if the controller structure is compared with a controller for a conventional single-phase
converter without muitiple steps:

o If the multilevel converter consists of a high number of steps n, the converter voltage
U.onv Will be of a very good quality and can be considered as a sinusoidal voltage,
especially by comparing with a classical converter. This allows to use the converter
voltage as a feedback value for a state-space controller.

o If the step modulation is used in a multilevel converter, the nou-linearity of this
modulation method has to be compensated (see in chapter 2.4.1). This is par-
ticularly important if the number of steps n is low. A fast controller system will
otherwise try to compensate the non-linearity, which will cause additional switch-
ing.

In the following sections, two different controller methods are proposed: A state-
space controller using a classical PI-controller scheme and a controller using a rotating
coordinate system, called the monophasor controller.

2.5.1 State space controller

Several methods have been proposed to control the line current [j;,,. by acting on the volt-
age of a multilevel controller Ugsny. A typical implementation of a state-space controller
is described in [25], page 95. This implementation shows many interesting features of a
state-space controller. The chosen states of the controller are the converter voltage Uspny
and line current ;.. The converter voltage is considered as a non-measurable value,
while the line voltage Uy, is considered to be the perturbation value of the system. This
method uses an observer to create a mathematical value of the non-measured states. A
PLL must generate the sine-wave used for the current set value. The feedback values of
the states are designed to create a predictive set value for the current.

The most efficient state-space controller is described in [26]. This method uses the well-
known trigonometric relations between all three electrical values Uy, Uline and the
current Ip;.. In this way, the set value for the ML-converter is anticipated. The con-
troller is only responsible for slight corrections of the line current Ij;n.. The controller is
easily implemented and can be easily combined with other controllers, as shown in the
multilevel systems Chapter 5. The method [26] has been implemented in the simulations
shown in Section 5.1.1 on page 188 and the system is showing considerable performance.
For more information please refer to the mentioned chapter.

2.5.2 Control by monophasors referenced to a rotating coordi-
nate system
A general view of a typical single-phase converter system using a multilevel converter is

shown in Figure (2.34). The controlled output value is the current I;,,, it is measured
and compared to the set value Iine(ser). The controller in (1) generates a sinusoidal
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set value k' - V/',;. This modulation function enters block (3), where the line current is
directly derived from the trigonometric relations between Ujipne, Ucony and I, shown in
the Figure (2.37). To do this, a PLL or an observer (3) has to generate a sinewave (in
phase with the line voltage U;n.) and a cosine-wave (in phase with the voltage drop AU
on the line inductance). This is described in [26] and in the Chapter 5.1.1 starting at
page 183.

Uline
(2)] PLL
sin(uxune-t)l lcos(mu.,,-t) 5 Z\_ line  Line
hineset)  lineqerr) Gris) KVt Z KVeer | §§§ S1--Sn f\j l AU
2O~ R1 > g3 —/ (5 : Uconv Ulina
Illns Egg l "
M (3) 3 @
@ ®

Figure 2.34: A general view of a typical single-phase converter controller

After the feed-forward of those values, the modulation function k- V. results. In
the function block (4), the switching signals ¢} to s}, are generated from the modulation
function k - Vi.s. The nonlinear behavior of the modulation method is compensated
(see Section 2.4.1) and the switching signals are optimized for the ML-converter. At
last, the ML-converter (5) generated the output voltage Upyn,. This control method has
been tested in Chapter 5. The control of the current Iy, in this system, the multilevel
converter always demands a relatively fast controller system: All the values are rapidly
changing with the time. For instance, the converter voltage Ueony, line voltage Upne and
the line current Jj;,,, are all sinusoidal or have another time-dependent waveform. In order
to avoid a controller using sinusoidal values for the error (line current error), set value
(line current set value) and controller output (modulation function), a different method
has to be used, using the monophasors in a rotating coordinate system. An overview of
this control method is given in Figure (2.35).

Instead of a controller Gy, the function block (1) with the monophasor controller is
taken. The method uses monophasors in a complex plane, which are afterwards referenced
to a rotating coordinate system. The rotating coordinate system turns with the line
frequency 27 fiine. By doing this coordinate transformation, the controlled values are
no time-dependent functions anymore. Especially in this case, where the line current
Ijine should be controlled to a perfect sine-wave, method seems ideal. If the controlled
line current Ij;,. is not supposed to be sinusoidal, the method is not ideal, because the
controller will not see only the DC-component of the values. An overview of the method
is itemized below:

e First, the monophasors in the coordinate system (Im, Re) for the time-dependent
values have to be gencrated. The most interesting value is the current Iy, which
has to be controlled. The result is a vector I,
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Figure 2.35: Control by using the monophasors

o The measured line voltage Uy, must be in phase with a reference function sin (27 fiinet).

From the measured voltage Uy, a phase-locked loop (PLL) or an observer gener-
ates the function sin(27 fi..t). At the same time a cosine-function cos(27 fi;,..t) is
generated, with a phase shift of 90° compared to the sine-wave.

¢ A rotating coordinate system (a, §) is defined, rotating in the complex phasor plane
in phase with the monophasor Uj;,.. The rotating frequency is the line frequency
27 frine, the coordinate system is composed of two axes « and 3. The two axes are
orthogonal, this means a turns with the generated function sin(2n fint), while 3
turns with cos(27 fiinet)-

o At last, the monophasor of the line current is referred to the rotating coordinate
system. The result are two DC components of the current (I7, If), described in a
vector [".

The Figure (2.37) shows the monophasors of a single-phase multilevel converter.
The method has a certain similarity with the transformation of the three-phased, time-
dependent values to the phasor values, used in three-phase motor control [27}, page 151
and [28], page 100, and is also described in Chapter 3. In this report, the monophasor
is defined as a vector U rotating with a constant frequency 27 fii,. in the complex plane.
In the case where the coordinate system (c, ) and the vector U are in phase, the real
part Re(U) of the vector U is the existing, time-dependent value, which has a sinusoidal
waveform. The imaginary part Im{U) is a non-existing value, which is only useful for
the control. Of course it is also a sinusoidal value.

Transformation and control of the monophasor in a rotating coordinate sys-
tem

In this section the principle of the controller for the current is explained. The Figure
(2.36) shows the block schematic of the system with transformation, controller and re-
transformatsion.

The measured line current I, is the input to the converter system, as been seen in
(2.35). For a single-phase converter the line current Ij;,, can be defined as a vector L,
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(st}

K Veatra)'
1'1 X KVoef

K Viatim)'

Hitoat) = bitsan
Figure 2.36: Schematics of the monophasor controller
in the complex plane (Re, Im). This vector is called monophasor.
Ii;

Iy, = | ;lnetre) 2.36
ine [ Iline(im) ( )

If the current is controlled at cosyp = 1, the real part Line(re) is the amplitude of the line
current [j;.. Otherwise the two components of the vector I, have to be generated. In
the Equation (2.39), the current is assumed without a DC component, with a phase-shift
«, towards the line voltage Uy,

Iline(re) = iline : Sin(27rfli7zet + ac) (237)
Dinem) = Jtine - €08(27 fiinet + o) (2.38)
Dine = Iizine(rc) + Illzinc(im) (239)

The two components are generated through a state observer, described on page 44. A
general situation showing the monophasors of the line current I, and the line voltage
Ujine can be seen in the phasor diagram presented in Figure (2.37).

The transformation of the current from the fixed coordinate system (Re, Im) to the
rotating coordinate system (e, B) is done by a matrix operation:

I' =T Lige (240)

This operation is visualized in the Figure (2.36). The matrix contains the following
information:

| sin(27 funet)  co8(27 fiinet)
T = ; (2.41)
cos(27 frinet) —sin(27 flinet)

If the matrix T is implemented in a controller system, it needs the two time-dependent
functions sin(27 funet) and sin(27 fiinet), which must be generated by a PLL or an ob-
server. After this transformation, two DC values for the current I” are obtained, as to
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Sin(znfiinat)
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Figure 2.37: Turning coordinate system to generate the monophasors

be seen in the Figure (2.36). The vector of this current in the rotating coordinate system
(o, B) is given with Equation (2.42):

r= [frﬁ] (2.42)

These two current components are DC values, which represent the measured line
current Jjino(t). A current error is generated from a current set value I7,,:

I, =I-I (2.43)

=€ =set

If the current must be in phase with the line voltage, of course the B-part of the
current must be zero, while the a-part represents the line current amplitude:

= Tiine (2.44)
(2.45)

-
afset)

Tosey = 0

The two components of the error vector I, are entering a classical PI-controller.
An implementation of a PI controller is shown in Figure (5.16), page 192. The outputs
kkj, and kkg of the Pl-controllers have afterwards to be turned by 90° clockwise in the
complex phasor plane: The controller Gy, has as an output the modulation degree kkg,
while the controller Gri5 generates the modulation degree kkT,. The reason for this can
easily be explained by looking at the phasor diagram shown in Figure (2.37): If the
amplitude of the current Ij;,, is not big enough (a-direction), the modulation function
k' - V/,; must be risen in the S-direction. The S-direction is the direction of AU, which
generates the current amplitude. This direction cannot change the phase of the current
Ijine- A change on the a-direction on the modulation function &'~ V/, ¢ will cause a phase-
shift on the current without causing a change in the amplitude. So the controller output
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vector is kk". This vector must be rotated by 90° clockwise to receive the vector for the
modulation k7. Both vectors are oriented to the rotating coordinate system (q, 8):

r_ k] _ kkg,
oo (8] - naw -0 [85) | e
The matrix for the rotation is:

R= [_01 (1)] (2.47)

&
S
|

The modulation function is defined as a vector K’,ef. This is a monophasor in the
complex plane (Re, Im). The components of the vector are given below:

v ]
—Ire — 7ef(rc) (248)
! l: ‘/re](im)

And the definition of the real and imaginary parts for sinusoidal waveforms:

K Vi = K- 5in(27 fuinet + i + ) (2.49)

K Viegamy = K - cos(27 finet + on + o) (2.50)

The modulation function V', ; must be composed after a re-transformation in the fixed
coordinate system. The inverse transformation matrix 77! is needed.

V=T F (2.51)

The matrix is defined in Equation (2.52). The inverse matrix T~ is the same as the
original matrix 7"

_ SIN(27 fiinet)  €0S(27 frinet)
T '=7T-= . 2.52
= = co8(27 fiinet) —sin(27 flinet) (2.52)

Due to the behavior of the observer to generate the imaginary and recal part of the
current, proposed in the Section on page 44, the modulation function for the modulator
is not just the real part of the vector ¥, ¢» but the difference between the real part and
the imaginary part, to be seen in Equation (2.53):

Vrlef = r[ef(re) - Vr,ef(im) (253)

This composition can be seen in the schematic of the Figure (2.36). Combined with
the modulation degree k', the final composition Equation is:

K Vg = K [Viestre) = Viesm) (2.54)

The explication for this composition is given with the following development: If the
line current Ij;n, has a DC component Iinenc), the monophasor controller can eliminate
this component. For this, the transformation to the rotating coordinate system (e, )
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and the re-transformation has to be looked at. A line current is given without any
time-dependent part:

Iline(t) = Iline(DC) (255)

The observer described in Section 2.5.2 is generating the imaginary part. But due to
the integral behavior and the initial conditions of the observer, the imaginary part will
remain zero:

Iy ;
Lijne = [ hngC) ] (256)

After the transformation to the rotating coordinate system (a, 8) and a simplification
of the trigonometric relations according to |29], page 67, it results:

- Tiine(Dey - 88127 fiinet)
I = in 2.57
= [ Line(noy + co8(27 fiinet) (257)

The DC current is represented in the plane («a, ) as a oscillating current with the
frequency fiine, and the amplitude Ii;,opcy. The set values [g,, are constant, so the
controllers G g1, and G gy will generate two sinusoidal values from the difference between
the set value and the measured current. All other transient responses are not considered.
After a rotation of the vector by 90° by the matrix R it can be found:

—k' - cos(27 frinet)

T ine

k= [ K - $in(27 frinet) (2:58)
These two values are re-transformed to the plane (Re,Im) and after an algebraic

simplification it results:

Koy _[ 0 ] (2:59)

Sref T —k'

While the real part of the vector k' -V, . is containing all information needed to
generate a sinusoidal set value for the modulation function k' - V}/,;, the imaginary part
only will have the information to compensate the DC component of the line current,
but as a negative value. This DC component has to be compensated. This is why
the modulation function &' - V,,; is generated by a difference between the two vector
components of &' - V.. This can be seen in Figure (2.36). This effect is especially due
to the behavior of the proposed observer, in which the imaginary part of the current I;,,
has no DC component.

Observator to generate the imaginary part of the monophasor

The observer is used to generate the imaginary part of the current L;,,.. This non-existing
value Ijneim) is phase-shifted by 90° comparing to the real part Iy, shown in Figure
(2.37). A general introduction to the observers can be found in [30}, page 275, or in [31],
page 90. The observer can be described by the following state-space Equation, using the
state vector z,,:
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iw = A—w * Ly + g Iline (260)
Iline(re) = QT * Ly (261)
Iline(im) = ET Ly (262)

The parameter matrix and the vectors of the state-space Equation are:

g = [g;] (2.64)
g = 1 o (2.65)
BT 0 -1 (2.66)
™ h' > liine(im)
liine —— g =5 ﬂlw'g K cT _’lline(re)

1>
g
£

Figure 2.38: Observer to generate the complex current values

The two unknown parameters is the feedback vector g to the two states. To compute
these paramcters, the poles of the system can be chosen. For this aim, the transfer
function of the open loop system is calculated, and then the poles of the denominator
are placed, by using the two undefined parameters g; and g,. The polynomial of the
denominator is:

Dobsery = det(sl — A, + ggT) = 52+ 5291 — 2Wiineg2 + Whne (2.67)

The characteristic polynomial pypeery of the obscrver can be represented in the follow-
ing form:

Pobserv = (3 - 31) . (3 - 32) (268)

For an optimal stability and control performance, the poles s; and s, are placed in
the manner that they are a pair of conjugal-complex value with a negative real part:

S12 = —0 :t] “Wres (269)

o is the dominant attenuation factor and wy, is the natural resonance frequency of
the observer. By comparing the parameters of the Equation (2.69) with the Equation
(2.67), the following parameters can be found for g:
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Im#4

-G—jres

Figure 2.39: Placement of the poles of the observer

G =0 (2.70)
2 2 2
Wiipe — 0° — W
g = line res (2.71)
2Wiine
The numerical value for the attenuation shall be ten times faster than the line fre--
quency:

g 10 - 27ff1ine (272)
Wres = 1027 fyine (273)

1l

The initial conditions for the state vector of the observer are also important. The
best is to start the control when the imaginary and real part of the states are defined.
The converter starts to control when the line voltage Uy, passes through zero and is
rising. The following initial conditions can be found:

Ly (Utine = 0) = [ y ] (2.74)

-1 line

A simulation shows the current monophasor referenced to the rotating coordinate
system (c, ). The current is phase-shifted compared to the reference coordinate system.

In the first simulation, a current with a DC component of 20A is taken. The current
amplitude is 283A. As said before, the imaginary part of the line current I;,, does not
contain any DC component. The two parameters referenced to («, §) are shown in red:
The oscillating part of IT is in phase with the reference function sin(2n fiinet), while I 5 is
in phase with cos(27 fnet). After the re-transformation of the controller output values,
the DC component compensation can be seen on the imaginary part of the modulation
function &' - V7,
In the second simulation, a non-sinusoidal current has been chosen with a flattened peak
value. In the Figure (2.40), the current is in the colour blue. The reference function
S1n(27 fiinet) is multiplied with the current amplitude and is shown with the dashed line.
The flat parts are seen as bumps on the current I7. The controller is in this way able to
react and will correct the non-sinusoidal parts of the current.
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Figure 2.40: Simulation of the observer with a current a, # 0

Overview over the entire control system

The entire control system as described before has been implemented. The schematics of
the simulated controller is shown in Figure (2.41). The implementation has been done in
MATLAB/SIMULINK. The two controllers Gy, and Gpyp are standard PI controllers.
The parameters are computed by using the meplat criteria, shown in [30], page 322.
The meplat criteria optimizes the performance of the controller on changes of the set
value, but has not for influences on the perturbation value. But due to the fact that all
perturbation values are directly introduced to the set value k' - V//;;, and the controller
is implemented in the rotating coordinate system, where all values are DC values, there
is no visible perturbation for the controller. That’s why the meplat criteria is ideal. An
overview of the controller system is shown in (2.41).

The controller parameters for the two line current controllers Griq(s) and Grog are
PI controller, which generate after re-transformation a sinusoidal modulation function
K-V, 5. The final set value & - V; is a linear combination of the line current Ujin,, the
cosine function generated with the PLL circuit representing the phase of the voltage drop
AU over the line inductance Ly, and of course the set value &' - Vyes coming from the
monophasor controller block. For more details, please refer to the systems chapter, 5.1.1.
The transfer function transferring the output value of the controller to a physical value
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Figure 2.41: Overall schematics of the multilevel controller using the monophasors

is named Gy, (8) and is composed of an amplification factor and a small time delay:

1

—_— cml
Gemi(s) = T+ T, (2.75)
The amplification factor from the modulation degree to the multilevel converter volt-
age can be found in Equation (5.36) and the small time constant of the system is composed
of:

Tsam {3
T,p1 = —2L’ + Tz + Tho (2.76)

The calculation of T2 can be found in Equation (5.38). The system that has to
be controller is called Gg,;(5). This transfer function has a behavior as a PT,-clement,
in order to design the controller parameters by the meplat criteria. The PT,-element is
defined in [31}.

1
o K
Ie. - Riine - sl 277
san(5) 1+ s—“"‘fﬁ: 14 8Ty @17)

The two time constants are computed by the meplat criteria:

Tnl = Tn (278)
T; 2K KoTom (2.79)

And the amplification parameters K, Kj; of the controllers Gg;, and Gz are given
with the Equations (5.44) in the Section 5.1.1.

A multilevel converter system has been simulated with these parameters to show the
performance of the monophasor controller. The first simulation done is a step response
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n
Udc?(set)
I’mot

U line

f line
Lline
Rline
Tsumple
fs
Tolank(4Q)
Tr2

10
2.8kV
3MW
15kV
50Hz
25pH
100mQ
200pus
50Hz
3us
65us

Number of converter steps
DC feeding voltage Upeo
Motor power, maximal value
Effective line voltage

Line frequency

Line inductance

Line resistance

Sampling time

Switching frequency 4Q
Blanking time 4Q
Measurement delay

Table 2.5: Numerical values for the simulated system

on the set value, the line current amplitude Ijine(sey. The step is done from 50% of
the possible line current to 100%, in the moment when the current is on the maximal
value of the sine wave. The current reaches its steady-state after 15ms, but without any
significant overshooting or generation of high-frequency harmonics.

30kv

300A

20kV
200A

10kvV
100A
0
-100AL
-10kv

-200A}
-20kV

IIine(set)

-300A
0kVo

0.02s 0.03s

400A

300AT

200AF

r
lo, lou(set)

T T T ™

100A

T T

4]

-100A

-200A

B

¥

4]

0.01s

0.02s 0.03s 0.04s

0.05s

Figure 2.42: Change of current set value using monophasor controller

The following Table (2.5) shows the simulation parameters:
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The Figure (2.43) shows the two current vector components Jiine(re) and Ifine(im) in a
XY-plot. This graph reminds the reader of the three-phase motor current representations,
used for the vector control. The current is following an inner circle until the current set
value is changed by the factor 2.

300A

100A
liinegim) ¢

-100A

300A

-300A -200A -100A o 100A  200A  300A
liine(re)

Figure 2.43: Single phase current represented as a phasor

To show the excellent performance of the controller system towards the perturbation
value, which is the line voltage Uy, the line voltage amplitude is risen from /2 - 12kV
to v/2-16.5kV. Once again this is done in the worst case, where the current is maximal.
The simulations presented in Figure (2.44) show no change on the current, this can be
seen on the sinusoidal current Ij;ze but also on the vector representation I7, oriented to
the rotating coordinate system.

The monophasor controller method does not present the same dynamic performance
like the controller systems presented in the Chapter 5. But the line current Iy, is com-
pared with a perfect sine-wave in a two-component vector space, representing all neces-
sary information on the current like the phase-angle, the amplitude and the harmonics.
This allows to implerent a controller compensating most of the harmonics and the DC-
component by using only one controller. Unfortunately, the implementation needs some
processing power for the transformations and the implementation of the observer.
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Figure 2.44: Change of line voltage (perturbation value) using monophasor controller

2.6 Experimental results on a 500W prototype

To test the modulation methods and the control principles, a prototype has been assem-
bled in the laboratory. The basic element of the experimental setup is shown in Figure
(2.45). The four-quadrant converter on the right side of the image consists of power
MOSFET switches without any snubber circuit. The DC feeding voltages Uy are
generated over a transformer, which is coupled to a 50Hz network and a rectifier bridge.
If there is no load on the AC side of the 4Q-converter, the DC voltages Ugeyy are about
50V. A chopper is integrated to tolerate negative load current Iepo(;).

The AC side of the 4Q-converters are connected in series, building a SCFQ converter.
Altogether, there are n = 4 of those power modules in series. This converter group is
connected to a 50Hz AC source Uyy,e throughout a decoupling inductor Ly;,.. This setup

was already shown in Figure (2.5). The system parameters are given in the Table (2.6)
iasvzsonz omp Qj———lumm lumnv{i)
Rehop

¢ 1
x5 -

Figure 2.45: Realized multilevel converter step module with MOSFETS

ten2()

A Fi*‘_,

A chopper circuit integrated in the 4Q-converter feeding part allows a generative cur-
rent in the line. If the current entering to the DC capacitor Icny(;) is positive (comparing
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Parameter Symbol Value
Number of steps n 4
DC power supply Ueai) 50V
Sampling time Tsample 250us
Measurement delay T T5us
Switching frequency PWM 5o 1kHz
Power MOSFET Usemazys Totmazy | 200V,5A
Max. DC current Ieh2,nas 2A
Inductive load Liine 170mH
Resistive part Riine 2Q
Chopper resistance Repop 120
Line voltage Utine 90V / 50Hz
Nominal current Liine 1A

Table 2.6: The parameters of the realized single phase converter

to the given sign value), the capacitor is charged. The diode rectifier bridge does not
allow a current in this direction. In this case, the chopper is used. The power MOSFET
switch works in a hysteresis mode: It is turned-on when the voltage Uye is 20% higher
than its nominal value. In this way, the capacitor is discharged over the chopper inductor.
Once the voltage Uy has reached again its nominal value, the MOSFET is turned-off
again. The power resistor of the chopper is chosen by respecting the following Equation
(2.80) on page 52:

Udc2( maz)

Rchap < (280)

2-1 ch2(max)

In this way, the capacitor is always discharged very quickly, even if a high current
I, is coming in.
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Figure 2.46: The realized single-phase multilevel converter

Fhe photo (2.46) shows the laboratory implementation. On the top of the rack o

throe-phinse transformer with the orange colored isolation can be seen, used Lo gonerate
the Individual DC voltages U for the feeding of the 4Q-converters, The npper eight
boards in the slots are the feeding elements with rectilior and chopper. The lower cards
are the AQ-converters. The bunch of flat eables going to the left are needed for the liring
signals controlling the power MOSFET. In the same time, the cables are trunsmitting
the mensured values for the line current Dy, The cables are connected to a PC. The
PC s equipped with an AD-converter hoard for the measured signals and a gate array
board, in which the modulators are implemented.
The first experimental results have heen done with the step modulation. Figure (2.47)
show the multilevel converter a nominal line enrrent of iy, = 1.4, A state-space controllers
according to Section 5.1.1 has been implemented. The modulator uses the principle of
the rotating commutation patterns in order to distribute the losses equally, as deseribed
in Section 24.1. The current Tie is kept in phase with the line voltage Ujge. The
decoupling inductor is relatively big ( Ly, = 170mH ). That is why on the nieasurements
of the eurrent no distortion can be seen.

The same measurement has been done with a generative current in Figure (2.48);
I'he line current fj,,, has a 180" phase-shift comparing to the line-voltage U, . Due to
the hysteresis characteristics of the chopper, the DC-voltages Ugagy are higher (about
60V) than in the simulation in Figure (247) (about 50V). The voltage U, has been
goeneratod over a transformer from the ordinary 50Hz domestic network. The voltage is
not perfectly sinusoidal, the peak of the wavelform is Hattened.
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Figure 2.47: Measurements with the step modulation in the motor mode
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Figure 2.48: Measurements with the step modulation in the generator mode

For the next two experiments, a PWM modulation scheme has been implemented,
using the VSCS method, already described in Section 2.4.2. The resulting switching
frequency is rather high 8kHz and due to the use of a high line inductance Iy, the
current waveform seems to be perfectly sinusoidal. The experiments in Figure (2.49)
shows the multilevel converter values with a motor current consumption.
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Pigure 2.49: Measurements with the PWM modulation in the motor mode

The same measurements are done in Figure (2.50), but this time with a generative
current. It has to be remarked that the DC voltages Ugea(;y are 20% bigger than in the
measurement in Figure (2.50).

1o0v/an
Ueony

T
RN /ﬁf N4 BN

¥
£

R e N

Figure 2.50: Measurements with the PWM modulation in the generator mode

An FFT analysis has been done on the converter voltage Ueony, in order to confirm the
simulated results presented in the Figure (2.33). Two FFT graphs are shown in Figure
(2.51), one with the full modulation degree k¥ = 1, the other one with the modulation
degree k = 0.5. The switching frequency harmonics with their high-order harmonics can
be seen, at the frequencies 8kHz, 16kHz and 24kHz. At 16kHz, the PWM modulation
harmonics are divided in two groups of harmonics. No FFT has been done on the currents,
because of the high noise level no harmonics could be identified.

A measurement has also been done of the single-phase ML-system using the monopha-
sor controller, presented in Figure (2.52). The line current ;. referenced to the rotating
coordinate system with the two DC componeuts I}, and If can be seen. As shown before
in the Section 2.5.2, the controller controls only DC values. The current component I}
must be controlled to zero in order to achicve a current with cosp = 1. I is equivalent

to the amplitude of I;,.. The controller shows a step response of the set value Igz(set)'

Symumetrical multilevel converters with two quadrant DC-DC feeding N. Schibli



56 CHAPTER 2. SINGLE PHASE MULTILEVEL CONVERTER

2.8z

-10devaty
FFT toormy ke 1 O

2.8kHz

i
-1 0as/Ah
FFT Ucowr k= O.6 m n
My N [}

|

Ko

Figure 2.51: FFT of the generated converter voltage Ugny in the PWM modulation
method

The converter is working in the motor mode, and when the current passes through zero,
the sign value is changed to put the converter in the generative mode.
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Figure 2.52: Experimental result of the monophasor controller method
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Conclusions

The general concept of the single phase multilevel converter with the series connected
four-quadrant converters (SCFQ) is explained. The SCFQ type is compared with two
other multilevel converter concepts. Many of the known DC feeding techniques for the
four-quadrant converters are compared. The step modulation method and PWM modu-
lation method have been developed and optimized for this kind of converter type. A novel
single-phase control principle is proposed. The alternative values are transformed to a
rotating coordinate system, where the time-dependent, waveforms are seen as DC values.
This method is not as fast as a state-space controller, but shows good performance to
eliminate line current harmonics with only two Pl-controllers. All the developments have
been simulated and tested on a reduced power prototype.
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Chapter 3

Three phase multilevel converter

3.1 Introduction

In this thesis, a three-phase multilevel converter is presented. A general multilevel topol-
ogy is discussed, consisting of the series connection of the four-quadrant converters. De-
pending on the application, there are many similar topologies of the multilevel converter,
which can all be derived from the general topology [16]. The presented topology can be
used for several applications, where the classical voltage-source inverters like the three-
phase converter with six IGBT switches or the NPC converter are not useable. Of course
the multilevel converter presents not only advantages towards the classical solutions, es-
pecially the high complexity and with this the higher costs are the main disadvantages
of the multilevel solution. Two typical application fields are distinguished.

3.2 Multilevel vs. traditional methods

3.2.1 High-voltage generation

Three-phase voltage-source drives with or without variable frequency are usually driven
by classical three-phase converters or NPC converters. If high currents (>2kA) are de-
manded, the switches used in these converters (usually GTO or IGCT) are set on parallel,
in order to obtain a multiple of the current passing through a single switch. The voltage
applied to the motor will always remain the same and will be limited to the semiconduc-
tor blocking voltage. If a high voltage has to be applied to the motor, the voltage has to
be risen on the AC side by a transformer. A true-series connection of the semiconductor
is a very difficult problem. The voltage-sharing problem on each semiconductor has yet
not been resolved and has never been implemented on an industrial drive. But the use
of an additional transformer adds new costs to the system and introduces new problems
to the system such as additional losses, stray inductance and capacitors. The side effects
have to be compensated by the control system.

By using a multilevel converter as proposed in this thesis, the a very high voltage can
be applied to the motor. The series-connection of the four-quadrant converters allows to
achieve a multiple of the blocking voltage, without any problems of the voltage-sharing
on the true-series connection. So the demanded power is shared equally on a number of
four quadrant converters.

Symmetrical multilevel converters with two quadrant DC-DC feeding N. Schibli



60 CHAPTER 3. THREE PHASE MULTILEVEL CONVERTER

3.2.2 High-quality voltage generation

The converters used for motor drives have furthermore the disadvantage of poor volt-
age and current qualities. The semiconductor switches are usually commutated at low
frequencies such as 100Hz up to 500Hz. To improve the voltage quality, the switching
frequency has to be risen and so will cause more switching losses. In the present high-
power drive solutions, a switching frequency filter is introduced between the converter
and the motor. This filter allows to obtain sufficient voltage and current quality, but
adds a new, expensive component to the system. Furthermore the filter will add more
resonant poles to the entire system, the system transfer function becomes a higher order.
These poles can be compensated by the control algorithm |30], but will introduce some
limitations and a reduction of control performance, especially in the dynamic variable-
speed application.

A three-phase multilevel converter consists of four-quadrant converters, which can all be
switched independently. This advantage can be used in order to generate AC voltage
of much higher quality. The use of independent phase-shifted triangular carrier signals
for each half-bridge converter allows a much higher resulting switching frequency on the
motor voltages. The effective switching frequency f, remains low, while the resulting
frequency is a multiple of this switching frequency. The converter system can so avoid
a complicated filter setup and can directly be connected to the motor. Furthermore,
the switching is distributed to a big number of smaller switches. If it can be considered
that the switching losses increase exponentially with the choice of bigger semiconductors,
the multilevel converter scheme will generate fewer switching losses than a comparable
classical type, and even generating a far better voltage quality, seen in Table (3.2.3).

The disadvantage of the three-phase multilevel converter is the more or less compli-
cated setup with many switches. This does not only raise the costs, but it also can lower
the systems reliability. Each additional electronic switch has its reliability and its MTTF
failure time. For the same reliability as a classical system, more reliable switches are
needed.

3.2.3 Feeding of the multilevel converter cells

Depending on the type of three-phase converter used, different voltage feeding sources
must be provided. The most simple feeding as a single DC source. A single source is
used for the classical three-phase voltage converter, using 6 power switches. For the
multilevel converter, many isolated DC power sources must be provided. Different types
of feeding strategies are already presented in Section 2.3, for all kinds of sources. A very
interesting feeding method was presented in [21], using a polyphase transformer. The
following Table (3.2.3) shows an comparative overview between the classical converter,
the NPC converter type [13] and the here presented multilevel on the symmetrical fed
SCFQ principle. The explication for the number of phasor points seen in the Table (3:2.3)
is shown later this chapter.
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3.2.4 Applications

High-voltage high-power industrial drives

A typical application for the multilevel converter is the high-voltage industrial drive.
Due to the addition of several independent voltages, automatically a high voltage can be
achieved. By putting some four-quadrant converters in parallel, also the current can be
multiplied by the number of cells in use. The industrial drive takes automatically the
advantage of the high resolution of the voltage, which allows currents of higher qualities.
This topology is actually an approach for a modular three-phase multilevel converter,
where any desired power can be delivered.

\ 4

Figure 3.1: Modular three-phase multilevel converters

High-speed drives for ironless mators

In some applications, an excellent voltage quality is demanded. A good voltage quality
can be achieved by using switching frequency filters or by a using special three-phase
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power transformer with changeable configuration. The multilevel converter can solve
this problem without any additional passive components. So the system can reduce the
costs and saves a lot of space. A typical application is a drive topology to feed ironless
motors, turning at very high speed (200’000 rpm). A ironless motor can for instance
consists of a hallbach magnetical array. This is a motor setup designed for very high
speeds, but the feeding voltage has to be of excellent quality due the weak inductance
values of the phase windings.
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3.3 Describing equations of the converter

In this chapter, all the equations are given in order to design an entire three-phase multi-
level converter. The four-quadrant converters of the multilevel converter are considered
to be fed by independent DC-DC converters. The next figure shows this converter with
all possible electrical values:

Im:zR(..) kchoRy Ir
~
fl Vacary
Ticzrafenzrey

i
%UMR«) _

{ Ysn)

3
Id::2$(1}<:h2$(| P US

o
}Ludrzsm _ $Ush)

luddT(n) l uT(ﬂ)
a|

¥l“dm(1) B § Y

Figure 3.2: Three-phase multilevel converter system

Each phase of the multilevel converter consists of an single-phase multilevel structure.
There are three times n four-quadrant converters fed by n DC-DC converters. For each
four-quadrant converter, there is a feeding capacitor Cyeap s The phase voltage is the
sum of all the four-quadrant AC voltages.

Ur =} Ury 3.1)
i=1
n

Us = ZUs(,—) (3.2)
i=t

Ur = Y Urg (3.3)
i=1

The AC voltage generated by the four-quadrant converter depends ou the DC voltage
of the feeding Uyap,s,r, the modulation degrees kg s, the frequency of the modulation
signal and the blanking time %b,ank(4Q). It is assumed that the modulation signal is
sinusoidal.
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Ung,y, = Udcarg,, SIn(27 frnodt + 9r) « (kg — Tolank(1) fs) (3.4)
Usiy = Ulezsi, SI(27 frnoat + @5) - (ks — Totankiag) fs) (3.5)
Uy = Ulear,, SIn(27 finoat + 1) + (B — Totank(4@) fs) (3.6)

The four-quadrant converters of one phase are usually modulated by the same func-
tion (A sinusoidal signal). A three-phase multilevel converter, where each four-quadrant
converter has its own modulation signal is not discussed in this thesis. The currents on
the DC side of the four-quadrant converter are given by the next expression:

Ienory = In(t) - $in{27 finodt + ©g) « (kR — Totank(40) fs) 3.7)
Tonss,,, = Is(t) - sin(27 frnoat + ©5) - (ks = Totank(s@) fs) (3.8)
Tch2T(n) = Ip(t) - sin(27 frnoat + @) - (k1 = Totanka@) fs) (3.9)

This expression gives an average value of the current and does not depend on the
modulation method . The only input given from the modulation method is the modula-
tion degree kg sz and the fact that the modulation function is sinusoidal. In this thesis,
only the symmetrical multilevel converter is looked at (all DC voltages are identical):

Usr = Usaryy = Usersy = Unerry V@ 1<i<n (3.10)

If multilevel converter has to be understood better, a normalized voltage vector u is
defined, which can be represented in the three-dimensional space.

Up Us Up )
User’ Uger” Uy

u = (ug,ug, ur) = ( (3.11)

Each phase of the multilevel converter with n steps generates nyouq4. different voltage
steps:

Tyoltage = 2Zn+1 (312)

So typically one phase of the multilevel converter with n = 2 four-quadrant converters
can generate the voltages 2Uye, Uges, 0, —Ugez and —2Uge9. The phases R,S and T are
each considered as the axes of a three-dimensional, orthogonal coordinate system z, y, and
z. For each possible voltage vector, a reference point in the three-dimensional coordinate
system can be set. The grid in the three-dimensional coordinate system consists of many
voltage vector points:

3"uotmge

— =4
reottege=s 125 (3.13)

The next Figure (3.3) visualizes the grid in the three-dimensional system.

This three-dimensional grid contains a lot of information that can be used. If some-
body looks at this grid from the direction of the vector n = (1,1, 1), there are only 61
points which can be seen. Many of the 125 vector points are now hidden behind other
points. These visible vector points correspond to the phasor vector points.
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Figure 3.4: 61 vector points seen from the view angle (1,1,1)

The phasor vector points in a two-dimensional coordinate system are visualized, but
still the three-dimensional coordinates can be seen. By solving the well-known Equations
(3.14) and (3.15), the voltage vector coordinates (up,us,wr) are transformed to the
phasor points (u), u}).

Us 2up — ug — Ur
s - Ua _ 3.14
o = g 3 (3.14)
Us Ug —
wy = L =B (3.15)

B Udc2 - \/g
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The two-dimensional coordinate axes are visualized in Figure (3.5):

(4. %3)*

(«,B)

uY
Ugez

Figure 3.5: 61 phasor points in the coordinate system (g, ud)

The number of visible points depends on the number of multilevel steps. Equation
(3.16) gives the number of points:

2n—-1

Mphasor = 1+6- Y (2i+1) (3.16)
i=odd

So there are several phasor points (u?, uf;,) , which can be represented by a multiple of
voltage vector points (ug,us,ur). The most typical example is the zero voltage phasor

point, which can be represented by five different voltage vectors. This is shown in Table
(3.2)

Ug Us wur || Uz U
Ugeo _ Ujco  Uyeo Uger  Ugeo
2 2 2
1 1 1
0 0 0 0 0
-1 -1 -1
-2 -2 -2

Table 3.2: Zero voltage phasor with 5 different voltage vector points

If all three phase voltages increase or decrease the voltage by one voltage together, the
phasor voltage has the same value, as to be seen in the Equations (3.14) and (3.15). This
can be repeated, until one position of the voltage vector exceeds the maximal boundaries
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(£n,+n,+n). So the number of possible voltage vectors for a defined voltage vector
point is ng:

Ny = Tyottage — (Max(Up, ug, ur) — minfug, us, ur)) (3.17)

If all phasor points are classified by number of existing voltage vector solutions, it can
be seen that the points can be grouped in hexagons. The hexagons shall be indexed by the
number ny,. The smaller the hexagon index number is, the more switching redundancy
there is. So for the inner hexagon n;, = 0, which is actually only one point, there are five
different possibilities n, to generate the phasor vector (0,0).

,/ =3 \
s o « \
/ / \
K / =2
R S S S P §
/ S 5
/ /S [ I N\ \\
. b » ~1 b .
* s b hd 7, p U
N N h / /" / 2

Figure 3.6: The phasor points are classified in hexagons

The grid with the nyuege® different vector points contains more information. By
using the Equations (3.14) and (3.15), from three variables (ug, us, ur) only two new
parameters are calculated. There is one degree of liberty. The missing parameter is the
neutral point voltage, calculated as follows:

1
Uug = §(u"" + ug + ur) (3.18)
If the angle of view on the grid is modified, the neutral point voltage up can be viewed.
If a voltage vector point is chosen, the belonging neutral-point voltage v corresponds
to the distance from the chosen vector point to an orthogonal surface to the vector
n = (1,1,1). This surface is given by the Equation (3.19):

up+ug+ur =0 (319)

The next Figure (3.7) visualizes the normalized neutral point voltage g
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Uo
Ugeo
2

~—2

Figure 3.7: Visualization of the neutral point voltage

The neutral point vector is always parallel to the direction n = (1,1,1). To see the
neutral point vector without any distortion, the grid has to be viewed from a vector lying
in a plane going through (0,0,0) and orthogonal to n = (1,1, 1).
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3.4 Modulation methods

For the multilevel converter, different modulation methods can be used to drive an in-
duction motor or another three-phase load. Three different methods have been studied,
tested and compared. Each of them have different advantages, depending on the appli-
cation type.

3.4.1 PWM modulation

The first modulation method, which is described, is the PWM modulation. For one
four-qunadrant converter, consisting of four semiconductor switches with the anti-parallel
diode, two carrier signals are needed. The carrier signals with horizontal phase shift are
already defined with Equation (2.28). One half-bridge is responsible for generating the
positive voltage an the other one for the negative part of the AC voltage. For the phase
R of the multilevel converter, there are n steps, each with 2 triangles. The phase angles
used are given by the following Equation:

360°

ol (3.20)

AWR(;') =
The next two Equations show the phase shift for the other two phases of the converter:

360° 360°

Apsy) = o 1+ v (3.21)
360° . 360°
Dprg = o + o (3.22)

This is a simple PWM method for the three phase multilevel converter. More sophis-
ticated PWM modulation methods have been presented in |32] for a classical three phase
converter. The chosen carrier signals are not triangular waveforms, but have a saw-tooth
waveform. There is only a phase-shift of the carriers between each half-bridge of one
phase, but between the phases the sane carriers without phase-shift are found. Special
over-modulation strategies are implemented to linearize the modulation.

Independent on the PWM modulation strategy chosen, it has to be assured that there is
never a situation where one half-bridge voltage cancels another one. This means for that
one half-bridge is generating a positive voltage, while the other half-bridge generates a
negative voltage. On the AC side of one phase of the converter, this would generate no
voltage, but the current will still run trough both full-quadrant converters. In this way,
the DC feeding part delivers two times a equivalent power causing additional switching
and conduction losses. On the AC side, the power will circulate from one half-bridge to
the other half-bridge. But the output power on the AC side will remain zero (Described
in the chapter of the single-phase converter, page 33).

This can be avoided by using not only horizontal-shifted (this means phase-shifted carri-
ers, to be seen in Section 2.4.2) triangular carrier signals. The carriers are also distributed
vertically over the range [0, 1] for the generation of the positive voltage steps and over
the range [—1, 0] for the negative ones.
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3.4.2 Step modulation

The step modulation for the three-phase multilevel converter does not need any further
explanations compared to the single-phase version of this modulation type. The same
principle can be use, it just has to be expanded to three independent phases. Details are
given in Section 2.4.1.

3.4.3 Vector modulation

For the classical converter consisting of six power semiconductors, a special modulation
method called the vector modulation or online modulation was proposed. This type of
modulation presents some advantages comparing to the two other modulation types. This
method has been presented the first time in [33]. The vector modulation is especially
suited to be implemented in a fast processor with real time modulation and vector control
at the same time.

To perform the vector modulation, the phasor voltage plane has to be considered. A
reference voltage in form of a phasor vector u,., has to be generated in the phasor plane
(a, 8). This vector is normalized to the DC feeding voltage Uye.

Uresr
o = |t | = [t | (323)
Ur:; Uref,
U'p
Useo

U ]
Ugc2

Figure 3.8: Decomposition of the reference vector in two smaller ones

At the same time, the entire phasor plane has to be divided into triangles, as to be
seen in the Figure (3.8). The reference vector u,.; has to be decomposed into two new
vectors: A part r of the vector pointing to a corner of the triangle, and a part s going
from the corner point to the reference vector:

Urop =T+ 3 (3.24)

The vector s will now be decomposed in two components g and b, which are lying on
the sides of the triangle. The vector s is a linear combination of the two new vectors a
and b:
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U3
b
157
4~ " a U

Figure 3.9: Vector decomposition inside the triangle

The Equation (3.25) below gives the decomposition:

s = tag+t,,lg=ta[aw} +tb[b$] (3.25)
Oy by
Vector s is the vector going from vector point u; to the point 1,
_ |8zl _ _ | Yrer, — ’U;]I]
s = = —u = 3.26
B [sy] “rel = [urefy - ul, ( )

The two time coefficients ¢, and ¢, are calculated by the projection parallel to the
triangle sides. According to Equations (3.27) and (3.28) the time values are:

8z0y — Syl
ty = ——F—— 3.27
’ by — bya, (3.27)
Szby — 8,b, .
- 2
ta azby, — ayb, (3.28)

The idea of the vector modulation is to represent the vector u,,; by the threc points
of the triangle. The vector points are the corners of the reference triangle. The two
variables ¢, and f, represent the relative time values to modulate the vector w,;. In
accordance to Figure (3.9), ¢, is proportional to the time, where u, is applied and t, is
the time for the vector u;. These time values are normalized between [0..1] and have to
be adapted to the sampling frequency of the modulator:

Ta = tg- Tsample (329)

T;z =ty Tsample (330)

If these two times are subtracted from the sampling time, the remaining time 7T,
results:

Tc = Tsnmple - Ta - Tb (331)

During the remaining time T, the reference vector will be put to the phasor vector
u;. So the rotating reference vector in the complex phasor plane can be reconstructed
by a sequence of three voltage points:

1

Ts arnple

Yoy = (To uy + Ty ttg + Te - wy) (3.32)

Each sampling period, the three time values are recalculated. By averaging the voltage
vector over each time period, the result will be exactly the vector u,.;.
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Uz Us Uy

Ta Tb Tc Ta Tb Tc

Tsample Tsample

Figure 3.10: Time sequence over two sampling periods

Finding the three points of the reference triangle

As to be seen in the Figure (3.8) the reference vector is pointed into a defined triangle,
called the reference triangle. Three different points define this triangle, each point is
corresponding to a three-phase output voltage vector. An algorithm has been established
to define the triangle with the three vector points.

(@) (b)

Figure 3.11: Six different lines are defining the triangle

As to be seen in the Figure (3.11), there are six lines describing the triangle. These
lines have to be specified by the basic linear Equation (3.33). First the horizontal lines
are determined.

y=a-z+b (3.33)
For the horizontal lines, the coeflicient a is trivially:
ar, =0 (3.34)

The upper index h is representative for horizontal line, the lower indexes I, u are
representing the lower and upper line. For the lower line, the coefficient b is:

1
blh = Uref, — (“refv mod %) (335)

And the coefficient b for the upper line is:
1
V3
The rising lines, represented by the upper index r, the following coefficients can be
found:

b= b+ (3.36)

u
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a, = V3

u,l

2
b = Uref, — \/5 *Uref, — [(urefy - \/ﬁ . Urefz) mod (7—5)] (337)
b= b+ i

V3

And at last, the falling lines (index f) have the coefficients:

o, = —V3

2
b{ = Upef, t+ \/:—?; * Uref, — l:(urefy + \/5 ' urefx) mod (%)] ’ (3'38)
2

o = bof +—=

V3

If all these lines are crossed and the crossing points are calculated, six points will
be found. Only three of these points are defining the reference triangle. There are two
orientation possibilities, both shown in Figure (3.11). To classify whether the triangle is
in situation (a) or in situation (b), the following procedure has to be followed:

The higher rising line 47 has to be crossed with the higher horizontal line y*. Then the
upper falling line y/ will be crossed with the same horizontal line y*. If the two points
are the same, then the triangle is oriented like in (a) of Figure (3.11), if the two points
are different, the triangle is oriented like (b) in Figure (3.11). By using this information,
all the three points of the desired triangle can be calculated.

The modulation index has to be defined for this modulation method. The modulation
vector u,. is limited to a certain amplitude for this application. It never goes into
over-modulation. The maximal modulation degree is defined by the phasor touching the
middle of the line of the hexagon border. Tt is the longest possible vector, which never
leaves the boundary of the outer hexagon in Equation (3.39):

~ e 1
f,o; = max (,/u,eflz +urefy2) = n_%;g___ (3.39)

Overmodulation methods were already discussed in [34] and [35] for classical convert-
ers and have not been tested in this paper. The same methods could be used for the
mutltilevel converter. The definition of the modulation degree & for the reference vector
Uy 18!

Thyoltage — 1 1
k= . 3.40
v3 Vbes, + iy, 849

For the case where n = 2, the maximal value for u,.; is %, while the modulation

degree would be k = 1.
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Optimized switching to minimize the number of voltage switching

By implementing the vector modulation, there is a possibility to minimize the number
of voltage commutations per sampling period. Two specialities of the three-phase ML-
converter can be used:

o Many of the phasor points (U3, U§) can be generated by a set of different voltage
vectors (ug, ug, ur), as to be seen in Section 3.3. This redundancy can be used to
reduce the number of switching events per period.

o In cach sampling period, three different voltage vectors u,, uy and u; are switched.
The temporal order, seen in Figure (3.10) in which these voltages are applied, is
free and can be used for the switching optimization.

In each sampling period, three points u,, u, and ug of the reference triangle will be
chosen. In order to rednce switching losses, this time sequence is optimized together
with the redundant switching patterns for the phasor. Theoretically this can be done by
comparing all the possible solutions. But this can take a lot of processing time. So the
following algorithm is presented, which will optimize the voltage switching to a minimum.
The difference vector between two points is expressed by Equation (3.41):

Ay = (A’U.R_, AUS: Au’]‘) = ('U'Rnew — URlasty USnew — USlast; UTnew — u'Tl(bst) (34])

The following Equation expresses the number of switched voltage levels when changing
from one vector point u,,,, to the next one i,

Ne = abs(""lﬂast - uRnew) + a'bs(“'Slaat — Ugnew) + abs(“Tlast - “Tnew) (3-42)
The aim is to minimize the number of commiutations n,:
Nemsn = 1 (abs(Aug) + abs(Aus) + abs(Dur)) (3.43)

In the Section 3.3 it could be seen, that some of the phasor vectors can be represented
by a set of voltage vectors. By adding or subtracting a constant to a voltage vector, the
same phasor results:

YUpew = ('U'Rnew, USnews “Tnew) = (ulinew+k1l—kcy uSnew"'kn"'kca uTnew+kn_kc) (344)

The vector (Upiast, Usiast, UTlast) 18 already applied to the load from the past sampling
period and cannot be changed to optimize the switching. But the voltage vector position
of u,,, can still be chosen. The fewest voltage switching is done if the next Equation
(3.45) is respected:

Nemin = min (lLLlust - y-new') (345)

Equation (3.45) means that the geometrical distance in the three dimensional coor-
dinate system (z = up,y = ug,z = ur) between the new voltage vector u,, and the
last one u,,, has to be minimized. The proposed algorithm can only work, if the neutral
point voltage is not modulated or fixed to a constant value. In this way the redundancy
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Figure 3.12: One phasor point represented by 4 voltage vectors

of phasor points can be used. The final goal is to execute the fewest possible voltage
commutations.

The first step is to identify the three possible voltage vectors w;, u, and wuy from the
triangle of interest. After using the algorithm to identify the three phasor points of the
triangle, three voltage vectors u,, u, and us can be calculated. The detected phasor
point (U3, Uj) has now to be converted to a voltage vector point (ug,us, ur). This can
be done either by implementing a look-up table or by using the Equations (3.14), (3.15)
and (3.18). For this cause, the normalized neutral point voltage ug has to be set to zero.
By setting the neutral-point voltage to zero, it is possible that the voltage vector found
is not composed of entire numbers. In this case it cannot be generated by the multilevel
converter, This fact can be seen in Figure (3.7), where only 19 different voltage vector
points generate up = 0. But for the algorithm this does not make any problems. It is
known, that all the points on the vector n = (1,1, 1) generate the same phasor point. So
three vectors are defined, which are pointed in the direction n = (1,1,1) and go through
the three points u,, u, and ug.

T=up +4
n=wthn=Sy=us+h (3.46)
z=um +h

The two other lines are:

Ts = U+ bon (3.47)
Ty = w3+ bn (3.48)

The vector u, represents the voltage vector point (wp,,usn, ury) from the chosen
triangle, while [, represents a distance in direction n = (1,1, 1).
The voltage vector point, which is geometrically the closest to uy,,,, has to be found. So
this new vector voltage point must be on a surface (or has to be as close as possible to
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For instance if the vector u;,e,, is (3, 1,1) and the ML-converter consists of two four-

quadrant converters per phase, so the correction factor k., is 3 — 2 = 1. The new vector
Uinew Will be (2,0,0).
To find the final voltage vector, k, and k. have to be introduced in (3.44). The last point
in the algorithm is to find out, which voltage from the three new voltages %i,.u> Yonew
and U3, is selected first in the sampling period. The voltage vector to be applied at
first is the one with the shortest distance to ;. The last one is the one with the longest
distance. The distances are calculated by the Equation set (3.53):

dinew = [Wast = Uinewl
= \/ (%Rtast — YRinew)? + (Usiast = USinew)? + (Urtast — UT1new)?
donew = [Wast — Usnew]
= \/ (URtast = URznew)® + (Usiast — Usonew)? + (Urtast — UT2new)?
dinew = |Wast = Usnew!
= \/ (Um.m - uzz:;m:w)2 + (uStasl, - ussmew)2 + (uTlasL - u7~3new)2 (3-53)

The voltage %, with the shortest distance d to u,, will now be applied first. The
next voltage is the one with the intermediary distance to u;,,,, and the last one is the
point which has the largest distance. By following this algorithm, the fewest possible
voltage switching is done.

Optimized switching to minimize the switched power

Instead of optimizing the voltage switching, the switched power can be optimized. The
aim is to guarantee that in each period the fewest possible power is switched. With other
words, the difference between the sum of the power of one switching event to the next one
shall be minimized. The method is based on the same principles shown in the method
before, but now the converter phase voltage is additionally multiplied by the according
phase current. In each sampling period, the normalized voltage grid u = (ug, us, ur) is
multiplied by the present current values I = (I, Is, Ir), which can be measured by the
system. The current values can also be normalized i = (ig, ig, #7) and then be multiplied
by the normalized voltage. The normalization of the voltage values although is necessary
in order to get entire values. So the new, three-dimensional grid is composed of the axes:

P = (pr:ps,pr) = (ur - Ip,us - Is,ur - It} [4] (3.54)

The voltage values are entire numbers {converter voltages), while the current values
are continuous. So the new power grid consists of vector points in amperes [A4], which do
not consist of entire numbers. In the same time, the distances of the points in direction
X,y and z are not the same anymore. This due to the fact that all the three currents Ig,
I and I have rarely the same value. The grid is visualized by the following images:

Figure (3.14) show all the 125 possible power vector points. The three used currents
for this example are: Ip = 6[A], Iy = 1[A] and Iy = —T7[A], while the DC voltage
step Uy is set at 200V. It can be seen that any movement in the direction z = T' will
switch seven times more power that in direction y = S. By looking at the grid from the
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Figure 3.14: All possible power vector points on grid

direction foyer = (I, Is, IT) the phasor representation of the grid can be viewed. In
Figure (3.15), still the three orthogonal axes R, S and T are displayed.
The Figure (3.16) shows the grid with the phasor axes defined with the Equation
(3.55):
(PLPS) = (0% UsonBy - Usd) (W) (3.55)

This phasor points are defined by the following Equation set:

s r; :QPR,—PS—PT

s _ e 3.56

%= T 3 (3.56)
P -

g - B _PSTPT 3.57

Ps Udc2 \/g ( . )

By representing the grid in the direction 12,,,.,, again only 61 points can be seen.

The losses of a semiconductor are depending more or less linearly on the switched
current and voltage. This has been shown in several publications like [36]. A base to
compute the losses is given in Appendix A.7. That is why this method could reduce the
switching losses to a minimal value.

Eturn—on,turn—off ~ lec (358)
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Figure 3.15: Power vector grid with visible 61 points viewed from the vector ny,ye-

Figure 3.16: Power vector grid viewed from .., with the axes (Py, P3)

The difference vector between the last selected power point and the next point is
given by equation;

AE - (APR) ApS; Ap’l") = (pRnew ~— DRiast; PSnew _pSIashanew "PTlast) (359)

It has to be remarked that the current is always changing, while the voltage steps are
always constant. So each sampling period, the last power vector Py,5, D128 to be recalcu-
lated. From the last sampling period to the next one the current may have changed. The
next Equation expresses the basic idea to switch the least possible power:

Ap,,... = min{abs(Apg) + abs(Aps) + abs(Apr)) (3.60)

As to be seen in the past chapter, the shortest distance from the last power vector
Py,s; b0 the next possible vector point p  has to be found. For the modulation method,
the rotating vector will be the voltage vector u,.; and not a power reference vector.
The first step in the algorithm consists of identifying the three new voltage vector points
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Uy, Uy and uz. Once the reference triangle is detected, the voltage vector is multiplied
with the current in order to get the present power vector.

p, =il Yn=1,2,3 (3.61)

In this way the optimization is not only done with the switched voltage. The current
in each phase is respected and the switched power is optimized. It is known that all
the power vector points on the vector n,,,,. will represent the same power vector point
(P, P3). But in the power grid, this vector is not the vector n = (1, 1,1), because of the
multiplication of the voltage with the current. The direction is:

Npower = Lb° I = (IRa Is, I’I‘) (362)
So the lines defining all possible power points are given by the following equation set:

z=pr +h-Ir
ry =P+ hlpower = | Y=ps1+l - Is (3.63)
z=pnth-Ir

The two other lines are:

Iy = 22 + l2ﬂpower (364)

s = P +l3ﬂ ower 3.65
£3 P

The vector p, represents the power vector point (Dgrn, Psn, Prs) With n = 1,2 or 3
from the selected triangle. I, represents a distance in the direction n,oue = (Ir, Is, It).
The power vector point, which is the closest possible to p, , has to be found: The same
principle is used as described in Section 3.4.3, page 77: A surface has to be defined whicl:
is crossing the last power vector point p, . and is orthogonal t0 fypwer = (Ir, Is, Iv).
The Equation of the surface is given in (3.66):

0= IR Sy IS Y+ IT * 2 — PRlast — PSlast — PTlast (366)

By cutting the surface in Equation (3.66) with the three vectors in the Equations
(3.63), (3.64) and (3.65), the three closest points from the last power vector p,_ are found.
As to be seen before, the line Equations (3.63), (3.64) and (3.65) are now introduced into
the surface Equation (3.66). The parameters l;, I, and I3 found in this operation are
reintroduced into Equation (3.63), (3.64) and (3.65). By calculating the values, the threc
optimal power vector points (pg, ps, pr) are found. In many cases, the vector points found
cannot be gencrated, because of the discrete number of steps. So the next possible vector
point has to be found. In the vector switching optimization it was only necessary to
round the given value to the next entire number.

In the power switching optimization, all the possible points on the vectors r,, r, and
Ty have to be checked in order to find the nearest point. They can either be calculated
or can be taken from a look-up table. Fortunately, all the points are lying on the same
line, so it is only necessary to check the distance from one coordinate (for instance the
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Uﬂm UR(:) UR(3) Un
0 1

1 2
1 1 0 2
1 0 1 2

Table 3.3: The phase voltage composed of three four-quadrant converter voltages
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Figure 3.18: Separation of the phase voltage into the partial converter voltages ug,

The next time when up is risen, the next partial voltage is risen. The same algorithm is
applied to the falling voltages of ug. The algorithm is presented in the Appendix A.2.
By applying this algorithm to all the three phase voltages, the losses in commutation
and conduction are shared equally by cach four-quadrant converter. The results of this
optimization can be viewed in the next Figure (3.19):

On the left hand side of the Figure (3.19), the non-symmetrical distribution of the
commutations can be secen. During most of the time of the period, the voltage Ug,,,
remains positive and the current is flowing through the four-quadrant converter. The
other voltage U Ry Starts to switch when Ur,,, = 1, and thus takes the important part
of the switching losses. On the right side the voltage switching is symmetrically shared
on the two multilevel steps with the help of the algorithm.
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Figure 3.19: Simulation with separated and unseparated phase voltages ugp

PWM step vector
k 1 1.2 1
Utez 150 150 150
fs 1kHz - -
Tyampte || 250us  250ps  250us
-2 -2 ~2

Table 3.4: Simulation parameters for the comparison

3.5 Comparison of the three modulation methods

A three-phase multilevel converter consisting of n = 2 four-quadrant converters per phase
was used to simulate different waveforms. All the parameters of the simulation results
are given in the Table below:

The first set of simulations compares the phase voltages generated by the three dif-
ferent modulation methods, where already some interesting observations can be done:

The PWM phase voltage is can be recognized by the regular voltage impulses, be-
coming more and more wide. The step modulation consists of blocks with only few
switching, while the vector modulation method shows irregular pulse lengths, reminding
at hysteresis band modulated signal.

On the phase-neutral point voltage the multilevel effect can already be observed:
The use of phase-shifted carrier signals in the case of the PWM modulation allows the
generation of 15 different steps on the phase-neutral point voltage. By using the step
modulation, some intermediate steps are missing: Only 11 different voltage steps are
generated. If the motor is in the star configuration, this voltage generates the currents.
The next image shows the phase-phase voltages of the multilevel converter.

The phase-phase voltage is responsible for the current generation, when the motor
phases are in the triangle configuration. For all the three modulation methods, there are
4n + 1 = 9 different voltage steps.

On the Figure (3.23) a very interesting effect can be observed: In the case of the
PWM modulation and the step modulation, the neutral point voltage is defined by the

N. Schibli

Symmetrical multilevel converters with two quadrant DC-DC feeding



3.5. COMPARISON OF THE THREE MODULATION METHODS 85

UgIV]
Us [V}
Up vl

[Z\ step

L L . . 2 N ¢ n L
(] 0002 0004 0006 0008 001 0012 0014 0016 0018 002

UeV] 20
Us [V] 0
Ur V] 200

L i L : L 1 L f
[ 0002 0004 0008 0008 001 0012 0014 0018 0018 002

Time {s]

Figure 3.20: Simulation of the phase voltages with the three modulation methods
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Figure 3.21: Simulation of the phase-neutral point voltages

three phase voltages, given by the well known Equation (3.18). So the neutral point
voltage only uses three different voltage steps in both cases. This is different for the
vector modulation: This modulation is done by using the complex phasors, so there is
still a degree of liberty to choose the neutral point voltage. By executing the algorithm
to minimize the switching losses, the neutral point voltage jumps over many possible
positions (7 steps). But as to be seen on the projection in Figure (3.7), 13 positions are
possible. In general it can be said that there are at all 6n + 1 possible voltage values for
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Figure 3.22: Simulation of the phase-phase voltage
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Figure 3.23:; Simulation of the voltage from the neutral point to ground

U,. The possible voltage steps are given in Equation (3.69):

U,,:j

. Udc?

3 j=[-3n,-3n+1, ~,3n - 1,3n] (3.69)
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Figure 3.24: Comparison of the DC load currents

The simulation shown in Figure {3.24) show the DC currents on the DC side of the
four-gnadrant converters. This simulation gives an idea, what kind of DC source must

feed the capacitors.
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Figure 3.25: Simulation results of the voltage phasor points

The next Figure shows the three different voltage phasor patterns generated by the
modulation methods. In the PWM modulation method it can be seen that on the outer
hexagon, there are six voltage vector points missing. Even by using an over-modulation,
these points cannot be reached. The vector points are also spread over three different
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hexagons. The vector modulation uses all the possible outer vector points due to the
vector-oriented modulation scheme. The points are only spread over 2 hexagons (these
are the hexagons where the reference vector has passed through). The step modulation
method of course does not select as much voltage vectors as the two other methods.
The cornerpoints of the outer hexagon as well cannot be reached by the step modulation
method. The next Figure gives a comparison of the harmonic content of the phase-phase
voltages.
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Figure 3.26: Comparison of the FFT of all the phase-phase voltages

The PWM modulation with the phase-shifted carrier signals show the typical repeti-

tion of the resulting harmonic of 2n times the basic switching frequency (Each half bridge
has its own carrier signal). The harmonics are repeated at 4nf;, 6nf, etc. The concen-
tration of the switching harmonics on determined frequency bands makes the PWM ideal
for applications, where a switching frequency filter is used to avoid the current ripple.
The step modulation contains especially low-order harmonics, due to the very few switch-
ing done per period. With such low-order harmonics normally a filter is used. The filter
needs quite big elements (inductors, capacitors) and so will cost certainly more than a
filter for the PWM modulation.
The vector modulation is the only modulation method where the harmonic contents are
distributed over all the frequency range. The harmonics are stochastically distributed,
s0 there is no dominant frequency. The highest harmonic peak is the sampling frequency
of 4kHz, but the peak is not dominant. The vector modulation is an ideal modulation
method, if there is no possibility to use a filter (weight constrains, volume, etc.). To give
a better overview on the distortion of the voltage, a comparison table in function of the
modulation degree is presented:

The Figure (3.27) shows the total harmonic distortion of the normalized phase voltage.
It is interesting to see that by using different modulation degrees, the best modulation
method in regard to THD changes. If the modulation degree is very low, the best values
are found using the vector modulation. In the middle range, the PWM method is the
best. For the step modulation a local minima can be observed, at the modulation degree
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Figure 3.27: Representation of the THD value in function of the modulation degree

k = 1.25. This is just before the second step is activated.
The motor currents are also simulated. Particularly interesting is the representation of
the current as a phasor.
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Figure 3.28: Simulation of the motor currents in the phasor plane

It can be easily seen that the current of the step modulation is of poor quality. This
simulation is done while the multilevel converter is directly coupled to the motor, so
therc is no filter. The PWM current phasor shows a regular current oscillation, due to
the fixed switching frequency. The vector modulation current has a non-deterministic
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behavior. It is not possible to identify a switching frequency.
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Figure 3.29: Comparison of the number of switching

The last simulation in Figure (3.29) concerns a comparison between the number of
power semiconductor commutation per period. The PWM modulation method is com-
pared with the optimized switching method of the vector modulation, using the minimized
voltage switching, as been described in Section 3.4.3. The fundamental frequency of the
motor is fmeq = 50Hz. The switching frequency of the PWM modulation (per half-bridge)
is f, = 1kHz, while the sampling period for the vector modulation is Toampre = 4—%”—[. This
gives a comparable voltage and current quality. It can be seen that the optimized vector
modulation performs less switching events over nearly the whole range of the defined
modulation degree. The PWM scheme performs always the same numbers of switching
events per period, only when it is in over-modulation, there is less switching. Of course
the step modulation does only very few switching,
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Figure 3.30: Comparison of the linearity between modulation degree and phase voltage

The computed graphs in Figure (3.30) show the amplitude of the phase-phase voltages
of the multilevel converter in dependence of the modulation degree k, of course without
any compensation of the non-linearity (step modulation). It can be seen that only the
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vector modulation method is linear over the entire defined modulation degree. The PWM
method is non-linear, if no over-modulation strategy is used. By using an adequate over-
modulation strategy, also the PWM modulation becomes linear over the whole range of
the modulation degree.
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3.6 Experimental results on a 10kW prototype

For the test and verification of all the modulation circuits described in the chapter above,
a reduced power prototype has been realized in the laboratory. The multilevel converter
consists of n = 2 four-quadrant converters per phase. The schematics of the converter is
given in Figure (3.2). The same type with n = 4 has been shown already in Section 2.6
for a single phase application. The parameters for the experimental results are given in
the Table (3.5):

Parameter Symbol Value
DC power supply Udea 150V
Sampling time Teampte 25045
Switching frequency PWM fs 1kHz
Power IGBT Uceraes Loman 1200V,50A
Max. DC current Lict s 10A
DC capacitor Caez 9 -220uF
Induction motor PWM and step Frequency 120H z/3600rpm
Lenze DFVARS080 nominal current 9.14
nominal voltage 390V star
power factor cosp =0.8
Induction motor vector Frequency 50Hz / 1500rpm
ABB QU100L4 AT nominal current 4.9A
nominal voltage 390V star
power factor cosp = 0.84

Table 3.5: Motors used for the experimental results

The four-quadrant converter consists of two half-bridge IGBT modules from FUJI
used together with the appropriate FUJI IGBT drivers. The feeding is done by a simple
single-phased rectifier. On the 50Hz AC side between the rectifier and the secondary
transformer coils, there is a triac circuit. The triacs firing angle is variable in order to
variate the DC feeding voltage. With the variation of this angle DC voltages between
50V and 200V can be generated. On the DC side of the rectifier there is a chopper
circuit. The chopper consists of a power MOSFET with an power resistor of 202 in
series-connection. This circuit allows the dissipation of energy, if the motor is braking or
running as a generator. The control algorithins have been implemented on a PC using
C code on the DOS operating system level. The modulator (carrier triangular signals
and timing) have been generated by a gate array logic card connected to the PC. For the
measurements a 12 bit AD-converter has been used. Normal vector control algorithms
are executed in the sampling time of about 250us with all the measurements and the
modulator output.
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Figure 3.31; The realized three-phase multilevel converter

e PC was furthermore equipped by a resolver to digital converter for a high
precision measurement of the motor speed.  This setup allowsd the test of differem
modulntion schemes and a vector control for the induetion motor speed. The next Fig-
ure (3.32) shows a overview of the schomatics of the supply circuit

- S

-
L= | ||
- 3 2 (L 1.

Figure 3.32: Power supply of the 4Q-converters for the experiments

The first Figure (3,33) of the experimental results shows the induction motor driven
bv the multilevel couverter. A motor with a relatively low muin inductance has been
chosen in order to use the advantage of the multilovel converter. The frequency of the
triangular carrier signal for the modulation is chosen at 1kHz (switching frequency of the
hall-bridge). So the resulting frequency seen on voltages and current is tkHz. It can be
sien that the phase voltage consists of 5 different voltage levels, while the phase-plhase
voltage is composed from 9 voltage levels

Ihe current phasors have been measured and compared (Figure (3.34)) Ihe inner
line shows the current obtained with a classical converter using 6 IGBT switches, In this

way the enhancement of the current quality is shown. The resulting switching lrequency
is multiplied by the factor 4

Ihe same measurements were done on exactly the same configuration using the step
modulation, The Figure (3.35) shows the graphs with the step modnlation. The step
modulation has also been tested on the same motor as the PWM modulation

N, Schibli
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The step modulation is the most efficient modulation method concerning the losses.
But the method lacks of current quality. The driven motor was directly coupled and there
was no current filter. It is interesting to see the voltage-waveform of the neutral-point
voltage. The fundamental frequency is 120Hz. The Figure (3.36) shows the multilevel
converter current once again compared to the classical converter. While the ML-current
is still tolerable for a filterless drive system, the current of the classical converter must
definitely be filtered.

The same multilevel converter has been used to implement the vector modulation.
Instead of using the low-inductance motor rotating 3600rpm a different induction motor
has been used, rotating at 1500rpm (50Hz). This has been done in order to have more
sampling events during a period. All the algorithins have been implemented on the same
PC. If the generated voltage has the frequency of 120Hz and the sampling time is 25043,
there are only 32 sampling events per period. If the reference vector turns between the
two outer hexagons of the complex phasor plane, it passed by 42 triangles. So if the
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Figure 3.33: Measurements of the PWM modulation driving an induction motor
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Figure 3.34: PWM motor currents in the phasor plane
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Figure 3.35: Measurements of the step modulation
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Figure 3.36: Step modulation motor currents in the phasor plane

reference vector is rotating at full modulation degree (passing in region of the outer
hexagons), it will jump over some of the triangles. To avoid this, there should be at least
the same number of sampling events as triangles in the outer region.

To achieve this, either the sampling time must be smaller (faster processor, faster AD-
conversion), or the motor speed must be reduced. Due to the fact that the algorithms are
quite complex, it is not very casy to increase significantly the sampling frequency. This
is why the a motor for 50Hz feeding has been chosen. The Figure (3.38) shows phase
and phase-phase voltage. Once again the non-deterministic switching frequency can be
observed.

A very interesting effect can be observed when the modulation degree is reduced: The
phase voltage is not a sinusoidal value, while the current-generating phase-phase voltage
is sinusoidal. This fact is a result of the active optimization of the switching losses: If the
modulation degree is not k = 1, there are always several ways to generate a phase-phase
voltage. The voltage switching has been implemented in the experimental setup and is
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sms

motor curent

Figure 3.37: Measurements of the vector modulation, full modulation degree

tested on the induction motor. If the modulation degree is high, it is not possible to use
the redundant switching patterns (the reference vector is moving on the outer hexagon).
The next Figure (3.38) shows the optimized switching. A modulation degree of k = 0.6
has been used.
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Figure 3.38: Measurements of the vector modulation, reduced modulation degree

Together with the vector modulation, a vector control has been implemented. The
control of flux and speed is done by using two PI controllers. The speed is directly
measured from the motor by the resolver to digital measurement card and is afterwards
compared with the sign value of speed. The flux cannot be measured from the used motor.
An observer for the flux is used, estimating the value of the flux. The output of those
two Pl-controllers are giving the sign values for the two currents I, and Ig, responsible
to generate the motor flux and torque. The current controllers are also realized with two
Pl-controllers. For the comparison with the real current values of the motor, two of the
motor currents are measured and are transformed by the Equations for the coordinate
transformation found in [27] to the two phasor currents I, and Iz. So the rotating
coordinate system is referenced to the rotor flux. The output of these two controllers
are giving the sign values of the stator voltages. The values are re-transformed into the
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fixed coordinate system. The resulting two voltage components are the two coordinate
components of the reference vector w,.;. So this reference vector can directly be used for
the vector modulator. The reference vector is the idealized voltage applied to the motor,
generated by the multilevel converter.
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Figure 3.39: Schematics of the implemented speed controller

The model of the induction motor is a conventional model taken from [28] and first was
used on a simulation model. After some tests the vector control has been implemented
on the PC in a real-time environment. Figure (3.40) shows a test done with the induction
motor. The motor starts up and accelerates up to 1200rpm. Afterwards the set value
for the speed is changed to 600rpmn, which forces the multilevel converter to go into a
generative mode to slow down the motor. The torque-generating current Iz becomes
negative to slow down the motor immediately. A DC current motor has been used as
load for the motor.
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Figure 3.40: Performance test of the vector control with vector modulator

Conclusions

The results achieved with the realized prototype are showing that there is a important
potential for the three-phase multilevel converter in several application fields. The high
quality voltage vector definition combined with a special vector modulation principle
with optimized switching can be especially used for high-power industrial drives. Pas-
sive components like switching frequency filters can be reduced in weight and size and
thus allow to implement powerful vector control algorithms for speed and torque. All
the developed modulation methods have been tested by simulation and have also been
implemented on a reduced power prototype. The publication [7] done on this work was
awarded by the IEEE Power Electronics Society (PELS) as the best publication on power
electronics in the year 1999 (PELS transactions prize paper awards).
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Chapter 4

Voltage controlled DC-DC converter

4.1 Introduction

The proposed multilevel converter topology requires individual DC-DC converters for the
feeding of each four-quadrant converter. The primary function is to provide a galvanic
insulation of each supply voltage, to be seen in [5] and [23]. One supply voltage feeds
an individual AC-DC converter of the multilevel converter chain. Therefore the DC-
DC converter also has to be foreseen for a bi-directional encrgy exchange. The feeding
by the proposed DC-DC converter also allows a high reduction of the system weight.
Instead of providing the galvanic separation by low-frequency transformers, the galvanic
insulation is done by using a medium-frequency transformer, working in the frequency
range between 5 and 20kHz. The medium-frequency converters are much lighter than
low-frequency transformers for the same power.

An other important point is the controllability of the DC-DC converter: Due to the
pulsing current and also the perturbations on the AC voltage line, a voltage control has
to be implemented to achieve an efficient separation of the AC line from the DC link.
The Figure (4.1) shows a schematic of a DC-DC converter, containing all different parts:

Control aigorithms

Moduiation
A 4 A

o =9 = % e

DCAink Primary sida pawer ACHink ‘Secondary side power
slactronics Medium frequency electronics.
transformer

b 4

A

Figure 4.1: The full-bridge DC-DC converter

This report will propose two possible implementations of a DC-DC converter control-
ling the secondary side voltage. In this case, all perturbations on the primary side (DC
link) will not be transferred to the secondary side (individual four-quadrant converters,
usually realized as a full-bridge converter). This requires voltage measuring and a. control
algorithm that can be implemented on a microprocessor. The DC-DC converter will be
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used in a two-quadrant operation with a positive output voltage and a bi-directional cur-
rent. On the other hand, trap circuits for filtering can be avoided on the secondary side,
then it will be entirely decoupled from all low frequency voltage ripples on the primary.

4.2 Controlled two quadrant DC-DC converter

The proposed DC-DC converter consists of two full-bridge converters. An intermediary
circuit is found between the two AC sides of the full-bridges, composed by a medium
frequency transformer, an inductance and two capacitors in series. This intermediary
circuit is called the AC link. The Figure (4.2) shows the schematics of the DC-DC
converter used. The full-bridges can apply a positive, negative or zero voltage to the
intermediary circuit on both sides of the medium-frequency AC link.

laer

4 % ]
Lpli

Udc1l<=> :F Cac1 Uac1l

HE 5 TR b

Figure 4.2: The full-bridge DC-DC converter

The main difference between the conventional DC-DC converters can be found in the
series-connected inductance Lg in the AC link:

e In conventional DC-DC converters, the series-inductance in the AC-link has to be
as small as possible. The AC voltages U, and U, have to be in phase and the
inductance is needed to create a resonant current [15] and [20]. The series capacitor
is adapted to achieve a resonant frequency close to the switching frequency. Some
examples are shown in Section 2.3.1, page 16 . There is no additional inductance and
even the natural stray inductance of the AC link must be reduced to a maximum
(around 1uH). This DC-DC converter types do not allow a voltage-controlled
operation.

e The proposed DC-DC converter needs a relatively large series inductor. The in-
ductor is needed to be able to create a voltage difference from the primary AC
voltage U, to the secondary AC voltage Uge. This allows a determined current
generation, which allows the control of the output voltage. The proposed DC-DC
converter needs a very high voltage insulation. High-voltage insulation transformers
usually have high stray inductances, so naturally already a high stray inductance
is present.

The proposed DC-DC converter has an additional inductor Ly and two capacitors
Ca1, Cygz on both sides of the transformer. These elements are in series in the AC link.
The resonant frequency of this LC-circuit is much smaller than the switching frequency.
This AC link of the proposed DC-DC converter is shown in the Figure (4.3) below:
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Uac1'lv

wr=1
medlum-frequency transformer

PR

Figure 4.3: AC link with all elements of the DC-DC converter

Primary and secondary winding resistance Ry, R0

Primary and secondary stray inductance Loty Loy
Principle inductance Ly=Lp =Ly
Coupling capacitor primary-secondary side C,

Winding ratio Wy

Table 4.1: Medium frequency transformer parameters

The medium frequency transformer used in this AC link consists of the elements
shown in Table (4.1), which can be measured or calculated from the transformer design.
More details concerning the medium-frequency transformer can be found in Section 4.3
at page 151,

The other three elements, namely the current DC component capacitors Cyy, Cye and
the decoupling inductance Ly are additional elements of the AC-link. The capacitors
are chosen relatively large in order to compensate any DC current created by the two
4Q-converters. The capacitors of the series connection can be seen as single capacitor:

CaC,
Cy = 822 (4.1)
Cyi + Cao
The impedance of the capacitor Z = —= is very small and so this effect can be ne-

wpCyq
glected. Also the resistances of the transformer winding are very small (around 100mS2).
After this simplification, the new equivalent scheme is presented in Figure (4.4):

Lot laet  lacz Lo2*ld

Im
Uac1 l Lp lUQCZ

Figure 4.4: The full-bridge DC-DC converter

In this simplified equivalent scheme of the AC-link, only the inductive elements are
remaining. The transformer winding ratio used for the medium-frequency transformer is
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always w, = 1. So the two main inductances can be put together L, = L,; = Ly to sim-
plify the equivalent scheme. In this transformer design, the main transformer inductance
is much larger than the sum of all series-connected inductors, shown in Equation (4.2):

LP > Loy + Lyo + Ly (42)

Usually the medium-frequency transformer has a principle inductance of about 1 —
5mH, while the sum of the stray inductances with the additional inductance Ly is smaller
than 100pH.

Lotot = Loy + Loa + Ly (4.3)

The decoupling inductance is often split in two equal parts to be placed on both sides
of the transformer. So it can be found:

L
Ly = Loy = 7" (4.4)

After this last simplification, the equivalent scheme is reduced to a decoupling inductor
L0t between two AC voltages U, and Uge. This equivalent scheme is shown in (4.5).

Lotot = Lo1+Lg2+Ly

Uac1 l l Uacz

Figure 4.5: The full-bridge DC-DC converter

By considering the schematic (4.5) as the AC link, the working principle of the DC-DC
converter can be easily explained: If the two voltages U,y and U, are exactly the same
waveform, there is no current in the AC link and thus no power transfer. As soon as the
two voltages are different, for instance by giving a phase-shift between the two voltages
User and Upe, an AC link current [, is generated. The current I, is of course a pure AC
current due to the big capacitors Cy and Cyp. But the switching of the 4Q-converters
will transform this AC current on both DC sides of the converter to a DC current, namely
on the secondary DC side to the current I4(t). The AC current I,. and of course the
DC current on the secondary side I can be defined by the difference voltage between
the two voltages U, and Uy, which is lying across the decoupling inductance L.
In particular, it can be said that the stray inductances of the intermediary circuit do not
cause any problems. It is even advantageous to have a high stray inductance, so that the
external inductance Ly can be taken smaller. More details on the transformer design can
be found in Section 4.3. Figure (4.6) shows the possible variations of the voltages Usq
and U,.,. Each 4Q-converter on both sides of the AC link is able to generate a positive,
a negative and the zero-voltage. By respecting a fixed switching frequency of the DC-DC
converter fp,, the parameters of the modulation to variate U, and U,e are defined in
Table (4.2). '
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Phase shift between U, and Uyp 6
Zero-voltage width U, Qa
Zero-voltage width Upe Qao

Table 4.2: Modulation parameters for the DC-DC converter
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Figure 4.6: The voltage waveforms Uy,u, Uy depending on the modulation parameters
4, Qg and Qg

The final aim is to control the output voltage of the DC-DC converter, namely Uy.
If the equivalent scheme of the DC-DC converter in Figure (4.2) is looked at, it can
be seen that the voltage Uy is changed by the difference between the two currents
Tac2 and Iys. The output voltage Uy is controlled by a DC-DC converter modulator
generating a current Iy entering the output capacitor Cyep, which must be equal to the
load current I.no. The current going into the output capacitor will be zero and so the
voltage Uy is stabilized. The current Iy is the DC component of the current Iz and
can be determined by the two DC voltages Uy and Uy and all the three modulation
parameters. Figure (4.7) shows the schematic of this function.

Tae2 = f(Udc1.Uac2,8:0%1.0%2)  fenz
—>—

Ude2 pe— Zioad
Cdc2

Figure 4.7: Stabilization principle of the output voltage Uy

The most important Equation is the transfer function of the DC-DC converter: In
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particular the current Iy charging the capacitor Cy. in function of the parameters Uy,
Usez has to be determined, as shown in the Figure (4.7). Also the influence of all the
passive components, especially the resulting decoupling inductance Ly, are interesting
to know. The mathematical evaluations for these equations can be found in Appendix
A.3. The final expression for the power transfer on the secondary side is:

QU4 Uscpsin(8)cos(Qa1 )cos(Qn)

Pdc? = 7{1{:2 : Udc? = 7r3f Lot (45)
pLicto

The current, Ty is the DC part of the DC-DC converter current Iz. Equation (4.6)
gives the reactive power for the primary and secondary side.

4[Uger*cos*(Qay) — UderUgercos(8)cos(Qa1 )cos(Qaz))
Qacl 3 (46)
™ pro'taz

Qac2 = _Qac] (47)

The ideal case is, when the reactive power is always equal to zero. This is only possible
if the decoupling inductance is close to zero. The ratio reactive power to the active power
gives an idea on the losses of the whole DC-DC converter. The more reactive power there
is, the less efficiency has the converter.

1
08 Pic
0.6 Pac2(max
0.4
“Qacp

0.2 Qacz(max)

0° 300 60° a0°

phase shift &

Figure 4.8: Reactive power and active power in function of §

The Figure (4.8) shows the reactive and active power as a function of the phase-shift
4, when £y and Q40 are equal to zero. It is better not to operate the DC-DC converter
with high phase-shift values due to the high reactive part of the power. The parameters
limiting the power flow are the switching frequency and the decoupling inductance. For
higher switching frequencies smaller inductance have to be taken for the same power
transfer. The parameters Qg and Qy are defined as follows:
T
0 < Qy,0n < 5 (4.8)
Maximal power flow is reached with Q4 and Q4 = 0. These parameters have no
influence on the sign of the power flow, but they can vary the reactive power.
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4.2.1 Modulation and control with the rectangular mode

The first method described is already shown in [16] and [37]. It describes a classical
method to implement a voltage controlled DC-DC converter. For the multilevel feeding,
all design parameters and a voltage controller system have been developed using the
rectangular modulation method. The method is easy to implement and shows excellent
control performance, but the overall efficiency is not sufficient.

The modulation of the rectangular mode can be described as follows: The power semicon-
ductors of the primary side full-bridge (T1-T4) are commutated to generate a rectangular
voltage U1, always with a duty cycle of 50%. The full-bridge on the secondary side (T5-
T8) is also switched to generate a rectangular voltage Uy, but with the possibility to
have a phase shift § between U, and U,es. The phase shift § is generated by changing
the duty cycle of the secondary full-bridge at one period and is responsible for the power
transfer: By causing a differential voltage AU on the inductor of the intermediary circuit,
a AC current [, is generated.

Advantages: e Highest power transfer possible with the given converter

e Symmetrical share of the losses on all switches

e Usable if the input voltages are not very different (20% variation)
e Power transfer is possible also if one of the voltages is zero

[ ]

Current [;» does not depend on the output voltage Uy

Disadvantages: 8 commutations of IGBTs have to be performed

e Negative current on the DC-side reduces the power transfer,
in this way the efficiency is reduced

o High losses caused by reactive power when the input voltages

are different and no power is transferred (6 = 0, Uge; # Uaen)

The Figure (4.9) represents the voltage waveforms on the intermediary circuit. The
IGBTs T1 and T2 are turned-on with the positive half-wave of Uy, the IGBTs T3 and
T4 are consequently turned-on for the generation of the negative half-wave.

Mathematical description of the rectangular mode

Rectangular mode by monophasor representation

In order to find a mathematical description of the rectangular modulation method, the
phasor representation of the electrical values in the complex plane (Re, Im) are taken.
Of course only the fundamental sine wave of the values are considered. By definition of
the rectangular mode, two of the modulation parameters are always equal to zero.

D41, Qa2 = 0 (4.9)

In spite of the desactivation of the parameters Q4 and 4, the parameter § can
control actively the power flow. It is limited by definition to the following interval:

‘SPmin,rec =0 (4 10)
T
‘stam,rec = :t§ (411)
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Figure 4.9: Voltage and current waveforms for the rectangular mode

If § is put to zero, there is no power flow. A mnegative § changes the sign of the
power flow, which means that the power is transferred from the secondary side Py to
the primary side Py. The transferred power is given with the Equation (4.12).

4Udcl Udcgsin((S)

stpLatat

Pir = Tz - Ugeg = (4.12)

The peak current is the amplitude of I, and was already calculated in the appendix
Equation (A.21). Equation (4.13) shows the AC current. The parameters Qg and Qg
are set to zero.

f - 2\/ Udcl2 + Udl:22 - 2U4¢1U4CQCOS((5)

f szpLutot (4.13)

The current from the load can be calculated also, if the electrical values Uy, and Uy
are measured. Of course the parameters f, and L, have to be known. The load current
Is2 must have the same value as the average value converter output current I4,. So it
can be found:

_ AUy 5in(8)

Iens = T foLoror (4.14)
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The prediction of § used for the controller is given by the next Equation (4.15). The
electrical values Uy, Ugo and the load current I9 are measured. A phase shift § is
predicted allowing the generation of a current T4, equal to I,

Lpomd f,L
6 = arcsin (W) (4.15)
C.

The condition, when it is not possible to generate Ty equal to I is given by
Equation (4.16):

4Udcl

I € 47— 4.1
ch2 = stpLataL ( 6)
It is very interesting to see that the current 74 (in Equation (4.14)) and of course
also the prediction of § (in Equation (4.15)) is not depending on the output voltage Uycs.

Rectangular mode based on the time axis

Another way to describe the transfer function of the DC-DC converter is by analyzing
the current given in the time-axis. The currents are linear. By generating an average
value over a switching period it can be found:

AU = Ugg1-Usc2
Ugct +Ugez -~ -
Utdet-Udez{---1-- .t
LA -
Wp
(%p
as T
@p
lac2 1 lat:1
Idcz{ ...... S?%%':.’f\v .
\
| Vi
~lac2

Figure 4.10: AC link current and voltage drop AU

5 n—8 I, - I T 4 _Tac - 1 C T
Tp = [ B ety G [T ey (4.17)
7 {Jo T—4 0 é

The two peak currents I ., and I, are also the turn-off currents in this modulation
method. The expression for the primary side current turn-off value is:

i _ Udcﬂl' + Uch(2|5| — 1I')
act = 47rpratot

(4.18)
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and for the secondary side:

f _ Udcl(zw‘ - 7T) + Ugea
“r 47rprato¢

(4.19)

By solving Equation (4.20) and replacing the turn-off currents with the Equations
(4.18) and (4.19), the transfer function of the DC-DC converter can be found:

Uga|8](m — 6])

4.20
27T2pratat ( )

Tz = sgn(6)

The power transferred by the DC-DC converter in the rectangular modulation method

UdclUdc2'6](7r — I(s')

2772pr0£0¢ (421)

Py = User - Taz = sgn(6)

The maximal power of the DC-DC converter in the rectangular mode is found when

the phase-shift is 6 = 7. This can be proven by deriving the Equation (4.19) and setting
the resulting equation to zero.

m Uger — \/Ufcl — 8UgerLotor fo| Ienz|
2 Udcl

8 = sgn(Im2) (4.22)
The maximal tolerated load current I;s is equal to the maximal DC-DC converter
current:

(4.23)

Once again, it is interesting to see that the Equations (4.20) and (4.22) do not depend
on the output voltage Uze. This means that even if the output voltage is zero, a current
T4 can be generated to load the capacitor Cye.

Computing of the converter components

The components of the DC-DC converter given in Figure (4.2) have to be computed in
a way to respect the power transfer capabilities. All the Equations are computed with
the mathematical descriptions based on the time axis seen on page 107, because they
represent the DC-DC converter behavior more precisely. The most important component
is the decoupling inductance Ly. The maximal possible power depends on the inductance.
Based on Equation (4.21) it can be found:

. Udcl(sma:c (7T - 6maz)

Ly =
27"2 f pI ch2

— Lo — Ly (4.24)

The maximal value for & is 2. But it is better to take a value for &4, smaller than Z,
about §. This allows the DC-DC converter to create less reactive power (and thus is more
efficient), the decoupling inductance can be chosen smaller and the transfer function of
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the converter is nearly linear. The linearity is an advantage for the control system. The
inductance Ly can be split in two equivalent parts and be put on both sides of the AC
link. The maximal load current I,, depends on the application.
The next parameter is the maximal current value fac in the inductor Ly to avoid saturation
of the inductor. If the inductor Ly goes into saturation, the current will rise immediately
like in a short-circuit and the semiconductors will be destroyed. If there is a partial
saturation (The current I, will be too high and will cause a DC current which will
oscillate with the resonant current), the LC circuit oscillation can be activated, with Lq
and Cy as resonant elements.
fm‘ — { {acl +Imar_qin Udc! > Udc? (425)
’ IacZ + Imaryin Udcl S Udc'z

The security margin current should be about 20% to 30% more than the maximal AC
link current fac.
The next component of the DC-DC converter is the decoupling capacitor Cy. The reso-
nant frequency frc caused by the series-connection of Cy and Ly must be much smaller
than the switching frequency f,:

1
= < 5. 4.26
fL(/ 27|'m = fp ( )
So the capacitor is given by the following Equation:
1
= — 4.27
Ca 4r? f chamL (427 )

Although the capacitor Cy is very big, there will be a small voltage oscillation on the
decoupling capacitors Cy. It is important to know the maximal possible amplitude in
order to choose the right capacitor value.

i/% 47I'fpfactdt _ facémam
Cd 0 (smaz B 871'pr¢

To avoid a DC current on both sides of the DC-DC converter, the capacitor must be
split into two partial capacitors Cyy and Cyy:

Uttner = (4.28)

Ca Ca = 2Cy (4.29)
1

Ubtines = Ucatmer = GUcCtmnas (4.30)

The last parameter that has to be computed for the DC-DC converter is the output
capacitor, which allows to stabilize the voltage Uye. A big capacitor allows to control
a stable voltage with only few ripple, but any change of the set value will require a
long transient time. If the capacitor is small, the ripple will be bigger, but the dynamic
performance of the controlled voltage towards set value changes will be better. A proposal
for the capacitor value is given in Equation (4.31).

IchZ
Cye2 = 50 Tal, (4.31)

Anyway the voltage ripple depends also on the controller system performance (small
time constant) and on the chosen control strategy. More on this topic can be found in
Section 5.1.2.
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Modulation of the rectangular mode

There are four commutation states of the power switches in order to achieve the rectan-
gular modulation method. The Table (4.3) below shows the sequence of four different
states of the modulator. A fifth state is added for the zero-power transfer or of course
for the case where the DC-DC converter is not active. The states A, B, C and D are
referred to the letters given in Figure (4.9).

State [ T1 T2 T3 T4 Tb T6 T7 T8 | U, Usez | Duration
0 1 1 0 0 1 +Udcl —‘Udcy TA
0 | +User  +Uger To
0 | —Usa +Uae TA
1
0

—Uir  —Ulea TR
0 0 -

o oW
olo o~ -
ol oo

0 1 0 1 1
1 0 0 1 1
1 0 1 0 O
¢6 0 0 0 0

Table 4.3: Commutation sequence of the switches for the rectangular mode

The parameters 74 and 75 are angles which are calculated as follows:

) (4.32)
T3 = -0 (4.33)

This values are calculated into time values by using the following Equation:

_ TA.,D
Ta,...0 = _—27rf,, (4.34)

If the power is transferred from the primary side to the secondary side, the sequence
of the modulation is (A4,B,C,D). In the case where the transferred power is negative, this
means the current Ty must be negative, the modulation sequence is reversed (D,C,B,A).
Changes of the modulation states times are usually done in the states A or C, but this
is not very important to be respected. The highest possible switching frequency for this
modulation method is limited by the chosen blanking time of the semiconductor switches:

1

2Tblanlc

fp(maz) = (435)

A state-machine as an implementation method for the rectangular modulation is
shown below. A counter represented by the time ¢ is reset each time when new state is
active.
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En=0

Figure 4.11: State machine for the rectangular current modulation

The following Figure (4.12) shows the efficiency for two different power switch tech-
nologies. The numerical values are taken for a DC-DC converter with a nominal power
of 300kW. The losses for the SiC power semiconductor are estimated. The detailed nu-
merical values and the computation principle of the losses is given in Appendix A.7. The
transformer losses are not taken into account in this computing. The efficiency for small
phase-shifts of § is very poor, when the two voltages Uy, and Uy are not the same. The
highest efficiency is found at the transition from case I to case II. This is due to the fact
that the current I, crosses zero, when one of pair of semiconductors do the turn-oft. The
two cases are described in the commutation paragraph at page 112. The parameters for
this computation is found in the Table (4.4):

Ud{:l 2100V
Ugen 2800V
Latot IOONH

Pyo,,..., 914kW

Table 4.4: Parameters to compute the efficiency
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Figure 4.12: Efficiency and modulation parameters in function of transferred power

Commutations of the rectangular mode

The rectangular modulation method interacts. only on the AC voltages Uy and U,
regardless to the situation of the current I,.. In order to analyze the losses generated by
the proposed DC-DC converter, two different cases have to be distinguished, concerning
the current I,,. The Figure (4.13) show the two different current situations:

case | case I
Uget, U Uac1,Uac2
5000V . . act:lac2 5000V .
e Udc2 Udet Udc2
[V PP | SRR | SR } T L I 1
K L . 5000V : .
5000V 100us 200us 300us 100us E200;10 300us
A B CD EJF I A 8C D EF )
: . o 5004 - 2c
;“.‘7\@‘] c1
N B =
: : -500A .
“S00A 100us 20043 300ps 100us 2005 300ps

Figure 4.13: The two different modulation situations

In the case where the two voltages Uy, and Uy are different, there is a situation
where the current I, changes its sign value during the commutation states B and D. If
the current is staying positive in the states B and D, the converter will only generate
turn-off losses. This means a converter can be designed using an appropriate turn-off
snubber on all the switches. But if the current I, crosses the zero-current line and
changes its sign value, the converter will generate as well turn-on as turn-off losses. A
snubber design seems more difficult. The limit condition, where the current I,. goes
through zero while the modulator changes from modulation state B to C or D to A is
given in the Equation (4.38).

v Udcl
0=~ (1 - —) 4.36
Udc2 ( )
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Case I: Modulation with turn-on and turn-off losses There are four switching
cvents where losses are generated. The modulation sequence is indexed in the six steps
A, B, C, D, E and F, the according voltage and current situations can be seen in the
situation schematics in Figure (4.14) and in the waveform Figure (4.13). These waveform
situations should not be confused with the modulation states shown in Figure (4.9). The
four switching events are the transitions AB, DE, CD and FA. The condition for 4,
where the current is going to change the sign value is given in the Equation below:

522 (1- Udcl) (4.37)

r>»~i<>4} i "~l<>ji

i

wlo#% TN I S S OB I N R

u«io;é&" - -
&t | |

Figure 4.14: Case I with turn-on and turn-off losses
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The next Table (4.5) shows all the commutation events of the converter. The capital
letter T is used for the semiconductor switch (MOSFET, IGBT) while the letter D is
representing the anti-parallel diodes of each switch. It is interesting to see that the turn-
on losses are generated on that side of the DC-DC converter, where the DC voltage is
smaller. In the represented case it is the primary side. Every switch is involved in the
commutation cycle. The used semiconductor switches must be fast (commutation times
Ton and Ty less than 1us for a 50kW power converter working at f, = 20kHz. Especially
the anti-parallel diodes have to be fast so that they commutate very quickly, when the
opposite power switch of the half-bridge is turned-off. This phenomenon is shown in
three steps in the Figure (4.15)
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Figure 4.15: Diode commutation in a half-bridge

If the commutation of the diodes is too slow, there will be additional turn-on losses
caused by the switches in parallel with the diodes. This effect can be avoided if the
parasitic capacitor Cpara1, Cpargs across each power switch is as small as possible.

Transition Commutation | Seminconductor | U 1
AB Turn-off T5, T8 Switch Ugea | Loco
Turn-on D5, D8 Diode Uo | Tz
CD Turn-on T2, T3 Switch User | Leca
DE Turn-off TG, T7 Switch User | Toco
Turn-on D6, D7 Diode Usez | Loz
FA Turn-on T1, T4 Switch Uger | Lot

Table 4.5: Commutation event in the case I of the rectangular mode

Case II: Modulation without any turn-on losses If the current does not change
its sign value, the current will remain always in the power switches and will not change
to the opposite side diode of the half-bridge like in the case I. That is why there will be
only turn-off losses. This makes a snubber design ecasier. The condition for ¢ to stay in
the case II is shown in Equation (4.38):

<= (1 - U"c‘) (4.38)

In this Equation it can be seen that if the two DC voltages are equal, the DC-DC
converter always operates in the case II. The current situation in the switches is shown
in Figure (4.16).
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Figure 4.16: Case II without turn-on losses

The Table below shows the commutation events. Every switch is involved doing one
turn-off per period, and every diode does one turn-on. If the two DC voltages are the
same, the losses are distributed perfectly. The side of the DC-DC converter, which has
the smaller DC voltage will also have the smaller turn-off current Iarl and Img

Transition | Commutation | Seminconductor | U I
AB Turn-off T1, T4 Switch User | Loar
Turn-on D2, D3 Diode Usa | Lt
CD Turn-off T6, T7 Switch Ugea | Tnen
Turn-on D5, D8 Diode Uger facg
DE Turn-off T2, T3 Switch Uger | Loar
Turn-on D1, D4 Diode Ugar facl
FA Turn-off T5, T8 Switch Ui | Toea
Turn-on D6, D7 Diode User | Lz

Table 4.6: Commutation event in the case II of the rectangular mode

Control of the DC-DC converter using rectangular mode

The output voltage Uy of the DC-DC converter has to be controlled. The control systein
has been designed using a pseudo-continuous model. Only one Pl-controller element as
shown in (5.16) is used. The input of the controller is the voltage error Ugca(err):

Ud(:2(err) = Udc2(aet) = Udez (439)

The output of the controller is the only actively variable parameter, the phase shift
4. The phase shift value is the input of the next function block, called the function block
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Gens(s). This block contains the small time constants of the system and is described
in Equation (4.41). The block must represent the action of the current Ty, when the
parameter ¢ is changed. Each § will generate a current T4, with a certain proportional
factor described with K5 and a certain time delay TyEs

Kcms

= —— 4.40
1+ STpES ( )

Gcm-‘i (S )

The amplification factor of the transfer function K5 is the result of the Equation
below:

Kops = I:’;Z (4.41)

By using the Equation (4.20) to resolve the Equation (4.41), it can be seen that the

amplification is depending on the two parameters Uy, and on the input parameter 9.

This means that this transfer function is not linear. The transfer function is shown in
the Figure (4.17), in dependence of the two parameters.

600A . , ] "r .
Uger = 2800V /»—-
500AF Udc1 = 2500V .
Uger = 2200V- /
400Ar  Ugeq = 1900V / ]
Uget = 1600V / /
300AF _ i
lac2(3)
200A |
Lotot = 75pH
100Ar Ugez = 2800V
f, = 8kHz
o . PR

0 10° 20° 30° 40° 50° 60° 70° 80° 90°

Figure 4.17: Transfer function of Ty depending on &

If the input voltage of the DC-DC converter Uy, does only vary slightly (around
10%) and the maximal phase shift value 6,0, is limited to a reduced value, the transfer
function is nearly linear. By choosing an operating point in order to simplify the control
algorithm, a value for K5 can be found.

_ Udcl(norn)(7r - dnom)
Rems = = on2f, T (4.42)

The nominal value for § can be found by solving the Equation (4.21) for ¢ by replacing
the power Py, with the nominal power. The small time constant Tp,g5 contains all
system delays like the sampling time, the mecasurement delay of the processor system
and the modulation. A small time constant Tp;5 makes the controller powerful, because
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the controller will be able to react faster on set value changes and perturbations. The
parameter is composed as follows:

1
TpE5 = 5 sample + Toms + Trs (443)

Tyampte is the sampling time of the processor system. The time delay T,,,5 is the delay
time caused by the modulator. This is defined in {38] and has the following value:

Toms = — (4.44)

The value T, contains the remaining delay times like the measurement delay from
the AD-converters and the signal filtering plus the delay caused by the computing of the
control algorithm. This time constant 75 is normally smaller than the sampling time.
Finally the transfer function of the system has to be defined, called Gg5(s). The output
voltage Uy, is generated through an integration of the current flowing into the capacitor
Cyez. Of course the current entering the capacitor is the difference between the current
generated by the DC-DC converter I4. The transfer function for the system is:

1 1
Gss(s) = T = (4.45)

If the output capacitor of the controller system is an electrolytic capacitor, a non-
negligible current represented by a resistance R in parallel with the capacitor decharges
the capacitor. The output voltage is mostly measured by a resistor bridge in parallel
with the capacitor. This is why the system transfer function can also be described by a
PTi-element. The transfer function is:

Ky R
_ _ 4.4
Gsa(s) 1+ STIS 1+ SRCdt:Z ( 6)

The entire control system is represented in the Figure (4.18). The three elements
controller, signal transfer function and the system transfer function are easily identified.
The controller generates a preliminary value d;. The most important part of the controller
system is the direct introduction of the perturbation value, represented as the function
block fs2. It generates d, and this value is a result of the current I and the supply
voltage Uy.. The current I ;o is considered as the first perturbation value of the system,
while the voltage Uy is the second perturbation value of the system. In each sampling
period, the necessary value for §, is calculated by the function block fs. The function
block fs2 contains the Equation (4.22).
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Figure 4.18: Controller schematics to control the output voltage Uy

The calculation of &, allows the controller to produce a current T4, which is exactly

the load current I 4. Thanks to the direct introduction of both perturbation values I,
and Uy, the necessary current is generated before the controller needs to react. There
is only a small delay due to T},z5, which cannot be avoided. The controller only needs to
interact when the set value Uyey(ser) is changed or if there is a voltage drift on the output
capacitor. This method enhanced the controller system performance significantly.
The last step in the description of the controller system is the design of the controller
parameters. The controller amplification factors are the two values K;5 and K,5. The
symmetrical optimum is used to design these two parameters, seen in [30] and [28]. It
is an ideal method if the system behavior is integral and if the system needs a strong
stability against perturbation influence. But the method is not ideal if the system must
show an excellent performance towards set value changes. In reality, a DC-DC converter
for a multilevel converter feeding will only rarely change the set value. The two time
constant of the controller are:

Tn5 = 4'Tp55 (447)
K oms o5
Ty = 8K emsTyps_ (4.48)
Tys

The amplification parameters resulting from the symmetrical optimum method are:

- _ fF.mmple
Kip = T, (4.49)
T — Tsampte
Ky = L“"T—ﬁ— (4.50)
5

The final parameters for the controller Grs) are the values given in (4.50), but di-
vided through the factor 3. The direct introduction of the perturbation value allows to
implement the controller with amplification factors for K5 and Kps.

1
Kis = K 4.5
37 (4.51)
) 1
» = 3Hps (4.52)
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The last improvement on the controller parameters is done regarding changes in the set
value, especially when starting up a DC-DC converter or when feeding a 4Q-converter
of the multilevel converter dynamically with variable voltage Uze. When the output
capacitor Uy is charged to reach the set value, a big error will be integrated by the
controllers integral state. The integrated error can cause a voltage overshoot with a
voltage oscillation. This can introduce harmonics to a 4Q-converter. So when the error
is big, the integral amplification factor K5 is set to a smaller value than the nominal
value given in (4.52). The values for K5 depending on the error Usiea(erry are given below:

|Ud02(err)| < 2%
2% < |Ud¢:2(err)| < 4% (453)
4% < |Udc2(err)|

=
;
]

The experience has shown that the use of this adaptive value for the integration
amplification Kjs improves the performance of the constrol system towards the changes
of the set value.

A simulation of this control method has been implemented on MATLAB/SIMULINK.
The DC-DC converter was simulated using the following parameters:

Ui 50VDC + 15VAC/ 33% Hz Feeding voltage

L. 160pH Decoupling inductance
Cuye2 680uF Output capacitor

brom 30° Nominal value &

o 19.5kHz switching frequency
Cq = Cy 200uF Decoupling capacitor
Tisampte 200us Sampling frequency
T,s 80us Small time constants

Table 4.7: Numerical values for the simulated DC-DC converter

The DC link voltage Uy, is a DC voltage with a superposed oscillation with an
amplitude of 15V and a frequency of 33§Hz. It can be seen in the simulation that
when the DC feeding voltage is at a minimum and the load current I2 is maximal, the
converter controller already saturates with § = 90°. This is why there must be enough
power transfer margin when choosing the decoupling inductance. The behavior of the
system towards the perturbation values Uy, T2 is excellent due to the prediction of the
value 4.
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Figure 4.19: Simulated DC-DC converter with changes of the set value Uggser)
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4.2.2 "Modulation and control with the combined triangular and
trapezoidal current mode

The combined triangular and trapezoidal current modulation method is a modulation
principle allowing the control of the output voltage Uye. It is a hard-switched method.
The AC current circulating in the AC link with the medium-frequency transformer will
follow a predefined waveform: The current will have either a trapezoidal or a triangular
waveform, by respecting a special set of modulator timings. This will force the current
through zero, in order to achieve zero-current switching for half of the commutation
events. Compared to the rectangular current mode, this method allows a high reduction
of the semiconductor turn-off losses. The two modulation methods are describe in the
following two sections:

The trapezoidal current mode

The two AC voltages are modified in the impulse length Qg, Q4 and the phase shift § in
order to achieve zero-current switching on each side of the DC-DC converter. By turning
on Uyy to the intermediary circuit the current ramps from zero to the value fug. Then
the voltage Uy, is switched to the intermediary circuit. The current goes down to IAacl.
Then Uy, is switched off the circuit, so that the current drops to zero. At this moment,
the voltage Uy is switched off. To enhance efficiency, the next current integration is
made as fast as possible. At least the modulator has to wait a blanking time period
Toank Defore starting the next ramping. This blanking time is defined by the speed of the
IGBT switches and is typically between 2us and 7pus.

So the period with zero current (period D and H) are always as long as the blanking
time Tyank. The important disadvantage is that this modulation method cannot be used
if one of the voltages is zero. This means that the secondary side capacitor cannot be
charged by this modulation method if the voltage across is zero.

Advantages: e High power transfer possible

e Usable for different and equal input voltages Uy, and Uy

e High efficiency (4 turn-offs on the power semiconductors)

e Triangular mode is a special case of the trapezoidal mode
Disadvantages: e Unsymmetrical share of the losses on the half-bridge if the two

voltages are not, equal

e Not useable if one of the DC voltages is small or close
to zero (No power transfer possible)

o Complicated control and modulation algorithm

The intermediary circuit current is not measured. By knowing the exact value for
the blanking time 7ynt, the switching frequency f, and the decoupling inductance Ly,
the current will always be turned off in the zero-crossing. If the transformer is designed
correctly, there is no problem with saturation effects caused by an oscillating magnetizing
current I,,.

Symmetrical multilevel converters with two quadrant DC-DC feeding N. Schibli



122 CHAPTER 4. VOLTAGE CONTROLLED DC-DC CONVERTER

Uact,Uac2 %f’z
A

Udct

'Iac1 1 \
T en(t)
3

Ta
: \ im N N N
“’ A A \ \ \ >t
Pact,Pdcz

AYAYAYAYAN

>

Figure 4.20: Voltage and current waveforms for the trapezoidal mode

Mathematical description of the modulation

The trapezoidal mode works within an upper and lower power limit. The operating
point for the lowest and highest possible power transfer has to be found. The variable
parameter is the phase-shift §. The other parameters depend on § and can afterwards be
calculated. Two different cases have to be distinguished:

Case I: the input voltage is lower than the output voltage
The mathematical condition for the first case is given with the Equation (4.54)

Uiar € User (4.54)
The start value for § can be found by using the Equation (4.55)

(1 — 27yiank fp)

U,
6Pmin,trap = i'_'—2‘—' [1 - —dil-]

4.55
Vs (4.85)

The highest possible power transfer is found by making the derive of the power transfer
by delta and setting the resulting expression to zero. It can be seen that it is not allowed
to put Uges = 0. S0 Spmag irep 1s computed by:

(4.56)

. 71'(1 - 27'blxmlcfp) (]dcl2 + Udc22
éPma:c,trap = % 2 2
2 Uder® + UderUsez + Use2

N. Schibli Symmetrical multilevel converters with two quadrant DC-DC feeding



4.2. CONTROLLED TWO QUADRANT DC-DC CONVERTER 123

So & must be varied within the period given with Equation (4.55) and (4.56). The
two other parameters are:

T(Uger — Ugea) + 2Uae2 (18] + 27 Tpiane fp)
Qo = £ 4.
. 2Uaer + Uur) (4.57)

Qa2 = 18] = Quy + 20 Tham f (4.58)

The transferred power is given by the Expression (4.59):

Ugea(m — 18] — Qas — de)[Udn2(|5| - Qa2 + Qar) + Vg (J6] — Qa1 + de)]

Piz = sgn(d)

4L0lot7r2fp
Uaed (18] — Quz + Qar)?
[ 4.
+sgn(6) 4Latot7r2fp (4.59)
The turn-off currents are then calculated with:

= Udea(J8] = Qe + Q1)
I 4.60

! 2Latot7rfp ( )
- él -9 Qg
Top = Uge1 (18] = Qa1 + Q) (4.61)

2Lat,oi7rfp

The voltage controller for the DC-DC converter needs a prediction of §. By mea-
suring T2, Uger and Uy the desired 6 will be predicted. The current T4 cannot be
measured. But I, can be measured (load current) and should anyway be equal to the
DC component of Tg;. When all the modulation parameters are known, the current Ty
and is given in the equation below:

{m =~ 10] — Qa1 ~ QdZ)[Ud02(|6‘ — Qa2 + Q1) + Uger (18] — Qar + de)]
4Lo’tat7r2.fp

Tor = sgn(d)

Uge2(|6] — Qup + Qa1 )?
4Latot7r2fp

+sgn(d) (4.62)

The Equation set for the d-prediction is given in (4.63), (4.64) and (4.65) At first,
three expressions have to be calculated, which are afterwards introduced to the final
Equation (4.66):

exy = Ua® + Usd® (4.63)

ers = Ugi® + UgrUsez + Uged® (4.64)

exy = Ug’Usa (4.65)
and finally:
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(4] (1 - 2Tblank fll)

0 = SQn(IchZ)Tr( %ez;

(Udcl + Udc2)\/em3(4fp27-blank2 + 1) has 4fp(|Ich2|LatolexZ + Tblankemfi) (4 66)
2\/ Udclexz ’
If é is imaginary, the trapezoidal mode is not possible for the three measured values
In2, Uger and Uy This means it is not possible to generate a current /4. cqual to L.
Expressed in an equations, the condition is:

4f,,(Ich2L,,Mez2 + Thtank€T3 + 6]13) +exs < 4fp2Tb[ank2€.’II3 (4.67)
And of course & cannot be imaginary:
Im(6) =0 (4.68)

The maximal possible power transfer is given by Equation (4.69). The expression is
found by making the derivative of the power transfer by delta and setting the resulting
expression to zero. This equation can be used for the design of the size for the decoupling
inductance. The inductance is the passive component limiting the power transfer.

Uger2Uued (1 — 2Totane fp)?

P = 4.69
dczumpvmu) 4prat0t(Udcl 2 + Udcl Udc2 + Udc22) ( )

The minimal power transfer of the trapezoidal mode is the maximal power transfer
of the triangular mode.

Case II: Input voltage is higher than output voltage
The mathematical condition for the first case is given with the Equation (4.70):

Uger > Ul (4.70)

The start value for § can be found by the Equation (4.71). Uy and Uy, are swapped
in this expression comparing to the Equation (4.55).

1- c
Opmin = ii———ggfm—"—k—fp—) [l - giﬂ (4.71)

The upper boundary for § is found in Equation (4.56). It stays the same for both
cases. SO Picayopmas 15 als0 achieved with this value of 4.

Qar = |6] = a2 + 27 Tytank fo (4.72)

(Ve = Uger) + 2Uae1 (6] + 27 Tptan fp)
Qp = P 4.73
o 2(Usger + Uaea) (4.73)

The transferred power Py is expressed by the same Equation (4.69) for both modes.
It only has to be respected that the modulation parameters Q4 and €4 have changed.
Also the turn-off currents and the maximal possible power transfer are then calculated
by the same equations by using the new parameters.
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The triangular current mode

The triangular current mode can be seen as a special case of the trapezoidal mode. The
period C and G of the trapezoidal mode are not used, because the current is already zero
at the end of the periods B and E. The current is ramped in order to achieve zero-current
switching on one full-bridge. This modulation method is only possible, if the two input
voltages Uy, and Uy, are different. But if one of the two voltages is equal to zero, this
method cannot be used. By doing it this way, large capacitor charging currents can be
prevented. The blanking times of the IGBT switches have to be respected. This time
Thiank determines the shortest possible duration of the periods D and H of the modula-
tion. The maximal power transfer is achieved, when the periods D and H have got the
length of the blanking time.

Advantages: o Lowest switching losses for all hard-switching methods
Only two turn-offs per period of switching
Ideal modulation method if the two voltages Uy, and Uy
are different
e Triangular mode is a special case of the trapezoidal mode
Disadvantages: Turn-offs are always performed by the same two switches
Ineflicient use of the period for power transfer, so limited
power transfer possible
o The triangnlar mode is not possible if one of the two DC
voltages is zero
e Complicated modulation and control algorithm
(combination with the trapezoidal mode)

Mathematical description of the modulation

The given parameters are the two voltages (measured by voltage probes) and the system
parameters like the switching frequency f,, the blanking time Tygni and the decoupling
inductance Lgy,. At first, the parameters for the modulation have to be found. The
variable parameter is again 8. The other parameters depend on é and can be calculated
afterwards. Again the two different cases have to be distinguished:

Case I: the input voltage is lower than the output voltage
The mathematical condition for the first case is of course the same like in the trape-
zoidal mode:

Vs £ User (4.74)
6 is now chosen. If é is zero, there is no power transfer. So to start, § is to be set
at 0°. The higher J is, the more power is transferred. There is an angle Sppaz i for the

maximal power transfer with the triangular current mode, given by Equation (4.76):

6Pmin,tri =90 (475)
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Uact,Vac2 Qa1 2042
A #< Wp @p
Udet Udc2 |r'———
» t

NAAAA.

Figure 4.21: Voltage and current waveforms for the triangular mode

(1l - 27 U,
6Pmam,tri = i_‘(_‘M [1 - ﬂ] (476)
2 Uger
For a positive power flow, the sign of § is positive, otherwise negative. It can be seen
that Uy cannot be zero. After having chosen J, the other two parameters are calculated

as follows:

e |(5|Udcg
Qp = - — ———%2 4.77
“ 727 Uiz — Usa (4.77)
Qiz = 8]+ Qay (4.78)

So the transferred power is given by the expression:

_ UgaUsead(m — 2Q9)
Py = SETAN (4.79)

And the turn-off current is computed with:

f y = Udclléi
o 7|'Lutotfp

Also for the triangular mode, the controller for the DC-DC converter needs a predic-
tion of ¢ based on the measured voltages Uyer, Uger and Ipo. Iepe is the current required

(4.80)
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from the load, in this case from a four-quadrant inverter of the multilevel structure.
The desired § will be predicted. The other two modulation parameters are calculated
afterwards by Equation (4.77) and (4.78). The Equation for the §-prediction is given
below:

WJIICIL?'Ldtaifp(UdC2 - ercl)

b= sgn(IchZ) Udl
¢

(4.81)

If 6 has an imaginary component, the triangular mode is not possible for the three
measured values Iopa, Uger and Uges. Like in the trapezoidal mode, this relation is ex-
pressed with the following equation:

32fplLena| Lotot(Usez = Uter) + (Uger — Use2)? > 0 (4.82)

For the controller it is important, whether the triangular or the trapezoidal current
mode has to be used. This must be decided based on the required and measurable power
in Equation (4.83)

Pdc? = Ich2 N Udc? (483)
The maximal power transfer for the triangular mode is given with:

Uet> (1 — 270tan f)?(Uaez — User)
Pieo,, . = 4.84
d Zerima) 4Lr7totprdc2 ( 8 )

By comparing Equation (4.84) with the actual power demanded (4.83), it can be
decided which modulation method has to be used.

Case II: the input voltage is higher than the output voltage
The next equation defines the second case:

Uter > Ugea (4.85)

d is now chosen. For zero power transfer, § is to be set at 0°. There is an angle
8pmaztri for the maximal power transfer with the triangular mode, given by Equation
(4.87):

6Pmin,l,ri =0 (486)

1-2 U
6Pmaz,m‘ = iz(————M [1 _ _d_?_]

4.87
2 Udal ( 8 )

For a positive power flow, the sign of d is positive, otherwise negative. It can be seen
that Uy cannot be zero. Physically no power can be transferred, which causes a division
by zero. After having chosen §, the other two parameters are calculated as follows:

Qa1 = 0] + Qa2 (4.88)
Vs |(5‘Udc1

0, = ~ del 4.89

“= 3" Via—Uaa (4.89)
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In contradiction to the trapezoidal mode, the power transfer equation has changed.
The transferred power is now given by the following expression:
_ Ui Uged(m — 2001)

Py, = 4.
ae? 27(2Latatfp ( 90)

Also for the triangular mode, the controller for the DC-DC converter needs a pre-
diction of 8. The desired § will be predicted. The other two parameters are calculated
afterwards by Equation (4.88) and (4.89). The Equation for the 4-prediction is given
below:

Tr\/IIch?ILototfﬂ(Udcl - Udc?)
\/Udcl Udc2

If § has an imaginary component, the triangular mode is not possible for the three

measured values Iz, Ugr and Uge. Once again this means that the DC-DC converter

cannot generate a current /4 equal to the required current I;pp. Expressed in a equation,
the condition is:

§ = sgn(l.ne) (4.91)

32 fpl Lna| Lotot (User — Uaez) + (Uiez — Ur)* > 0 (4.92)

For the controller it is important, whether the triangular or the trapezoidal current
mode has to be used. The maximal power transfer of the triangular mode in this case is
given with:

_ Udc22(1 - 2Tblankfp)2(Udcl - Udc2)

P, . = 4.93
de2(4ri maz) 4prototUdcl ( )

By comparing Equation (4.93) with the actual power demanded, it can be decided
which modulation method has to be used.

Computing of the components for the combined trapezoidal and triangular
mode

As described before, the converter can operate in a combined mode using the triangular
and the trapezoidal current modulation. For low power transfers, the triangular mode
is used, while for the high power transfers, the trapezoidal mode is employed. All the
components for the DC-DC converter can be designed exactly in the same manner as
in the Section 4.2.1, page 108, with exception of the decoupling inductor Lqg. Lgq must
be designed by respecting the maximal possible power transfer of the trapezoidal mode,
already shown in Equation (4.56). The decoupling inductor is:

U, 2U geatnomy (1 — 2 2
Ly = dcl(nAO'm) U2dc2( mn)( Tblanszp) — Ly~ Ly (494)
4prch2(Udr:l + Udc‘l Udc2 + Udc?)

The inductor must in any case be chosen smaller that the value received in (4.94), in
order to have enough security margin for the power transfer. In this modulation method,
the inductor depends also on the blanking time 7y4n;. The voltages are nominal values
and not the minimal values. The maximal current for the inductor iac as well as all the
capacitor values for Cy and Cy can be calculated like in the rectangular mode.
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Modulation using combined trapezoidal and triangular mode

If the DC-DC converter has to transfer a desired power Py, it has to be decided if the
triangular or the trapezoidal current mode has to be used. Of course the modulator must
choose the method which causes the lowest losses for this situation. The losses of the
most power semiconductors depend nearly linearly on the switched current [36]. So the
idea is to prove that the next Equation (4.95) is always valid:

Tz < Tactny + Lac2eran (4.95)

This Expression says that the sum of the two turned-off currents in the trapezoidal
mode will always be bigger than the current turned-off in the triangular mode. To do
this comparison, the trapezoidal mode has not been limited to the case where the two
periods D and H are equal to the blanking time Tpang:

DaH > Thlank (496)

The transmitted power Py, of a triangular mode modulation is set equal to a power
Pyy,,,, of the trapezoidal mode, with the only condition that the two DC voltages Uy
and Uy are not changed for the both modulation methods. All modulation parameters
are eliminated and the Equation is resolved for the variable IAacgm. For two different
voltage conditions the following Equation is found:

j:,zcztriUd(:Z = jzc2"apUdC2 - jzcllmpUdcl Udc2 2 Udcl (497)
7 72
Iazcz,,,-Udcl = i.;lcz,mpUdcl - acumpUdﬂ Ugeo < Ugaa (4,98)

The currents fm, L. and the two voltages Uy and Uy are by definition always
positive. After some steps of mathematical evaluation, it can be found:

- . Ut -

Iac2¢,,,» < Iac2¢m,, + b%-[achmp Udc2 Z Udcl (499)
¢

-~ - Ujeor =

Iac‘z,"- < Iacl"ap + U—jc—f'lacmmp Udc2 < Udcl (4100)
c

Due to the conditions on the voltages Uy, and Uy, the coefficient in the root is
always smaller than 1. This means that the Equation (4.95) is valid for all the cases. By
relying on the fact that the losses depend linear on the switched current, the triangular
mode must always be preferred to the trapezoidal mode, if the losses must be minimized.
For the trapezoidal current mode, as described in the section before, an iterative algo-
rithm has been used to calculate the sum of the converter losses in dependent on two
modulation parameters § and 4. The computing includes switching and conduction
losses, but does not contain transformer losses. More details on the numerical values
used are given in Appendix A.7. In any case, the parameter Q4 depends on the two
other modulation parameters. The triangular modulation method can be seen as spe-
cial case of the trapezoidal modulation method. The conditions respected for the two
modulation methods were the following:
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e If the two voltages Uy and Uy, are not equal, a combined mode for the modulation
is defined: For the power transfer from 0 to Pd,;g(m’mu), the triangular current mode
is used, becanse it is the most efficient way to transfer the power. At Puo,; ey
the maximal possible transferable power for the triangular mode is reached. The
the DC-DC converter has the highest possible efficiency for a hard-switched DC-DC
converter. To transfer more power, the trapezoidal mode is taken, but with a small
decrease of efficiency.

The following Figure (4.23) shows the efficiency for two different power switch techolo-
gies and the modulation parameters, if the described combined modulation method is
used. The numerical values are taken from Appendix A.7. The efficiency for small phase-
shifts of & is poor. The highest efficiency is found at the transition from the triangular to
the trapezoidal mode. The parameters for this computation is found in the Table (4.8):

Uier 1500V
Ugea 2800V
Lolol 100}LH

Picdgrimes  326.45kW
Pictrapmany 385 T6KW

Table 4.8: Parameters to compute the efficiency

In this computing, the two voltage Uy and Uy are different. The maximal power
transfer with the trapezoidal mode is slightly higher than the maximal power for the
triangular mode.

90
triangular€—— | ———> trapezoidal
“1 - L= )
30°% .5 Cortrofler
N \L parameters
0° Y ! ! 1

0 100kw  200kW 300kW 400kwW 500kw

100% biangulav(— -~ trapezoida!

[ A e T R PR

90% Efficiency

85%

80% I 1 | I
0 100kW  200kW 300kw 400kW 500kW

Figure 4.23: Efficiency and modulation parameters in function of transferred power
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A modulator must be implemented for the combined triangular/trapezoidal modula-
tion method. For this combined operation, there are eight different modulation states
A,B,C\,D,E,F,G and H. These states are shown in the Figure (4.24) as an example on
the trapezoidal modulation method for both directions of the power transfer. The state
machine is shown in Figure (4.26). If the power transfer is negative, the states are just
sequenced in the inverse direction H,G,F,FE,D,C,D and A. For the triangular modula-
tion method, the stated C and G will not exist and must be jumped. The duration of
the states are given in following Equation set:

Tag = 06— Qn+0p (4.105)
T = T—8—Qu—~ Qa (4.106)
Tca = 0+ 8Qq—Qa (4.107)
o = =0+ Qu+Qp (4.108)
The state duration are expressed as angles and not as time values.
positive power transfer negative power transfer
5000V T
S Yact,Uac2 Uac1,Uacz

[
-5000V L .
100us 200ps 300ps
500A Ty T
Tact lac
QA \/
-SOOAL L
10048 3003 300ps
A BCDE MG FiE

Figure 4.24: Modulator states shown on the trapezoidal mode

When the DC-DC converter is started up, there is no power consumption on the
secondary side Cyeg. The voltage Uy.e will be zero. So neither the triangular mode nor
the trapezoidal mode will be possible. To load the capacitor in this condition, a special
modulation state machine is designed, consisting of the states K, L, M and N. In this
modulation mode, only the primary side switches T1 to T4 are used to generate an
alternative voltage. The secondary side works as a bridge rectifier and thus the capacitor
Ciez will charge. The graphs are visualized in the Figure (4.25). The output capacitor
Caez is already charged to a small voltage value.
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Figure 4.25: Load mode used to charge the output capacitor Cye

The capacitor will only be charged to a small voltage value (usually to 20% of the
nominal value Uggsery), afterwards the triangular mode can be applied to charge the
DC-DC converter to the nominal output voltage. Only when the nominal value for Uy
is established, a load current 7.5 should be accepted on the secondary side. The duration
times for this modulation method have to be computed:

dn fol, L
kM = - 7Tfp acll](dmum) otot (4109)
cl
47rfpfac1(mar) Latat
= — 4.110
TEN Udcl ( )

The corresponding time values for all the state duration angles can be found by:

TA,..,N
27 fp

Ta,.N = (4.111)

A maximal peak current has to be chosen in order to decide which modulation time
has to be selected. This peak current value should be at least 20% smaller than the
inductor saturation current fac and also should not exceed the maximal semiconductor
current Iy maz)- The last state for the modulation is the state I, used for the DC-DC
converter when no power is transferred. All the switches are open. The states with their
switch positions are all represented in the Table (4.9):
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State | T1 T2 T3 T4 T5 T6 T7 T8 U, Uaca | Duration
A 1 0 0 1 1 1 0 0 +Udcl -0 TA
B 1 0 0 1 0 1 1 0 | +Usgan +Uge Ty
C 1 1 0 0 0 1 1 0 0 +Ugeo Te
D 1 1 0 O 1 1 0 O 0 0 ™D
E 0 1 1 0 1 1 0 0| —-Up 0 T4
F 0 1 1 0 1 0 0 1 - Udcl -U, de2 B
G 0o 0 1 1 1 0 0 1 0 Uy TC
H 0 0 1 1 0 0 1 1 0 0 ™D
I o 0 0 0 o 0O O O 0 0 -
K 0 0 1 1 0 0 0o 0 0 ~Upez Tx
L 1 0 0 1 0 0 0 0 +U, del both TN
M 1 1 0 0 o0 0 0 0 0 +Use2 T
N 0 1 1 0 0 0 0 0 |—-Usyy both ™

Table 4.9: Modulator states for the combined triangular/trapezoidal modulation method

The efficiency and the power transfer capabilities of the DC-DC converter in the

combined triangular/trapezoidal mode depend on the blanking time 7y4,, chosen for the
power semiconductor switches. This could be seen in the Equations (4.93) and (4.69).
The blanking time for power semiconductors for a high power range is mostly more than
3ps. The state times of D and H from this modulation method can never be shorter
than Tyene. When the maximum power Pdcg(m“".) for the triangular current mode is
reached, the two states D and H are during exactly the blanking time 7yqn-
The next Figure (4.26) shows the implemented modulation state graph for the combined
triangular and trapezoidal modulation. Each time the modulator changes its state, the
timer with ¢ is reset. The start state for the modulation is the idle position /. As soon as
power is transferred, the modulator starts with the state H, where both AC link voltages
are zero. Changes of the modulation parameters are only tolerated, when the current
I,. is equal to zero, so in the states H and D. If the modulator is in the triangular
modulation method, either the two states C and G are jumped (Ugo > Uyy) or the
states A and E are jumped. (Ugy > Ugz). The load mode is a separate state loop
with only one rotation direction. Depending on the sign of the modulation parameter §
(This means the sign of the power flow), the modulator states are sequenced clockwise
(positive power) or inverse (negative power). If the modulator is disabled (variable E.,),
the modulator can jump from any state back to the idle state I immediately.
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Load=0

Load=1

Figure 4.26: Entire state machine for the combined triangular/trapezoidal modulation
method

Commutations of the combined trapezoidal and triangular mode

The combined triangular/trapezoidal modulation method acts with the two AC link
voltages U,y and Upez on the current I,.. By doing this and respecting the given mathe-
matical rules, the current crosses zero at two switching events. This allows a significant
reduction of the switching losses, while the conduction losses remain more or less the
same. The conduction losses are about 25% of the total losses of the DC-DC converter
in this power mode.
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Figure 4.27: Current situation in a period of the triangular/trapezoidal mode

In the trapezoidal current mode, there are four switching situations, each with one
power switch turn-off and a diode turn-on. All the four switching events are given in the
Table (4.10).

Transition || Commutation | Seminconductor | U I
AB Turn-off TH Switch Ugea | Inco
Turn-on D7 Diode [ fu,_.g
BC Turn-on T4 Switch Uder | L
Turn-on D2 Diode Uda fm
EF Turn-off T7 Switch Ugea | Loe2
Turn-on D5 Diode Uico fucz
FG Turn-on T2 Switch Uiger | Lect
Turn-on D4 Diode Ugar facl

Table 4.10: Commutation events in the trapezoidal mode

In the triangular mode, two of the eight states do not exist: The states C and G, in
the case where Uyy > Uy and A and E is Uy > Uyep. This is shown in Figure (4.27)
by the red arrow bypassing a state of the modulation. This means the switching events
BC and FG do not exist. The switching losses in the triangular mode are only caused
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on that side of the converter, where the DC voltage is smaller. Furthermore the losses
are always caused by the two same switches. In the case where Uy > Uy, it is the pair
of switches T'5 and T'7 (leading half-bridge) and in the case where Uy > Uy it it the
switch pair T2 and T4. The case where Ugp > Uge is shown in the Table (4.11). The
losses are in any case of the triangular mode only on one side of the DC-DC converter. If
the diode does not commutate quickly, additional turn-on losses from the corresponding
power switch are caused, described in page 114.

Transition || Commutation | Seminconductor | U 1
AB Turn-off TS Switch Udez | Toco
Turn-on D7 Diode Ugea facz
EF Turn-off T7 Switch Uieo | Tac2
Turn-on D5 Diode User | Toea

Table 4.11: Commutation events in the triangular mode

Some future developments can reduce even more the losses from a DC-DC converter
operated in the triangular/trapezoidal mode. The next Figure (4.28) shows a DC-DC
converter particularly optimized for a low-power loss operation.

Z % ; _1__ Cu
h:d-mp e

Figure 4.28: DC-DC converter with special features for the triangnlar/trapezoidal mode

The following observations have been done concerning the triangular/trapezoidal

modulation method:

e The four switches T'1, T3, T6 and T8 are never involved in any switching events.
They are only causing conduction losses. Thus these switches need improved on-
state characteristics. For the power switches this means a low saturation voltage for
the on-state and for the diodes the forward voltage must be very small. Although
these switches are only doing zero-current switching, these switches must still be
relatively fast. The high switching frequency for the power semiconductors require
a fast establishment of the low saturation values.

o The switch pair (T2, T4) and (T'5, T'7) are performing turn-off current switching.
If the DC-DC converter is in the triangular mode, either only (72, T4) will per-
form switching (Uger > Uyeg) or (T5, T7) will perform switching (Uge > Uger)-
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This switch pair inclusive the diodes must be very fast in order to have reduced
commutation energies. For the case where only (T'5, T'7) are performing turn-off
switching, the switches can be equipped with a turn-off snubber.

Due to the fact that the triangular current mode is the most efficient way to use
the DC-DC converter in a hard-switched power-reversible mode, a DC-DC converter can
be designed always working in the triangular mode, with a variable switching frequency
Jp- The variable switching frequency is realized as follows: The states D and H of the
modulator state machine shall have a fixed time value of 7yan,. All the other state times
will be calculated in the same manner, as described in Equation (4.108). This means that
if a low power is transferred, the switching frequency will be higher than the switching
frequency with a high power transfer. Of course the lowest possible switching frequency
must be fixed.

1 1
fp fp
Uact,Uac2’ “hlank Uact,Uac2’ 2’,':2"
Udes 0 Lz . Uget 4 Hhiez
'8(: lac
A

A\

N~ i~ ] g
'./

Figure 4.29: DC-DC converter in variable frequency mode

The advantage of the variable switching frequency is the fact that the power transfer
behaves linear with the change of the phase shift §. To stay always in the triangular mode
and still be able to have to identical voltages Uyt and Uys on both sides of the converter,
a medium-frequency transformer with a winding ratio w, # 1 must be taken. If a winding
ratio of w, = 1.5 : 1 is taken, the output voltage Uy, can be around +25% at the nominal
value of the feeding voltage, without leaving the triangular current modulation. The fact
that only the triangular modulation method is used makes the control and modulation
algorithms easier to handle. The AC voltage referred to the primary side U, will be
anyway bigger than Uy, . In the Figure (4.29) the secondary side voltages Uy and U,
are referred to the primary side, so they are named Uj,, and U,,.

A last point to mention is that the switching losses are only caused on one half-bridge
of the entire DC-DC converter. A additional inductor can put into the AC link, with the
following behavior:

_ Ly = Lsat(no’rm) Ipe = 0
Lsat - { Lsat - 0 Ia.c # 0 (4112)

This is the behavior of an inductor realized by a square loop core. The inductance
is high at currents near zero and as soon as the current passes a certain threshold, the
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inductance saturates and becomes immediately zero. This additional inductor with the
described behavior can help the current turn-off when the current crosses zero, without
causing any switching losses. The last point to be mentioned is the fact that the DC-DC
converter will produce the only switching losses on two switches. This is assured by the
use of the transformer and the fact that the converter will only work in the triangular
mode. These two switches in the half bridge configuration could be realized by using high-
speed elements such as Silicium Carbide (SiC) switches, which have optimized switching
characteristics. But if the switches are ordinary power switches, they be supported in
their turn-off operation by an active snubber technology like the salama turn-off snubber
[39] or a auxiliary resonant commutated pole ARCP [40] or the resonant DC link RDCL
[41].

Control using the combined modulation method

The control scheme implemented for the DC-DC converter in the combined triangu-
lar/trapezoidal modulation method is basically the same as been scen in Figure (4.18),
page 118. The main difference is that the control system uses the inverse transfer func-
tion of the behavior of the DC-DC converter. This inverse transfer function allows to
linearize the behavior of the PI controller operation. The reason for this design method
is shown in this section. Three additional points must be respected in this control:

e The prediction value &, calculated directly from the system perturbation values is
now not only depending on Uy and g9, but also on the output voltage U

o The system must calculate the desired current Ty and then must choose either the
triangular or the trapezoidal modulation method to generate this current

e The trapezoidal and triangular mode have different modulation parameters depend-
ing on if Uy is bigger than Uy or not.

An algorithm is implemented in the control system to generate the appropriate mod-
ulation parameters. 4 and Qg are generated after a final value for 4 is found. The
overall schematics of the controller can be found in Figure (4.30). The converter consists
of 8 different function blocks which are described on the next page.
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(1) The Pl-controller is the same controller used for the rectangular mode shown in
Figure (4.18), with an adaptive integral part K;;. But this time the output value
is not the phase-shift §; but directly a desired current I ).

(2) The limiter has a special function: First the current generated from the controller
Taca(conty is added to the load current Iy, resulting Tucopor. This is an accurate
value for the current, which will be generated by the converter. The current must
be limited to a certain value in order to prevent too high currents destroying the
semiconductors. After this, the load current I 4, is subtracted from the controller
current, with a resulting current 7,162(,,-,,.)

(3) This function blocks is the reverse transfer function of the signal delay function
block Gems(s). In this way the PI controller works always with a linear transfer
function. This function block creates the correct value for 8, if the two DC voltages
and the desired current is known. Of course these function blocks must make a
difference between the two modulation methods. Each of the two function blocks
generate a value for 8. d; is the value coming from the controller generated by the
error, while &, is coming from the direct introduction of the perturbation values
Uter, Udez and Ipa.

(4) Seein (3)

(5) The function block is a limiter. This limiter avoids that the calculated modulator
parameters are out of the defined range. The maximal possible value for § in the
trapezoidal mode depends on the two voltages Uy, and Ugm. This was shown in
Equation (4.56). The result of this function is the limited value 0.

(6) The limited value of the phase-shift dj, enters this function block, where all the
modulation parameters are calculated. This block is not in the closed loop of
the control system, it only represents all the computing done in order to perform
the modulation. First this block decides, whether to use the triangular or the
trapezoidal modulation method. This is done by using Equation (4.55). After this,
the remaining modulation parameters {24 and Qg are calculated.

(7) This function block contains the small time constants and the amplification between
the phase-shift § and the converter current I .

(8) The last block is the small time constant transfer function with the two values Kqu5
and Tpgs, resulting the generated current Iye.

After a subtraction of the load current I.;; from the converter current I 4o, the systems
transfer function integrated the current differences and the output is the voltage Uy,.
The Table (4.12) shows the references to all the Equations which are used to perform the
control of the DC-DC converter. These equations are particularly used by the function
blocks (3), (4) and (6).
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voltages || Usger < Ugea Uger 2 Ugea Uiar < Usea Uder 2 Usea
mode triangular triangular trapezoidal trapezoidal
4 Equation (4.81) | Equation (4.91) | Equation (4.66) | Equation (4.66)
swap Ud(:l with Udc‘g
Qu Equation (4.77) | Equation (4.88) | Equation (4.57) | Equation (4.72)
Qo Equation (4.78) | Equation (4.89) | Equation (4.58) | Equation (4.73)

Table 4.12: All equations to calculate the parameters of the DC-DC converter

The next two Figures show the transfer function of the DC-DC converter in the
combined triangular/trapezoidal mode. These Figures can be compared to the transfer
function shown in Figure (4.17) of the rectangular modulation method. On the x-axis
the phase-shift & is represented, while on the y-axis the generated converter current Ige
is visualized. The next variable parameter is the feeding voltage from a DC-link, Uy;.
The first Figure (4.31) shows the transfer function when the blanking time is small (5ps).

350A v T ——— T T T
Lotor = ;g%gv Maximalpower - ... Uges = 2800V
Ude2 =
300A[ :p = 8kl—;zs -------- Ugst = 2500V
blank = OB
250 . S S Ugey = 2200V]
lae2(0,Uger) &2~ K. Uget = 2000V
200A1 B34 2 Uger = 1800V]
180 @ YA L —H Uger = 1500V|
100k * Uget = 1200V
50A[
0 10°  20°  30° 40° 50°  60°  70°  80O°

Figure 4.31: Transfer function of the DC-DC converter, small blanking time

The following Figure (4.32) shows the transfer function when the blanking time is
rather high, even for high power switches (10us).
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Figure 4.32: Transfer function of the DC-DC converter, big blanking time

The maximal power transfer of the DC-DC converter operating in the combined
triangular/trapezoidal mode is depending on the ratio between the switching frequency
fp and the blanking time Ty4qa6. On the graphs it can also be observed that the maximal
value for 0 is variable with the voltage Uyy. It can easily be seen that the transfer
function is highly non-linear and depends not only on the two parameters Uy, and 4,
but also on the output voltage Ugs. Depending on which modulation method is used,
a different transfer function is used. Close to § = 0, the amplification factor for this
transfer function can be nearly equal to zero if the triangular method is used. In order
to avoid to linearize these graphs in an operation point, the inverse method is used. The
input of the current PI controller is the error:

Uscaterr) = Udea(sety — Udez (4.113)

And the output is the current Tdcg(wnt). For the rectangular mode, the controller
output was the phase-shift §, and the system parameters were linearized around and
operating point. So the small time constant transfer function G5 sees a current as the
input value, while the output is the generated current Ty, generated with a small time
delay T,gs. So the amplification factor is:

Koms = 1 (4.114)

All the over parameters for the controller are computed as shown before in the rect-

angular modulation method, 4.2.1, page 115. Also for this modulation type the adaptive
integral part K5 of the controller is implemented.
The combined modulation method has been implemented inclusive DC-DC converter and
control in a MATLAB/SIMULINK model. The idea is to simulate the behavior of the
DC-DC converter with the real power conditions for a multilevel converter. The following
parameters have been used for the simulation:
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Uyl 2.5kVDC + 400VAC / 100Hz Feeding voltage
Uicanomy ~ 2.8kV Output voltage
Ugea[t=0 500V Qutput voltage initial condition
Pycatnom) 300kW Nominal power
Oto 75uH Decoupling inductance
Clc2 750uF Output capacitor
fo 8kHz . switching frequency
Cy = Gy 200uF Decoupling capacitor
Tiumple 200us Sampling frequency
Ts 80us Small time constants

Table 4.13: Numerical values for the simulated DC-DC converter

The load current I, is a PWM current coming from the DC side of a four-quadrant
converter. The 4Q-converter is modulated with a PWM modulation scheme. The pa-
rameters of the load current for this simulation is given in the Table (4.14):

Iine  200A Effective line current

fine 333Hz  Line frequency

f»  1663Hz Switching frequency

k 0.98 Modulation degree PWM
o (4] Phase angle fjin. t0 Ugine
ap  15° Phase angle Ugny t0 Upine

Table 4.14: Numerical values for 4Q-converter current

The control strategy for this DC-DC converter is to generate a current Tace, which
corresponds exactly to the time-variable value of the load current I.,;. Some other control
strategies for the DC-DC converter are presented in Section 5.1.2 on page 218. A number
of observations can be done on the simulation results presented in the Figure (4.33). The
simulation has been done with two perturbation values like the oscillating feeding voltage
Uger, the PWM current as load Icao. The output voltage is controlled to 2.8kV and then
is reduced to 1.9kV to see the performance on set value changes. Six points are marked
with boxes on the simulation graphs shown in Figure (4.33).
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(1)

(2)

(4)

(5

(6)

At this point, the output voltage Uye has the highest ripple due to a weak con-
troller performance. The maximal deviation from the voltage set value is 55V,
which corresponds to 2%. The amplitude of this oscillation occurs more or less
proportional with the load current I ;. The main reason for this oscillation is the
small time constant Tpps of the system: even when there is a direct introduction of
the perturbation value, the small time constant due to measurement, modulation
and signal processing delays the generated current. This delay time causes the volt-
age oscillation. With a smaller time constant Tpps, the voltage control performance
would be better. Thanks to the adaptive integral part of the controller, there is no
voltage overshoot when the sct value Ug(ser) of the DC-DC converter is changed.

The current 7 4 is limited to a maximal value of 330A. This is done by the limitation
(2) in Figure (4.30). At this point it has to be mentioned that the turn-off currents
L. and I, are flowing through the power semiconductors are important for the
choice of the power switches.

While charging the output capacitor Cyeq, the controller generates the maximal
possible power so that the converter reaches as fast as possible the desired output
voltage Ugea(sery. That is why the phase-shift § is limited to the maximal value dyaz.
This limitation is done by the function block (5) of the Figure (4.30).

The maximal value for § is variable with the two DC voltage Uy and Uye. In
every sampling period, the two voltages are measured and the new value for 8y, is
calculated.

The two remaining modulation parameters (g and Qg are calculated. A sudden
change from the trapezoidal mode to the triangular mode is shown, due to the
measured current I, going immediately to zero. If the two voltages Uy and Uy
are the same, the two parameters Q4 and Qyy are equal.

The last observation is done on the set value change for the voltage Uye. In order
to lower the voltage on the output capacitor Cy, the converter current Iz is
negative. This shows the reversibility of the power in this DC-DC converter.
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Figure 4.33: Simulation results on the simulated 300kW DC-DC converter
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To complete the simulation results, a Fourier analysis or FFT analysis of the controlled
output voltage Uy is computed and discussed, without any change of the voltage set
value. In the multilevel application, the output voltage Uy, is the feeding voltage for
the 4Q-converters. So all the harmonics generated by the DC-DC converter will be seen
afterwards on the line voltage Uy, and so they will also be visible on the line current
Tiine. The simulations are done with a DC-DC converter the same parameters as been
seen in the Table (4.13), with exception of the decoupling inductance L,y and the output
capacitor Cy., which have been chosen as follows:

component || converter A | converter B
Loy 75uH 50uH
Cdc? 750[LF SOOMF

Table 4.15: Two different DC-DC converter components

The load current I, is coming from a typical four-quadrant converter, the same as
used in the multilevel converter. The parameters used to simmulate the four quadrant
converter are shown in the Table (4.14). The simulation for the DC-DC converter A is
shown in the Figure (4.34). The highest harmonic peak can be found at the frequency of
333%Hz, which the resulting switching frequency from a four-quadrant converter 2 - f,.
But of coursc the PWM modulation generates a large spectrum of harmonics on the DC
voltage due to the variable length of the pulses. The closed-loop transfer function of
the DC-DC converter has a variable resonant frequency. This is due to the fact that an
adaptive parameter is used, namely the integral amplification K;; and of course the use
of the inverse control method, where the system is linearized. Another frequency found
on the DC voltage Uy is twice the line frequency. A peak at 33§Hz can be seen coming
from the sliding average value of the current I.2. The simulation have shown that there is
no influence on the perturbation of the feeding voltages Uy, to the secondary controlled
voltage Uyes. If the system is simulated with the superposed perturbation voltage on
Ui (that has a frequency of 100Hz and an amplitude of 400V) and is compared with a
perfectly stabilized DC voltage Uy, there is no difference in the analyzed harmonics.
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Figure 4.34: FFT on output voltage Uy of the DC-DC converter A

In order to save costs, a smaller output capacitor Cyo has been chosen and the
overall decoupling inductance Lyy; has been reduced. The low-order harmonics on the
DC voltage Uy, are remaining the same, but the amplitudes of the switching frequency
harmonics are inverse-proportional to the output capacitor Cyeo.
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Figure 4.35: FFT on output voltage Uge of the DC-DC converter B

4.2.3 Design for multilevel converters

The proposed DC-DC converter is designed to feed four-quadrant converters, used in a
multilevel configuration. In this section, some equations are developed, which are useful
to design the parameters of the DC-DC converter but also to estimate the losses of
a multilevel converter working in with n DC-DC converters feeding the four-quadrant
converters. It is assumed that all the multilevel converter values on the linc side are
sinusoidal and that the line current Ij;,. and the line voltage Uy, are in phase. The
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relations are shown in Figure (2.37), page 42. In this way, the trigonometric monophasor
relationships can be used. For the multilevel converter output voltage it can be found:

Uconv = \/Uﬁ'm,, + (27rflineLlineIline)2 (4115)

The phase shift angle o between Uy and Iy, is:

M) (4.116)

o = arctan
( Uline

The number of multilevel converter steps is well-known and in this way an average
DC load current I for a period on the DC-DC converter secondary side is calculated:

Td _ T hy = \/ipmotkcos(ak) _ Ijmot
<2 o2 2Uline 7 Ugen

(4.117)

The modulation degree & is the global modulation degree, used for every 4Q-converter.

ﬁconv _ \/ZUﬁ"e + 8("Tfline1-'/lim21:'mat)2

k = =
n- Uch nUdc2Uline

(4.118)

All the n steps of the multilevel converter are supposed to be active. The average
current switched in the DC-DC converter is higher than the delivered output DC cur-
rent Ty, This is due to the fact that the AC current peak I,,,l, IacZ generated by the
modulation method is turned off and that a negative DC current 744 is also switched.
Negative currents are usual in the period of the line frequency f;,., due to the phase-shift
between the converter voltage Ugny(;y and the line current Ij;,.. This can be seen in the
simulation (4.33), where the phase-shift is relatively high. The next expression gives the
absolute average DC current value entering the DC-DC converter:

sz',?(abs) = flinek|3in(27rfline + ak)|3in(27rfline) (4119)
The Equation in (4.119) is evaluated using trigonometric relations. The result is:

funekwsin(ak)

Yot —on) (4.120)

Tdc‘l(abs) =

With this Equation the average absolute power transfer of a DC-DC converter per
line period ﬂ_ can be evalnated. The average absolute power is certainly higher than
the effective transferred power Pys. The negative and the positive currents are both
counted as loss currents. For each modulation method, the average turn-off current must
be calculated. This value for the turn-off currents depends especially on the decoupling
inductance L,y,: The smaller the inductance is chosen, the smaller are the phase-shift
values for § doing the same power transmission. Thus, the lower is the part of reactive
power. The turn-off currents are given in Equation (4.18) and (4.19) for the rectangular
modulation method, but this time the phase-shift delta is replaced by the absolute average
value 0,
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T UdclﬂUdﬁ(?lSabsl B 7l')

Iacl(abs) = 47rpratot (4121)
N Usoi (2100s] — 7Y g
Locatars) = en LW’}J L{,M) dc2 (4.122)

For the combined triangular/trapezoidal modulation, the turn-off currents were ex-
pressed in Equation (4.60) and (4.61):

7 Udc?(lgabsl — Qo + Qar)

= 4.
Iacl(abs) 2LotoL7Tfp ( 123)
= Uget ([8abs] — Qa1 + Qa2)
Iuc2(abs) 2La£ut7rfp ( 124)

These last expressions give the peak currents in the AC-link of the DC-DC _converter.
This current now depends obviously on the average absolute phase shift value §,55. From
the power transfer Equations for Py, this value is found for the rectangular modulation
method:

- m Udcl - \/Ugcl - 8UdclLat0tprdc2(abs)
Bups = = (4.125)
2 Udcl

For the combined modulation method, the Equation (4.81) for the triangular mode
and Equation (4.66) for the prediction of § can be used for the trapezoidal mode. First
it has to be found out if the absolute average current Tdcz(a,,,) demanding the triangular
or in the trapezoidal mode, and which DC voltage Uy, or Uy is higher.
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4.3 Medium frequency transformer

The described DC-DC converter needs a special type of transformers, which should fulfill
special technical characteristics. Off the shelf solutions cannot be taken, due to the fact
that the standard transformers are usually made for DC-DC converters with a winding
ratio different from 1 and the potential of the output voltage does not change rapidly.
The insulation between primary and secondary side must withstand very high voltages.
It must be mentioned that typical currents for classical DC-DC converter applications are
sinusoidal (resonant topologies), while the proposed DC-DC converter contains currents
of special waveforms (triangular, trapezoidal) with high-frequency contents.

New transformer designs were searched by using the latest ideas for the transformer
winding and magnetic core material. Instead of using the traditional ferrites with a
limited flux density at 0.37 — 0.4T and limited size, the new amorphous core material
has been taken for the design and has been tested. Several manufacturers offer those
new core types allowing a high magnetic flux density of 1.567. One of the main goals
for the multilevel converter is the reduction of the weight. So this goal is consequently
pursued for the transformer design as well as the transformer is one of the weight-critical
elements in the entire converter system. For the transformer design the general rule can
be used:

weight ~ power ~ f, - Bugy (4.126)

Due to high losses the switching frequency f, cannot be increased infinitely, but some
improvement can be expected from the magnetic core material. Very often, the available
medium-frequency transformers have the following characteristics:

o Stray inductance should be very weak. Especially for resonant DC-DC converters
or for a direct coupling of the transformer to a rectifier bridge on the secondary
side, very low stray inductance is required (below 1uH for 20kW/20kHz).

o High coupling capacity between primary and secondary side of the transformer.
In normal DC-DC converter applications, the designer does not pay much atten-
tion to the coupling capacity. Coupling capacities above 200pF for converters
(20kW/20kHz) are usual.

o Non-symmetrical design of the transformer. Transformers are mostly designed with
winding ratio not equal to 1 and have in this way unsymmetrical behavior (different
characteristics like stray inductance, parasitic resistance on primary and secondary
side). The transformers are designed for a power flow only in one direction.

o The voltage isolation from primary to secondary side is limited to 2-3kV. This is due
to the fact that in most applications the output voltage potential is not changing
rapidly.

e No particular design to support high-frequency currents. The transformers in
the high power range are designed for sinusoidal resonant currents with no high-
frequency contents.

A transformer for the multilevel has different needs. These are especially adapted to
the presented DC-DC converter topology with the decoupling inductance:
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o The stray inductance has to be high. The inductance is needed for a decoupling
of the medium-frequency AC voltages. The AC link with the transformer nceds
a inductive behavior (around 50pH for 20kW /20kHz). The decoupling allows the
generation of the phase-shift between the two AC voltages.

e Very low coupling capacity between primary and secondary side. Due to the fact
that the secondary side potential is always changing by the use of the PWM or
step modulation method, capacitive coupling currents must be avoided. Coupling
capacities below 50pF for converters (20kW /20kHz) should be achieved.

o The transformer should be designed symmetrically. The transformer is operating
entirely symmetric with the reversible power possibilities. A symmetrical design
(Stray inductance, decoupling capacitors) advantages the symmetrical operation.

® Very high voltage isolation between primary and secondary side. The transformer
has to support in the worst case at least the voltage resulting of the addition of all
possible step voltages.

o The transformer windings must be capable to withstand high-frequency currents.

To meet these design criteria, two different transformers are proposed optimized for
the proposed DC-DC converter. Some transformers and inductors where designed in the
framework of this thesis, for medium-frequency applications. The most efficient design
method is the method using the area product Ap between the effective core cross-section
(magnetic material) A and the winding area of the core (The core window), namely W,.
This product gives an idea of the overall power, that a transformer can support. This
design method is supported by the most core manufacturers and is described in details
in [42).

4.3.1 Coaxial transformer

Many different types of coaxial transformers have already been realized for DC-DC con-
verters in the medium power range working with a medium switching frequency (from
8kHz to 50kHz). Some of them are used in resonant converters like the examples [43]
and [20], others are used for hard-switched topologies [37].
The working principle of a coaxial transformer is very simple: A coaxial cable is chosen,
which has already two galvanic insulated conductors inside. This cable is now wound
around a magnetic core. Of course the magnetic loop must be closed (ring core or a cut
core, which is put together). By taking the two ends of the coaxial cable, four connec-
tions to the cable can be done: The pair of the two interior cables are belonging together
and can be used as the primary side. So the two exterior conductors of the coaxial
cable are the secondary AC connector. For the experimental results of the DC-DC con-
verter presented in Section 4.5, a coaxial transformer has been realized. The used coaxial
transformer is shown in the Figure (4.36).

The advantages of a coaxial transformer concept for the presented application types
are:

e Easy construction principle with an off-the-shelf telecommunications coaxial cable
and any kind of cores (cut-cores or uncut cores are possible)
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e There is no possibility to integrate a high decoupling inductance direetly to the
transformer.

e It is difficult to have a different winding ratio w, than 1. The publication |43] shows
a possibility, but the manufacturing of that type of transformer is very expensive

A transformer has been designed for a power of 20kVA, to be used for the proposed
DC-DC couverter. The design procedure is shown in Appendix A4 Tt consists of an
aluminum support base, where ring cores where fixed on with plastic tube holders. The
used ring cores are not cut and they where fabricated by Vacuumschmelze, the core
material is Vitrovac 500F. These cores tolerate a maximal magentic flux density of 1.27
Twenty of those cores are used to create the necessary magnetic area A, . details can be
seen in [42] and in the Appendix A.4. The coaxial cable used is a standard 7561 coaxial
cable for telecommunication needs, with high voltage insulation. As to be seen in Figure
{4.36), the minimal bending angle of the coaxial cable did impose the entire size of the
transformer. The Figure (4.37) shows a cut view of the transformer through a magnetic
core. While the magnetic field is cireulating in the core in the direction of i, the electrical
fieldd has only a radial component and stays inside the coaxial insulation material

Figure 4.37: Cut of a coaxial transformer with 5 turns

The transformer parameters are measured and are given in the Table (4.17):
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Feeding voltage Usertnom), Udez(nomy 500V
Output current Licagnom) 40A
Output power Pleo 20kVA
Number of windings Ny, Ny 5
Winding resistance Ry, Ry 15m$2
Natural stray inductance Lot Loo 3.1¢H
Principle inductance L, 7mH
Coupling capacity Cyr 310pF
Inner conductor radius Ry 1.64mm
Outer conductor radius Ry 5.75mm
Outer radius I3 5.93mm
Chosen current density J (s
Insulation material £ 2.3 (Polyethylen)
Fill factor K, 0.0595
Weight (without external inductors) 2.7kg
Weight of cores 1.66kg

Table 4.16: Parameters of the realized coaxial transformer

The effective conduction cross-section of the coaxial cable is 8.45mm? for the inner
conductor and 6.51mm? for the outer one. There are only five turns, so the fill factor is
not very high. The capacitor between the primary and secondary winding of a coaxial
transformer is only determined by the geometry of the cable. As to be seen in Appendix
A.5, the electrical field is only inside the cable. So the capacitance per meter of coaxial
cable is:

2ng,er
Co = iy () (4.127)
"

The same can be said for the stray inductance. Of course there is also a stray in-
ductance effect between the cables wound inside the ring cores. But this effect can be
neglected.

/ Ho Rz) Ry’ Rs® (R:a)
L = — [In|{ = In{—= 4.12
01,2 or l:lﬂ <R1 + 2(R32 __ RQZ) + (R32 _ R22)2 n R2 ( 8)

The resistance per meter can be calculated by regarding the conduction cross-sections
of the given coaxial cable.

4.3.2 Planar transformer with integrated decoupling inductances

A special planar transformer has been designed for the proposed DC-DC converter. The
transformer windings in the planar technology are not like in other transformers made of
cables, but the windings are directly integrated as circular planar tracks onto a printed
circuit board (PCB), to be seen in [44]. The PCB are usually realized in a double-faced
technology: A relatively thin epoxy carrier material of the printed circuit board is used
as insulation material between the windings on the top side and on the bottom side of
the PCB. Depending on the application, only two or more windings can be placed on
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the PCH. The windings on the wop side of the PCB are connected through a conduction
bridge traversing the PCB with the windings on the bottom side. The imput/output
connection holes for the winding are placed on an extremity of the PCB. These must be
pliced in o way that allows an easy connection, The planar POB windings are presented

in the Figure (4.35)

Figure 4.38: Two PCBs for the windings m the planar transformer

OF course the tracks on the PCB are not very thick [(about [00p0m1) so they have
the advantage to tolerate currents up to high frequencies without showing n significant
rise 0 resistive losses due (o the skin ellect But ouly with une PCB, unly very few
current can How through the transformer. In order to allow more current through the
planar windings, many of those PCBs are mianufacoured and they wree stacked. All the
stacked PCBs are alterwards connected together by the connection holes, therefore all
the windings are in parallel. It depends on the window size W, of the magnetical core
how many winding-PCBHs can be stacked together. This method will not rise the number
of windings, only the conduction surface is multiplied and the transformer will handle
higher currents
In order to avoid an additional insulation film between cach planar winding PCB, two
thifferent types of planar winding PCBs must be manufactured, shown already in the
Fignre (4.38): The type B is the mirrored version of the type A. In this way the PCB
can be stacked without any additional insulation layer. The manufacturer only must pay
attention to place the corresponding sides of the PCBs together. The realized planar
transformer is shown in the Figures (4.41)

\-i\.-llnil.u.rw

e '['he planar transformer can easily be manufactured in high quantivies, dog to the
possibility of creating parallel winding stacks with the printed cireoit boards (PCB)

e Very lugh fll factors of the conducting material can be achieved with a planar
concepl (Fill factors K, up to (.25 depending on the insulation capabilities)

o The planar transformer can be realized in a very compact size, allowing a maximal

reduction of the tra

former weight

e Any kind of winding ratio can be realized, it is even possible to connect to th

middle point of a transtormer winding.

o lntegration of the decoupling inductor Ly, shown later in this section

~
L
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Disadvantages:

e The planar transformers must use cut cores, because the windings are pre-fabricated
on the eircnit boards. Uncut cores cannot be put around the PCB windings. This
means that the planar transformer usually will have lower main inductances.

o Many cirenit boards must be put in parallel if a high enrrent has to be achieved,
This will rise the costs of the planar transformer.

e The planar transformer coneept is difficult to cool actively. It is not very efficient to
cool sround PCBs, while the current conducting material is inside the epoxy-boards
of the PCB.

e e o the edges of the copper on the PCBs, many precantions have to be taken into
account for a high-voltage design. The copper edges can create high electrical field
densities and so the transformer insulation can be destroved more easily, Anyway
there are very few publications deseribing planar transformers working i a high-
voltage environment

Many planar transformers have been realized and are sold in high quantities for low-
power applications. Several manufacturers offer planar transformers for the power range
up to 10KVA. These planar trausformers operate very well for normal DC-DC converter
applications. They are especially nsable for designs where the switching [requency s
very high, because of the very small current conduction sections of the individual PCBs,
But for a multilevel application they are not suitable. The main problem is that they
are not designed lTor a high-voltage insulation, but they coupling eapacitance C, between
primary and secondary side is very high. The Figure (4.39) shows the typical used planar
transformer

L A -
[
1

Figure 4.30: Side cut of a conventional planar transformer

The coupling capacitance depends on two factors: The distance d between the primary
anil the secondary side PCB stack and the surface A of the PCB tracks on the primary
sicle, which is covered by the PCB tracks on the secondary side. It ean be seen in Figure
(4.39) that the surface of the PCB is very big. The core material is oriented in a way
making the surface of a PCB maximal. The entire surface of the PCB windings is covered
by the PCB on the secondary side. This is the usual way to manufacture the planar
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transformers, beeause by doing this construction type the stray inductances become very
small (very large conductors in a planar construction have very few inductivity, smaller
than 1uH for 10kVA). But the designed DC-DC converter has the inverse needs. Big
stray inductances and n small conpling capacitance. The proposed construction type for
the DC-DC converter is shown in the Figure (4.40) and solves these problems:

(1) (2) (3) {'I'i (9)
. i

) (@) (8) (6)
(1) (2) (7) (8)

(3) 5 (10) (4) ® (9

Figure 4.40: Side cut of the realized planar transformer

Ihe idea o reduce the coupling capacitor Cy, 1s done by mminnizing the surface A
This s done in two ways
e surface of one fabricated PCB with the transformer turns shall be small. By orienting
the PCBs inside the magnetic cores not for the long side (like shown in the Figure (4.39)
to reduce the stray inducance) but for the short side (seen in Figure (4.40) for the same
Cecare size), this surface is of course reduce, but more PCBs must be fabiricated 1o Rl
up the window area of the core. The copper window utilization factor K, will remain
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more or less the same, but the stray inductance is certainly higher. In the proposed
application, more stray inductance is required.

The next improvement is done by the orientation of the two winding groups inside the
transformer. Instead of aligning the two groups on each other in the transformer, which
gives a maximal covering of the two PCB surfaces (shown in Figure (4.39)), only one
side of the rectangular PCB stack is aligned. This reduces the covering surface A, seen
in Figure (4.40). Only the aligned side of the rectangular PCB stacks are enclosed by
the cores for the transformer.

The fact that each one side of the primary and secondary side PCB stack are not covering
each other can be used to integrate additional decoupling inductances Lg and Lg, on
both sides. To do this, the opening surface of a rectangular PCB stack must be high
enough to introduce the additional cores. The cut of the transformer shows the two cores
for the additional inductors and the main transformer cores. The numbers given on the
Image (4.40) are described below:

(1) Fixing poles with nuts to screw the magnetic cores together. The nuts must be
tighten strongly for a good connection between the two C-core parts.

(2) Aluminum bars to tighten the cores together. Between the aluminum bar and the
core there is a plastic plate to avoid a direct contact.

(8) C-cores for the primary side decoupling inductor. They are cut to a smaller shape
in order to reduce weight. The cores give the magnetic path for the integrated
decoupling inductors and only enclose either a primary or a secondary side winding
stack.

(4) Large sized C-cores for the principle inductance of the transformer. The cores
enclose both primary and secondary side PCB winding stacks.

(5) High-voltage insulation material for the primary side winding stack. The stack is
moulded into the insulation material.

(6) High-voltage insulation material for the secondary side.
(7) Primary side PCB winding stack.
(8) Secondary side PCB winding stack.
(9) C-cores for the primary side decoupling inductor.
(10) Connections for the AC voltage on the primary side.

(11) Connections for the AC voltage on the secondary side.

The transformer was realized using four C-core pairs for the principle transformer
inductance and each two C-core pairs for the inductors Ly and Lg. The same core
types were used for the inductor and the transformer, with the same maguetic cross
section Ag per core. But the cores for the inductors were adapted to the reduction of
the used window area and were cut. This action is only done to reduce the weight of the
transformer. If both cores for the inductors Lg;, Lg and main transformer inductance
L,, are the same and there is no air gap, the principle inductance would only be the same
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value as the two decoupling inductances together Ly. Altogether there are four cores for
both magnetic paths with the same number of turns. The principle inductance must be
much higher than the decoupling inductors, as been seen in Equation (4.2), page 102. So
either an air gap is introduced for the cores of the decoupling inductors (around 1mm)
reducing the inductivity and rising the maximal saturation current I, or another core
material is used with a smaller value for i, like some ferrite type. In this application,
an air gap is made between the two C-cores of the inductor.

The realized planar transformer is using cut C-cores from Allied signal, called Metglas
Powerlite C-cores, AMCC-50. Theses cores have a relatively high magnetic saturation
density of 1.5T and very big cores are available for medium and high power transformer
designs. The same cores where cut in order to reduce weight for the additional stray
inductances, which enclose each the primary and the secondary side windings.

Feeding voltage Udei(nom)s Uscatnomy 600V
Output current Tica(nom) > 50A
Output power Py 30kVA
Number of windings Ny, Ny 5
Winding resistance Ry, Ry, 5m
Natural stray inductance Loy, Loz 1.2;H
Integrated decoupling inductance Ly, Lgo 33uH
Maximal inductor current T 180A
Principle inductance L, 250pH
Coupling capacity Cir 35pF
Conductor width 2.3mm
Conductor thickness 100pm
Epoxy thickness 200pm
Number of parallel PCB 70
Chosen current density J IO;H—fﬁ
Fill factor K, 0.115
Weight 4.6kg

Table 4.17: Parameters of the realized coaxial transformer

It is not surprising to see that this planar concept has better electrical performance
values compared to the coaxial transformer: Twice the fill factor and especially ten
times smaller coupling capacitor. The effective cross-section conducting the current I,
is 16.1mm?. Theoretically this transformer can be rated twice the current compared to
the coaxial transformer. To start the design of a planar transformer, the thickness of the
copper tracks must be chosen. These must be calculated using the skin effect Equation
(4.129):

2
by = o —— (1129)
Wypltr HoO R

The conductor is made of copper tracks with the conductivity o and the relative
permeability of copper p, = 1. If for the frequency the value f, = 20kHz is chosen, the
penetration depth of the current is 8,4, is 0.45mm. But the current of the modulation
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methods is not sinusoidal and has a lot of harmonie contents. That is why the thickness
of 100pm for the tracks is taken. Due to the PCB stucking with the mirrored PCB
neighbor, the tracks of the next PCB will exactly cover the tracks of the first one. So
the effective thickness of the tracks will be doubled. Instead of 100pem the tracks will be
200pm thick

The next images presented in Figure (4.41) show the assembled stacks for the primary
and the secondary side. Four C-cores are used for the principle inductance. while each
two Cecores are used for the dec oupling inductanee (additional stray inductance)

Figure 4.41: Top and front view of the realized planar transformer

One of POB winding is photographed from hotl sides and shown in Figure (4.42) The
tracks are not very large, but many of these PCRs are stacked, 5o the conducting surface
is still sufficient. By using these relatively small PCB stripes with narrow witidlings, the
incredibly low coupling capacitance ¢ t OF 35pF could be achieved
——
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Figure 4.42: Back and front side of a planar transformer winding
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4.4 Experimental results for the rectangular mode

The first experimental results have been done on a low-power prototype, allowing sev-
eral non-destructive tests on the AC link current like saturation effects and AC link
resonance. The prototype was designed for an transferred power of about 100W and is
based on power MOSFET semiconductors. Like in the prototype for the single-phase
and three-phase multilevel converter, all the control algorithms were implemented on a
PC equipped with several 10 cards like AD converter, fiber-optical signal output card for
power semiconductor firing signals and of course a modulator card containing a complex
gate array to implement the modulator state machine. The PC can send digital values
to the gate array. In this application, the value sent to the gate array is the phase-shift
4, a stop flag and the power flow direction. The parameters of the experimental sctup
are given in the Table (4.18):

Parameter Symbol Value
Feeding voltage Ugn 50V -+ variable AC
Nominal output voltage Udea(nom) S50V
Nominal output current Tyeo 2A
Load current Topo variable AC
Switching frequency fp 19.5kHz
Power MOSFET Udsimas s Ldmas 200V,10A
Max. DC current Liet ez 3A
Input capacitor Caer 680uF
Qutput capacitor Cyea 680uF
Decoupling inductor Ly 160pH
Decoupling capacitor Cat, Cao 40uF / 25V
Blanking time Thlank 750ns
Sampling period Tsampte 200us

Table 4.18: Realized DC-DC converter for 100W

Exactly the same parameters were used to simulate the system with the rectangular
mode, shown in Figure (4.19), page 120. The feeding voltage Uy was generated by an
voltage amplifier source. So by using a frequency generator, a set value can be generated
for the voltage amplifier, in order to produce a non-ideal feeding source. The load on the
secondary side of the converter was a bipolar current amplifier, which was able to generate
any kind of current waveforms between —1A4 and 1A. Negative currents can be injected
to test the negative power transfer with the DC-DC converter. The bipolar current
amplifier sign value came also from a frequency generator. The first measurements can
be seen in Figure (4.43):
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Figure 4.43: Measurements with the same parameters as in the simulation

The measurement in Figure (4.44) shows exactly the same result as the graphs
achieved with the simulation in Figure (4.19), page 120. The measurements have been
done by the AD-converter card of the PC. The load current I is a rectangular current
using the two-quadrant possibilities of the DC-DC converter. When there is a negative
current, the phase-shift § is also negative. The fundamental frequency of the current
is 50Hz. The voltage oscillation superposed on the DC value of Uy has a frequency
of 33§Hz with an amplitude of 15V. The output voltage changes its set value to show
the controller performance. It can be seen that the output voltage is well stabilized.
The maximal overshoot when changing the set value Ugeo(sery is 5%, while the overshoot
caused by the change of the perturbation value I, is less than 1%.
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Figure 4.44: Measurements with special perturbation value waveforms

The measurements presented in the Figure (4.44) show the same output voltage con-
trol for Uy, but in this measurement a sinusoidal load current was generated and the
feeding voltage Uy has got a triangular waveform. In any case of measurement it can
be seen that the influence of the load current I, as a perturbation value is higher than
the influence of the feeding voltage Uy. The feeding voltage effects can be easily com-
pensated with the controller and so do not interact directly on the output voltage value
Udc‘z-
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Figure 4.45: Measurements with a change of the power direction

The presented graphs in Figure (4.47) are done by an oscilloscope showing the AC-
link values U,g, Uy and the current I,.. The action of this measurement was a change
of the current Iy (Graph D), changing from a negative value to a positive current. This
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means that J must change its sign value, which is shown on top of the graphs, where the
value of d is changing from ~19° to 32° by an intermediary step. A resonant current is
started as soon as the new value for 4 is active and the sign value for § has changed. The
resonant frequency frc is:

1
= ———-—— = . H 4.1
Jre = 5r——pe = 28kHz (4.130)

The resonance is damped after three periods of the resonance frequency frc. For a
DC-DC converter for a small power, this does not cause any problems, but for high-power
DC-DC converters this resonance will not damp in a few periods, because the resistive
part of the transformer is proportionally smaller. The peak current from the resonance
iac(maz) can destroy the semiconductors or cause a saturation of the decoupling inductor.
A method to prevent this excitation of the resonant frequency can be easily implemented
and is shown in the next Figure (4.46).

Tsample = 200us

LU
1.

Uac2

Uact

time

modulator

transitions 8 =+60°

Figure 4.46: Soft changing of § within the sampling period

The method consists of a soft changing modulator during a sampling period. If the
modulation controller requires a change of the sign value for §, the modulator will not
directly apply the new value for § (In the Figure this value is 8;), but there will be some
fixed intermediate steps, which are applied after every switching period. This soft-change
of the controller output can be implemented in the modulator in a state machine. If the
sampling time Tyompre does not allow multiple intermediate steps, because the switching
period Lp is nearly the same time, at least the intermediate step with 6 = 0 must be
applied to the modulator. This will avoid to create a short during DC current in the AC
link and a resonance can be avoided.
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Figure 4.47: Measurements with saturated decoupling inductor

The last measurement in Figure (4.47) shows a radical change for §, the angle differ-
ence is 107°. A relatively high constant voltage is integrated over the decoupling inductor
for too long, so the current I, is rising an saturates the inductor. Of course the cur-
rent immediately becomes even bigger. A saturation of the inductor of this kind would
immediately destroy the semiconductors in a high-power implementation.

4.5 Experimental results on a 20kW prototype for the
combined modulation method

Some more experimental results have been achieved on a medium power prototype for
20kVA. The used semiconductor switches were IGBTs from FUJI. The entire experimental
system is shown in the Figure (4.48)

The same PC setup has be used for the 20kVA prototype to realize the controller.
The control algorithm on the PC calculates in each sampling period four time values T4
to Tp, the sign value for the power and a stop flag, to immediately stop the modulation
and to go to the idle state I. This time values are sent over the PC bus to the modulator
card, where the new state time values are updated. The DC-DC converter is fed by a
three-phase variac, with a maximal power of 10kW. The output voltage of the variac is
rectified through a three-phase rectifier bridge. Between the rectifier bridge and the DC-
DC converter primary side, a set of electrolytic capacitors stabilize the feeding voltage
Uge- No chopper was realized to dissipate the energy, if the DC-DC converter is operated
in the generative mode (current Ty negative).

The parameters for the realized DC-DC converter are given in the Table (4.19). The
transformer used for these measurements was the coaxial transformer, as described in
the Table (4.17)

Due to the complex control algorithms, the sampling period is significantly longer
than in the implementation with the rectangular current mode. Due to security reasons,
the blanking time is chosen relatively long. The experimental results are presented in

Symmetrical multileve] converters with two quadrant DC-DC feeding N. Schibli




168 CHAPTER 4. VOLTAGE CONTROLLED DC-DC CONVERTER

Figure 4.48. Experimental system for the DC-DC converter

the [ollowing measnrements

Figure 4.4% Experimental result on the DC-DC converter in the triangular mode

I'he first measurement 1s done when the DC-DC converter is working in the triangular
mode. Tt 8 important that the control algorithm knows the exact value for the total
teconphng mdductance Ly and the blanking tiime, so that a correct zero-current wuen
off is proceeded. Also all the electrical values like the load current £ and the two DC
voltages ( del amd Uy, ¢ st b measuresd correctly. The ot '.--Iln-_-'; is controlled at
J60V, while the feeding voltage 17, 18 fixed at G00%

N, Schibli
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Parameter Symbol Value
Feeding voltage Uger 100V - 600V
Nominal output voltage Udca(nom) 500V
Nominal output current Taen 40A
Switching frequency f 20kHz
Load resistor Zioad 50 — 150Q
Power IGBT Ucerars Lomaa | 1200V,200A
Max. DC current Tictimas 80A
Input capacitor Clel 565uF
Output capacitor Clc2 565uF
Decoupling inductors Lgi, Lo 27uH
Decoupling capacitors Ca1, Ca2 200pF / 25V
Blanking time Thlank 10us
Sampling period Tsample 300us

Table 4.19: Realized DC-DC converter for 20kVA

sps
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400V o w
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Figure 4.50: Experimental result on the DC-DC converter in the triangular mode

The second measurement is showing the triangular current mode with a turn-off
current reaching I,.; = 125A. The controlled output voltage is Uy, = 450V, The overall
transferred power is Py, = 12.5kW, which is the upper limit for the feeding variac. It
can be seen that when the current I, is on a falling slope to zero, it becomes negative for
a short time. This effect can switch-on an anti-parallel diode of a switch in the leading
half-bridge to commutate. In this case the diode D1 was turned-on. This is why the AC
voltage U, is not equal to zero and is a positive value again. The positive voltage for
Us,e1 acts on the current I, and it falls back to zero. This problem can be avoided by
having precise measured values for the electrical values and for the system components.
An additional saturable inductor can also help to stop the current going negative. This
is described on page 138.
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Figure 4.51: Experimental result on the DC-DC converter in the trapezoidal mode

In the measurement in Figure (4.51) of the DC-DC converter, the modulation is the
trapezoidal current mode. The big blanking time can be seen. The current [, is of
course equal to zero during this time. Due to the unprecise measurement of the two DC
voltages and the load current, the current [ is not really turned off at the zero crossing.
A remaining DC current is circulating in the AC link. For the trapezoidal mode, the
turn-offs at the zero-crossing of the current are difficult to achieve and the implemented
algorithms are relatively complicated.
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Figure 4.52: Experimental result of the controller system

The controller system working together with the modulation method are tested. The
Figure (4.52) shows the measurements done by the measurements from the AD-converter
card of the PC. At the beginning of the experiment the modulator is in the load mode,
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where the output capacitor Cy is charged to 20% of the nominal voltage value. After
this, the controller takes over, working always in the triangular mode. This can be
seen by the fact that the value for § is never higher than the maximal value for the
triangular modulation §pmez . The feeding voltage is at 500V, while the output voltage
is controlled to 450V. The load current is about I4, = 124. It is a resistive load, that is
why the transferred power is proportional to the output voltage.

Conclusions

The experimental results presented prove the feasibility of a medium-power DC-DC con-
verter with a controlled output voltage working in a two quadrant mode: The DC-DC
converter is operating in a hard-switched mode, but thanks to the proposed modulation
algorithms causing zcro current switching, the losses can be reduced in comparison to
the existing modulation solutions (rectangular mode). The developed control algorithms
allow a compensation of all perturbation values and the performance allows a reduction
of the output capacitor. In combination with these modulation and control strategies,
a coaxial and a new type of planar transformer were designed and realized. The trans-
formers are adapted to this type of DC-DC converter.

Symmetrical multilevel converters with two quadrant DC-DC feeding N. Schibli



172 CHAPTER 4. VOLTAGE CONTROLLED DC-DC CONVERTER

N. Schibli Symmetrical multilevel converters with two quadrant DC-DC feeding



Chapter 5

Multilevel converter systems

5.1 Single phase multilevel converter for traction ap-
plications

The single-phase multilevel converter is an ideal converter system for the front-end cou-
pling of the locomotive to an AC catenary. The AC catenary is normally a high-voltage
power line with a low frequency (15kV with 16§Hz in Switzerland, Germany and Aus-
tria, but even 25kV with 50 Hz in France, Spain etc.). The present drive solutions uses
a heavy low-frequency transformer to reduce the input voltage towards the converter. In
this way, the classical converter scheme connected to a DC link (NPC converter or full-
bridge converter) can be coupled to a AC voltage of a medium frequency (2.5kV-3kV).
Power semiconductors like the GTO or lately IGBT and IGCT are used as converter
switches.

Figure 5.1: Classical converter scheme to connect locomotives to the catenary

The Figure (5.1) shows a classical solution using a NPC converter topology. The
serniconductors used were usually GTOs, in order to handle the high currents. Some other
solutions have been presented before using a high-voltage chopper converter at the line
side in order to rise the line side frequency [45] and [46}. The proposed multilevel converter
topology for drives presents a number of interesting advantages for this application.
For instance, it can replace entirely the heavy-weight transformer. But there are some
additional merits of the novel drive topology:
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e The converter is directly coupled to the catenary and uses a certain number of
multilevel steps, consisting of a 4Q-converter fed by a DC-DC converter. There
is no low-frequency transformer any nore, weighting up to 12 tons. The galvanic
insulation is done by the medium-frequency transformers in the DC-DC converters.
all the MF-transformers together weight about 1 ton.

e The multilevel topology generates an output voltage of a very high quality. This
allows either to reduce the decoupling inductance Ly, to a small value. This means
a further gain of weight for the system.

o The resulting switching frequency of the ML-converter is a multiple of the effective
semiconductor switching frequency. This allows to design a filter for a higher fre-
quency than in the classical solution. The filter is smaller and the influence on the
control dynamics will be reduced.

¢ In the ML-topology the voltage is high, resulting a smaller current comparing to
the classical solutions. This allows the use of faster semiconductors. Combined
with the high-voltage quality and a powerful processor for control the converter
can not ouly be used as a AC-DC power converter, but also as an active filter in
order to reduce the current harmonics in the power lines.

e The system is modular. The modular design allows an equal distribution of the
converter cells in the locomotive. If there is a bulky low-frequency transformer, the
locomotive has to be reinforced around the transformer, which causes additional
weight and construction limitations. Also the modularity allows the creation of a
failure-tolerant converter with the use of a number of redundant converter modules.
The modules can be used for other ML-converter applications.

e The system can be configurable. By having a configurable system, the locomotive
could be used on different power lines by changing its configuration.

The ML-converter system has a better efficiency in the medium and high power
range.

It can be easily seen that this topology presents an important number of advantages
for future developments for railways. The main drawbacks of the system are of course the
costs (it requires a lot of expensive semiconductors) and the complexity. The complexity
of the system causes automatically a reduction of reliability. An ideal power semicon-
ductor for this application is the IGBT switch. Presently, there are not many studies on
the reliability of IGBT switches in such a multilevel configuration.

Figure (5.2) shows a generalized configuration of a ML-converter for traction applications.

In the presented figure, all the electrical values are defined. Two types of the ML-
converter are presented. The idea is to control the power flow in order to feed the motors
of the locomotive. The line current [j;,. must be controlled in a way that it has as few
harmonics as possible. At the same time, it needs a very fast dynamic behavior when
the set value changes. On the bottom of Figure (5.2) the different controllable power
transfers are mentioned.

The entire ML-converter consists of a certain number of steps n. A step is compaosed
of a four-quadrant converter with a DC-DC converter. An intermediate capacitor Cacagiy
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Figure 5.2: Multilevel converter setup for locomotive drives

stabilizes the voltage between the DC-DC converter and the 4Q-converter. Each of 4Q-
converters can be modulated by a PWM modulation function with a modulation degree
k. The DC-DC converter is feeding the 4Q-converter. The DC-DC converter can be
controlled in two different ways: It can either control the primary side DC voltage Ugqe1 or
the secondary side voltage Uyo. This is one common voltage to control for all the DC-DC
converters, because all the primary sides of the DC-DC converters are connected together.
The other possibility is that each of the DC-DC converters control the secondary side
voltage Uch(i)~
There is a special component in series with each capacitor Cye(i) or Cyer. The element
is called short circuit current limiter (SCCL). This element is needed, if the capacitors
are higher than 500pF. This element becomes resistive as soon as the current exceeds a
certain value. The element prevents a short circuit in the case of a capacitor failure and
avoids the destruction of the entire multilevel cell by the energy discharge stored in the
capacitor. For each 2mF of capacitor, an SCCL is needed. The only advantage is that
this element causes extra weight (about 25kg) to the system.

To filter the harmonics caused by the resulting switching frequency n - f;, a passive
filter is needed. The filter used for all the presented converters is shown in Figure (5.4):

The entire system is divided into three parts, which can be controlled separately.
The ML-converter can be considered just as a simple AC-DC converter. On the AC
side, the line parameters such as the decoupling inductance and the resistive part of
this inductance can be found. The DC-side is shown with the DC-link and the optional
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SCCL

I Caca,1

Figure 5.3: Short circuit current limiter in series with the capacitors

Liine2 = 70mH Liine1 = 30mH
L -

Reiter = 210Q
Uline ernv

TCH.W =0.2uF

Figure 5.4: Passive filter in order to reduce harmonics caused by the switching frequency

low-frequency filter, called trap circuit.
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Figure 5.5: Multilevel converter system presented as AC-DC converter

The power supply lines of railways are in a single phase feeding. When the line
voltage Uy is at its peak value, a maximum of power can be transferred. If the line
‘voltage is zero, no power can be transferred. So the power coming into the DC-link is
a pulsating power, it is not constant (This is only possible with three-phase systems or
with DC power lines). The pulsating frequency has twice the line frequency. The motor
of course needs a constant power. This means that a locomotive drive converter needs an
energy storage system to provide the missing energy when the line voltage crosses zero.
Usually the locomotive constructors use a series connected LC filter in parallel to the
DC-link capacitor. This setup is called "trap circuit". It is designed to obtain a strong
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Ueonv Multilevel converter output voltage [V]

Utine Single phase line voltage from the catenary [V]

Tiine Line current, should be in phase with the line voltage [A]
fiine Line voltage frequency [Hz]

Vier Modulation function for the global multilevel converter

k Modulation degree of the global multilevel converter
Tolank(s0) DBlanking time used for the 4Q-converters

fs Switching frequency for an independent 4Q-converter

o Phase angle between the line voltage and the converter voltage [rad]
Liine Decoupling inductance from the line [H|

Ryine Resistive part of the decoupling inductance []

n number of multilevel steps

Table 5.1: Electrical values on the AC side of the converter

Iyer,,, Summarized DC-DC converter output currents [A]
L.« Motor current, comes from motor converter [A]
Ugar  DC-link voltage [V]

Cya  DC-link capacitor [F)

Cirep  Trap circuit filter capacitor [F]

Ltrop  Trap circuit filter inductance [H]

Rirep  Trap circuit parasitic resistance |

Table 5.2: Electrical values on the DC-link of the converter

attenuation of the pulsating power frequency.

The DC-side (with the DC-link) is characterized by Table (5.2):

The Equations for the AC part of this converter system are mentioned below. The
line current Iy, results from the difference of the two voltages Ugpny and Upipe:

d
AU = Uline - Uconv = IlineRline + LlineEEIline (51)

[t is supposed that the voltage and current values are sinusoidal. The transformation
of Equation (5.1) into the Laplace domain gives:

I Uline - Ucomr AU 1 AU
line — &5 1  — -

= +
BRiine + 5Liine Riine 8 Liine

(5.2)

The generated current behavior is thus a sum of a dominating integral behavior over
the inductance and a resistive behavior. By using the trigonometric relations and by
solving for the line current, the basic phasor diagram is helpful. In the shown phasor
diagram (5.6), the current Iy, is in phase with the line voltage Uype.

The equations are found by considering the trigonometric relations given in Figure
(5.6). This means that the line voltage and current are always in phase. ’

I \/Ucmszline2 + 471'2f!ine‘2Llinelz(Uconv.2 - U-lineQ) - U!ineRline (5 3)
line = .
e Riine® + 472 fiine” Liine”
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Figure 5.6: Phasor diagram for a single-phase AC-DC converter

and:

27TflineLlineIIine ) (5 4)

o = arctan
(Uh’ne + Rpnediine

In most applications, the resistive part of the line impedance is negligible in compar-
ison to the inductive part 27 fiineLiine. But for traction applications, the inductance is
chosen very small (around 20mH) in order to reduce weight and the line frequency is very
low, therefore the ohmic part has taken into account. The aim of the AC-DC converter
is to control the line current to a sinusoidal value. It is obvious that the current can be
controlled by varying the converter voltage Ugon,. More power is generated if the voltage
AU increases with a fixed angle pay towards Uy,,.. The angle is given by:

Rline m
= arctan (————) + = 5.5
pay w[ineLline 2 ( )
Therefore the converter voltage moves on the line defined by this angle (5.5), the
current remains in phase with the line voltage and the amplitude can be modified. The
peak value of the line current is given by:

T 131 01
Liine = \/5_"_t (56)

line

of course f;me can also be expressed by using the modulation degree as a variable
parameter:

2 -,
\/[Z?:; Udc2(i)(k(i) - Tblank(dQ)fs)} - Ulfne
27Tfline Liine

The modulation degree k; is considered to be the global modulation degree k and is
given by the following equation, derived from (5.3):

(5.7)

Tjine =

P 2 272 i
\/47r2fliue Lline Iline + Ul2ine

5.8
i Udeats) (58)

k= Tblanlc(4Q)fs +
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The relation between the modulation degree k, the modulation function V,;(t) and
the converter output voltage is given below:

Ueonv = Ulez * Vg (t) - (k = Totankaa) 1,) (5.9)

Vies(t) must be a function in the time domain. The amplitude will usually vary in
the interval [—1,1], just like a sine-wave. The number of steps used for the multilevel
converter depends on the maximal possible peak voltage of Uy, on the decoupling
inductance and the maximal possible current Ij,. To generate a current with cos(¢) =1,
the converter voltage must always be higher than the line voltage Up,..:

i 2
n > trunc (\/Ufine + 472 fiine Lzmeszine> i

5.10
Una (5.10)

The influence of the resistive part of the line inductance has been neglected. The next
equations are describing the DC side of the AC-DC converter black-box behavior. The
values are DC values with superposed AC harmonics, depending on the control system
and the trap circuit (filter) used. If there is no trap circuit, the equation for the DC link
is simple:

1
Udcl = C_ / (Licltot - Imot) di + U(lcl
del

.
o (5.11)

The initial condition on the DC-link is important, especially if it is desired to observe
dynamic transitions when the trap circuit is used. The motor current is usually a constant
current, source. Normally, one DC-link is used to feed two motors. The DC-AC converters
to feed the motors are usually standard three-phase NPC (neutral-point-clamped) con-
verters |13]. The motor currents of course contain harmonics coming from the switching
of the motor converters.

I)mot

Tt = 12
met Udcl (5 )

If the trap circuit is active, the behavior of the DC-link is more complicated. In any
case, there is a dominant integral behavior due to the high capacitors. The impedance of
the DC-link is evaluated in the Laplace-domain. There are three energy storage elements
in the DC-link, so the order of the polynomial of the impedance will be 3.

Cirap

h‘”“*(f) Cd_.c—t.: Lirap ({)'mot

Rtrap

Figure 5.7: Schematics for the trap circuit
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DC-link capacitor 12mF
Trap circuit capacitor 16mF
Trap circuit inductor 1.515mH

Trap circuit inductor resistance 20mS2

Table 5.3: Parameters for the trap circuit to filter 33%Hz

The trap circuit is designed to filter the pulsating power transfer with the line fre-
quency. The resuiting impedance in the Laplace domain for the trap circuit of (5.7) is
given below:

52Llrapclrap + SRLrapCLrup +1
33Ltrapctrnpcdc1 + sthrapCtrapCdcl + S(Cdcl + Ctrap)

Zirap = (5.13)

It can bee seen from this equation that there will be a dominant integral behavior
with the time constant Cyqp + Cgar- The parameters chosen for the trap circuit depend
on the line frequency. If the line frequency is 16§Hz, then the trap circuit has to be
designed to filter 33§Hz. The parameters for such a trap circuit are given below:

The next Figure (5.8) shows a Bode diagram of the designed trap circuit. The atten-
uation peak is exactly at 33%—Hz. But there is also an amplification peak (resonance) at
50.12Hz. It can be expected that the DC-link will have a superposed oscillation at 50Hz.

50.12Hz / ~2Q
20 T
g O : SRR R
h=A . Haras SR
£ R R N
3 a2 R =
s S ‘
. P e -(*Z s
_40 . 1t i i .
10’ 10* 33.33Hz/~0.020 10°

frequency [rad}

Figure 5.8: Bode diagram for the trap circuit impedance

The DC-DC converter has to be characterized mathematically in order to create a
simulation model for the multilevel systems. The model must be simple in order to be
able to simulate over long periods with a limited sample time, but still it must represent
correctly the black-box behavior. The internal values of the DC-DC converter like the
switching and conduction effects, modulation parameters or the peak current values are
not important for this simulation. The next Figure shows the DC-DC converter as a
black-box:

The new parameters and the electrical values for the DC-DC converter module are
defined in the following table:

The basic Equation defining the whole behavior of the DC-DC converter, describes
the ratio between input and output currents and voltages. The losses of the DC-DC
converters are not taken into account for the simulation of the entire system, The losses

N. Schibli Symmetrical multilevel converters with two quadrant DC-DC feeding



5.1. SINGLE PHASE MULTILEVEL CONVERTER FOR TRACTION APPLICATIONS 181

84i), Qa1 a2(i) (power flow)
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Figure 5.9: DC-DC converter represented as a black-box

2 Index to indicate the step number

Useagi) DC voltage between the DC-DC converter and the 4Q-converter
Tdcl(,-) Current going from the DC-DC converter to the DC-link

7,162(,«) Current going from the DC-DC converter to the 4Q-converter
Thlank Blanking time for the DC-DC converter switches

Cueas) Storage capacitor between 4Q-converter and DC-DC

Lotor Decoupling inductance

Io Switching frequency

Oy, Qar), Qapy  Modulation parameters

Table 5.4: Parameters for the DC-DC converter

might be around 3% — 4% so they will not influence the control behavior. So the input
power of the DC-DC converter is the same as the output power:

7 _ Udcl
de2(i) = Udc‘z(i)

Taers) (5.14)

The behavior of the voltage Uy over the capacitor is described by the next differ-
ential equation in the time domain. Of course it is an integral behavior, which has to be
taken into account for the controller design.

Vaesiy = / (Ich‘2(i) - Tdc‘l(i)) dt + Useats)|,_, (5.15)

Cuea(s)
The current Iy, flowing into the DC-link is composed of all the primary currents
of the DC-DC converters:

Lict = Y Taer(iy (5.16)
i=1

Also some Equations are given to describe the black-box behavior of an independent
four-quadrant converter. They are all connected in series over their AC side. Due to this
series connection, all the generated AC voltages are added for the multilevel converter,

- generating the ML-converter output voltage U.ony.
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Ky Vreray(t) = f(fines ctkat)

Illne .. IchZ(i) Idc2(|)
—— e — —
Uconva)l b Caezgy — luddu)
N
Thlank(4Q)
fs

Figure 5.10: Independent four-quadrant converter represented as a black-box

ka) Modulation degree for the independent 4Q-converter
Uconu(s) AC voltage generated by an independent 4Q-converter
Lo Load current generated by the 4Q-converter

Lopzactsy DC part of the load current generated by the 4Q-converter

k() - Vresiy Modulation function and degree for the 4Q-converter

Table 5.5: Parameters for the 4Q-converter module

Some new parameters are introduced. They are listed up in the table (5.8). The
multilevel output voltage is given by the simple addition of all partial AC voltages from
the 4Q-converters:

Ueonv = ZUcanv(z’) (5.17)
i=1

The peak voltage value of the multilevel converter depends of course on the number
of steps used. The individual converter voltage is influenced by the blanking time of
the switches. Especially by using fast switching frequencies f; for the 4Q-converters,
the influence of the blanking time Tyoni(ag) decreases the maximal peak voltage value
Usony- For a traction system converter, the switching frequencies chosen are rather low
(between 200Hz and 400Hz, to avoid unnecessary losses). The adequate blanking time
for the semiconductors has to be chosen considering the turn-on and turn-off times. The

individual converter output voltage is defined:
Uonvtty = Udeats) * Veests) - (k) — Totankiag) f) (5.18)
If the 4Q-converter voltage is modulated by a sinusoidal function, the equation is:
Uconv(iy = Uaeaqiysin(2m frinet + ) (ki) — Totank(1) fs) (5.19)

So the total converter voltage is given by the Equation (5.20)

n
Usors = 3 Uaea(sy 5in (27 frinet + i) {ksy — Totanka@) fs) (5.20)

i=1
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An interesting electrical value is the slidihg average value of the current I;p(;) coming
from the 4Q-converter. The sliding average value is important for the control system,
because the control system is not able to react on the independent switching events:

Tonoy(t) = Liine * Viesio)(8) + (ki) — Torankagy f) {5.21)

Assuming that the modulation function V,ezq) is a sinusoidal function,

1.
Ichg(,-)(t) = §Iline(k(i) — Tblu"k(4Q)f3)[COS(a) — COS(47rf;,—net + (Yk)] (5.22)

This equation is important to calculate the voltage waveform on the capacitor Cyes).

Is important to know that of course the current Ij;,. is depending also on k(). To calculate

this, take Equation (5.8) has to be taken. The DC component of this current is given by:
1 -

Lehnzaesy = _\/—illine(k(i) — Thank(4Q) fs)cos (o) {5.23)

5.1.1 Multilevel converter system without trap circuit

The first multilevel converter system tested is a concept without trap circuit filter. The
basic idea is to renounce to all heavy filtering elements. The energy shall be stored on
the capacitors Cyo between the DC-DC converters and the 4Q-converters. Of course the
voltage on these capacitors will oscillate. The power coming from the 4Q-converters is
pulsating with twice the line frequency fiine. But the DC-DC converters will transfer a
constant power to the DC-liuk. This means that the voltages Use will oscillate with
twice the line frequency fim.. By using a sophisticated control scheme, these voltages
can oscillate with twice the line frequency, but there average value U, , will be kept
constant. This system is very interesting, because the weight and volume of the system
are reduced to a maximum. There are no remaining low-frequency elements.

The next Figure (5.11) shows the schematics of the traction converter with n steps
without trap circuit:

For a real implementation of the system about 10-14 steps are needed. In this setup,
all the DC-DC converters together have to control one single output voltage Uy So the
DC-DC converters see the all the same measured feedback value and, of course, the same
controller set value. The current /4.0 is generated by n sub-currents T,m(i). Of course
the voltages Uy are not controlled from the DC-DC converter. The oscillation with
twice the line frequency can only be reduced by choosing the capacitor values Cycp(;y high
enough. The voltage oscillation is proportional to the capacitor values. The capacitor
value exceeds 500uF, so a SCCL is needed in series to the capacitor. Comparing to a
solution with trap circuit, these capacitors must be chosen of a much higher value.

The next equations are valid if the line current and voltage are in phase and the resistive
part of the line inductor is neglected:

3 Trine(ki = Tank(4@) fs)SIN(AT fuinet + aux)

Ugeo(iy(t) = Ugeas 5.24
dc2(z)( ) de2(3)|, 87Tflinecdc2(i) ( )
The voltage oscillation (peak to peak value) is given by:
T (ko —
AUch(i) _ lme(k(z) Tblank(4Q)fs) (525)

47rflinecdc2(i)
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Uline

Figure 5.11: Multilevel system schematics without trap circuit in the DC-link

So the appropriate capacitor Cy.;) can be chosen by deciding what voltage oscillation
AUgyea(;y wants to be tolerated:

Tine(ky — Totank(se) fs) (5.26)
47 fline AUgcas)

Cacryy =

The modulation degree k; is considered to be the global modulation degree k and
can be calculated from Equation (5.8). Due to the oscillation of all the voltages Uscag),
the generated converter voltage Ugmn, will be superposed by the same oscillation. To
visualize this effect, the DC voltages are compared with the line voltage from the feeding
catenary:

At the phase angle ay,,,..,, all the DC voltages Ug.(;) have their minimal value. It
is important that the addition of all these voltages is sufficient in order to maintain the
desired current Ipe.

e
AU yepiming = 2 + o {5.27)

The value for o can be found in Equation (5.4). If the line voltage Uy, and ULy, is
sinusoidal, the minimal needed voltage for U, can be found out. To calculate this, the
trigonometric relations are used, presented in Figure (5.6). The DC-link voltage Uy, of
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Figure 5.12: Comparison from Uge with Ujne to detect the worst phase angle

this topology is controlled by all the DC-DC converters. The current Iy can give a
quick response to any load changes. This allows a stabilization of the DC-link voltage.
In this case, the DC-link capacitor can be chosen very small.

Control system

The control system proposed for this converter is composed of a structure of five controller
systems in cascade of a high complexity. The overall set value for the control system is
the desired motor power P (Actually, the real set value is the motor speed, but the
required power can be derived from the speed set value of the motor). This is the power
taken from the DC-link with the capacitor Cy,. It is known that in this topology the
voltage Uy is kept constant, so the it can be said that the overall system set value is
the motor current I,o;. The following criteria must be fulfilled by the controller:

e The current Ij;,, must be sinusoidal with as few harmonics as possible and in phase
with the line voltage Up,.. Furthermore the line current shall not contain any DC
component.

e The voltages Uy shall oscillate with twice the line frequency, but the DC com-
ponent of the voltage U ey must be constant. Of course the sum of all the average
values 1 - Ugeqy(2) Of these voltages must also be constant.

e The voltage Uy, must remain perfectly stable and should not have any oscillation.

e The motor current I,,,; should be able to make step changes of the set value without
destabilizing the entire system.

The entire control system is presented in Figure (5.13). In the control system, five
different sub-systems can be identified, each with a particular control function:

o The line current controller Gg;, combined with the direct introduction of all line
values using the trigonometric phasor relations is implemented, given in Figure

Symmetrical multilevel converters with two quadrant DC-DC feeding N. Schibli
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(5.6). The controller is a simple Pl-controller. The method has been presented in
|26}.

The power flow controller Ggy in cascade with the line current controller. If the
motor does not consume the same power as taken from the line, this controller
adapts the demanded power.

e The controllers Gra(;) represented in function block (16). These controllers are
responsible to control all DC components of the voltage Uyo by adapting each
modulation degree of the 4Q-converters.

The active harmonic cancellation controllers Gryiy. These set of controllers gen-
erate an adapted current set value in order to eliminate all the chosen low-order
harmonics and the DC component found on the line current Ijin.

¢ The controller of the DC-DC converters, in order to stabilize the output voltage
Ugey. This controller is not described in this chapter (see chapter Control of DC-DC
converter).

On the left side of the control system, three different set values can be detected:
The motor current Iosery gives the desired motor power, this value is determined by
the speed controller of the locomotive motor, the set value for DC component of the
oscillating voltage —Tjdﬁ(set), because the voltage level of the voltages Uy can be chosen
independently to the transferred power, and the amplitudes of the current harmonics
Tnarmsety that have to be filtered. Of course not all the harmonics can be filtered, this
depends especially on the calculation speed of the DFT and IFT algorithm. With a
modern processing architecture using signal processors, waveforms up to the 500Hz can
be filtered actively.

N. Schibli Symmetrical multilevel converters with two quadrant DC-DC feeding
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For the controller structure, a ideal sine wave and a phase-shifted (90°) ideal sine
wave is needed (The cosine function). To do this the line voltage Uyp, is measured and
is introduced into a PLL circuit (1). The PLL is generating a sine wave (2) and the
cosine wave (3), which are perfectly synchronized with the line voltage frequency fiine
and the phase angles are respected (0° and 90°). These signals are important to generate
a perfect sine wave template for the line current set value.

Cascaded controller for line current and power flow The detailed transfer func-
tion of the system is shown in Figure (5.15). There are n systems in parallel, the input
value is a modulation function and the output is a partial converter voltage Ucony(;y. But
to design the control system, only one global converter is considered Ueony, generating
the converter current on the line inductance. By looking at the controller in this way, the
elements of a cascaded controller can be identified. Figure (5.14) shows the simplified
structure for the controller in cascade.

line(ast) line
2 Grarls)—>
A
r A}
. |1 hine(set laneen) KV, AU line T
Usston — 4Ol Gro(s) [—RO—>| Grils) |—>] Gams(8)|—*| Gat(s) [——1—>| Gsvals) —g—»

Figure 5.14: Overall control system seen as cascaded controller

The line current controller Ggy(s) is the internal controller of the cascaded struc-
ture. It is a PI controller (the implemented controller is shown in Figure (5.16)), which
generates a sinusoidal modulation function & - Vrlej. The set value introduced to the
multilevel converter is a linear combination of the line current Uyy,,, the cosine function
generated with the PLL circuit representing the phase of the voltage drop AU over the
line inductance Lyne and of course the set value k' -V}, ¢ coming from the controller Gg).
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The result of this addition is a global modulation function & - V,.;.
k- ‘/ref = KulineUline(t) + Kilinecos(zﬂflinet)iline(set) + k, * Vr,ef (528)

This linear combination is done to pre-generate a sinusoidal set value of the current
according to the trigonometric relations given in Figure (5.6), which allows the controller
only to do a small correction of the current. The parameter Kyine is given by the
Equation (5.29)

1

Kuine = ———— 5.29
! n- Udc2(set) ( )

The multiplication factor (6) direct introduction of the vector in direction of the
voltage drop AU is given below:

27TflineLline
Ki o= i T 5.
line - Udc?(set) (-) 30)

It would also be possible to introduce directly a vector to the set value &' -V,
compensating the 33§Hz voltage oscillation on the feeding voltages Ugeay. The oscillation
is seen afterwards on the converter voltage Uy,. This is why this vector must be in
phase with U,,,,, and thus must be in phase with the modulation function & - V,.;. The
correction factor to be multiplied with the modulation degree k is:

Udc2av —' Udc2
Kude2 - Uns (5.31)
In the nominator the AC ripple voltage on the capacitors Cyy is found. The denomi-
nator normalizes this voltage to the maximal converter voltage Uy, Which corresponds
to the modulation degree of £ = 1. So the modulation function is multiplied with the
factor Kyqc2 in order to get the correction vector. The resulting correction vector is added
to the old modulation function.

E'-Vier = (L+ Kuaez) k- Vies (5.32)

This additional feed-forward of the DC feeding voltage has not been implemented
and is not shown in the Figure (5.15). But the method conld also help to reduce the line
current harmonics.

From the DC current set value for the motor converter Iyoyset) it is necessary to know
an equivalent amplitude of the AC line current Ij;,.. The power set on the line side and
on the DC-link side must be the same. The multiplication factor is:

Ky = @M (5.33)
Ulinc

The transfer function transferring the output value of the controller to a physical
value is named Gop1(s) and is composed of an amplification factor and a small time
delay:

K!

__“reml | (5.34)

Gcm =
1(8) 1+ 5TpE1
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The system transfer function parameters, which has to be controlled by the current
controller shown in Figure (5.16), are given below:

Kom = Udc?(set) (535)

But due to the fact that the partial converter voltages Ugmy;y are added, the ampli-
fication factor resulting for the control system is n times higher:

I(zl:ml =Tn- Udc2(set) (536)
and the small time constant of the system is composed of:

T
Typ = —;"—”‘ + Toma + Tz (5.37)

The small time constant is smaller for the overall converter system than for the indi-
vidual 4QQ-converter. This is due to the phase-shifted carrier signals, which allow a faster
response on changes of the modulation function. The system delay time introduced by
the modulation of the series-connected 4Q-converters, Te,o can be calculated as follows:

1

71(‘"1 = 4
2 4n - f

(5.38)

This value is calculated like to times the resulting switching frequency of the entire
multilevel converter. The system that has to be controller is called G,41(s). This transfer
function has an integral behavior.

1

Gsal(s) = El-

(5.39)
The dominant time constant for the integrating of the current comes from the line
inductance:

Tn = Liine (540)

The controller is represented by the transfer function Gp;(s). Due to the integral be-
havior of the current on a inductance, seen in Equation (5.39), the symmetrical optimum
[30] is used to calculate the controller parameters. This design method is ideal for good
stability against system perturbations. But the mcthod is not optimized for variations
of the set value. The two time constants of the controller are:

Tnl - 4'Tp31 (54])
! 2
T, = §1{cm_TII:1F”£ (5.42)

And the parameters of the controller Gp; are given with:

nam e
K, = TP‘ (5.43)
T, — Tyample
K, = LT~2— (5.44)
il
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Due to the direct introduction of the phasor diagram into the set value after the
controller, shown with Equation (5.28), and the addition of several controller outputs
before generation of the set value, the obtained controller values are attenuated with a
factor 3:

Kil

1{,‘1 = T (545)
Ky = %'i (5.46)

The power flow controller, given by the transfer function Ggp(s), is the external
controller of the cascaded structure. It is a PI controller, again implemented as shown
in Figure (5.16)).

Yregen Gri(s)
Ucanvior) JR Gra(s)
Uscagom ’ly Grag(s)
| b Gran(s)
Jrecsny k
g::lu:l , + 4 + Wl > k.:m.)
+
e " s
bine T
Taczme
Uaczgy
L)

Figure 5.16: Used P1 controller for current and voltage control

The controller shown in Figure (5.16) has a discrete time element 27! with the sam-
pling period. All the developments are actually done with the pseudo-continuous method
as described in [30]. But the implementation in the simulator but also on PC are of course
time-discrete.

The input value is the error of the sum of all DC components of the intermediary volt-
ages Ugey(i). It generates a modulation degree r(ine). This modulation degree is a value
limited within the boundaries [1,1]. This value is multiplied with the line current set
value Jjne1(seq), and is added again to the value Jinei(sery). This multiplication and addition
allows to modify the set value, which is a sinusoidal value, without modifying the origi-
nal waveform. This of course is only valid if the controller has very high time constants
T2, Tia compared to the period ~— of the sinusoidal set value Jyie1¢sery. The power flow
controller G has to be preventegeof introducing additional harmonics into the current
set value. The internal controller loop is represented by a new transfer function named

Gwal (S)I
GRchmIGsal
Gpa(s) = —————— 5.47
b ( ) 1+ GRIGcmlGaal ( )
For the external control loop, this transfer function is seen like a function of a small
time delay without any amplification:
1 Kcm2

— 5
1+ STgal 1+ STpE2 (048)

Gwal(s) =
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The internal controller was designed by the symmetrical optimum criteria, so the time
constant Tg, is given by:

Kz = 1 (5.49)

Tpa
Teal = TpE2 = 4Tpa2 (1 +2 L 2) (550)
Ta2

The time constant Ty, is given by the time constant T,,,, from in the internal con-
troller loop, added with the other small time constants in the feedback loop. The filter
time constants to obtain the average value of Uyzg is introduced here.

Tpa? = Tome + Tfa + Tjilt (551)
The other time constant is given by the time constant of the internal control system.
Ta? = TII - Lline (552)

The transfer function of the system that has to be controlled, is called Ggpe(s). It is
a transfer function of integral behavior:

1 1

Gan(s) = Trs ~ 5Cmm

(5.53)

By knowing all parameters, the external controller can be designed, represented by the
transfer function Gpo(s). Due to the integral behavior of the voltage on the capacitors,
once again the symmetrical optimum {30] is used to calculate the controller parameters.
The two time constants of the controller are:

Ty = 4'Tpl~72 (554)
2
T, = el (5.55)
Ty

And the parameters of the controller Gpy are given with:

Tsampt
K. - semple 5.56
2 Tz ( )
Tpa — Tyample
Kp = ——2—?—“’— (5.57)
i2

All the parameters for the cascaded controller are now calculated and can be used for
the simulation.
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Controller for the independent feeding voltages of the 4Q-converters Un-
fortunately, another controlling element is necessary to control the multilevel converter
system. All the voltages Uiy have to be controlled individually. It is known that all
the voltages Uiy are oscillating with twice the line frequency. But the DC component
of these voltages U ;) have to be stabilized to a fixed value. To achieve this aim, all
the average values of the currents Iopaiy have to be equal to the currents Jycp. In the
present implementation, all the 4Q-converters see the same modulation function & - Viy.
This means in theory that all the average values of the currents Iozz;) will be the same.
On the other side, the DC-DC converters have all the same set value on the primary side,
so the current Tch(i) will be the same, if all the voltages Uyea(;) are equal. But there are
two points that have to be taken into account:

o The voltages Uy ;) cannot all have the same value, measurement equipment, mea-
surement noise and different capacitor values due to normal imperfection of the
production will always cause different DC components of the voltages Udd(,-). This
means the currents Ig.a(;) will not be all the same.

o Although the 4Q-converters all see the same modulation function, the average value
of the currents Iopgw(i) cannot be perfectly the same. Different turn-on and turn-
off times of the power semiconductors and phase-shift of the carrier modulation
functions will cause different switch patterns for each 4Q-converter. This means
that every current I ;) will be different.

These two facts make the control of the individual voltages Uye) necessary. The
control can be done in two ways:

o The DC-DC converters can have a variable set values Lycr(sery- This would cause
a variable secondary side current Tdcz(i), which can be adapted to rise or fall the
value of the voltage Ugeo(). But the sum of all Iy must be controlled equal
to I ., in order to keep the DC-link voltage stabilized. A controller structure is
proposed where controller adapts the set value Igc(ser) generated from the motor
current Inq divided through the number of ML steps n. The controller input is
the voltage error of Udcg(i). But all the current set values have to be adapted by a
second controller in order to avoid that the sum of the set values is different from
Iinoe. The entire controller structure is proposed in Figure (5.17).

The disadvantage is the fact that the DC-link voltage Uy cannot be controlled

directly. The DC-link capacitor is very small, so the DC-link voltage Uy, is easily
disturbed.

By modifying the global modulation function k - V;.; for each 4Q-converter to an
independent modulation waveform k) - Vief), the power flow through each 4Q-
converter can be controlled. If the amplitude of the partial ML-converter voltage
Ucony(iy is risen by the use of the partial modulation function k) Vies(;), the current
Lepagy becomes higher. This is shown in Equation (5.22). The disadvantage of this
control method is that the creation of unequal partial voltage Ugsmoqi) cause more
harmonics on the line current Ij;,,

In this report, the second method is implemented: the modulation function & - V,;
is adapted for each 4Q-converter by the controllers Gra;y(s). There is no other local
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Figure 5.17: Variable set value for all DC-DC converters

controller interacting for each 4Q-converter, while each DC-DC converter already has its
voltage controller G ps(;)(s). The proposed control system is given with the Figure (5.18).
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The system is composed of a set of ordinary PI controllers G py(;) with two limitations.
The transfer function of the controller processing system is given by the equation below:

K
Gcmﬁ(s) = i’_’;‘.‘:l%jg

The amplification is not shown in the box of the Figure (5.18) because the ampli-
fication is done by the multiplication of the global modulation function & - V,.; with
the output of the controller corr(k;), which is the correction value for the modulation
function. The value corr(k;)) is limited to the boundaries [—1, 1], but actually the value
remains very low, because only slight corrections of the modulation function are neces-
sary to control the voltage Ugz;y (around 1% to 2%). Once again the controller output
is multiplied to the modulation function k - Vi and afterwards added to &k - V,.z, in or-
der to keep the same waveform and to change the DC value corr(k(;) to an alternative,
sinusoidal waveform. The amplification is:

})mat
Uline

Koms = (5.59)

The small time constant shown in the box of Figure (5.18) is not the same as shown
in the Equation (5.58). The delay times of the low-pass filter have to be considered and
added to the time constants of the processing system. So the time constant Ty, is given
by the following equation:

Tsampt
;’»ES = sa;w < + T(:mB + Tfilt + zj (560)
The delay due to the modulator is given with the element Te,,3. It is different from
the time constant used for the global controller, because the modulation frequency of a
single 4Q-converter f, is n times smaller than the overall modulation frequency.

1
Toms = O (5.61)
The transfer function for the system is of course an integration element:
1 1
Ga(s) = —4— = —— 5.62
s3(5) sTrs  sCue (5.62)

Of course, the controller time constants are designed by using the symmetrical opti-
mum:

Ty = 4-Tym (5.63)
T 5 2

T, = SKemelems (5.64)
Trs

And the parameters of the controllers Gpa(;) are given with:
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T,
Kia — sample 5.65
3 Tz ( )
Toa— Tsarnyle
Kp = _ET—Z (5.66)
i3

An important component of the individual 4Q-converter controllers is the filter to get
rid of the alternative component of the voltage Uyeo. It is important that this filter is able
to compute the DC component without a high time delay and with a correct dynamic
behavior. Instead of taken classical bandpass filters, which have high time constants, a
FIR filter of an order of at least ngy > 20 is taken. The filter is presented in the Figure
(5.19):

1 2
R FIBNETR 1
) Udez)

ZOH

Figure 5.19: Filter used to avoid the oscillation at twice the line frequency

At the entrance of the filter, there is a zero order hold element in order to sample
the time-continuous values of the measured voltage Ugeay. This zero-order hold is not
needed if the whole controller is implemented in a digital system and if the following
equation is respected:

2

- 5.67
Tsample f line ( )

Ng =

In this case, the systems sampling time is in the same time as the delay time of
the filter elements, and no additional sampling element is needed. In the presented
implementation the sampling time is 200us and ny is 20 and should be 600 to respect
the Equation (5.67). The filter equation is given below:

— 10 )
Uacraniy (k) = a S Usezantiy | (K — - ma) - (5.68)
i=0

Jrinena

The value k represents the discrete time steps. Due to the additional sampling to
generate the filtered voltage, there is an additional time constant to smooth the filtered
voltage output on order to get a continuous function within the the faster system sampling
time Tsample'

1

- 3
1+ ST!',j (069)

Gy(s) =
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The time constant Ty, should be chosen equal to the high sampling frequency:

1

Tse =
Is SrineNa

(5.70)

The next Figure (5.20) shows the oscillating voltage Uy.a(;) and the cquivalent filtered
voltage U geagay.

3KV

v T

Udgcag)

2.8kV

2.6kv|

24kVE

2.2kVr

2%V N : N
0 0.05s 0.1s 0.15s 0.2s

Figure 5.20: DC voltage Uy filtered and unfiltered

It can be seen that there is a small transient behavior at the beginning of the mea-
surement. But after a full period, in this case 2—;{:, the filtered voltage Uy follows
the original value with a small delay and represents its DC component.

Active current filtering controller An active filtering is done in order to eliminate
particular current harmonics found on the line current, but also to eliminate the DC-
component l,epc of the line current. In this control subsystem, the fundamental current
is not analyzed or modified. These harmonics are caused by different rcasons:

o The closed loop behavior of the entire control system can introduce harmonics

e In reality, the line voltage Up, is mostly not sinusoidal and contains itself a lot
of harmonics, due to old locomotives running with phase-cutting converters based
on thyristor semiconductors. If the line voltage is not sinusoidal, automatically
harmonics are introduced into the current.

o The oscillating DC voltages Ugyy will introduce harmonics of a low order. Also
the fact that these voltages will not all have perfectly the same DC level causes
additional harmonics.

o The resulting switching frequency n- f; will introduce high-order harmonics. These
frequencies are too high to be filtered by the active filter.

For all traction applications, it is very important to reduce all harmonics to a max-
imum. This is especially due to the normalization regulation of all countries, with the
aim to avoid interference with telecommunication frequencies. The proposed system for
the active filtering is given in the Figure (5.21)

To extract the amplitudes of the current harmonics fhu,m(i) from the time base func-
tion Iy, the algorithmm of the discrete Fourier transformation (DFT) is used. The DFT
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Figure 5.21: DFT analysis of the line current with DC current and harmonics cancellation

algorithm can be used to calculate each amplitude of the harmonics separately. If the
sampling period used for the DFT algorithm is synchronous with the line frequency,
the result of the DFT will be a set of all desired harmonic amplitudes. The two main
parameters of the DFT are calculated by the following equations:

g ropn-l o
Z Iline(i : Tsmnple)cas (”harm—‘l) n= [0~-"hmaz] (571)
nprT

Un(harm) pp—
i=0
9 nprr—1 ) ) I
butharm) = = Liineli - Toampte) Sint | Tparm i) n=[l.Nhmes) (5.72)
NDFT oy nprr

The parameter 7ip;,q, defines the maximal order of the amplitude that has to be
calculated. The parameter nppy indicates the number of sampling periods on a period
of the fundamental frequency. It is defined by:

1

norT f!ineﬂa.mple (573)
By using the parameter ag, the DC component of the current is directly found. It can
be seen that for the DFT algorithm, a sine wave and a cosine wave are needed being in
phase with the analyzed current Ij;,. and of course being in phase with the line voltage
Utine- These two functions are generated by a phase locked loop (PLL). In the Figure
(5.13) it can be seen at (4) and (10), that the PLL results are feed-forwarded to the DFT
and the IFT. The final result of the DFT algorithin can be found by employing the next

Equation:

. ) a Nhniuz ) ] ]
Iharm(z) =2 + Z an(harin)cos(nharm . ’t) + bn(harm)snlf(”harm : ’L) (574)
2

Rharm=1
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The function received from this Equation (5.74) is a set of amplitudes for each desired
harmonic. The index ¢ represents the order of the harmonic, so the frequency of the
harmonic is i - fiine. These amplitudes are subtracted from the desired set value f,,,,l,,,,(m)
and the error is introduced to a standard PI controller as shown in Figure (5.16). After
the PI controller, the correction values for the currents have to be re-transformed into
the time base. This is done by using the inverse Fourier transformation algorithm. The
Equation describing this algorithm is given in Equation (5.75):

2 2
i) +bpsinin -1 ) 1(5.75
Tsa.mple ) ( Tsample ):| ( )

After using Equation (5.72) to the set of calculated parameters [a,, b,], the result is

the time-discrete function of the current set value Ipqrm(corr). The index 7 here represents
an incremental value for the discrete timebase, sampled with the period Tsampe-
The Equations for the DFT and IFT show that the harmonic results arc given after a
integration of the current over an entire period, with nppr sampling values. This means
that the DFT-IFT combination cannot immediately give results out, one entire period
must be over until the harmonic response is available. This is the additional dead time
coming from the controller loop from the active filter controller.

ao Thmez
Ihurm(curr)(l'Tsample) = 5"‘ Z a,Co8 | N
i=l
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To design the PI controller parameters, this dead time of a period has to be respected.
The Figure (5.22) shows the structure of the cascade controller. The internal controller
is the current controller Gg, the same as shown in Figure (5.14). The controller has been
designed with the Equations (5.46) and will keep the same parameters. For the external
control loop, this transfer function is seen like a function of a small time delay without
any amplification, but will not be the same as presented in Equation (5.48). The internal
controller was designed using the symmetrical optimurn, so it can be found:

~ 1 i Kcmd & o
Gma4(s) = 1+STea4 - 1+5TpE4 (076)

The internal controller was designed by the symmetrical optimum criteria, the time
constant Te,q is given by:

Toar = 4Tpas (1 +2£’“—4) (5.77)
Ta4
The time constant T4 is given by the time constant T, from in the internal con-
troller loop, added with the other small time constants in the feedback loop. The time
constant of the external controller loop comes from the re-transformation algorithm of
the IFT, which takes one sampling period:

Tpa4 = Tema2 + Tirr = Temz + Tsample (578)

The other time constant is given by the time constant of the internal control system,
as been seen before in Equation (5.52):

T = Tin = Liine (579)

The transfer function of the system that has to be controlled, is called Gga(s). It
is a transfer function with the behavior of a PT|-Element, but is approximated by an
integral transfer function:

1 1 .1 1

= 1+ sTppr = 1+S—1— - = 5Ty

1
Jtine Sjline

Gapa(s) (5.80)

By knowing all parameters, the set of external controllers can be designed, represented
by the transfer function Ggygy(s). The system to be controlled is the integration time
constant of the DFT algorithm. This time is usually equal to the line voltage period.
This element does not really have an integral behavior, but it can be taken as integral
clement with the time constant Tppp to use the symmetrical optimum design criteria to
calculate the controller parameters. The two time constants of the controller are:

The = 4 -Tpre (5.81)
K., 22 )
Ty = 8KemaTym2” (5.82)
Tis

And the parameters of the controller G ry(;) are given with:
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. Tsample ) ¥
Ky = = (5.83)
TTL — Taamgle
i2

Due to the addition of the values coming from the current controller Gg; and the
direct introduction of the perturbation values shown with Equation (5.28), the obtained
controller values are attenuated by the factor 3:

K;
Ks = = (5.85)
Ky = 53—”‘1 (5.86)

All the parameters for the cascaded controller are now calculated an can be used for
the simulation.

Simulation results

The entire multilevel system shown in the Figure (5.11) has been implemented using
MATLAB/SIMULINK software in order to verify if the proposed control scheme presents
sufficient results. The parameters chosen for the simulated system are given in the Table
(5.6). The converter consists of 10 multilevel steps and is coupled to a typical railway
catenary found in Switzerland, Austria and Germany (16§Hz, 15kV). The same principle
would also work on the other European catenaries, like the French 50Hz, 25kV systems.
Therefore more multilevel steps have to be foreseen.

On the capacitors Cyeq) 2 maximal voltage oscillation of 400V is accepted in the full
power operation. Of course this oscillation is proportional to the required power. So the
capacitors are designed by using Equation (5.26). The DC component is set at 2.7kV,
so the maximal value will not exceed 2.9kV. The first simulations shown are tested in
order to show the necessity of such a complex converter system.

30kv T T T T
20kV [
10kv

0

-10kv
-20kV |
-30kV > ; : p
o 0.05s 0.1s 0.15s 02s 025s 03s
4KV T T — T

3KV

2KV

kv

00 0.05s 0.1s 0.15s 02s 0.258 0.3s

Figure 5.23: Destabilized voltages Ugca(s) due to reduced control system
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n 10
Cac(i)

Cia 500 F
AUy 400V
U eats) 2.7kV

Prot IMW
Uline 15kV

f line 16 % Hz
Lline 25}LH
Rline 100mQ
Tmmple 200ﬂ3
fs 50Hz
I 8kHz
Thlank(4Q) SMS
Thiank dps
Latot 65/-1'H
Tro 65415
nd 20

~265mF +5%

Number of converter steps
Intermediary capacitors
DC-link capacitor

Voltage oscillation

DC component Uy

Motor power, maximal value
Effective line voltage

Line frequency

Line inductance

Line resistance

Sampling time

Switching frequency 4Q
Switching frequency DC-DC
Blanking time 4Q

Blanking time DC-DC
Decoupling inductance DC-DC
Measurement delay

Order of the FIR filter

Table 5.6: Numerical values for the simulated system

The Figure (5.23) shows the multilevel converter in action without the controllers
Gra) to control the independent 4Q-converter modulation degree and the controller
G g2 to control the overall power flow. It can be seen that all the voltages are decreasing,
due to the fact that the motor is consuming more power than the power that is delivered
from the 4Q-converters. This is usually avoided with the controller Gg,. Of course all
the voltages Useiy do fluctuate due to imperfections in the converter discussed before.

30KV T

20KV
10kV

~10kV

-20kV

-30kv
0

0.1s

0.15s 02s 0.25s 03s

3.5kv
3.0kv
25kv
2.0kv
1.5kv 4
4] 0.05s

.
018

L " s
0158 0.2s 0253 03s

Figure 5.24: Average value of Uy stabilized thanks to overall power controller
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The Figure (5.24) shows the multilevel converter without trap circuit, but this time an
overall power flow controller Gg, has been implemented. Immediately it can be seen that
the average value of the voltages Uy is stabilized on the set value Ugeaay = 2.7kV, but
still the voltages themself fluctuate compared to each other. Therefore the combination
of the set of controllers Gpy(;) is necessary with the controller G pe.
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Finally, the converter is simulated with the full controller system. It is interesting
to sce that the converter voltage Usomy is composed of independent DC voltages Ugeags),
which are not constant. Due to the powerful control algorithm, the current Iy, is nearly
sinusoidal. Another interesting observation is the DC-link voltage Ujy. In spite of the
very small capacitor value, it remains perfectly stable. This voltage is controlled by

= 10 series-connected DC-DC converters.

23X '
10K hine ~ Uline
100,

'Iine(“‘) Ugonv

0.03s 0.04s 0.05s 0.08s 0.07s 0.08s 0.09s

2.9kV T T T T

27kv W
25kv [ Ugcz) Udct

0.03s 0.04s 0.05s 0.06s 0.2)75 0.08s 0.09s

200A - .
150A len2ey
wrl AT 120 T
50A { 1| ( '
(] L o 0] Uy
0.03s 0.04s 0.05s 0.06s .07s .08s 0.09s

Figure 5.25: Entire electrical waveforms of the ML-converter without trap circuit

The last observation can be made on the currents 7,102(1-) and Tdc,(i). The uncontrolied
current Tgeq) is a superposition of a DC component containing a oscillation at 2 - fije.
This oscillation is due to the fact that the DC-DC converter transfers a constant power,
while the feeding voltage Use; are oscillating. Therefore Td,,.z(i) will oscillate of course
with a 180° phase shift. I, is imposed by the DC-DC converter controller and stays
constant.
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The next simulations done for the ML-converter concerned the step response of the
entire system. There are many controllers, so many parameters can be tested by changing
immediately a set value. The three most important situations have been simulated and
the stability of the system has been checked.

e The motor power is at P = 50%. The power is set immediately to 100% when
the line current Ij;,,. is maximal.

o The motor power is at P, = 50%. The power is set immediately to 100% when
the DC feeding voltages Ua(iy are minimal.

o The motor power is constant at 100%. The DC-link voltage Uy, is reduced from
2.8kV to 2.2kV in order to start the motor.

The simulation results are shown in the next Figures. Step responses on the DC
feeding voltages are not simulated, because this is not a typical situation occurring with
the ML-converter system. By starting up the locomotive, usually the DC feeding voltages
Uyeasy are zero. Through an auxiliary converter coupled to the DC-link Cyc;, the DC-link
voltage is established. Afterwards, all the DC feeding voltages are created by transferring
power from the DC-link to all DC feeding voltages on Cgye(;y. This can be done with the
DC-DC converters in reverse power operation. Once all the DC voltages are created, the
locomotive can be connected to the catenary.

Uiine
Uecony

20KV |
200A

line

SO0 [ linersey
0 0.658 Dj1s 0.‘158 028
29k A A A A

27k WDWAU

250 Udeay Uscay Uges
1] 0.05s 0.4s 0.15s 02s

leh2sy
00AT Taeaery |
o Tt i

lii h il dl
i A IR

0 0.05s 0.1s 0.15s 0.2s

Figure 5.26: Step response changing the power at full line current fj;;,.

The simulation shown in Figure (5.26) shows a step on the line current Iy, the set
value is doubled at the moment ¢ = 75ms. Of course the same happens with the motor
current I,,, which has doubled its value. The sum of the currents —I_dcl(i) follows the
current I, in order to stabilize the DC-link voltage Uy.,. There is only a small voltage
oscillation on Uy, of about 70V amplitude, which is 2.5% of the voltage value. The line
current Ij;,. is very quickly stabilized (after 5ms, which is about % of the period). The
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current overshoot is about 20% of the nominal value. The current reaches for a small
instance 337A. The influence on the oscillation of the DC feeding voltages Uscai) remains
minimal. This is especially due to the fact that the current Ij,. is maximal when the
voltages Ugca(s) are crossing their average value. It can be seen that the oscillation caused
on the DC component U,m(,') is negligible.
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Figure 5.27: Step response changing the power at lowest point of DC feeding voltage
)

The Figure (5.27) shows a simulation, where the current set value for Ij;, is suddenly
risen by 100%, but this time while the DC feeding voltages Ugyeqy are minimal. The
time chosen for the step response is ¢ = 98.5ms. The influence on the DC-link voltage
Uyq is minimal, thanks to the decoupling of primary and secondary side by the DC-DC
converter controllers. Also the line current Iy, has a very short transient, so the current
follows the set value current only after less than 5ms. But the step respouse causes an
superposed oscillation on the DC feeding voltages, caused by the fact that the power is
risen, when the DC feeding voltages Uy are minimal. This causes automatically a
different DC component of this voltage, which does not correspond to the set value of
2.7kV. But the controller of the 4Q-converters Gz re-adapts the DC components at
2.7kV. The voltage is stabilized after about 200ms.
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Uharm(3) 20% of l]line
Uharm(S) 85%
Qharm(ﬂ 7. 5%
gharm(f)) 5%

Uharm(ll) 45%

Table 5.7: Amplitude values of the line voltage harmonics
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Figure 5.28: Step response changing the DC-link voltage

The last simulation in Figure (5.28) with step responses on the set values are done on
the DC-link side of the converter system. The DC-link voltage is reduced from 2.8kV to
2.2kV, without reducing the motor power P,,. Of course this means that the current
I has to be risen in order to provide the same power to the motor. This simulation
shows that it is possible to vary the DC-link voltage without having any impact on the
line current fj;ne and the DC feeding voltages Uge). A big oscillation on the current
Tdcl(,-) (80% overshoot) and the voltage Ugaq) can be observed. This is especially due
to the fact that all controllers have been designed by the symmetrical optimum, which
shows good performance towards the step response of the perturbation value, but not
towards the step response of the set values.
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The Figure (5.30) shows the two line voltages Uy, used for the simulation and the line
currents. Of course the voltages are not chosen sinusoidal. The first line voltage waveform
is taken as worst case for the multilevel system without trap circuit. The Table (5.7)
shows the harmonic content of this voltage. The harmonics are chosen in a way to create
a local maximal voltage near the phase angle ygcea(min)- At this phase angle, the supply
voltages for the 4Q-converter is the smallest (at 2.5kV). The voltage waveform is created
by a simple addition of these waveforms, without any phase shift angle. The voltages are
visualized in Figure (5.30). It can be seen that the converter voltage Ucon, is composed
of all the n = 10 mulitlevel voltage steps. The other voltage generated is a sinusoidal
waveform, but there is an voltage limitation at 95% of the amplitude. This generates
additional harmonics in the current. The converter voltage Uy, is generated only by
using n = 8 steps, due to the more or less sinusoidal line voltage Ujine. The Figure (5.29)
shows the function generator creating this voltage Upne.

0.95 - Oline

fiine -
o 3 g | A o

Figure 5.29: Generation of a non-ideal line voltage

It is interesting to see the uncontrolled and oscillating supply voltages. There is a
point where the sum of 10 voltage steps (at 72ms) is smaller than the sum of 9 voltage
steps (at 78ms). The currents are supposed to be sinusoidal. The resulting switching
frequency can be seen at 5kHz.
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Figure 5.30: The two simulated voltage waveforms Uline

With the first line voltage Uy, containing many harmonics, the current cannot be
controlled in exactly the same quality as in the second one. On the current waveform it

can be seen that there is a low-order harmonic content.
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The next simulation in Figure {5.31) has been done in order to analyze the harmonic
contents of the current. The line voltage Uy, with the flat has been taken. The current
harmonic filters have been implemented. The upper graphs shows the FFT analysis of
the current harmonics up to 6kHz. This has been done to show the harmonics of the
resulting switching frequency. The passive filter for these harmonics is disabled. It can be
seen that none of these high-order harmonics have an amplitude higher than 0.5A. The
middle graphs show the low-order harmonics, which are actively filtered. To simplify the
simulations, the implemented controller was a simple proportional controller without any
integral part. The harmonics up to the 11th order were filtered. None of the low-order

harmonics have an amplitude above 1A.

Figure 5.31: FFT of the line current, with active filtering of the current

By implementing a real Pl-controller, the steady-state error of the harmonics would
be better eliminated and in this way would even show better results.
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5.1.2 Multilevel converter system with trap circuit

The second multilevel converter system examined is a classical concept with trap circuit
filter. The trap circuit must guarantee that the motor converters are always fed by a
constant voltage Uj. In the previous multilevel system, this voltage was controlled
actively. In this multilevel system, a high low-frequency filter shall avoid a high voltage
oscillation on the DC-link. The DC-DC converters are in this case used to control each
4Q-converter feeding voltage Usep(s).- In this way, the capacitors between the DC-DC
converters and the 4Q-converters Cye;) can be reduced to a minimum, depending on
the performance of the controller Ggs of the DC-DC converter. The 4Q-converters will
always see a stabilized voltage, which will be applied to the high-voltage catenary. Of
course this is an advantage to avoid the generation of harmonics. This reduction of the
capacitors presents an important advantage: the capacitors are installed on the high-
voltage part of the converter system, where a complicated an high-cost insulation box
must isolate these elements from the ground. This isolated part of the converter system
should be as small as possible in order to avoid high costs for the insnlation structure.
The disadvantage is the use of big and heavy filter elements for the DC-link and a DC-
link voltage, which is not easy to control.

The next Figure (5.32) shows the schematics of the traction converter with n steps with
the trap circuit:

Figure 5.32: Multilevel system schematics with trap circuit on the DC-link

Once again a real implementation of this converter system would need about 10-14
steps to connect the converter to a 15kV AC catenary. The DC-link capacitor Cy, is
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set in series with 6 short-circuit current limiters (SCCL). For 2mF of capacitance, one
SCCL is needed.

Control system

For the multilevel system, a control structure is proposed using four controller systems
(instead of five as proposed before for the ML-converter without trap circuit). The set
value for the system is the motor power Py, or just the motor current I,,,,;. The following
tasks are fulfilled by the controller structure:

o The current Ij,, must be a sine-wave function with very few harmonics and has to
be in phase with the voltage Up;,e. The current should contain no DC component.

o All the voltages Uy and the DC-link voltage Uy shall be as stable as possible.
The oscillation with 2 - fiin, should be reduced to a maximum.

e The motor current I,,; must be able to make steps and must be able to change
its sign value at any time without destabilizing any value of the system (Especially
the DC-link voltage Uy)-

The overview of the proposed control system is given in Figure (5.33). The control
system is less complicated than the controller for the ML-converter with trap circuit. In
this case, four controller levels can be identified:

o The line current controller G g, combined with the direct introduction of all line
values using the trigonometric phasor relations given in Figure (5.6). The controller
is a simple Pl-controller.

e The power flow controller Gp, in cascade with the line current controller. If the
motor does not require the same power as taken from the line, this controller adapts
the demanded power. This controller can take influence on the value of the voltage
on the DC-link.

¢ The active harmonic cancellation controllers G rq(;). These set of controllers com-
pute an adapted current set value in order to eliminate all the chosen low-order
harmonics and the DC component found on the line current Iyi,,.

e The controller of the DC-DC converters, in order to stabilize the output voltage
Ugcr. This controller is not described in this chapter (see chapter Control of DC-DC
converter)

There is no controller regulating each modulation degree k; of the 4Q-converters.
Every 4Q-converter will see exactly the same modulation degree. Although there is a
low-frequency filter, there will always be an oscillation in the voltage Uy . The controllers
G ragy are responsible for the active current filtering. The set values for the control
system are now: The motor current L. setting the overall power of the system,
the DC component of the DC-link voltage U gei(sety and finally the values of the current
harmonics of a certain order Inorm(sety- In any case, not all the current harmonics can
be filtered actively. The controller of the DC-DC converters have an internal set value
Ulca(sery, determining the controlled output voltage Uygasy.
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DC-DC controller strategy In the ML-structure with trap circuit, the DC-link volt-
age Uy was controlled by all the n DC-DC converters. The DC-DC converters work
independently of the other controllers. In this control system, The DC-DC converters
stabilize the voltage Ugea;y. It has to be mentioned that to control the voltage Uscoq),
the DC-DC converter has to generate a current Ige(;), which has to be the same as the
current I.p). The input parameters for this controller is the voltage Uy and the load
current Iepay. This is shown in the system overview in Figure (5.33) at function block
(15). For this aim, not all the currents Ip;5q) have to be measured. If only the current
Ijine is measured and the switch pattern of the concerned 4Q-converter is known, the
current Igna) can be recalculated by respecting the Equation (5.21).

There are three possibilities how to control the 4Q-converter feeding voltages Ugeaiy. A
result of the different control possibilities is shown in Figure (5.34), where the control
methods have to be implemented into the controller system.

o Due to the fast response of the DC-DC converter generating a current Iy, the
exact waveform of the current I, can be generated in order to stabilize the voltage
Ugez (In the Figure (5.34), the voltage is shown in the red color with a peak-to-peak
oscillation of 100V). This has the advantage that the capacitors Cy.2 can be reduced
to a very small value (750 xF). But the DC-DC converter changes the set value
with the current pulse pattern, which corresponds to the switching frequency of a
4Q-converter 2 - f,, in this example 500Hz. This way of changing the set in any
way more losses. The current [4.» generated negative current peaks, which cause
more losses than the control of a simple DC current.

The DC-DC converter can generate the waveform of the current Iepo, which is
the sliding average value of the current. This is a current with a DC-component
Ihoqe and a superposed oscillation with two times the line frequency 2 - fiine, in
this example 33%Hz. The voltage Uy is shown in Figure (5.34), shown in the
blue colour. The peak-to-peak oscillation is about 200V. To have the same voltage
stability, the value of capacitors Cye have to be doubled. It should not be forgotten
that the DC-DC converters are voltage-controlled. Therefore to implement this
controller type, the measured value of Uy, must be filtered by a low-pass filter
with a cut-off frequency at 2- f,. Otherwise the controller will immmediately try to
correct the voltage oscillation caused by the switching.

e The DC-DC converter can generate only the DC-component I 04, of the current
Icha. This control strategy is comparable to the method used in the ML-converter
without trap circuit. The DC-DC converter sees a DC value as a set value and
so the losses can be reduced to a maximum. But the capacitors Cyy have to
be chosen respecting the Equation (5.26), to keep the voltage oscillation within a
given boundary. The peak-to-peak voltage oscillation is 1400V, which is of course
caused by the small capacitor value of Cym. Therefore to implement this controller
type, the measured value of Uy, must be filtered by a low-pass filter with a cut-off
frequency at 2 - fiie-

In order to reduce the systems weight to a maximum and to take advantage of the
powerful control system of the DC-DC converter, the DC-DC converter generates the
full waveform of the current I.5(t). The other methods have not been simulated in the
entire system.
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Figure 5.34: Comparison of the three control methods of the DC-DC converter

Cascaded power flow controller for stabilizing the DC-link voltage The only
way to stabilize the DC component of the DC-link voltage Uy, can be done by the rather
slow global power flow controller Gga, which is in cascade with the current controller Gg;.
The overview of the controller system is shown in Figure (5.35). The global modulation
function k- V;.y is generated by the controller Gg,. There are n PT;-Elements in parallel
generating each the a partial multilevel converter voltage Ucony(n), which are all added to
create Ugony. After the subtraction of the line voltage Upine, the line current is generated
by an integral element. The load currents Iy of the 4Q-converters are generated
by the multiplication of the modulation function k - Vi¢y with the line current fj;,.. The
primary side currents of the DC-DC converters /4c1(n) are a result of the controller action,
which generates a current Im(n). The current must be equal to Iu(m). The Equation of
the DC-DC converter (5.14) can be respected to generate the primary side current. The
total current charged into the capacitor is the difference of the motor current I,y and
the sum of all primary side currents Jycisos-
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Unfortunately, the voltage Uy, is not free of oscillation due to the behavior of the
trap circuit. This is why the trap circuit is filtered. The global power flow controller sces
the measured value U 4, which is the DC component of the voltage Uy. The same filter
is needed as described in Equation (5.68) and in the Figure (5.19). This filter takes out
the oscillation at 2 - fin.. To design the controller parameters, the Figure (5.36) shows
the cascaded controller simplified to a minimum.
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Figure 5.36: Simplified structure of the cascaded controller

The transfer function which transfers the modulation function &V, of the controller
to a physical value AU is named G, (s) and is composed of an amplification factor and
a small time delay:

Kl .

Gcml(s) = 1+ 5T
pE

(5.87)

For each transfer function, the amplification factor K, is given by Equation (5.35).
But due to the fact that the partial converter voltages Ugny(iy are added, the amplifica-
tion factor resulting for the control system is n times bigger, expressed with K7, ;. The
Equation (5.36) shows this value. K, represents the proportionality between to the am-
plitude of the converter output voltage U ony and the modulation degree k. The converter
voltage amplitude of course depends on the 4Q-converter feeding voltages Ugea(). In this
converter type, the voltages Uy(;) are controlled, so there is no need to feed-forward a
correction value to compensate the effects of the voltages Ug(;y and the value for K[, ;
is constant.

The small time constant of the transfer function is given by Equation (5.37). Of course the
small time constant is smaller for the overall converter system than for the individual 4Q-
converter. The system delay time introduced by the modulation of the series-connected
4Q-converters is Tpma , and is given with Equation (5.38). This value is calculated like
to times the resulting switching frequency of the entire multilevel converter. The system
that has to be controller is called G,1(s). This transfer function has an integral behavior.

1
Giar(s) = — 5.88
(s) = (5388)
The current is generated on the line inductance:
Tri = Liine (5.89)
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The controller is represented by the transfer function Gg;(s). The symmetrical op-
timum is used to calculate the controller parameters. The two time constants for the
controller are given by the Equation (5.42) And the parameters of the controller G, are
given with:

T,

K, = —s}:ﬂ (5.90)
T, — Toample

K, = LI-T——2-—— (5.91)

Due to the direct introduction of the phasor diagram into the set value after the con-
troller, shown with Equation (5.28), and the addition of several controller outputs before
generation of the set value, the obtained controller values are attenuated by the factor 3,
seen in Equation (5.46).

The power flow controller, given by the transfer function G ga(s), is the external controller
of the cascaded structure. It is a PI controller like in Figure (5.16). The input value is the
error of the DC component from the DC-link voltage voltage Uy.;. It generates a mod-
ulation degree ky(in.y. This modulation degree is a value limited within the boundaries
[-1,1]. This value is multiplied with the line current set value Liine1(ser), and is afterwards
added again to the value Ijney(sery- This multiplication and addition allows to modify the
set value, which is a sinusoidal value, without modifying the original waveform.

The power flow controller G, has to be prevented of introducing additional harmonics
into the current set value. The internal controller loop is represented by a new transfer
function named G, (s). This transfer function is described in Equation (5.47). For the
external control loop, this transfer function is seen like a function of a small time delay
without any amplification:

1 Kema

wails) = = .9
Guai(s) 1+ 5T 1+ 57,5 (5.92)

The internal controller was designed by the symmetrical optimum criteria, so the
time constant Te,; is given by Equation (5.50). The time constant T,,, is given by the
time constant Ti,,» from in the internal controller loop, added with the other small time
constants in the feedback loop. The filter time constants to obtain the DC component
of the voltage Uy are introduced here:

Toa2 = Toma +Typs + Tris (5.93)

The other time constant is given by the time constant of the internal control sys-
tem, described by Equation (5.52). The iransfer function of the system that has to be
controlled, is called G(s). It is a transfer function of integral behavior, describing the
voltage integrated on the DC link capacitor Cy:

_ 1 _ 1
Ty sCye

Gan(s) (5.94)

By knowing all parameters, the external controller can be designed, represented by the
transfer function Gge(s). Due to the integral behavior of the voltage on the capacitors,
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n 10 Number of converter steps
Cea(i) = 750uF + 5% Intermediary capacitors

Cial 12mF DC-link capacitor

Cirap 15mF Trap circuit capacitor

Lyrap 1.52mH Trap circuit inductor

Rirep 160mQ Resistive part trap circuit inductor
[ 2.8kV i DC component Uy

Prot IMW Motor power, maximal value
Uline 15kV Effective line voltage

Jiine 162Hz Line frequency

Liine 25puH Line inductance

Riine 100mQ Line resistance

Tsample 200us Sampling time

fs 50Hz Switching frequency 4Q

fo 8kHz Switching frequency DC-DC
Thlank(4Q) SHS Blanking time 4Q

Thlank dps Blanking time DC-DC

Lytot 65uH Decoupling inductance DC-DC
T2 65us Measurement delay

Table 5.8: Numerical values for the simulated system with trap circuit

the symmetrical optimum is used. The two time constants of the controller are given
with Equation (5.55). The parameters of the controller Gy are given with:

Toam
Ky, = ——‘}i"“e (5.95)
Ty — Tau‘mgle
K, = —Z—T—l (5.96)
12

All the parameters for the cascaded controller can now be calculated. The parameters
for the active current filter controllers Gpy(;) are calculated exactly like in the system
without trap circuit in Section 5.1.1. The controller parameters depend on the line
inductance.

Simulation results

The entire multilevel system has been again implemented on MATLAB/SIMULINK. The
parameters chosen for the simulated system are given in the Table (5.8). The converter
consists of 10 multilevel steps and is coupled to a typical railway catenary found in
Switzerland, Austria and Germany (162Hz,15kV)). A multiple of simulations have becn
done in order to simulate the behavior of the entire system.

The capacitors Cyea(y will see a stabilized voltage, while the DC-link capacitor needs
a filter, in order to stabilize the oscillation with 2 - fi;,.. If this voltage is not filtered,
this oscillation is seen on the motor converter. This phenomenon has to be avoided.
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The next simulation result shows a simulation of the converter with the entire control
system. This time the converter voltage Uy is composed of independent DC voltages
Udea(iy» which are more or less constant. A zoom on the voltage Uyg) is shown in the
second graph. The peak-peak voltage oscillation is only 50V (about 2 % of the amplitude)
and is due to the size of the intermediate capacitor Cgep(1) and the speed of the control
system (small time constants). The current Iy, is nearly sinusoidal. Another interesting
observation is the DC link voltage Uy, oscillating with a mix of the two frequencies
50.12Hz (The resonant frequency of the filter) and 33%Hz (The frequency of the power).
This voltage is not entirely stabilized. The voltage oscillation is about 150 volts peak-
peak around the desired output voltage 2.8kV. If the trap circuit would be removed,
the peak-peak oscillation would be 900V. The blue line shows Uy, which is the DC link
voltage after having been filtered by an low-pass filter, as described in Figure (5.19). This
value is needed in order to implement the global power flow controller G go.

KV — —
200A
10k line  Uing

0A ’line(ut) Uoonv

0.03s 0.04s 0.058 0.06s 0.07s 0.08s 0.08s

Udez(i) Udct Ugeq
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0035 0.04s 0.05s 0.065 0.07s 0.08s 0.09s

Figure 5.37: Entire electrical waveforms of the ML-converter with trap circuit

Also the current on the DC link side and the intermediate capacitor side are shown.
The current Ioaz) (black), coming from the 4Q-converter is followed by the current
7@2(1) (red), generated by the controller of each DC-DC converter. If the two currents
are perfectly the same, the voltage U,y would not oscillate. The blue graph shows the
constant motor current on the DC-link side.
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The next simulations done for the ML-converter concerned the step response of the
entire system. There are many controllers, so many parameters can be tested by changing
immediately a set value. Four different important situations have been simulated and
the stability of the system has been checked. The simulations done are more or less the
same as those been done to simulate the system without trap circuit:

o The motor power is at P,,,; = 50%. The power is set immediately to 100% when
the line current Ij;,, is maximal.

e The motor power is at Py, = 100%. The set value of the power is reversed, when
the current Ij;,. passes trough zero.

e The motor power is at Py, = 50%. The power is set immediately to 100% when
the line current Ij;,, is maximal. The line voltage Uy, is not sinusoidal.

e The motor power is constant at 100%. The DC-link voltage Uy is reduced from
2.8kV to 2.4kV in order to start the motor.

The simulation results for the situations described above are shown in the next four
Figures.
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Figure 5.38: Step response changing the power at full line current Iy,

The simulation shown in Figure (5.38) shows a step on the line current I, the
set value is doubled at the moment ¢ = 75ms. The same happens with the motor
current I, in order to keep the input and output power at the same value. The line
current fjy, is controlled with the same performance as in Figure (5.26), where the step
response has been done with a ML-system without trap circuit. The oscillation on the
4Q-converter feeding voltages Uy is twice as high with twice the power transferred.
The DC link voltage has a short transient response of about 30ms and stays oscillating
with the frequency 2 - fin. and the peak-peak amplitude of 230V. The intermediary
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currents are shown in the last graph. The DC-DC converter control has a fast response,
this means the current Ippo() and the current Iye(;) have nearly the same waveform, The
voltages Uy have thus a negligible transient response.
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Figure 5.39: Step response changing the power sign

The Figure (5.39) shows a simulation, where the current set value for I, suddenly
changes its sign value. This means the power flow is reversed at once. This is done when
the line current crosses zero at t = 90ms. Due to the powerful line current controller and
the fact that the sign valuc is changed during the current zero-crossing, the line current
follows perfectly the sign value. Also the currents Ieaa(), T,m(i) and I, have no particular
transient behavior due to the same effects. While the 4Q-converter feeding voltages Ugeaq;)
have no particular transient response, the influence on the DC link voltage Uy, is big.
The overshoot of the voltage after the step is about 300V, which is more than 10%
compared to the set value, this although the controller parameters have been designed
with the symmetrical optimum. After 150ms, the transient response is established and
the voltage continues to oscillate with the frequency 2 - fi;,,. and a peak-peak amplitude
of 200V. At least the primary side and the sccondary side of the DC-DC converter are
entirely decoupled and do not show any correlation on their behavior.
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Figure 5.40: Step response changing the line current with a non-sinusoidal line voltage

The simulation shown in Figure (5.40) shows a step on the line current Iy, the set
value is doubled at the moment ¢ = 75ms. It is the same simulation as seen in Figure
(5.38), but this time the line voltage is not sinusoidal and contains itself many harmonics,
as shown in the Table (5.7). The line current I, is controlled once again with more or
less the same performance as in Figure (5.26). But the oscillation on the 4Q-converter
feeding voltages Usey(;y is much more important than before. The DC link voltage has a
short transient response of about 20ms and in the steady state it stays oscillating with
the frequency 2 - fiin. and the peak-peak amplitude of 400V. While the line voltage Uy,
is not sinusoidal and the line current I, is controlled sinusoidal, the power transfer is
not a sinusoidal waveform. This allows the DC link voltage to oscillate with another
waveform than in the simulation in Figure (5.38).
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Figure 5.41: Step response changing the DC link voltage

The last step response showed in Figure (5.41) shows a step response on the DC link
capacitor. The voltage is controlled by the relatively slow global power flow controller
G ro. This simulation shows the possibility of the voltage reduction on the DC link. The
DC link voltage is establishes its steady state after 300ms. During the operation, the
DC link voltage oscillates with a peak-peak amplitude of 250V. If the global power flow
controller is designed for faster speeds, the new set value for the DC link voltage Uy
could be established faster.
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Figure 5.42: The two simulated voltage waveforms Upy,. for a system with trap circuit

The Figure (5.42) shows the two line voltages Uty used for the simulation and the line
currents. Both the voltages are not chosen sinuseidal, as shown already in the Figure
(5.30). In the Table (5.7) the harmonic content of the voltage in the upper graph is
described. This voltage has been used for the step response simulation in Figure (5.40).
The other voltage generated is a sinusoidal waveform, but there is an voltage limitation
at 95% of the amplitude. In this simulation, the supply voltages are constant. Of
course with the first line voltage U containing many harmonics, the current cannot be
controlled in exactly the same quality as in the second one. On the current waveform it
can be seen that there is a low-order harmonic content.
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Figure 5.43: FFT of the line current, the line voltage containing flat part

The next simulation in Figure (5.43) has been done in order to analyze the harmonic
contents of the current, when the 4Q-converter feeding voltages are controlled. The first
simulations are done with line voltage Uy combined with the flat part. The current
harmenic filters have been implemented. The upper graphs shows the FFT analysis
of the current harmonics up to 6kHz. This has been done to show the harmonics of
the resulting switching frequency around 5kHz. Only the fifth order harmonic has an
amplitude higher than 0.5A. The middle graphs show the low-order harmonics, which are
actively filtered. It is interesting to see that the third order harmonic is hardly visible.
The implemented harmonics controller G g4 has only a simple proportional behavior. The
harmonics up to the 11th order are filtered. On the third graph, the current is controlled
with its set value, showing very few deviation. By implementing a real PI-controller, the
steady-state error of the harmonics would be better eliminated and in this way would
even show better results.
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Figure 5.44: FFT of the line current, the line voltage Uy, containing worst-case har-
monics

The next simulation (5.44) has been done in order to analyze the harmonic contents
of the current, when the 4Q-converter feeding voltages are controlled and the line voltage
is containing the worst-case harmonics as described in Table (5.7). The amplitudes of
the harmonics are in this case more important than before, especially the 3rd, 5th and
13th harmonic are higher. On the upper graph, where the harmonics are shown up to
the frequency of 6kHz, a group of harmonics with the frequency 250Hz and 500Hz can
be detected. This is the basic switching frequency and its second order harmonics. But
the amplitudes of these harmonics are very weak (0.35A). Thanks to the active current
filter the current is once again controlled to a nearly sinusoidal function.
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5.2 Configurable multilevel converters for AC and DC
power lines

The last multilevel system tested in this report is a special setup, which allows a change-
able configuration for different traction lines. This special configuration allows the con-
struction of a locomotive able to adapt to different European power lines for a fast
transeuropean operation. The principle has been invented during this work and was
patented together with the industrial partner, to be seen in [47]. The basic elements of
this multilevel configuration is once again a voltage-controlled DC-DC converter feeding
a 4Q-converter, By connecting certain number of these elements in a special way, shown
in Figure (5.45), the locomotive can be easily connected to two different power lines.
This variant allows the coupling of the locomotive to a single phase, high voltage AC
power line (as described before by the two systems with and without the trap circuit),
but also the coupling to a medium-voltage DC catenary (for instance 3kV DC like in
Italy, Spain, etc.). Besides the standard multilevel converter, the system consists of a
number of power switches S1 to S(m + 1), which allow to change the schematics on the
AC-side of the 4Q-converters:

o The coupling to the high-voltage AC catenary is done by connecting all the mul-
tilevel converter elements in series {4Q-converter inclusive feeding by DC-DC con-
verter). In this way, the highest possible voltage can be generated. This configu-
ration corresponds to the two converters simulated before, to be seen in Chapter
5.1.2, page 215.

e The coupling to a DC voltage power line is done by connecting two 4Q-converters
in series and then to connect these pairs of 4Q-converters in parallel. Each pair of
4Q-converters has its own partial decoupling inductance L.y and they work as
two-quadrant DC-DC converters with PWM modulation.

The configuration of the converter can be changed by a number of power switches.
This is described in the next two paragraphs. In the Figure (5.45), a general implemen-
tation of the configurable converter is shown.
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The multilevel converter cells (on the Figure (5.45), the DC-DC converters are not
shown, they are connected to the DC side of the 4Q-converters) are grouped in p elements
in series. Depending on the application (or of course of the DC voltage to be coupled)
the desired number of converters can be connected in series within the group ce(z). At
the same time there are m of these 4Q-converter groups ce(z) connected in parallel. The
entire number n of the converter cells is in the following trivial relation with m and p:

n=m-p (5.97)

The converter can be called 2s/5p, if the index m is equal to 5. This means there are
groups of two converter cells in series and 5 in parallel.

5.2.1 Coupling to a high voltage AC catenary

With the series-connection of n converter cells an AC voltage with a maximal amplitude
of n - Uygo. This high voltage is needed to connect the converter to a high voltage AC
link. This can be achieved if all the converter cells are connected in series. All these
converter groups cel — ce(m) are connected in series by opening the all the switches S1
to S(m) and by closing the switch S{m + 1). In this way, the multilevel converter is in
the high-voltage AC operation mode. If the number of 4Q-converters with their DC-DC
converter is n = 10, the configuration is called 10s due to the full series-connection. The
Equation for the generated converter voltage is of course the simple addition of all partial
AC voltages:

n
Uconv = ZUconv(i) (598)
=1
All the partial line currents are connected in series, so they are all the same. The
Equation for I, is:

Tjine = Ilinc(i) Vi= [17 A m] (599)

The decoupling inductance seen between the line voltage and the converter voltage is
the sum of all partial inductances:

Liine = 3 Liine(s) (5.100)
i=1

The configuration of the switches is given in the Table (5.9) below. A switch position
1 indicates that the switch is conducting the current.

S1 0
52 0
;S'(m -1) 0
S(m) 0
Sm+1) 1

Table 5.9: Switch positions for an AC coupling

This converter corresponds to the converters simulated in the chapters before. In this
chapter, no further simulations are done to explain this converter type.
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5.2.2 Coupling to a medium voltage DC catenary

For a different railway network, the converter has to be connected to a medium-voltage
DC link, for instance a typical 3kV DC link. This type of railway feeding can be found
in many countries. For this aim, the 4Q-converters are organized in m groups ce(7) of
converters, all of themn are connected in parallel. One group contains a series-connection
of p 4Q-converters with each a DC-DC converter. Each group ce(s) of series-connected
multilevel cells contains a decoupling inductance Lye(. For instance if the number of
groups m = 5 and the number of series-connected 4Q-converters is p = 2, the configura-
tion of the converter is called 2s/5p. The Table (5.10) gives the position of the switches
to configure the converter for the medium-voltage DC catenary:

51 1
S2 1
S(m-1) 1
S(m) 1
Sim+1) 0

Table 5.10: Switch positions for an medium-voltage DC coupling

Every converter group ce(i) works as a two-level DC-DC converter towards the DC-
power line. With this DC-DC converter, a four-quadrant operation is possible. A con-
verter cell group can generate five different voltage steps (—2U42,—Uyer,0,Uuc2,2U4e2) and
applies this voltage to the decoupling inductance Lype;). On the other side of the induc-
tance, there is the DC voltage of the catenary. The current [, is generated by the
voltage difference between the line voltage Uy, and the converter group voltage Uceiy-
This voltage is an addition of p 4Q-converter AC voltages, expressed in the following
Equation (5.101).

ip
Ueey = (=)' 3" Veonuts) (5.101)
J=(i-1)k

The line current Iy, is generated in a node, where all the partial currents I are
flowing together. So it is the sum of all partial line currents

Lijne = ZIlz’ne(i) (5.102)

=1

The Equation (5.101) adds a set of inverted voltages, if the index ¢ is a pair num-
ber. This is necessary, if the basic scheme in Figure (5.45) is considered: The second,
fourth group of 4Q-converters are oriented in the inverse direction in the 2s/5p configu-
ration compared to the full series connection 10s. This must also be respected when the
modulator is implemented. The voltage difference generates a current in the decoupling
inductance. If the current must be fully controlled and it has to change its sign value,
the voltage UL should be able to be higher than the line voltage Uype. That is why a
desired mumber of converter cells are put in series. In this way, a desired line current can
be controlled, even if the line voltage is not constant.
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Modulation strategy to reduce current ripple

By respecting a particular modulation strategy for the 4Q-converter groups U, the
current ripple can be reduced. The currents Tyine(1y to Jrine(my are the currents generated by
the converter groups. They are all independent of each other. Each of the 4Q-converters
is modulated with a PWM modulation scheme, using triangular carrier functions with a
horizontal shift (HSCS method, to be seen in Section 2.4.2). For a converter group with
p steps, 2p carrier signals are needed, just like a single-phased multilevel converter with
the same optimization of the switching signals, to be seen on page (33).

In order to achieve more reduction of the current harmonics, the triangular carrier signals
of cach converter group must be phase-shifted equally, The Equation (5.103) below gives
the mathematical functions for the triangular carrier signals. The carrier signals are
indexed with i represent the 4Q-converter cell inside the converter group ce(j), going
from 1 to p. The index j is to count the converter group ce(j), going from 1 to m.
Equation (2.29) on page 34 and Equation {5.104) gives the two phase-shift angles that
have to be respected to calculate the phase angles.

( % (1 + 2 arcsin [sin(27 f,¢t + Agp; + ij)])
m
i=[1, ..,p}
j = [11 s 7n]
auzig(t) =y \ (5.103)
3 (—1 += arcsin [sin(27 ft + Ag;p1—p + ij+1—m)])

i={p+1,.,2p
L j=[m+1,.,2m]

The phase-shift value between the carrier signals of a converter group ce(#) and the
neighbor group ce(i + 1) is given with (5.104)

360°
Ay = %~(i—1) i=[1,2,...,m] (5.104)
There are in all m different phase angles Av);. The current of one converter group
ce(i) will have a triangular waveform with the period:

1
Titineiy = 7 (5.108)
8

This period must be divided by the number of converter groups ce(z). Therefore the
time-shift between two partial line currents corresponds to the period of the overall line
current I;,.. The period is shown in Equation (5.106):

1 1

—— - 5.106
pm-f,  2n-f; (5.106)

Trine =

The Figure (5.46) visualizes all the partial currents ljne(;y with the overall current

Ijine of a DC coupled ML-converter in the configuration 2s/5p. The period of the partial

currents is m = 5 times higher than the period of the overall line current. The harmonics
reduction is in the order of a factor 15.
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Figure 5.46: Cancellation of the current ripple with phase-shifted currents

The current ripple characteristics can be calculated in function of the modulation
degree k. A multilevel converter system consists of m converter groups ce(¢). These
converter groups generate an independent current. The current ripple characteristics of
one converter group can be computed as follows:

1
Liinegs)

D-Titine(s)
Loipiet) = / Usal1 - D)dt (5.107)
The variable D is an expression for the duty cycle. When Uy, is going through the
interval [i-Ude2 ... i+ 1-Udc2], the duty cycle goes from 0 to 1. The details of this
calculation can be found in |27], page 98. After the integration and some mathematical
transformations it can be found:

Us2D(1 — D)

Lipptey = m (5.108)

Of course the duty cycle is not useful in this application and has to be replaced by
the modulation degree k, which is directly generated by the controller:

D=p-k-trunc(p-k) [-1<k<]] (5.109)
The relation between the line voltage Uyine and the 4Q-converter feeding voltage Uyeo

is given with the Equation (5.110). This equation must be respected, if the line current
Jiinei should be a DC current with a superposed switching ripple,

Uine =p - k- Usea (5.110)
If know the overall line current Iy, is created and the phase-shifting strategy is used,

the current ripple I iy, on the line current can be calculated. This strategy has been
implemented in [48] and [49].
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Figure 5.47: The current ripple Iripy. in dependence of the modulation degree

The overall current is composed of the m partial currents, which are equally time-
shifted by the value Trjpe.

m-1

Line = 3 Jine(iy = 2, Ttine(r) (¢ = ¢ Titine)
b

i=1

(5.111)

The current Jjie(;) is @ DC current with a triangular waveform, this means there is a
rising and a falling part of the current. The Equation for the rising current is:

Ugea(1 — D)
Lline

Iline(i,rise) = I'min

¢ (5.112)

The Equation for the falling current is:

DUy,
Iline(i,fall) = Lo — L r'2t
ine

(5.113)

By evaluation the Equation (5.111) by using the Equations (5.112) and (5.113) in a
period Trine, the tipple characteristics can be found.

(5.114)

Ui - D( = mD) [ 1]
_ Usp-D(1=mD) 0<D< —
Lippte 20 fs Liine(s) o

The Equation given with (5.114) is only valid in the limited interval of the duty cycle
D. But as it could be seen in {49}, the ripple current characteristics is repeated in every
interval [,in “ %] of the duty cycle D. To take this effect into account, a limited duty
cycle is defined, called Da:

trunc{m(p - k — trunc(p - k)))
m

Dy = [p-k — trunc(p- k)] — [-1<k<1] (5.115)
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The limited duty cycle never exceeds the value % for Dy. Therefore the final equation
for the current ripple is given below:

Udc2 . D2(1 - TTLDQ)
Irzpple - 2nstline(i) (5116)
The variable D, has to be replaced by the expression given in (5.115). In this way,
the current ripple can be visualized all over the whole modulation degree interval of &.
The result of this Equation is visualized in the Figure (5.47). In this Figure, the current
ripple of a configurable multilevel converter with the parameters m = 5 and p = 2 is
evaluated, in function of the modulation degree k. The algorithm for MATLAB is given
in Appendix A.6.

Control strategy

The DC coupling of the multilevel converter can be controlied by the use of one PI-
controller Ggeg;) per series-connected 4Q-converter group. Therefore the entire system
needs m Pl-controllers. The Pl-controllers are implemented as shown in the Figure (5.16).
There is no active harmonic cancellation, implemented before with the controllers Ggy.
Of course the DC-DC converters are once again voltage-controlled. In this configuration
type of the multilevel converter, the DC-DC converters will always control the voltages
Uacagiy, with the uncontrolled input voltage U coupled to a DC-link. Due to the DC
exchange of the power, there is no pulsating energy. This fact reduces the control problem
to keep the DC voltages constant, feeding the 4Q-converters. Of course there will be less
harmonics on the line current Ij;,.. In this application context, an uncontrolled DC-DC
converter can easily be used, as described in [20]. The control system global set value for
the current, which is the motor current set value. The relation below gives the set value
for the DC line current:

U
Jine = —eel) (5.117)
Uline

At the beginning (1), this set value is calculated with Equation (5.117). The given
value Iine(sery is divided through the number m of 4Q-converter groups (2). Each con-
verter group forms a DC-DC converter creating its own current. All these partial cur-
rents Iyne(;) are added (8) to generate the overall line current Iy;,,. The partial set values
Il,-,,e(,-)(m) are filtered by a low-pass filter (3) with the cut-off time constant T in order
to avoid fast changes on the set value. This is done to suppress current overshoot when
the set value is abruptly changed.
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Block number (4} on the Figure (5.48) shows the current Pl-controller and block
(5) shows the direct addition of the perturbation value Uy, to the output value of the
controller. The result of this addition is the modulation degree k;, which is considered
as a DC value (There is no multiplication with a time-depending function Viepq). The
current on an inductor behaves like the Equation (5.118).

1
Lliue(i)

t
Tiney = /0 Usetsy ~ Utinedt (5.118)

The sum of the converter voltages U are controlled by the output value of the
controller, but Uyne is a value which cannot be controlled and is so considered as the
perturbation value of the system. By introducing a proportional vaiue of Uy, to the
controller output, all changes on this value can easily be compensated. In the function
block (6) the transfer function of the modulator together with p 4Q-converter cells is
given. The small time constants of the modulator and the control algorithm are respected
here. At last, the function block (7) describes the integral behavior of the current on the
inductor.

The transfer function containing the modulator and the p 4Q-converter cells is given by:

_ KcmG
Gc’mﬁ(s) = 1+3Tyg6 (5119)

The amplification factor is the maximal amplitude of the voltage generated by a
converter group ce(s):

Keme = b Udc2(set) (5120)

The small time constant is also depending on the number of series-connected 4Q-
converters p:

Tsampte
Tyms = —MQL}][ + Tems + Trz (5.121)

The measurement delay T, for the control system is the same as before given in Table
(5.6). The delay generated by the modulator is:

1
T’cmﬁ = ;17)._.)(5 + Tome + Tr2 (5122)
The direct introduction of the perturbation value is of course the inverse of the am-
plification factor K ng:

1

Kyp = ———
v P Udc2(set)

(5.123)

The system that has to be controlled is the current integrated on an inductor. The
transfer function G is:
1 1

Gus(s) = Te = Lo (5.124)
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The time constant Ty, of the filter for the set value a numerical value of 30ms has
been chosen. The symmetrical optimum is once again used to compute the controller
parameters. The Equation for the two controller time constant is given in (5.126)

Tis = 4-Tygs (5.125)
2
TIB

The amplification factors of the controllers G gg(;) are given with:

Tsampt
Ko = sample 127
i6 Ti6 (5 ’)
Tog — Toample
Ky = —“T—2 (5.128)
6

These parameters are used for the simulation results presented in the next chapter.

Simulation results

Of course the configuration 2s/5p for the coupling with the medium-voltage DC catenary
has been simulated, using 10 4Q-converters combined with the DC-DC converters. The
setup for the simulation is shown in Figure (5.49). The implementation of the system was
done with MATLAB/SIMULINK, where the simulated system could also be configured
for AC high voltage and DC medium voltage coupling.

fline  S1 83

line2 Y liine3 A lines Y lines
Liina2 Liina3 Liinas Liines

. ced
Yy $ Uecinir P e | b Uiy
i v
Uline :| :I
P Unin | =
""LI| nolgw(a) nv(7) . iUc. nv(10)

Figure 5.49: Simulated configurable multilevel converter

There are some parameters of the simulation, which have not been given before. The
Table (5.11) shows the used parameters:
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n 10 Number of converter steps

m 5 Number of parallel switched converter groups
P 2 Number of 4Q-converters in series per group
Liine(i) 5uH Value of a partial line inductance

Ryinets) 20m$2 Partial line resistance

Uline(pcy 3kV £10% Decoupling inductance DC-DC

Ttius 3ms Filter time constant for set value

Table 5.11: Numerical values for the simulated system with DC coupling
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Figure 5.50: Simulation of a DC power line with the coupled ML-converter

The first simulation (5.50) shows a variable DC line voltage Uline(pc), together with
one of the converter group voltages, Ucer). Ueeqry is a voltage able to be on 5 different
voltage levels. But in this case, only the zero voltage and the two positive voltages are
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used. The DC line voltage contains a step and a superposed oscillation, in order to observe
the influence on the current quality. The set value for the line current I, is variable.
There are steps at ¢ = 10mS, ¢t = 80ms and ¢ = 90ms, in the same time the current goes
from a maximal positive value of 1kA (motor mode) to a negative current (generator
mode) of 1kA. Due to the filtering of the step value, there is no current overshoot, which
helps to reduce losses and prevents the destruction of the semiconductors. By looking at
the time moment t = 72.5ms, it can be seen that the line voltage Uy, is equal to two
times the 4Q-converter feeding voltage Ugea(;)- This means theoretically that the current
ripple is zero. By looking at the line current Ij;y. and the partial line current Ijne(; it can
be seen that the current ripple is nearly zero. It is particularly interesting to compare the
partial line current ;o) with the global line current Ij;,.. The partial line current is
following the filtered set value. The current oscillation has a high amplitude (up to 80A
peak-peak, which is 40% compared to the average current value). The overall line current
ripple is only at about 8A peak-to-peak. This performance is due to the phase-shifted
modulation strategy described before.
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Figure 5.51: Simulation of the voltages and currents on the ML-converter

The graphs showed in Figure (5.51) are showing a comparison of the DC line voltage
Uline(pc) compared with the feeding voltage of the 4Q-converters, Ugyg(;). This voltage is
controlled actively by the DC-DC converters. The graphs beneath are showing the current
Ienoq) generated by the modulation of the 4Q-converters. The DC-DC converter tries to
follow this current in this implementation. The current I4c(1) is generated by the DC-
DC converter. The oscillation on the voltages Uiy can be explained by the difference
between the two currents Iqeou) and Icnaq)- This difference cannot be eliminated, the
cause is the small time constant of the DC-DC converter (modulation) and its control
system (measurement delay, sampling period).
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Figure 5.52: Analysis of the current harmonics in the DC current mode

In the simulation (5.52) the current has been analyzed by an FFT. The step response
on the voltage Upye has been eliminated and the current is controlled constant. Due to
the ripple cancellation of the current by the modulation there is only a very small current
ripple on the line frequency at the resulting switching frequency 2f,;mp. An additional
passive filter can reduce these harmonics. The low-frequency harmonics are due to the
voltage oscillation superposed on the line voltage Ujp.. The oscillation has a peak-peak
valne of 600V, which is 20% compared to the DC value of the voltage. The voltage
oscillation has a frequency of 50Hz. This frequency and the harmonics of this frequency
can be seen on the line current Ij;n.. An active filter principle as described in Section
5.1.1, page 199 can reduce these harmonics.

Advanced control methods for the configurable converter

There are two more methods how to control the configurable converter coupled to a DC
link catenary. Both of them aim a reduction of the current harmonics on the line ljp..
They use the fact that at several points of the modulation degree k the current harmonics
are entirely cancelled, shown in Figure (5.47). The proposed multilevel converter consists
of voltage-controlled DC-DC converters, which behavior is optimized to change the set
value for the DC output voltage Uyea(sery. This can be unsed for the configurable multilevel
converter to achieve always an entire current harmonic cancellation.

e The first method proposes a multilevel converter system in the DC catenary cou-
pling configuration, where the front-end 4Q-converters still work as series-connected
DC-DC converters. But the voltage set value of the DC-DC converters is adapted
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to the line voltage Uline. In this way the modulation degree k for the front-end 4Q-
converters can be always in a point where the current harmonics are cancelled. The
following example is given: A converter system with m = 5 converter groups ce(3)
is taken, using p = 2 series-connected 4Q-converters. The DC link voltage Uy is
2.8kV, while the DC catenary voltage is fixed at 3.1kV. The output voltage of the
DC-DC converters Us must in this case be either controlled to Ugg(sery = 3.1kV
or to the nearest voltage Ugca(sery = 0.8+ 3.1kV = 2.48kV. In this way the modu-
lation degree for the 4Q-converters k will be in forced to work in a minimum value
and the current harmonics are nearly entirely cancelled. This is also possible if the
catenary voltage is disturbed by an superposed AC voltage. In this case the set
values of the DC-DC converters must be constantly updated.

The second method consists in the fact that the 4Q-converters are only used to
let the line current Ij,. pass trough to the DC-DC converter output voltage Ugeo
feeding the concerned 4Q)-converter. In this way, the DC-DC converter output
voltages of one converter group ce(i) are connected in series and are directly coupled
to the catenary over the decoupling inductance. There is no modulation on the 4Q-
converters, which allows a reduction of the losses. The line current is controlled
through a variation of the sum of the voltages Uy in a converter group. This is
done by a cascaded controller, where the internal controller is the DC-DC converter
output voltage and the external controller is the line current controller. The DC-
DC converters must be able to change their output voltage Uy quickly in order
to provide a good current control. But this is no problem due to the fact that the
line current is a DC-value.

These two variations of the control of the configurable DC-DC converter are not
documented in this report.

Conclusions

Three different multilevel converter systems are developed for traction applications. The
system is used as front-end power transformer for high-voltage AC coupling. For these
three converter types, a complete control systems was developed. All the elements of the
controllers are computed analytically depending on the system parameters. A complex
simulation environment was implemented and the converters were simulated with the
desired parameters. The simulation environment can take many parasitic effects of the
real world into account and allows a realistic system evaluation. The most original
solution is the presented configurable multilevel converter, which has been patented.
This chapter shows the application potential of the presented multilevel converter. But
many more system application can be imagined such as static VAR, compensators [14],
FACTS for high voltage power lines , electronic transformers etc.
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Conclusions

In this thesis, multilevel converters with symmetrical DC feeding have been studied.
The used multilevel topology are the series-connected four-quadrant converters (SCFQ).
Special emphasis was given on four-quadrant converters supplied by voltage-controlled
DC-DC converters. The DC-DC couverter can operate in a two-quadrant mode, allowing
reversible power. The conclusions on the work are grouped for each chapter:

In chapter 2 describing the single-phase multilevel converters, a general single phase
multilevel converter topology is presented using a certain number of four-quadrant con-
verters. They are connected in series (SCFQ). All four-quadrant converters are fed sym-
metrically. This converter type is compared with other existing solutions for a multilevel
converter implementation. For the proposed converter type, several feeding methods are
compared. For the modulation of this converter type, the step and the PWM modulation
method has been analyzed and optimized for the multilevel operation. The optimization
consists of symmetrical load sharing, the avoiding of voltage cancellation between two
multilevel steps and linearization of the proposed modulators. A single phase control
strategy for the multilevel converter has been developed, using a rotating coordinate
system in the complex phasor plane combined with the PWM modulation. This novel
control method uses only two PI controllers and allows to achieve good dynamic perfor-
mance together with a strong reduction of all low-order harmonics on the line current. A
low-power prototype has been developed and experimental results have been done to un-
derline the analyzed modulation and control methods. Future developments in this fields
can be found in many high power single-phase applications like electronic transformers
and amplifiers.

A three phase multilevel converter has been defined in chapter 3, based on the same
structure (SCFQ) as the single phase converter. The individual steps are fed by an
identical DC voltages (symmetrical feeding). A step, PWM and a vector modulation
have been developed for this converter type. The methods are compared to each other.
The vector modulation is a new kind of modulation method for the multilevel converter.
A three-dimensional approach has been developed, allowing the reduction of the switching
losses to a minimal value. All the developments on the three-phase multilevel converter
are tested and compared by simulations. A prototype of 10kW has been developed and all
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the methods of modulation were implemented and tested. A field-oriented vector control
for speed on an induction motor was implemented. The vector control was combined
with the vector modulation and many interesting measurements were done.

Possible future applications for this converter type are high-power industrial drives where
motors must be fed with high voltages, but also high-speed motor drives like the hallbach
magnetical arrays, where the voltage output must be of very high quality, even at high
motor speeds. Motors based on the hallbach magnetical arrays have only got a very
small phase inductance so they feeding must be done with a very high quality voltage.
In the future, these motors can be used to drive flywheels and turbines at speeds up to
200’000rpm.

The DC-DC converter presented in chapter 4 is adapted to the feeding needs of the

four-quadrant converters in a multilevel converter setup. The DC-DC converter proposed
has a controlled output voltage and provides two-quadrant operation, where the feeding
voltage is always positive and the load current can be positive and negative. Different
modulation methods have been developed and an appropriate control system has been
studied. Two different methods are defined: The rectangular current mode and the new
combined triangular/trapezoidal current mode. The last method allows the DC-DC con-
verter to operate in a hard-switched mode, but still with very few losses. The studied
modulator types including their control system have been simulated and implemented
on a 20kVA prototype. Two different medium-frequency transformer types have been
studied and designed, namely a coaxial and a planar transformer. Of course a prototype
for each transformer type has been realized in the laboratory. The transformers have
been used in the experimental measurements with the proposed DC-DC converter.
The proposed DC-DC converter with the combined triangular/trapezoidal modulation
seems to be the most efficient way to realize a voltage controlled DC-DC converter.
However, the implementation of both methods is complicated and needs accurate mea-
surements of all electrical values. As a result from this work a special DC-DC converter
type is proposed, using only the triangular modulation method. A medium-frequency
transformer with a winding ratio unequal to one is necessary.

Chapter 5 with the multilevel converter systems show simulations of the multilevel
converter in three different configuration types for the same application: The front-end
power AC-DC converter for locomotives, replacing the heavy low-frequency transformer
and reducing the filtering elements. The three topologies are new converter types and
they all present different advantages depending on their use. The first type show an
implementation, where the locomotive does not need a line frequency filter for the pul-
sating power. This type is especially interesting for its low weight. A second type is
a conventional type with controlled voltages feeding the four-quadrant converters. This
type shows excellent performance concerning the line current quality. The third and
last type is a configurable converter, which can be connected to the high voltage AC
grid (15kV, 16§Hz). By changing its configuration, the converter can be coupled to
medium-frequency DC power lines (3kVDG). For all these three converter types, a com-
plete simulation environment has been defined and many simulations have been done.
Many other multilevel converter systems could be simulated using the same multilevel
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converter principle, like a static VAR compensators, FACTS, electronic transformers for
high-voltage lines.

My overall conclusion is that the multilevel converter has a large potential for various
future applications.
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Appendix A

Algorithms and mathematical
developments

A.1 Harmonics on converter voltage using step modu-
lation

The developed equations are based on a sum of square wave signals with different com-
mutation angles. All of those functions are summed.

Uonv
Py
~ thy Po-1) ] 1 _”
P3 :
- e [T A
th 472 I‘ Jacaray : ]|

[ :
~thy 40} IUm(z) : %
~thy lﬁmm“ }

0 ) w ot

Figure A.1: Generalized step modulation waveform

The basic equation for the fourrier series is given with (A.1):

a & ( prt . p7rt)
u(t) = — + apC0s—— + bysin Al
( ) 2 pzz:l i Tline ? Tline ( )

The average value of the waveform is equal to zero, so all the parameter ay is zero.

The function is developed around a fundamental sinusoidal function, so all parameters
a, are zero too. By replacing the period T with «, the following series is found:

= f:% /0 i f(t)sin(pt)dt - sin(pt)
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=45 (Um(l)- f ? sin(pt)dt + Usegz) - / ? sin(pt)dt + ... (A.2)
w p=odd ¥1 P2

HUgcz(n) - / : sin(pt)dt) sin(pt)
@n

The letter n represents the number of 4Q-converters used for the ML-converter. The
feeding voltage is constant and is represented now by the symbol Ugyea(;y. The index ¢ is
for the step number and is in the interval [0..n]. Of course all the feeding voltages are
equal:

Ugeagy = Useay = Usea) = -+ = Uearm) (A.3)

ety = i § ([0 [em)f

J
4 [ “’j(”)] Jsintt) (A.4)

#n

In this series it can be seen that the expression
nw
cos (7) =0 (A.5)

is zero if n is an odd number. The next Expression (A.6) gives all the harmonics in
relation with a timebase ¢ and a fundamental frequency wi;pe:

Un(t) = AWacasy 3 Zcos(jlwk)sm(]‘flunet) (A.6)
j=odd k=1 J

A.2 Algorithm for PWM voltage symmetrization

The presented algorithm is used for the equal distribution of all commutation events for
a PWM multilevel voltage. This algorithm looks at the sequence of the values of the
phase voltage up. If there is a rising voltage, one of the three partial voltages is risen.
The next time when up is risen, the next partial voltage is risen. The same algorithm is
applied to the falling voltages of ug.

risefall[i+1}=uR[i]-uR[i+1]

if risefallli+i] = -1
it risel = 0

uR1[i+1] := uR1[i]+1;

uR2[i+1] := wR2[il;

uR3[i+1] := wR3[i];

risel = 1;

elseif rise2 = 0
uR1[i+1] := uR1[il;
uR2[i+1]) := uR2[il+1;
uR3[i+1] := uR3[i};
rise2 =13
elseif rige3 = 0
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uR1{i+1] := uR1[i]);
uR2[i+1] := uR2{i);
uR3[i+1] := uR3[il+1;
rised =1

it risefall[i+1] =1
if talll =0
uR1[i+1) := wR1[il-1;
uR2[i+1) := uR2(i);
uR3[i+1] := wR3[il;
falll =1,
elseif fall2 = O
uR1[i+1] := uR1[i];
uR2[i+1] := wR2[il-1;
uR3[i+1] := uR3[il;
f£ali2 = 1
elseif fall3 = 0
uR1[i+1] := uwR1[il:
uR2[i+1] := uR2[i];
uR3([i+1} := uR3[i]-1;
£all3 = 1
end
end
end
end

if risefallli+1] =0
uRi[i+1] := wR1[i);
uR2[i+1] := uR2[i);

uR3[i+1] := uR3[il;
end

By applying this algorithm to all the three phase voltages, the losses in commutation
and conduction are shared equally by each four-quadrant converter.

A.3 Evaluations on the AC link of the DC-DC con-
verter

The AC link of the DC-DC converter is reduced only to one impendance and is shown in
Figure (A.2). From the two AC voltages Uy, and Uy, only the fundamental sine wave

is taken. Therefore with the Fourrier series the fundamental of the rectangular square
wave could be found, named Uy, and U,,:

4 1 1
Uper = ;Udul cos(g ) sin(wyt + 6) + gcos(3Qd1)sin(3th +30)+ T ] (A7)
The fundamental wave is given by Equation (A.8)

4
Ua = ;Udclcos(ﬂdl)b’in(wpt +9) (A.8)

With the same Fourrier series evaluation, the expression for the second full-bridge is
found:

1
Uper = %Udcz [cos(de)sin(wpt) + gcos(3§2d2)si1z(3w,,t) + écos(5$2d2) .. ] (A.9)
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The fundamental wave is given by Equation (A.10)

Up = %Udczcosmdz)sm(%t) (A-10)

For an easier handling of the equations, the voltages and currents will now only
be expressed by their fundamentals. This also allows to work with the phasors in the
complex plane. Therefore the new expressions for the phasors are mentioned below:

U, = Usicxp(jwpt + jo) (A.11)
Qs2 = Us2eXp(jwpt) (A12)
AU, = AUsexp(jwpt + joav,) (A.13)

_The amplitudes U, and U,; are defined in the Equation set (A.17). The amplitude
AU, and the phase angle ¢ap,s can be calculated using trigonometric relations.

~ 4

U, = ;Udclcos(ﬂdl) (A.14)

O = 2Usacos(On) (A.15)
AU, = \/031 + 02, — 20,1 U zc05(6) (A.16)

U — ﬁslcos(é)

T
Borsin(d) ) + syn(é)-z— (A17)

PAUs = arctan(

These phasors are now related to a reduced equivalent scheme of the intermediary
circuit shown in Figure (A.2).

Ua|©) s )]s

Figure A.2: Equivalent scheme for the AC intermediary circuit

The next Figure shows the phasor diagram for the equivalent circuit. All the following
Equations for the DC-DC converter are based on this vector representation.
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Im4

Figure A.3: Phasor diagram for the values on the intermediary circuit

In accordance to the components given in Figure (A.3), the impedance Z of the re-
duced equivalent circuit has to be calculated as follows: The value of the two resistance
R, of the transformer and inductor windings are very small (about 502 for a 50kW
transformer), so they can be neglected. The two capacitors for the filtering of the DC
current are relatively big. In the stationary operation mode of the converter their influ-
ence is small and so they can be considered as a short-circuit. The main inductance of
the transformer causes a magnetizing current I,,. By solving the Equations of Kirchhoff
for the circuit in Figure (4.4), it can be seen that the magnetizing current has no influ-
ence on the current I,. It has to be mentioned that due to the transformer ratio of one,
primary and secondary currents have the same amplitude. The only components defining
the current in the intermediary circuit are the two values of the stray inductance L, and
Ly and the decoupling inductance Ly. Therefore the impedance 7 is:

Lot = Lgy + Loy + Ly (A].S)
Z = 2f,Lowm (A.19)

With the impedance Z the amplitude and phase angle of the current , can be found:

- AU;
I, = 7 (A.20)
T
Yrs = pav, Ty (A.21)

With these Equations the ideal behavior of the DC-DC converter is described only be
using the fundamental waves of the electrical values. The current seen on the secondary
side of the DC-DC converter, I, can be expressed by the average value of real part of
the phasor current I,. Also the voltage Uyn can be expressed as the average value of
the real part from U,,. Expressed in equations, the active power on the output of the
converter can be found.

Pay = Re(Uyy - L") (A.22)

where I,” is the complex conjugate of the current I,. After several steps of mathe-
matical evaluation:
051(73231171((5) + U, U808 + 2wty + Usz,zsin@w,,t)
2Z

Pi = (A.23)
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For the evaluation of the transfer function, all the oscillating components with two
times the switching frequency 2w, = 4rf, components are not interesting. The aim is
only to calculate the average power transfer. After removing the parts oscillating with 2w
and substituting U,; and U,y with the Equations (A.17) and (A.17), the final expression
for the power transfer function can be found:

4U g1 Ugeasin(8)cos(S2q1 ) cos(az)

m pratol

Pz = Ticz* User = (A.24)

The current 742 is the DC part of the DC-DC converter current I;5. The reactive
power on the AC sides of the intermediary circuit can also be calculated. The following
expression defines the reactive power:

Qac1,2 = Im(gsl,'z Ls*) (A25)

Equation {A.27) gives the reactive power for the primary and secondary side.

4[Uer*c08*(Qa1) — UserUseacos(8)cos(Qar ) cos ()]

6 = A.26
Qud WafPLatut ( )
Quer = 4[UdclUd¢200$(J)C03(Q¢2)COS(QdQ) — Uger®cos? ()] (A27)

w pratat

A.4 Design procedure for a medium-frequency trans-
former

In this appendix, a medium frequency transformer is designed using the procedure de-

scribed in [42). The design method starts on page 95. Many parameters for different core
types are already given. A coaxial transformer with the following parameters is designed:

DC input voltage Uia 500V

DC output voltage Ujeo 500V

DC output current Tie 40A

DC output power Py 20kV A
Switching frequency fo 19.5kHz
Efficiency 7 > 99.5%

Used maximal flux density Bz 1T

Core maximal flux desnity Biaz 1.2T

AC voltage type square wave
Core type Tape wound ring core

Table A.1: Parameters for the designed coaxial transformer

The first step consists of calculating the effective DC output power

Pur = Uger - Tacg = 20kW (A.28)
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The instantaneous power Py, is defined in (A.29) and is calculated:
2
Pinst = Puacz - (% + \/§> = 56.57kW (A.29)
The area product Ap is defined in the next Equation:

P10t \*
= _Mh_> e’ A.30
g (Kmea:r,pruJ [ ] ( )

The area product Ap is also the defined as the product between the sum of the
magnetic cross section of one core Ac and the window area W,. The number of cores

TNeores has to be found.

Ap = eres - Ac-Wa  [em?] (A.31)
Fill factor (window utilization factor) || K, | 0.062
1.16 C-core
Core geometrie constant ks 1.15 | Tape wound core
1.14 Powder core
Voltage waveform constant Ky 4 square wave
4.44 sine wave
Current density J 365 [ﬁ]
Used maximal flux density Bnaz | 1 {7
Surface of the window W, 11257 cm?
Magnetical cross-section one core Ac 0.8 em?
Inductivity per turn AL 14 uH
Weight of one core 83 [g]

Table A.2: The equation coefficients

The numerical value for the area product is given in (A.32).
Ap =762 [em] (A.32)
In this moment, a core must be chosen, which corresponds to the desired application.
In this case it has been decided to take uncut ring cores For each core the area product
Ap(core) must be calculated. The

AP(core) = Ac- We [cm.“] (A.33)

With the the next Equation (A.34), the number of needed cores are computed:

) =20 (A.34)

Negre = TOUN
P(core)
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The number of needed turns on both sides of the transformer is based on the next
Expression:

I T
K, W, =N, "J“ + Ny sz (A.35)

The following expression is needed to calculate the number of turns in the transfor-
mator. Due to the symmetrical design for primary and secondary side, the number of
turns is the same for both sides:

_ Ultes,2.10¢
Nlﬂ - KmeazfpncoreAC (A36)

The following Equation (A.38) set is used for the computing of the principle trans-

former inductance. The numerical value for A, is usually given by the core manufacturer:

Ln
Ly

N2 AL (A.37)
Nt Ap (A.38)

I

Il

An aproximation for the inductance values can be given with the Equation (A.39)

N 2Neore A
Lp1,2 pe Holhy 1,7774 ore{iC (A39)

The variable ! is the length of the winding part inside of the magnetical cores. The

maximal flux density in the cores must be checked and is given with:

Iacl 2 ° L 1,2
By = ——— 22 A40
" ncareACNl,2 ( )

A.5 Coaxial transformer parameters

The Equations for the stray inductance and the coupling capacitance of a coaxial cable
have been calculated analytically. The entire mathematical development can be found
below. The Figure (A.4) is a cut view of the cable, where 3 diameters R1 to R3 are
defined. The stored energy in a electrical field is defined by:

W = /Vd %B‘E‘dm (A.41)

For the dielectrical field, it can be found:
B=cF (A.42)

The parameter ¢ is the dielectrical constant of the insulation material. The electrical
field E has only got a radial component. The variables 1 and @, are the electrical
potentials.
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zone
zone 2
zone 3
zone 4

H(r)
4

Figure A.4: View through a coaxial cable with the H-Field profile

The electrical field can be calculated as follows, by taking a constant A and saying
that the field is inverse proportional to r:

R R
U= 2Edr=/2édr=A~ln& (A.43)
R BT R

After same developments:

Y1 — P2

A= —— A4
In (%12) ( )
Therefore the electrical field with only a radial component is:
¥1— 2 U
E, = = A .45
" i (%) r-ln (%) ( )

So the mathematical development of Equation (A.41) gives the energy stored in the
electrical field, depending on the cable length.

/ / / Vﬂéz‘)’ﬁdvgz = %5 / / / Eldvol = %el /R ':2 o Bodr  (A.46)

w

il

2
= wel/mrwdr = we¢wgzli /’b -1—dr {AA4T)
o) Ry
= wslwln (&) = MEL.E l————q2—— (A.48)
R “in (%)

()"
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The Equation (A.48) can be divided by the length of the coaxial cable l. So the
resulting Equation is the energy per meter cable:

U
— = WEE——— A .49)
F T (R) |

The Energy in a capcitor is definded by the following Equation and can be compared
with Equation (A.48):

2

1
W = ECUZ = Wfofrll (A.50)

R
n ()

By resolving the Equation to the capacitor C and eliminating the voltage U, it can
be found:

27e €y

in ()

cl, = (A.51)

Now the inductivity for a coaxial cable is calculated, depending on the cable length.
It is started with the energy W stored in a magnetical field:

W= % /wl BH dvol = % / / /mﬂjfz dvol (A.52)

The magnetic field only has a component in the ¢ direction (tangential direction).
Therefore it can be found:

Ry .
W= / MoH () 2r7l dr (A.53)
0
The magentic field per length [ of the cable is:
w Ra
- = ko /0 H,(r)*2nr dr (A.54)

From the Equation {A.54) is can be learned that the magnetic field in the tangential
direction H,(r) must be known. The Equation from Maxwell sais:

ﬁp Ad = //Fj’d_ﬁ =1 (A.55)

Adapted to the relative simple field situation in the coaxial cable, the Equation (A.55)
can be rewritten in the following form given in Equation (A.56). The current I is the
current flowing in the coaxial cable.

2
Hy2mr = 12 (A.56)
R,
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The coaxial cable must now be analyzed in different radial zones. The zones are
described in the Figure (A.4). For the zonel, the following magentic field is found:

7(7'2

H,-2rr = I— 57

o 27T o (A57)
I.r .

H‘P = m (A.OS)

For the zone 2 it can be found:

Hy 2xr = T (A.59)
H, = — (A.60)

The zone3 is:

TI'(TZ - R32)
H, 2nmr = I -] ———% .
p AT 7r(R32 _ Rzz) (A.61)
I Ry —1?
H, = —— (1 T RE (A.62)
And finally for the zone4 it can be found:
H, =0 (A.63)

And now by taking the Equation (A.54), the energy W per length [ is calculated for
the magnetic field.

w to | (B Ir \? 2
LA 2 / ( ) 27 d
] 5 [/0 (27rR1 ) wrdr + T dr
Ra I R32 — 7'2 2
+ /R 2 [% (—-———R32 )| 2 (A.64)
The Equation (A.64) is resolved and set equal to the Equation

L 2 W

Ly, = 11771 (A.65)

After replacing % with the result of Equation (A.64) the final Equation for the in-
ductance per length for the coaxial cable is found:

R R;? R3? I
oo e <_2) By s (_"*) A.66
ol,2 2 [lﬂ Rl + Z(Rsz _ RQQ) + (R32 _ R22)2 n RZ ( 6 )
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A.6 DC ripple current

A MATLAB algorithm is shown in this appendix, in order to calculate the DC ripple
current for an m to p configurable multilevel converter.

% parameters

= Udc2/Lline/2/n/ts+(1-m*D2(i))*D2(i);

Udc2 = 2800;

P =2

m =5;

fs = 250;

Lline = 0.005;

% algorithm

n = mp;

for i = 1:1000

k(i) = i/600-1;

D(i) = p*k(i)-fleor(p*k(i));
02(i) = D(i)-floor{(m*D(i)}/m;
Ipp(i)

end %for

subplot(211);

plot(k,Ipp);

subplot(212);

plot(k,D,k,D2);

A.7 Numerical values to compute the losses

The following Table (A.3) are showing the loss energies for power energies. The IGBT
losses are calculated losses taken from the datasheets of Eupec power modules, with the
maximal switched voltage 4.5kV and maximal on-state current of 400A. The silicium

carbide values are only estimated future values.

Semiconductor | Switched | Switched Switching Saturation
technology voltage | current loss energy voltage
IGBT 28KV | 250A || Wass = LIWS | Usepoupy = 4.2V
Won = 0.98Ws
IGBT diode Waff = 0.32Ws Ug =31V
SiC 2.8kV 250A Woss = 0.3Ws | Ucesary = 5V
Won = 0.27Ws
SiC diode Wopr = 012Ws | Uy = 3.6V

Table A.3: Numerical values used for the losses evaluation

The losses are considered to depend linearly on the switched voltage and current. The

following equation shows the losses computing:

l%oss = f}' SEr A

2504 2.8kV
The conduction losses are computed depending on the on-state current. The satura-
tion voltage is considered to be constant.

Wm,off

(A.67)

N. Schibli
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Polyphase transformers for AC feeding

The first low-frequency transformer feeding circuit is shown in Figure (B.1). This is not a
polyphase transformer. Each secondary transformer winding has a threc-phase rectifier,
feeding a 4Q-converter of the multilevel converter. There is no problem of symmetrical
power sharing, independent of the number of multilevel cells.

=

N Id¢2
UR a1
Ur £ T | Vs
Nos b
‘ :N" %_

Figure B.1: Multilevel converter feeding by three-phase diode bridges

-

T

Due to the fact that there are three phases, there will be a oscillation of 300Hz on
the capacitors at load. This can be seen in the Figure (B.2). This Figure represents a
simulation done with SIMPLORER using the parameters of the Table (B.1):
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Parameter Symbol Value
Line voltage Unsrt 400V
Winding ratio w, = %ﬁ 2.188
DC output voltage Ugea 400V - /3
DC output power Py 28kW
Stray resistance primary Ry 300m$2
Stray resistance secondary Ry 400mQ
Stray inductance primary Ly imH
Stray inductance secondary Lo 900pH
Main inductance transformer L, 100mH
DC Output capacitor Cac2 680pF
Internal resistance current source Ric2 2Q

Table B.1: Simulation parameters for the three-phase rectifier

The simulation shows the currents on the AC side, where the grid is feeding the
transformer. The currents are not sinusoidal and have a important harmonic at 300Hz.
But the use of three-phase rectifier bridges only leaves a small ripple voltage on the
output DC capacitor with the same frequency of 300Hz.

[] 0.01s 0.028 0.03s 0.04s 0.058 0.08s

Figure B.2: Simulation of the feeding with simple three-phase rectifier bridge

The rectifier bridges at least generate AC currents with no DC component on the
primary side, but there is much low-order harmonic content. The proposed solution
with the rectifier bridges can be improved. The disadvantage of this solution is the poor
current quality by having non-sinusoidal peak currents on the line side. Therefore the
basic idea is to use several secondary coils, each of them generating a phase-shift between
the phase of the voltage and the current, called polyphase transformers.

The transformer circuit can be improved by using a special transformer winding on
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the secondary side, taking advantage of the possibility to generate phase-shifted voltages
on the secondary side of the transformer, to be seen in [21]. These types of transformers
are called polyphase transformers. The feeding topology below shows a solution, if the
number of multilevel converter cells are a multiple of 2:

e
24

Figure B.3: Multilevel converter fed by 12-pulse polyphase transformer

The upper coil in star configuration does not generate any phase shift comparing to
the primary side. But the lower one with the special middle-point connection generates
a phase-shift of 30°. This generates two pairs of phase-shifted current peaks. For the
whole transformer, there arc twelve current peaks. That is why the transformer is called
12-pulse polyphase transformer. This is a well-known transformer configuration, so no
simulation is done on this topology. The next Figure (B.4) shows a special transformer
with phase-shifted secondary windings of 20°, This transformer is ideal, if the number of
multilevel cells is a multiple of 3.

k l4e2
Nyt —

3 N,
> < N = [Yacoz

Figure B.4: Multilevel converter fed by 18-pulse polyphase transformer

The topology generates three three-phase voltage systems, cach of them with a phase
shift of 20°. A simulation of this topology has been done using Simplorer. The Table
(B.2) contains the used parameters for the simulation:
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Parameter Symbol Value
Line voltage UR.,S,T 400V
Winding ratio 1 Wy = %"-‘L 0.76
Winding ratio 2 wo=N2 | 0864
DC output voltage Ugez 400V - V2
DC output power Pe, 4 28kW
Stray resistance primary R, 300mQ
Stray resistance secondary R, 400mS2
Stray inductance primary Ln 1mH
Stray inductance secondary Ly 900uH
Main inductance transformer L, 100mH
DC Output capacitor Claco 680uF
Internal resistance current source Ryeo 2Q)

Table B.2: Simulation parameters for the 18-pﬁlse polyphase transformer

The simulation results are given with Figure (B.5):

Uiea() Yaeoz)  Yaczs)
500V PR asam
" 5'5'3"'
500vg 00%s 0025 003  004s 0055 008
2004 h Js ~Jr
o ]
200A}
0 001s 0025 0038 0048 0058  006s
100A
hsc2
S0A
‘o 001 0.028 0035 0043 0,055 0.08s
1000V, . . —
500VE URet
. 7
-500V]

-1000V

0.01s 0.02s 0.03s 0.04s 0.05s 0.08s

Figure B.5: Simulation of the feeding with 18-pulse polyphase transformer

The main difference between the two simulations is the quality of the current on
the line side of the feeding: By using the 18-pulse transformer, the currents are nearly
sinusoidal, due to the passive current harmonics cancellation. The currents are phase-
shifted comparing with the concerning phase voltages. The transformer is an inductive
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load, so the currents are delayed comparing to the voltages. The last graph of the
simnlation shows the voltages on the secondary side of the transformer, all from phase
R: The special winding of the transformer has created a phase-shift of 20° between the
voltages Ug,,, Ug,, and Up,,.
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Glossary

[£43

Qe

]

611 52

6skin

&o

&

6abs

(Slim

6nom

(sma'z

6P1nin,rac

5Pmaz,rcc

5P1nin,trap

(SPmum,trap

(5Pmin,tri

(staz,lri

Ap;

APRei),50),70)
i

Ap

Au

AU,

AU

n

Mo

P

PRy Psy PT

[N

W

Wiine

Phase shift angle between Uy, and Upypy

Phase shift angle between Uy, and Ijp.

Phase-shift as a modulation parameter of the DC-DC converter
Preliminary phase-shift values for é

Penetration depth due to the skin effect

Dielectrical constant (8.854 - 10712)

Relative diclectricity (insulation material)

Absolute average value for §

Limited value for § from the controller

Nominal phase-shift for the DC-DC converter

Maximal tolerated phase-shift on the the AC link voltages
Value for ¢ for minimal power in the rectangular mode
Value for § for maximal power in the rectangular mode
Value for § for minimal power in the trapezoidal mode
Value for § for maximal power in the trapezoidal mode
Value for § for minimal power in the triangular mode
Value for § for maximal power in the triangular mode
Phase-shift angles between modulation carrier signals
Phase-shift angles between carrier signals of the phases R, S, T
Phase-shift angles between modulation carrier signals for configurable converter
Difference between two power vector points (three-phase)
Difference between two voltage vector points (three-phase)
Differential voltage vector over the total inductance L,
Peak-peak voltage oscillation

Efficiency (DC-DC converter)

Magnetical constant (471077)

Firing angles for the step modulation

Phase angle R,S and T for motor converter

Phase shift angle between Uj;,, and AU

Frequency

Frequency of the line voltage
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Wy Fundamental frequency of the AC voltages in the DC-DC converter
Wres Resonant frequency of a controller
Wy Fundamental frequency of the switching in a 4Q-converter
Qa1,Qua103) Primary side DC-DC converter modulation parameter
Q2,00 Secondary side DC-DC converter modulation parameter
o Attenuation factor of observer transfer function
OR Conductivity of the material. Copper: 755
Thlank(4Q) Blanking time 4Q
Thlank Blanking time DC-DC
Toffset Threshold value to activate the step modulator
a Component of the linear equation az + b to find the reference triangle
a Linear combination vector for vector modulation
aur; Carrier signals for the PWM modulation
A Geometrical surface (conductors)
Ac Magnetical core effective cross-section
Ap Area product of the transformer
A System matrix of the observer
b Component of the linear equation ax + b to find the reference triangle
b Linear combination vector for vector modulation
Binaz Maximal flux density of a transformer
c’ Output vector of the observer
ce(t) Multilevel converter group
C Capacitors

clamp Clamping capacitor for DC-DC converter snubber
Ca1,Ca2 AC link decoupling capacitors
Cy Simplified AC link decoupling capacitor
Cic2s Caeaiy Intermediary capacitors to stabilize 4Q-converter feeding
Cacar,sT Intermediary capacitors in the three-phase converter
Caet DC link capacitor
Crarali) Parasitic capacitors of power semiconductors

R Resonant capacitors for a DC-DC converter
Ciap Trap circuit filter capacitor
Cir Coupling capacitor primary-secondary side
Cy, Coupling capacitor per meter coaxial cable
Clitter Filter capacitor for the front end multilevel switching
CLy Clamping diodes for a NPC converter type
d Geometrical distance

dlnew,Znew,ISHew

D

Distances used in vector modulation
Duty cycle of a switched converter voltage

D1-D8 Power diodes of the DC-DC converter
D, Limited duty cycle for computing
ex1,6L2,6ex3 Expression simplification parameter
Siine Line frequency
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Jrnod Fundamental frequency for motor converter modulation

fs Switching frequency 4Q

fo Switching frequency DC-DC

Sp(maz) Maximal possible switching frequency for the DC-DC converter

fre Resonant frequency LC circuit of the AC link

Frestiiscs) Resulting switching frequency for the HSCS PWM modulation
Jrestvscs) Resulting switching frequency for the VSCS PWM modulation

g Feedback vector of the observer

Geni(8) Transfer function for the line current controller

Gems(3) Transfer function constant individual 4Q-converter controller
Gems((s) Transfer function in the DC-DC converter

Geme(s) Transfer function in the configurable converter (DC)

Gr(s) Line current controller transfer function

Grie(s), Grig(s) Two components of the line current controller

Gro(5) Power flow controller transfer function

Gry(s) Controller number i for the modulation degree for each 4Q-converter
Gra(s) Active current filtering controller for each harmonic

Grs(s), Grssy(s) Controller number ¢ to control the voltage of the DC-DC converters
G re(i)(5) DC current controller for the configurable converter

G (8) System transfer function inner system cascaded power flow controller
Gaa(s) System transfer function outer system cascaded power flow controller
Gapa(s) System transfer function outer system active current filtering

Gy5(3) System transfer function of the DC-DC converter

Guar(8) Internal controller loop cascaded power flow controller

Guaa(s) Internal controller loop active filtering controller

h Observer output vector generating imaginary part,

i Index used for the step number

I, If Components of the current referenced to a rotating coordinate system
L setyr hseny Set value components referenced to the rotating coordinate system
Toterry Thern) Error value components referenced to the rotating coordinate system
I, Medium-frequency AC current in a DC-DC converter transformer
Toe Peak current value in the AC link for inductor design

fuch IA,,L,Q Peak current values in the DC-DC converter AC link

facl(abs)y iacZ(abs) Average absolute turn-off currents

facl(mm) Peak current in the load mode of the DC-DC converter

Iy Capacitor currents imbricated cells

T(maz) Maximal collector current of an IGBT

Teorr(ey Correction value for the DC current

Tepa, Tenagy DC current generated by the 4Q-converter

Iwarsr DC current from 4Q-converter in three-phase configuration

Lps(mar) DC current generated by the 4Q-converter

Lo Maximal load current

Tor Partial DC link feeding currents (coming from DC-DC converter)
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Lac1(tor) Overall DC link feeding current

Lien Intermediary capacitor feeding current (coming from DC-DC converter)
Tuc2, Tacay DC component of the DC-DC converter current

Tm(abs) Absolute average DC-DC converter current

Tdcg(amt) PlI-controller value current from the tri/trap modulation

T aeoqiim) Limited value for the DC-DC converter current

Tyea(ior) Total to be limited current from the DC-DC converter

f,umn(i) Current amplitudes of the harmonics

fha,m(i)(se,) Current set value amplitudes for the harmonics

f;,corr(i) Current amplitudes from active filtering controller

Theorr Time-dependent current from the active filtering controllers
Tiine Line voltage going to the catenary

Tiine Monophasor amplitude (line current amplitude)

Liine Monophasor vector for the line current

Liine(im) Current phasor in the complex plane, y-component

Tiine(re) Current phasor in the complex plane, x-component

Tiine(nCy DC component of the line current

) Partial line voltage in the configurable converter

Liine(err) Error of the line current

Tiine(set) Set value for the line current [j;p,

Tnargin Security margin current for the inductor Ly

I, Magnetizing current of the transformer

Lot Motor current consumed from the DC-link

Tnoi(se) Set value for the motor current

I Current vector references to the rotating coordinate system

Lo Current vector set value for the rotating coordinate system
Liippie AC current ripple on the line current, in the configurable converter
Lripptegs) AC current ripple on the partial line current

I Fundamental sine-wave of the DC-DC converter AC link current
1, Monophasor of the sine-wave of the DC-DC converter AC link current
I, Amplitude of the monophasor of the AC link current

j Index used for summations

J Current density in conductors

k Modulation degree applied to the converter modulator
K Modulation degree coming from the current controller
4 Modulation vector in the rotating coordinate system
174 Controller output vector in the rotating coordinate system
L Vector components of the modulation vector
kky, kkj Vector components of the controller output vector
ke Modulation degree for an independent 4Q-converter
1,3 Correction value for the vector modulation
nyos Distance parameter for the vector modulation
kpst Modulation degree of phase R,S and T
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Kem Amplification factor between & and a 4Q-converter
K. Amplification factor between k and a multilevel converter
Ko Amplification factor individual 4Q-converter controller
Kems Amplification factor of the DC-DC converter control
Ko Amplification factor of a converter group ce(t), configurable converter
Kitine Current feed-forward amplification
Kp Proportionality between AC line current and DC current value
Ky, Ka Proportional and integral part line current controller
Ky, K Proportional and integral part power flow controller
a3y K3 Proportional and integral part 4Q-converter modulation degree controller
Kpi, Ki Proportional and integral part active current filtering controller
Kps, Kis Proportional and integral part DC-DC converter voltage controller
Kps, Kig Proportional and integral part DC current controller (configurable converter)
K, Amplification of the line current transfer function
K Amplification of the DC-DC converter transfer function
K, Fill factor or window utilization factor
Kouaeo DC voltage Uy, feed-forward amplification
Kotine Voltage feed-forward amplification
K. Amplification direct introduction of perturbation value
l Length, distance
Iy, b, I3 Distance between proposed and optimal switching pattern
Loios Decoupling inductance DC-DC
Lo, Lgo Primary and secondary side stray inductance
L, L, Stray inductance per meter coaxial cable
Liine Line inductance
Liines) Partial line inductance (configurable converter)
Lirep Trap circuit filter inductor
L1, Ly, L, Primary, secondary and total principle inductance
L, Resonant inductor used for snubber in a DC-DC converter
Ly, Lo Resonant inductors for a DC-DC converter
Loy Square loop core inductor for DC-DC converter
m Number of multilevel converter groups
Ne Number of switching operations in one sampling time Tompie
Tcore Number of cores for a transformer
g Order of the FIR filter
n Number of converter steps
Nauz Number of carrier signals per multilevel converter
Ne Number of switched voltage levels
Thepmin Minimal number of switched voltage levels
nnET Number of sampling periods for the DFT algorithm
ny Number of the hexagon of the voltage phasor points
Nhmas Maximal order of the filtered current harmonics
Tharm Order of the current harmonics
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Tlphasor Number of visible phasor vector points

N Number of redundant voltage phasor patterns for one phasor point
Tistep Number of active steps during the step modulation

Tiyoltage Number of different voltage steps generated by a ML-converter with n steps
n Unity vector

Tpower 3D current direction vector

N, Number of windings on the primary transformer side

Ny Number of windings on the secondary transformer side

P Number of 4Q-converters in a multilevel converter group

P Normalized power vector for vector modulation

Pobserv Characteristical polynomial of the observer

r) Output power of the DC-DC converter

Pieainom) Nominal power of the DC-DC converter

P, Motor power, maximal value

Py Multilevel converter power

P} Power phasor plane axis to represent the motor power, x-axis

B Power phasor plane axis to represent the motor power, y-axis

Quc1, Qo2 Reactive power on both sides of the AC link
T Decomposition vector for vector modulation
71y Loy T3 Projection vectors for switching losses optimization

Tes Resolution of an AD-converter

R Resistor

R Rotation matrix to turn coordinates by 90° clockwise

R,, Ry, R; Radius of the coaxial cable

Rehop Chopper resistance

Rycz Internal resistance DC source

Ryiter Filter resistor for the front end multilevel switching

Riine Resistive part of the line inductance

Ry, Ry Primary and secondary side stray resistance

Rirep Resistive part of the trap circuit inductor

s Decomposition vector for vector modulation

S Non-optimized switching function for the power semiconductors

s} Optimized switching function

s1, S2 Poles of the characteristic polynomial

S; Quantification function for a modulation

to, Ly Proportional factors of the modulation times in the vector modulation
the Threshold values for the step modulation

T,T! Transformation matrix for the rotating coordinate system

T1-T8 Power semiconductors of the DC-DC converter

T System transfer function time constant for meplat design criteria

Tis DC-DC converter transfer function time constant for meplat design criteria
Ta, T, T.  Modulation times for the vector modulation

T.2 Time constant inner controller loop cascaded controller power flow controller
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T.4
Tcl amp
Tcm‘z
TcmS
TcmG
Tj it

Tis
Thtine
Thiines)
tine
T‘nlv ,Til
,Tn27 ﬂ2
Tn."h T‘i:}
711141 71i4
7‘7157 ﬂ5
nlf’n T‘iﬁ
Tmu To Jf
TpEI
T;;EI}
TpE5
Tyrs
Tr2, Tr5
Tsample
Ug'y ug”
Uo
Uy, Ug, U
Unew
UR, Us, Ur
Uy, f
ﬁre f
Uref,r Uref,
U, Us®
Uy
Uacly Um:2
7

ac2

Uy

Uc(i)
cdnaz

Uce(i)
Uce(maz)

Time constant inner controller loop cascaded controller active filter
Clamping power semiconductor

Small time constant due to the 4Q-converter modulation

Small time constant due to the DC-DC converter modulation
Small time constant of a converter group ce(4), configurable converter
Filter time constant for DC current controller configurable converter
33§Hz frequency filter sampling time

Integral time constant of the line inductor in monophased control
Integral time constant of the cascaded power flow controller
Integral time constant of the DC-DC converter output capacitor
Overall line current fundamental period, configurable converter
Partial line current fundamental period

Line voltage fundamental period

Proportional and integral part line current controller

Two time constants of power flow controller

Two time constants of 4Q-converter modulation degree controller
Two time constants of active current filtering controller

Two time constants of DC-DC converter voltage controller

Two time constants of part DC current controller (configurable converter)
Switching times for power semiconductors

Small time constant line current controller

Small time constant individual 4Q-converter controller

Small time constant DC-DC converter controller

Small time constant configurable converter, DC configuration
Measurcment delay and delay time generated by the control algorithm
Sampling time

Normalized phasor vector components

Normalized zero-point voltage of the three phase converter
Normalized voltage vectors from the reference triangle

Resulting new voltage vector from an algorithm

Normalized phase voltages of a motor converter

Normalized reference vector for modulation

Amplitude reference vector for modulation

Reference vector for modulation components

Phasor vector components

Zero-point voltage of the three phase converter

Medium-frequency AC voltages applied to the transformer
Medium-frequency AC voltage referred to the primary side
Capacitor voltages imbricated cells multilevel converter

Average capacitor voltages imbricated cells converter

Maximal decoupling capacitor voltage

Multilevel converter group voltage (configurable converter)
Maximal allowed voltage across an IGBT power switch

Symmetrical multilevel converters with two quadrant DC-DC feeding N. Schibli



284 APPENDIX D. GLOSSARY
Uce(say On-state saturation voltage of IGBT
conv Multilevel converter output voltage
Uconv(sy Output voltage of a 4Q-converter, usually AC
Uw,w Fundamental voltage of the converter voltage Uegon,y,
Uconv(maz) Maximal possible amplitude of the converter voltage U,pny
Uy On-state voltage drop on a power diode
Ujer DC link voltage
Uger DC component of the voltage Uy
Udci(nom) Nominal value for the voltage Uye;

Udc27 Udc‘z(i)
Ut’ic?

Feeding voltage for the 4Q-converters
Feeding voltage referred to the primary side over a transformer

Ueats) DC component Uyg
Udea(nom) Nominal value for the voltages Ugea;)
Uleaser) Set value for the voltages Ugep
U gea(set) Set value for the DC component of the voltage Ugeogs)
Uieoaw Average value of all DC voltages Uy
U seras DC component of the average value of all DC voltages U
Uharm(i) The harmonic amplitudes of the converter voltage U,
Uine Effective line voltage
Uline(npe) DC line voltage (configurable converter)
Ursr Phase voltages of a motor converter from the multilevel converter
Urg),s@),riy Phase voltages of a motor converter from the 4Q-converter
Ursr Amplitude of phase voltages of a motor converter
Ugr, Ry,Rs  Phase-shifted voltages on secondary side of polyphase transformer
Uses Reference voltage vector rotating in the complex phasor plane
Ui, Usa Fundamental sine wave of the medium frequency voltages
Ug,Ug Monophasors of the medium frequency voltages
(731, ﬁsz Fundamental sine wave of the medium frequency voltages
u: Voltage phasor point in the complex plane, x-component
Ug Voltage phasor point in the complex plane, y-component
Vier Reference function for the modulator
Vies() Reference function for an independent 4Q-converter 4
vef Reference function for the modulator, coming from the current controller
Vies Monophasor reference function from the controller
V!, f(im) Imaginary part of the reference function monophasor
Vierirey Real part of the reference function monophasor
Wy Winding ratio of the medium-frequency transformer
W, Window surface of a magnetical core
Z AC link equivalent impedance
Zioad Load impedance of a converter
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