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ABSTRACT

The change from the centralized generation of electrical power
which is mainly driven by fossil or nuclear energy sources to
renewable energy sources like wind and solar power which are
widely distributed requires also a change of the transmission and
distribution grids. On the one hand the distances between the
main demand sides and the main generation areas increases since
the renewable energy is not available everywhere. On the other
hand, the power flow direction is not constant anymore caused
by the fluctuation of the renewable energies.
These new challenges can only partly be handled by the existing AC based transmission and distribution grid. Hence an
extension of the transmission capacities is necessary. One possible solution is a HVDC based super grid which superposes the
existing grid. However, today the HVDC technology is basically
used for point to point transmissions and there is no HVDC grid
available yet. Beside many other reasons this is caused by the lack
of suitable and cost efficient circuit breakers to protect and disconnect parts of such a HVDC grid in case of a failure condition.
In order to optimize these circuit breakers one approach is
the detailed investigation of the DC arcs which has to be interrupted in mechanical breaker devices. Hence, this thesis deals
with the development suitable test bench to investigate this behavior. Therefore a high current source to generate arbitrary output waveforms for a time range of 100 ms is required. In a first
step, the requirements for the source are derived from previously
performed measurements of DC arcs and the applicability of existing solutions for high power test benches or pulsed current
sources is evaluated.
Since there is no suitable approach which can cover all requirements a concept for an unipolar arbitrary current source (UnACuSo) is developed. First, it bases on a current shaping converter
which operates at low output voltages. It is used to generate the
defined current amplitudes and gradients. Second, for enlarging
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the output voltage range of the source a modular multi level converter (M2 C) is utilized which is able to generate a stepped output voltage. This modular design of the source is beneficial since
the source can be easily enhanced to larger output voltages or currents. Furthermore there are some more applications like a kicker
magnet power supply which can be covered by this approach.
The thesis describes the development of a suitable current shaping converter in detail and covers therefore the development of
a new topology, the optimization for pulsed operation and improvements of the modulation during different boundary condition modes. The M2 C based step voltage source is enhanced by
the charging mechanism of a Marx generator which allows to
charge all capacitors in parallel in between two pulses.
A further focus of the thesis is the communication of the converter system. Since the dimensions of the source are not negligible anymore for high speed data exchange two approaches
for the communication within the converter system respectively
to synchronise the operation of multiple stacks of UnACuSo are
developed and discussed.
Finally, a prototype system of UnACuSo is presented, the operation principle is proofed and the limitations of the system are
presented.
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Z U S A M M E N FA S S U N G

Der Übergang von einer zentralisierten Energieversorgung, die
hauptsächlich aus fossilen und nuklearen Kraftwerken besteht,
zur Erzeugung durch erneuerbare Energien wie Wind- oder Sonnenkraft, die allerdings weit verstreut erzeugt werden, erfordert
auch Anpassungen an den bestehenden Übertrangungs- und Verteilnetzen. Auf der einen Seite werden die Übertragungsdistanzen länger, da die Hauptverbrauchszentren nicht mehr mit den
Haupterzeugungsgebieten übereinstimmt. Auf der anderen Seite
ist der Leistungsfluss in den Netzen nicht mehr eindeutig definiert, da die eingespeisste Leistung der eneuerbaren Energien
stark fluktuieren kann.
Diese neuen Herausforderungen können nur teilweise durch
die bestehenden, wechselspannungsbasierten Übertragungs- und
Verteilnetze übernommen werden. Deshalb ist eine Erweiterung
der Übertragungskapazität notwendig. Eine mögliche Lösung ist
die Installation eines Hochspannungsgleichstromübertragungsnetzes (HGÜ), das dem bestehenden Netz überlagert wird. Allerdings wird die HGÜ Technik heutzutage hauptsächlich für Punkt
zu Punkt Verbindungen genutzt und es gibt keine existierenden HGÜ Netze. Unter anderem liegt das darin begründet, dass
es keine passenden oder kostengünstigen Leistungsschalter für
solche HGÜ Netze gibt, die im Fehlerfall Teile des Netzes abtrennen können.
Ein möglicher Ansatzpunkt für die Optimierung dieser erforderlichen Leistungsschalter ist die weitere Untersuchung des DC
Lichtbogens, der in mechanischen Schaltern auftritt und von diesen unterbrochen werden muss. Dafür wird im Rahmen dieser
Arbeit eine Stromquelle entwickelt, die solche Untersuchen ermöglicht. Dazu werden zunächst die Anforderungen an eine solche Testumgebung von vorangegangenen Messungen an Lichtbögen abgeleitet. Ausserdem wird die Eignung bestehender HochEnergie Quellen oder gepulsten Stromquellen für diese Anwendungen diskutiert und bewertet.
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Da keine passende Lösung verfügbar ist, die alle Anforderungen erfüllen würde, wird ein Konzept für eine unipolare Stromquelle mit frei wählbaren Ausgangsstromformen (UnACuSo) entwickelt. Dieses basiert auf der Kombination einer Stromquelle,
die verschiedene Ausgangsstromform für kleine Ausgangsspannungen stellen kann, mit einer modularen Spannungsquelle mit
mehreren Ausgangsspanngen, die verwendet wird um die Ausgangsspannung zu erhöhen. Dieses modulare Design ist vorteilhaft, da es eine einfache Erweiterung der Quelle auf höheren Ausgangsströmen und -spannungen erlaubt. Ausserdem kann das
Konzept mit leichten Anpassungen auch für weitere Anwendungen verwendet werden.
Diese Arbeit beschreibt weiterhin detailiert die Entwicklung
einer für dieses Konzept passenden Stromquelle. Dabei werden
untere anderem die Gebiete der Topologieentwicklung, der Optimierung des Konverters für den gepulsten Einsatz und die Optimierung des Betriebs in bestimmten Grenzsituationen vorgesellt und diskutiert. Die modulare Stufenspannungsquelle (M2 C)
wird mit dem Ladekonzept des Marx Generators kombiniert, die
es ermöglicht alle Kondensatoren des Aufbaus parallel zu laden.
Ein weiterer Schwerpunkt der Arbeit liegt auf der benöntigten
Kommunikation für das Konverter Systems. Da die Dimensionen des Aufbaus für sehr schnelle Datenkommunikation nicht
mehr vernachlässigbar sind, werden zwei Ansätze für die Kommunikation innerhalb des Konvertersystem und für die Kommunikation und Synchronisation verschiedener UnACuSo Einheiten
entwickelt und vorgestellt, die solche Latenzen berücksichtigen
bzw. kompensieren.
Abschliessend wird ein Prototypensystem vorgestellt. An diesem wird das grundlegende Funktionsprinzip anhand von verschiedenen Messungen gezeigt und die Grenzen beim Betrieb des
Systems werden aufgezeigt.
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1

INTRODUCTION

Beginning in the 20th century the generation of electrical power
was performed by power plants which were build close to the
main demand sides, typically larger industrial areas. Thus small
power plants supplied small areas of electrical consumers. With
the increasing demand for electrical power the size of the power
plants and the supplied areas got larger. Hence, transmission
lines were required to distribute the power within these areas.
By connecting these different distribution grids, it was possible
to compensate the break down of a single power plant by the
other ones which are connected to the grid.
Nowadays this distribution grid, which has an operating voltage of typically 110 kV, covers the whole Europe. This grid is
supported by the transmission grid, which is operated at 220 kV
or 400 kV and enables the opportunity to transmit several GW of
electrical power per line.
Caused by the change from a centralized, fossil and nuclear
driven power generation to fluctuating and decentralized energy
generation by renewable sources like wind or solar power the
requirements for the distribution and transmission grids change.
On the one hand the energy flow direction is not constant anymore but can change. On the other hand the transmission distances are much longer. Thus, it is necessary to extend the transmission grid. A commonly discussed idea is the use of an overlaying high voltage DC (HVDC) super grid all over Europe.
There are different ideas how to develop such a HVDC super
grid. The Desertec Foundation [1] introduced a vision where the
solar based energy generation in the north of Africa is developed
and the energy is transmitted to central Europe by an HVDC
grid (c.f. Fig. 1.1). Another project deals with the interconnection
of the off shore wind parks in the north sea and the neighbouring countries [2]. Beside the political motivated projects, there
are also technical investigations like for example described in [3]
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Figure 1.1: Vision of generation sides of renewable energy and a connecting HVDC super grid (Source: www.desertec.org) [1].

where the requirements for such a grid are defined and possible
solutions are reviewed.
Except of these theoretical projects and ideas nowadays only
a very low number of HVDC transmission lines with more than
two converter station has been realized. From the technical point
of view this is caused by the thyristor based current source converters (CSC) which generate a constant current and the DC link
voltage changes. For creating a grid out of multiple CSC based
converter stations either all station has to be connected in series
which reduces the control effort significantly but increases the
complexity of the resulting grid or the control has to adjust both
the DC link voltage and the current through the converter. This
is very complex even for a system with only 3 converter stations.
One of the few connections which use three converter stations is
the Corsican Sicily Italy link [4].
With the rising importance of voltage source converter (VSC)
topologies the control of more than 2 stations per HVDC link
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gets more easy. The DC link voltage remains constant and the
current can be selected arbitrary. Currently, there are the first
multi terminal VSC HVDC grids in operation [5]. However, one
of the reasons why there are no HVDC grids right know is the
non-availability of suitable circuit breakers [3] which can separate
a grid part in case of a failure condition.
One of the first commercially used HVDC circuit breakers is
described in [6]: A HVAC circuit breaker is extended with a resonant tank. In case of a switching action the resonant tank is excited and generates an artificial current zero crossing at the electrodes of the opened switch and the switch can interrupt the current. More advanced approaches are basing on hybrid solutions
by combining conventional mechanical switches with power electronics. In [7, 8] commercially available devices of these hybrid
circuit breakers are introduced.
Moreover, there are further concepts for circuit breakers which
are review in [9]. To improve these different concepts it is necessary to analyze the critical issues and to identify the challenges.
In [10] these are beside others:
• Optimization of the existing HVDC circuit breaker topologies
• Optimization of the DC arc of mechanical switches in respect to the required oscillation of the resonant tank
• Development of new fast-switching mechanical disconnectors and semiconductors with low on-state losses
• New test methods and test benches for the investigation of
the circuit breakers
One of the key features to improve HVDC circuit breakers is
the modeling of the DC arc and its behavior. Therefore, in [11, 12]
a buck converter based test bench is introduced to analyze the DC
arc behavior and develop suitable models to describe the behavior. However, the facilities of this source are limited. For further
investigations of the arc an enhanced source is required which enables arbitrary current waveforms to simulate for example short
circuit currents of HVDC systems like described in [13].
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Therefore, in the following sections the requirements for such
a source are derived and available state-of-the-art solutions are
reviewed. Finally the outline of the theses is presented.
1.1

requirements

The investigation and development of HVDC circuit breakers offers a large variety of opportunities to start the improvements
as shown before. The analysis and modelling of the DC arc behaviour is one approach to optimize the circuit breakers [14].
Since the behavior of a DC arc is very complex and depends
partly on stochastic effects there is no simple analytic approach
to describe the arc. Thus the black box modelling approach is
often used where a possible analytic formula to predict the arc
voltage is validated by measurements where different parameters
are varied. One example to describe the behavior of a stationary
DC arc is presented in (1.1)[14]:

VS =

PS
P0
= 1−α
.
IS
IS

(1.1)

For a stationary DC arc the voltage VS across the arc depends
on the arc current IS and the artificial parameter arc loss power PS .
This parameter describes the arc and depends on the arc current
IS and on the electrode geometry. In (1.2) the relation is shown.
The influence of the geometry is represented by the parameter P0
and α which have to be identified by measurements.
PS = P0 · Iα
S

(1.2)

Thus, it is possible to calculate the arc loss power PS for different output currents like depicted in Fig. 1.2.
In general, the evaluation of (1.1) shows an anti-proportional
relation between the arc current IS and the arc voltage VS . The
lower the arc current IS the higher the arc voltage VS . In Fig. 1.3
the arc voltage VS for different values of the parameters P0 and
α is shown for a stationary DC arc. The parameter influence the

1.1 requirements
8
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Figure 1.2: Arc loss power corresponding to (1.2) [14]. While α = 0.5 is
fixed PS is depicted for different values of P0 .

detailed curve shape but the general shape remains the same.
Concluding, a suitable source has to provide an output power
which gets larger with rising current IS . The highest output voltage has to be delivered at the lowest currents IS and the lowest
output power PS .
This model of a stationary DC arc has been already validated
and verified [14]. The next step would be a more complex model
which also includes transients of the current and voltage and different treatments of the DC arc like cooling or blowing. Therefore
in [15] a dynamic DC arc model is described which bases on the
conductivity of the DC arc. In (1.3) the conductivity of the DC arc
is introduced as quotient of arc current ID and arc voltage VD .

gD =

ID
VD

(1.3)

By using this equation the arc behavior can be described by
(1.4).
1
ġD
=
gD
τ





VD ID
−1
PS

(1.4)
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Figure 1.3: Voltage VS across a stationary DC arc for a) different values
of P0 and α = 0.5 and b) fixed P0 = 45 kW and different
values for α [14].

This equation is derived from the energy balance equation of
the DC arc and described in detail in [15]. It shows, that the
dynamic DC arc behavior depends on the total arc current ID ,
which defined gD , as well as on the gradient of the arc current
ID , which defines ġD .
In Fig. 1.4 suitable current waveforms to identify this parameters gD and ġD are depicted. In a) a current waveform is depicted
which generates different gD while ġD is zero. In b) constant
values for gD and ġD is generated while c) generates different
combinations of gD and ġD values.
The main focus of the investigations for which the hardware in
the loop system is needed should be put on these investigations
on the DC arc behavior. Therefore, the mentioned requirements
can be summarized as follows:

Current Iout

1.1 requirements

Current Iout

a)

Current Iout

b)

c)
Time t

Figure 1.4: Possible current waveforms to identify the parameters of (1.4)
[11, 15]. In a) different values for gD at ġD = 0, in b) constant
values for gD and ġD and in c) different combinations of gD
and ġD values are generated.

interaction For investigating the arc voltage in dependence
of the arc current it is necessary that the test bench does
not influence the voltage. Furthermore, a change of the arc
voltage should not change the output current which is generated by the source.
output current The source should enable different current
gradients at different DC current offsets. This means the
source should generate arbitrary current waveforms within
the full operation range. The maximal current is determined
to be 30 kA which reflects the conditions within a HVDC
grid. The maximal current gradient is derived from circuit
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breaker test with a nominal current of 2 kA and a resonant
tank frequency of 2 kHz.
output voltage Since the output voltage is generated by the
DC arc and not influenced by the source, the output voltage
range should cover the typical range of DC arc voltages.
Derived from (1.1) and Fig. 1.3 the maximal output voltage
is determined to be 10 kV.
start up The system does not need to ignite the DC arc by a
high voltage impulse. The two electrodes, in between both
the arc should burn, are connected before startup. At a low
current the contacts are separated and thus, the arc is ignited. This ignition process can be done at currents below
100 A and will last around 70 ms.
operation time Beside the time to ignite and generate the DC
arc the source should provide the full output current for a
time range of 20 ms. This range is the typical interruption
time of the proposed HVDC circuit breakers. Furthermore,
this limitation reduces the requirements for the energy storage capacity. However, for lower output currents the operation time can be extended up to 100 ms.
power consumption The arc requires a output power which
depends on the arc current (1.2). Like shown before this values can reach the MW range. Since this large power can not
be consumed from the grid, a capacitor based energy storage has to be utilized. The required output energy of 400 kJ
is derived by driving a current of 20 kA for an operation
time of 20 ms while the arc can be described with equation
(1.2) with P0 = 135 kW and α = 0.5.
The absolute values for the current source are summarized in
Table 1.1. Since all of this values does not need to be reached at
the same time, also a modular design of the source is possible. In
dependency of the device under test, the setup can be adjusted
to generate either a high output voltage at low output current or
vice versa. The facilities for modularization is discussed in detail
in section 2.

1.2 hardware-in-the-loop systems

Table 1.1: Requirements for the Unipolar Arbitrary Current Source.

Maximal Output Current

Iout,max

30 kA

Maximal Output Voltage

Vout,max

10 kV

Maximal Pulse Length

TPulse,max

100 ms

dimax
dt

A
200 µs

Maximal Current Gradient

In order to meet these requirements in the following sections
state-of-the-art solutions are reviewed and evaluated, if they are
suitable for the test bench.
1.2

hardware-in-the-loop systems

The investigation and development of equipment for transmission and distribution grids require test benches where the operating and failure conditions can be modelled as realistic as possible.
In dependency of the specific devices the requirements for such
a test bench differ and thus the test setup has to be designed.
For the research on the isolation capability of devices only high
voltages are required. For this purpose setups like high voltages
generators for continuous operation or marx generators for defined high voltage pulses can be utilized. A change of the test
parameters can be achieved by adjusting - for example - the supply voltage or the charging and discharging resistors [16].
For tests of circuit breakers more advanced setups are required
which are more complex. First, a high current has to be generated
which has to be interrupted by the switch. After the interruption
a high voltage has to be applied immediately. Therefore, the following subsection introduces different approaches to generating
suitable test conditions for devices within AC and DC systems.
1.2.1 Test benches for AC circuit breakers
One of the simplest approach to generate a 50 Hz sinusoidal current and voltage waveform is the use of a resonant tank like depicted in Fig. 1.5. The energy storage capacitor CS is charged to
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the required voltage by a low power charging device. By selecting Lm corresponding to CS the oscillation frequency and the
maximal current amplitude can be adjusted.
Iout
Lm
VC

CS

Sm
Vout

DUT

Figure 1.5: Resonant tank for investigating the AC arc behavior [17].

The setup is mainly used for investigations where the outer
conditions like geometry, cooling and current path are constant
during the operation time. An example is shown in [17] where
the behavior of an arc in a vacuum chamber for different transverse-magnetic-field electrode configurations has been analysed.
After closing Sm the distance between the two electrodes are separated within a time of ≈ 10 ms. The arc voltage which could influencing the current waveform, is about ten times smaller than
the voltage of capacitors CS , thus it is negligible.
Beside the research on certain aspects of the circuit breaker like
the arc or certain geometries, the LC resonant tank is not applicable for tests where high voltages and high currents are required.
This could be for example the type test of a circuit breaker where
the capability to switch off a short circuit current under worst
case conditions has to be proved.
A simple but very costly test bench to generate the failure conditions within an AC grid is depicted in Fig. 1.6. A generator
with a nominal output power of 8.8 MV A [18] is powered by a
small scale motor to its nominal rotation speed of 50 Hz or 60 Hz.
The large rotating mass of the generator is used to supply the
test setup with energy during the pulse. By selecting the exciting
voltage of the generator the output voltage can be adjusted. After
accelerating the generator to the desired speed and activation of
the excitation voltage the switch S1 is used to connect the generator to the device under test and the output of the generator is

1.2 hardware-in-the-loop systems

Rotating
Mass

S1

M

G

Motor

Generator

Vout

DUT

Figure 1.6: Short circuit generator for testing AC circuit breakers. To increase the output voltage an additional transformer can be
used between generator and the device under test (DUT).
[18, 19, 20]

short circuit. The circuit breaker can turn off the current and the
generator immediately generates an AC voltage. This behavior is
very similar to the grid’s behavior in case of a short circuit.
The drawback of the setup is the large size and the large energy
which is required to rotate the generator. Nevertheless, this simple setup has been used for the basic investigation of AC breakers
since the beginning of the 20th century and brought nowadays to
large power in [19, 20].
To avoid large scale generators with rotating masses of several
tens of tons a more advanced approach is depicted in Fig. 1.7.
The high current generation and the high voltage generation are
separated into two different sources. A small scale generator provides a short circuit current and a resonant tank supplies the
high voltage [21]. Before the test starts, the generator rotates at
nominal frequency and the switches S1 and S3 are open. The circuit breaker (DUT) and S2 are closed. When S1 is closed a short
circuit current is applied to the circuit breaker. As soon as the
breaker interrupts the current at current zero, the fast switch S2
is opened and S3 is closed. Furthermore, the spark gap S4 is triggered resulting in a sinusoidal voltage across the circuit breaker.
This voltage is generated by the resonant tank of LHV and C1 .
Hence, the circuit breaker is exposed to real switching conditions.
But this setup is not suitable if multiple switching actions of the
circuit breaker should be tested in a row like it is necessary for
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the fast reconnect, for example. Since the generator and the oscillation of the high voltage source can not be synchronised during
the pulse random switching actions between the high current and
the high voltage path are not possible.
S2

LS

S3

LHV

S4

R1

G

T1
S1

CHV

DUT
C1

Figure 1.7: Test bench for circuit breaker utilizing a separate high current
and high voltage source [21].

Another approach for large scale AC Power HIL systems utilizes power electronic converters to generate AC waveforms. In
[22, 23] a system with 5 MW AC power is presented. This system is used for continuous testing of large scale AC motors. The
bandwidth of the system is limited to 1 kHz. The system does not
use energy storage device like capacitors or large rotating masses
but the energy is recovered by a second converter system. Thus,
the system is only suitable for continuous testing of setups where
only the loss energy is taken from the supply grid. The use for
testing circuit breaker with high fluctuating power requirements
would generate large disturbances of the grid.
This approach as been further developed to a multi purpose
power HIL in [24]. The topology is basically a back to back converter system. However, the main focus is on the control of the
converter systems during failure conditions in the grid and not
on the testing of circuit breakers. Another adoption of the concept is presented in [25, 26] where power electronic based power
amplifier are used for the test of circuit breaker. But the power is
limited to only a few kW.
Concluding, large scale test benches for HVAC circuit breaker
devices base on concepts which are well known since almost 80
years. Power electronic converters are rarely used for this kind of
tests but they cover mainly the range of continuously operated
test benches.

1.2 hardware-in-the-loop systems

1.2.2 Test Benches for HVDC components
The development of the HVDC transmission technology required
the development of a new group of devices: for rectifying the AC
voltages and generating afterwards AC voltages again semiconductor switches were required. Hence, the first test benches for
HVDC equipment are made for the investigation of this required
valves. In [27] one of the first synthetic test facilities for testing liquid metal plasma values is introduced. The basic concept is similar to the AC test bench depicted in Fig. 1.7. A high DC current
source, which is powered by a source with only low output voltage, is used to generate the current. Afterwards a high voltage is
applied across the valve. The current waveforms are adjusted by
dimensioning the corresponding inductances and capacitances.
Iout
IBuck

Vout

IPulse
a)

Time
Iout

IBuck

Vout

IPulse
b)

Time

Figure 1.8: Current waveforms generated by the converter introduced in
[28, 29]. In a) the waveform for testing of thyristors and b) an
adaption for testing circuit breakers is depicted.

This concept has been further improved by [28, 29]: by using
an interleaved buck converter the test current of IBuck = 800 A
for a thyristor can be precisely adjusted. An additional pulsed
current source (IPulse ) has been employed to generate an artificial current zero crossing to turn off the switch. Afterwards a
DC voltage source with Vout = 2 kV is employed to generate the
blocking voltage. The possible current and voltage waveforms
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are illustrated in Fig. 1.8.a). In general, this approach could be
also employed to test HVDC circuit breakers under short circuit
conditions. The buck converter can be employed for simulating
the nominal DC current, the pulse current source can generate
the current peak caused by the failure condition and the high
voltage source can provide the blocking voltage after the circuit
breaker has turned off. This is shown in Fig. 1.8.b). However, the
possibilities to adjust the current waveform are quite limited. The
waveform itself is defined by the used resonant LC tanks. Only
the amplitude of the current and voltage can be influenced easily. Furthermore, it is not possible to apply a current and a high
voltage at the same time.
Since thyristors are mainly employed to rectify AC voltages
with a switching frequency equal to the grid frequency the DC
current based test bench can be improved. In [30, 31] the buck
converter based DC source is replaced by a 50 Hz AC generator. Thus the operation conditions for the valve can be produced
more realistic. Unfortunately this idea is not applicable or adaptable for tests of HVDC circuit breakers.
Similar to the AC test bench, which employs a large rotating
mass in combination with a generator to create as realistic conditions as possible, in [32] an idea is discussed, where two current
source converters are utilized to simulate the grid itself including a short circuit case. But this concepts requires two full scale
HVDC converters including a connection to the grid, which can
supply the setup during the short circuit test.

S1
VDC

L1
C1
D1

Iout

DUT

Figure 1.9: Three times interleaved buck converter to generate arbitrary
current waveforms [15, 33].

1.3 pulsed current sources

The most advanced setup for investigating HVDC circuit breakers in detail is presented in [15, 33]. A three times interleaved
buck converter is used to generate arbitrary output currents of
3 kA with a maximal output voltages of 3 kV (see Fig. 1.9). Each
converter generates a triangular output current. The addition of
the 3 triangular currents results in the total output current. By
selecting different inductance values and different modulation
schemes for the buck converters the output current waveform
can be adjusted. The different possible current waveforms are described in [15].
Since the setup uses 4.5 kV IGBTs with a large nominal current
the semiconductors generate large thermal losses. This limits the
number of switching actions to only a few hundred before the
switches would overheat. Another drawback of the setup is the
dependency of the output voltage. The triangular current waveforms are influenced by the output voltage which depends on
the device under test. Hence, the setup has to be reconfigured for
each change of the device under test.
Concluding, test benches for HVDC setups are available for
testing of semiconductors. The application of this setups for tests
and investigations on HVDC circuit breakers is limited because
the possibilities to select arbitrary current waveforms is limited.
First setups for this tests are available but the voltage, current
and power range has to be extended.
1.3

pulsed current sources

The development of an HVDC test bench for circuit breakers requires a high current source, that can operate for several ten milliseconds. The combination of large output power and short operation times are the typical scope of application of pulsed power
sources.
For particle beam accelerators a huge variety of different kinds
of pulsed power sources is required. This includes - among others - sources to accelerate the beam, to keep the beam in line,
to focus the beam and to deflect the beam. Many of these applications base on superconduction magnets which are excited
by klystrons. These klystrons require a ultra precise supply volt-
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age, which is generated by converter systems like described in
[34, 35, 36]. These sources represent voltage sources, which are
not suitable for testing HVDC circuit breakers.
For deflecting the beam - like a switch at railroad systems kicker magnets are utilized which are not supplied by klystrons
but by pulsed current sources. A large scale magnet with a high
inductance is excited by a DC current which has to be kept constant for the pulse operation time. To reduce the thermal losses
of the system caused by ohmic parasitics and have a ability to
turn the magnet on and off, it is also operated in pulse mode.
This means, that high voltages has to be applied across the inductance to generate the large DC current. During the pulse this
current has to be kept constant and afterwards reduced to 0 A
again.
A simple approach for a current source for very fast pulses of
370 ns is presented in [37]. A high voltage capacitor is connected
to the inductance of the magnet by using two switches and different resistors. Thus, a damped resonant tank is created and the
flat top of the pulse is the maximum of the sinusoidal output current waveform. A different resistor is used to decrease the output
current and restore a small amount of energy back to the source.
To generate longer pulses the use of a sinusoidal waveform
is not an optimal solution anymore to meet the requirements of
the flat top since the sizes of the capacitors and inductors gets
very large. In [38] another approach is introduced where the high
voltage is applied by using semiconductor switches. Hence, a sinusoidal waveform can be used to rise and decrease the current.
During the flat top no external voltage is applied but the current
is freewheeling through a switch. Thus, the current waveform is
only influenced by parasitic resistances and voltage drops. An
additional output inductor enlarges the inductance and thus the
parasitic voltage drop can be further reduced.
In Fig. 1.10 [39, 40] an interleaved solution of a high current
source is presented. The setup is very similar to [15, 33] but the
output currents are much larger. The number of switching actions per cell is limited to one per pulse. By varying the modulation scheme it is possible to generate different current shapes
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S1
L1
C1
D1

Iout

Iout

Figure 1.10: Interleaved switched pulsed current source [39, 40].

and different durations of the output current. Nevertheless, the
possibilities to adjust the current are limited.
A similar approach is presented in [41]. Continuously switching semiconductors are used to generated a current pulse. But the
amplitude of this pulses is much lower than the other presented
solutions.
In general, the larger the output current the smaller the possible adjustment possibilities of the current. All available system
base on simple topologies. This means, that the stress per device
- especially the switching devices - is increased with larger currents. Since the required large scale switches are quite limited in
sense of number of switching actions due to thermal restrictions,
the current adjustment is limited, too. Another reason for the lack
of large scale arbitrary current sources is, that many high current
application require constant, highly precise output currents but
not arbitrary current waveforms.
1.4

highly dynamic power sources

So far basically power supplies has been discussed if they are
suitable to generate highly dynamic current waveforms. Another
approach are amplifiers. The amplification of signals is one of
the oldest application of electrical engineering. With the development of vacuum tubes in the beginning of the 20th century
different classes of power amplifiers have been investigated. All
setups base on bipolar transistors (or tubes) which amplifies the
current by a defined factor. The main focus of this circuits is to
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enlarge the output power while the increase of the output voltage is of minor importance. Relaying on the application different
classes of topologies has been developed which are discussed in
the following.
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Figure 1.11: Analog amplifier concordant to a) class A, b) class B and c)
class AB [42, 43].

A class A amplifier consists of an NPN bipolar transistor and
an additional resistor like depicted in Fig. 1.11.a). The input voltage Vin influences the voltage distribution between T1 and R1 so
that Vout ≈ Vin . The output current is mainly defined by the load
RL and the current amplification of T1 . This setups offers a great
performance in sense of signal quality and distortion rejection.
But the maximal achievable efficiency of ηmax = 6.25 % is very
poor [42].
The replacement of the resistor by a PNP transistor enlarges
the efficiency significantly to ηmax = 78.5 % (class B, Fig. 1.11.b)).
Unfortunately, this introduces the drawback of a non-linear voltage transfer function of the amplifier. This is caused by the non
linear characteristic gain curve of the transistors for voltages below the threshold voltage.
In Fig. 1.11.c) the class B amplifier with additional bias voltage sources V1 and V2 is depicted (class AB). This reduces the
non-linearity around Vin ≈ 0 V but introduces also a quiescent
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current to T1 and T2 . This causes a temperature rise of the transistors which increases again the quiescent current. To damp this
positive feedback an temperature compensation is required and
additional resistors R1 and R2 has to be inserted. The detailed operation and adjustment of all this amplifier classes is described
in [42, 43].
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Figure 1.12: Class G amplifier where the DC supply voltage can change
to reduce the losses of T1 and T2 . [43].

Class A, B and AB amplifiers are today used for audio purposes, for example. But for high power application the efficiency
of these topologies has to be increased significantly. Because the
maximal efficiency is restricted by physical limits the optimisation of semiconductors does not improve the circuit. Thus one
idea is the adjustment of the supply voltages V+ and V− dynamically during operation. In Fig. 1.12 an enhanced amplifier
is depicted. It employs additional voltage source V3 and V4 to
enlarge the supply voltages if required. If the input voltage Vin
exceeds V+ the voltage V3 increases this voltage. Thus it is still
possible to generate Vout ≈ Vin . Fig. 1.12.b) shows the continuous
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adjustment of the voltage V3 (class G amplifier) which keeps the
voltage across T1 almost constant but requires an highly dynamic
control of V3 .
Instead of adjusting V3 / V4 continuously it is also possible to
use a step voltage source (class H amplifier). The structure of the
source V3 / V4 is simplified but the transistors T1 and T2 have to
compensate this step immediately. Hence, additional distortion
of the output waveform will be generated.
The concept of class G and H amplifiers has been invented by
[44] and is today widely used for medium and high frequency
radio transmission applications. Vacuum tubes are nowadays of
minor importance for the amplifier since the voltage stress per
switch has been reduced by the modular approaches and are
used for highly specialised application like ultra high frequency
amplification. Besides the bipolar transistor power MOSFETs are
employed for circuits with a frequency range between 100 kHz
and 1 MHz since the switching times are faster [42].
Recent investigations deal with the combination of analog amplifier topologies with switched power electronic circuits. For example, in [45, 46] a class G amplifier is presented, whose DC
supply voltages (V3 and V4 in Fig. 1.12) are controlled by using
an advanced boost converter.
Further approaches does not focus on the typical amplifier
classes but are derived from power electronic circuities. In [47, 48]
the neutral point clamped (NPC) topology for switched converter
systems has been adapted and MOSFETs are operated in the analog mode. Thus, larger output voltages can be generated, the
power losses per semiconductor are reduced due to the reduced
voltage across the analog operated devices and finally the losses
are equally distributed over all semiconductors. Compared to a
class B amplifier the efficiency could be improved up to 90.6 %
for a prototype system to supply a 2.2 kW induction motor.
In [49] a battery supplied modular multi level converter (M2 C)
is used. Each module of the converter can generate 3 different output voltages (+Vbat , 0 V and −Vbat ) and is operated at a switching
frequency of 25 kHz. Four of these modules have been combined
resulting in a switching frequency of 100 kHz and total 34 = 81
different voltages. This generated step voltage is additionally fil-
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Linear Power Amplifier
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tered by an inductor. Hence, the source is suitable for application
with large signal frequencies of up to 2 kHz. The drawbacks of
this topology are the required energy storage per module and
the switching losses each the switch, which are all operated with
PWM signals.

RLoad

Figure 1.13: Power amplifier employing a class B amplifier and switched
M2 C stages to enlarge the output voltage [50].

Another promising approach is presented in Fig. 1.13 [50]. A
class AB amplifier with an output voltage of maximal ±30 V is
combined with ten bipolar M2 C stages to extend the output voltage range to ±400 V. The analog part of the converter generates a
linear output voltage, while the M2 C part increases stepwise the
output voltage. Thus, the switching frequency of the M2 C stages
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is reduced. Furthermore the thermal losses of the analog amplifier are reduced because the operation voltage is minimized.
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Figure 1.14: Advanced amplifier topologies, split to a) envelope configuration, b) and c) series configuration and d) parallel configuration
[51, 52].

Beside the discussed approaches there are various more possibilities to combine the analog and switched amplifiers. In [51,
52] the different approaches are sorted into different categories
which base on class G and class H topologies. In Fig. 1.14.a) the
envelope configuration is shown. These are topologies, which adjust the DC bus voltages dynamically [45, 46]. This means as soon
as the output voltage reaches the maximal DC link voltage this
voltage is increased. For the series configuration a dynamic voltage
source is added at the midpoint potential of the supply voltage
(.b) or between the output of the analog amplifier and the load
(.c) [50]. The last category (parallel configuration) split the output
current generation to paralleled source. This means, one source
creates the coarse current and the analog source adjust the total
output current.

1.5 thesis outline

Concluding the analog amplifier classes A, B, AB are not efficient enough for large scale application. More sophisticated approaches covering classes G and H utilize multi level topologies
to reduce the losses per semiconductor and to increase the efficiency. Amplifier concepts which base on only switched topologies achieves higher efficiencies but the maximal bandwidths are
limited.
1.5

thesis outline

The review of available test benches for testing HVDC devices
reveals a lack of high power setups to generate arbitrary current
waveforms. Available pulsed operated sources for high currents
focus mainly on the generation of constant output currents. The
different classes of power amplifiers which have been discussed
above are not powerful enough for HVDC test benches. Furthermore, they are designed to amplify the output power of a voltage
signal but not generating arbitrary current waveforms.
Therefore, this thesis deals with the development, optimization and testing of a converter system to fill this gap and to meet
the requirements defined beforehand. In section 2 possible converter topologies are evaluated. Concepts are investigated, where
the high voltage generation and the current / voltage waveform
shaping are split. In particular a novel concept for an unipolar
arbitrary current source (UnACuSo) and an unipolar arbitrary
voltage source (UnAVoSo) are developed. In order to evaluated
both concepts numerical simulations are performed. As a result
a combination of a high dynamic current shaping source with a
low output voltage range in combination with a serial connected
modular multi level converter (M2 C) is identified as the best solution for the test bench (UnACuSo). In addition, the application
of this source for generating highly precise current pulses is a
new approach to supply kicker magnets and is investigated.
The low voltage current shaping converter is the most crucial
component of the setup. It has to provide a large and highly dynamic output current at random output voltages. Therefore, in
section 3 different topologies are investigated and an interleaved
3 level buck converter is selected to be a suitable solution. In
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contrast to existing 3 level solutions the presented topology is optimized to control the output current for all possible operation
points. The semiconductor losses are modelled to optimize the
setup for pulsed operation. A special focus is on the operation
of the converter system. The start up, the level shifting and the
ripple cancelation are analyzed in detail and new methods for
reducing the resulting output current ripple are developed and
implemented. The operation principle, the modulation optimisations and the limitations of the system are validated by measurements.
The increase of the output voltage is performed by a M2 C converter which is connected in series to the current shaping converter. Thus, it is possible to generate a stepped output voltage.
The detailed design process is described in section 4. Since the
converter is operated in pulsed mode and there is no voltage balancing of the M2 C stage’s capacitors, they have to be recharged
after each pulse. This recharging problem offers the opportunity
to apply the principle of a marx generator is employed, where the
capacitors are charged in parallel and discharged in series. As a
novel approach this thesis combines the concept of the M2 C converter and the charging concept of a marx generator to a modular
multi level marx type converter (M3 T C).
To control the converter setup an FPGA based control platform is employed which is briefly introduced in section 5. The
challenges of the system’s control are not the generation of the
gate signals itself and the processing of the measurement signals,
but the transmission of the data in an EMC disturbed environment over distances longer than a few centimeters. In particular,
a communication protocol is developed for high speed communication between FPGA and the measurement devices. This protocol enables the synchronised measurement with a large number
of devices and, simultaneously, the required number of IOs at the
master module is significantly reduced. Additionally, a field bus
protocol to synchronise different UnACuSo stacks and for data
exchange of in between the stacks is developed. The achievable
synchronisation accuracy of ±5 ns and the small bus cycle times
of this protocol can not be achieved with existing field bus proto-
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cols. In the end of the section the superordinate control system is
introduced.
Finally, in section 6 the adaption of the control circuits for the
current shaping converter system and the M3 T C converter system to enable the operation as an UnACuSo stack are presented.
Furthermore, measurement results are shown to proof the operation principle of UnACuSo and the limitations of the sources are
identified.
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U N I P O L A R A R B I T R A RY C U R R E N T S O U R C E

Considering the challenging specifications defined in section 1,
conventional linear amplifier concepts and also hybrid concepts
based on a switched-mode power supply combined with a linear amplifier cannot be applied to generate the required current
waveforms. This approach would result in high thermal losses of
the linear amplifier and would prevent high efficiency and long
operation times.
The generation of a current with an amplitude of 30 kA with
a converter system based on power electronics requires to split
the current to several IGBT modules. In order to keep the complexity of the converter system low and increase the reliability of
the system as less as possible semiconductor devices should be
used. One approach to reach this is to avoid the parallelization
of multiple IGBT modules. Therefore, for the main current conducting path within in the converter system the largest, currently
available IGBT half bridge modules with a nominal current of
1.4 kA at a maximal blocking voltage of 1.7 kV [53, 54] has been
selected. The detailed evaluation of the different modules and
their nominal currents is presented in section 2.1. Thus, a modular design for the unipolar arbitrary current source (UnACuSo)
has been chosen consisting of 21 stacks each capable of generating a maximal current of 1.4 kA and and a maximal voltage of
10 kV (Table 2.1). The spilt into 21 separate stacks reduces the
A
maximal required current gradient per stack to 9 µs
Table 2.1: Specifications of one UnACuSo stack

Maximal Output Current

Iout,max

1.4 kA

Maximal Output Voltage

Vout,max

10 kV

Maximal Pulse Length

TPulse,max

100 ms

Maximal Current Gradient

dimax
dt

A
9 µs
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The source should be operated as a arbitrary current source,
which means that a controller adjusts the output current of each
stack. The output voltage is not controlled but defined by the
load. Thus, all stacks can be connected in parallel without any
further current balancing or voltage compensation circuitry like
additional inductors or capacitors.
In a second step the design of each stack has to be determined.
Like described in section 1 there is no simple topology available
to handle both the high voltage and the high required current
dynamic. Hence, the current waveform generation and the high
voltage generation are separated into two different converters. A
converter system with 600 V IGBT modules allowing high switching frequencies is used to generate highly dynamic current waveforms with a maximal amplitude of 1.4 kA. The detailed operation and design of this current shaping converter is described in
section 3. Furthermore, different topologies have been reviewed
and a 3 level approach has been identified as optimal solution.
To enlarge the output voltage a M2 C converter is utilized. For
recharging reasons this concept is combined with the charging
concept of a marx generator where all energy storage capacitors
are charged in parallel. Therefore additional diodes has been inserted between the different stages. The details operation and
design is described in section 4.
In Fig. 2.1 the schematic overview of the system is depicted.
Within each stack the 3 level converter for current waveform shaping and the modular marx-type multi-level converter (M3 T C) are
connected in series. For the final setup the output of 21 stacks are
connected in parallel to provide the current for the test bench.
Since the required operation time is limited and the output
power is so large that the grid would be disturbed by the pulse
the setup uses capacitors to provide the energy during the pulse.
After each pulse the capacitor providing the different voltages
levels are recharged sequentially by a charging unit. This charging unit is connected by contractors to the different capacitors. A
brief overview of the charging unit is given in section 5.4.
Basing on this concept in section 2.1 the detailed operation
principle is explained and the requirements and boundaries for
the two different converter systems are derived respectively de-

unipolar arbitrary current source

21 Stacks

Iout, module = 1.4 kA
Staircase Output Voltage

Galvanic
Isolated
Charging
System
295 VDC
125 VDC
275 VDC

Modular Marx-Type Multi-Level Converter
M3TC

Current Waveform Shaping

3 Level Converter System

Vout, max = 10 kV
Iout, max = 30 kA

Device under Test

1100 VDC
550 VDC

400 VAC

Figure 2.1: Schematic overview of UnACuSo consisting of 21 stacks each
with 1.4 kA maximal output current and 10 kV output voltage.
Each stack consists of a current shaping converter and a step
voltage source.

fined. Furthermore, the solution is validated by a numeric simulation.
By controlling the current shaping 3 level converter system as
a voltage source and adding a polarity switcher unit in between
the 3 level converter and the M3 T C converter an unipolar arbitrary voltage source can be created. This concept is investigated
in detail in section 2.2.
Another approach is the modification of the M3 T C stages. Instead of using only one IGBT half bridge module to generate
unipolar voltages a full bridge configuration can be used. Hence,
positive and negative high voltage pulses can be generated. The
3 level converter system is controlled as a voltage source. This enables the usage of the system to generate highly precise current
pulses at inductive loads. In section 2.3 this concept is used to
supply a kicker magnet.
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2.1

operation principle

For describing the operation principle of UnACuSo the nominal
voltage VSt of the energy storage capacitors CM,i of a M3 T C stage
is chosen as a reference value for the explanations. This voltage
and the whole topology of UnACuSo is depicted in Fig. 2.2.
Basically, the 3 level converter system generates the required
output current Iout which causes a voltage drop of Vout across the
load. Since this voltage Vout can exceed the maximal operation
range VC,min . . . VC,max of the 3 level converter system additional
stages of the M3 T C converter can be turned on. This limits the
voltage VC to values within the valid operation range (2.1).
VC = Vout − VM3TC

(2.1)

Based on the already defined nominal voltage VSt of the M3 T C
stages the voltage operation range of the current shaping converter system is defined from VC,min = 0 V to VC,max = 21 VSt .
Furthermore, the first M3 T C stage operates at only half of the
nominal voltage.
The detailed principle of operation is shown in Fig. 2.3 for a
resistive output load. At t = 0 the current shaping converter generates an output current of Iout = 0 A. Accordingly the output
voltage Vout is 0 V.
For t > 0 a linearly rising output current is generated by the
current shaping converter. Thus, the voltage Vout rises also linearly. At t = t1 the output voltage reaches VC = 12 VSt . This
means the 3 level converter reaches the upper limit VC,max of its
output voltage range. By turning on the first M3 T C stage with a
nominal output voltage of V1 = 12 VSt the voltage VC is reduced
to 0 V (see Fig. 2.1.a) and .d) and (2.1)).
For t > t1 the current rises and at t = t2 the output voltage is
Vout = VSt . Since the first M3 T C stage is turned on VC reaches at
t2 again VC = Vout − VM,1 = 21 VSt . The voltage has to be reduced
again. Therefore, the first M3 T C stage is turned off and the second M3 T C with a nominal voltage of VM,2 = VSt is turned on.
Hence, the voltage at the output of the current shaping converter
is VC = Vout − VM,2 = VSt − VSt = 0 V, concordant to (2.1).

2.1 operation principle
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Multi-Level
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(M3TC)
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C3
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S2
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Device under Test

VC1

S3

S4

Figure 2.2: Topology of UnACuSo consisting of an interleaved 3 level
converter system and a serially connected M3 T C converter
to enlarge the output voltage.

The voltage rises further and at t = t3 the voltage VC reaches
again 12 VSt . The first M3 T C stages is turned on again. This oper-

31

32

unipolar arbitrary current source

Vout
VSt
Vout

1.5
1.0

Iout

0.5

a) 0.0
VC
VSt

V1
VSt
0.5

0.5
0.0

b)
VM3TC
VSt

d)

0.0

V2
VSt

1.5
1.0

1.0

0.5
0.0

c)

0.0
t1

t2

t3

e)

t1

t2

t3

Time t

Figure 2.3: Operation principle of an UnACuSo stack showing a) the total output voltage Vout and current Iout for a resistive load, b)
the current shaping converter’s output voltage VC and c) the
output voltage of the M3 T C converter stages. In d) and e) the
output voltage V1 and V2 of the first and second M3 T C stage
is depicted. All values are related to the reference voltage VSt .

ation principle can be applied to an arbitrary number of M3 T C
modules. For this example with a resistive load the limiting factor is the maximal output current of the 3 level converter system.
If the current shaping converter reaches its maximal output current the output voltage cannot be increased anymore. In an other
case the load resistor is so large, that the maximal output voltage
is reached. Then, the current shaping converter operates at the
maximal output voltage VC = VC,max and cannot increase the
output current anymore.

2.1 operation principle

Beside the basic operation principle it is necessary to define
converter’s boundaries. The maximal output current of an UnACuSo stack has been defined before already as Iout,N = 1.4 kA. In
particular the voltage VSt has to be chosen.
The current shaping converter is supposed to use IGBTs with a
maximal blocking voltage 600 V / 650 V. This class of IGBTs offers
on the one hand low switching losses so that high switching frequencies in the range of 20 kHz are possible. On the other hand,
the use of half bridge modules with large nominal currents is
beneficial since no single IGBT devices has to be paralleled. This
paralleling would rise problems with the equal distribution of
the total current to the different devices. Furthermore, the design
of a half bridge configuration with single IGBT devices would
create larger parasitic inductances within the current path than a
integrated half bridge would have.
Typically 600 V IGBTs are operated with a DC link voltage of
VCE,N = 400 V. The current shaping converter uses a 3 level topology whose development and evaluation is discussed in detail in
section 3. For such a 3 level converter this results in a DC link
voltage of VDC = 2 × VCE,N = 800 V. Simultaneously, the DC link
voltage is the maximal output voltage which could be generated
by a 3 level converter topology. However, there is no controllability of the output current if the output voltage is equal to the DC
link voltage. It is not possible to apply a positive voltage across
the output inductor anymore and accordingly it is not possible to
generate a positive current gradient at the output inductor. The
same applies for a negative current gradient if the output voltage reaches 0 V. To avoid this limitation the output voltage range
of the converter should be selected smaller than the full DC link
voltage.
Concluding the considerations of the current shaping converter
system, the output voltage range can be between 400 V (otherwise there is no benefit of using a 3 level topology) and 800 V.
This voltage range is equal to half of the reference voltage VSt ,
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which was defined beforehand. So the first limit for selecting the
reference voltage is:

400 V <

1
VSt < 800 V
2

(2.2)

For designing the M3 T C stages the available IGBT modules are
the limiting factor. In Fig. 2.4 the nominal currents ICE,N of currently available IGBT half bridge modules for different blocking
voltages and of different manufacturers are depicted.
1500

ABB
Infineon
Fuji
Semikron
Mitsubishi

Nominal Current ICE,N [A]

1200

a)
Power PSW,max [MW]
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Figure 2.4: Overview of available IGBT half bridge modules of common
manufacturers. In a) the maximal nominal currents per module are depicted and in b) the maximal theoretical power
which can be switched are depicted.

The comparison of the different modules shows that in general
600 A is the limit for IGBT modules up to 1.7 kV. For voltages
larger than 1.7 kV the maximal currents per module decreases.
However, there are some devices which exceed this limitation

2.1 operation principle

of 600 A. In particular there is one solution available enabling a
current of 1.4 kA at 1.2 kV and at 1.7 kV [54, 53]. Like described
before in sense of reduction of the converter’s complexity and
reducing the parasitic within the conduction circuit this devices
are most suitable for the application within the M3 T C stages.
Applying the same safety margin for the DC link voltage like
at the 600 V IGBTs the 1.7 kV IGBT should be operated with a
DC link voltage smaller than 1.2 kV. Corresponding the 1.2 kV
IGBT module should be operate at maximal 800 V DC link voltage. Hence, the boundaries for the reference voltage VSt can be
defined (2.3):

V1,N
Vi,N

1
VSt < 800 V
2
= VSt < 1.2 kV
=

∀ i > 1.

(2.3)

The evaluation of (2.2) and (2.3) results in a reference voltage
of VSt = 1100 V and 12 VSt = 550 V as the optimal solution. This
results in the specification of the current shaping converter listed
in Table 2.2. The selection of the output voltage range in comparison to the DC link voltage results in 15 % voltage margin at
the upper and lower end of the range of the current shaping converter. The 1.7 kV IGBTs of the M3 T C stages are optimal used
while the 1.2 kV IGBT has a large safety margin. Since there are
not any 900 V IGBT half bridge modules available this is the best
solution.
Table 2.2: Specifications of the current shaping converter.

Output Current

Iout

0 A . . . 1.4 kA

Nominal Output Voltage

Vout

0 V . . . 550 V

Maximal Output Voltage

Vout,max

−125 V . . . 675 V

Maximal Pulse Length

TPulse,max

100 ms

Maximal Current Gradient

dimax
dt

A
9 µs

The resulting specifications for the M3 T C stages are listed in
Table 2.3. The detailed design of the current shaping converter
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and the M3 T C converter are explained in section 3 respectively
section 4.
Table 2.3: Specifications of the M3 T C converter.

2.2

Output Current

Iout

1.4 kA

Output Voltage

Vout

1.1 kV

unipolar arbitrary voltage source

The modular design of UnACuSo enables the easy adaption for
other approaches to fulfill the requirements for other purposes.
Employing the same M3 T C converter and the same current shaping converter it is possible to operate the source as an unipolar
arbitrary voltage source (UnAVoSo). Therefore minor changes of
the topology has to be performed which will be discussed in
the following. By using an additional output inductor Lm,i it is
possible to generate also arbitrary current waveforms with this
voltage source. In Fig. 2.5 the schematic overview of UnAVoSo is
depicted.
Basically the concept of UnACuSo is extended by an additional
output capacitor Cout and a polarity changer unit. While for UnACuSo the first M3 T C stage has to be operated with a nominal
voltage of only VM,1 = 21 VSt , for the arbitrary voltage source it
is possible to operate this stage at full voltage with VM,1 = VSt .
Therefore, the output voltage range of the 3 level converter system has to be extended to doubled range. This is achieved by
using a polarity changer which enlarges the voltage operation
range to − 21 VSt . . . 12 VSt .
The topology of UnAVoSo which is shown in Fig. 2.7 utilizes
a NPC design as 3 level converter to generate the arbitrary voltage waveforms. The output capacitor Cout is connected by the
polarity switch either with positive or negative polarity to the
main circuit. Therefore the polarity changer uses an IGBT based
full bridge. The design of the M3 T C stages is the same like at
UnACuSo in section 2.1.
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21 Modules

Iout, module = 1.4 kA
Lm,i

Staircase Output Voltage
Lm,2

Galvanic
Isolated
Charging
System
400 VDC
275 VDC

Modular Marx-Type Multi-Lever Converter
M3TC

Voltage Waveform Generation

3 Level
Converter System

Cout

Polarity
Changer

Lm,1 V
= 10 kV
out, max
Iout, max = 30 kA

Device under Test

1100 VDC

400 VAC

Figure 2.5: Schematic overview of UnAVoSo consisting of a 3 level converter system operated as voltage source, a polarity changer
to invert the output voltage of the 3 level system and a M3 T C
converter.

The detailed operating principle is depicted in Fig. 2.6, where
the generation of a linearly rising output voltage Vout is shown
in e). Starting at Vout = 0 V at t = t1 , all submodules are turned
off, i.e. VM3TC = 0 V and the continuous voltage source generates
a linearly rising output voltage VC . This voltage is connected via
the polarity change unit with a positive sign to VO,2 . As soon as
VO,2 is V2St = 550 V at t = t2 , the first M3 T C stage is turned on,
so that VM3TC = VSt = 1.1 kV. At the same time the polarity of
VO,2 is changed from 550 V to −550 V (Fig. 2.6.b) and .c)), so that
the sum of the two voltages VM3TC and VO,2 remains constant at
550 V. Then, because of the negative sign of the polarity changer,
the amplitude of VO,2 is linearly decreased to 0 V, so that the
sum VM3T C + VO,2 increases to 1.1 kV. When VO,2 becomes 0 V
at t = t3 , the polarity of VO,2 is changed again and VO,2 rises
with VC again.
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Figure 2.6: Operation principle of UnAVoSo showing in a) the output
voltage of the 3 level converter system and in b) the state of
the polarity switcher unit. Both waveforms are combined in c)
to a bipolar voltage. By adding the step voltage waveform in
d) of the M3 T C converter a linear output voltage is generated
in e).

Consequently, for a linear rising voltage, VC has to be a triangle voltage. Considering a maximal output voltage amplitude
of Vout,max = 10 kV this triangular waveform has to have a nine
V
times ( out,max
= 9) higher frequency than Vout and an amplitude
VSt

of V2St (Fig. 2.6.a)). The polarity changer performs a periodic sign
change (Fig. 2.6.b)), so a saw tooth signal with an amplitude between −550 V and 550 V is generated (Fig. 2.6.c)).
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Figure 2.7: Topology of UnAVoSo including a NPC based converter design as voltage source, a full bridge approach used as polarity changer and multiple M3 T C stages consisting each of a
capacitor and an IGBT half bridge module.

39

40

unipolar arbitrary current source

For further evaluation the 3 level converter system in combination with the polarity changer has been simulated with the
parameters listed in Table 2.4. Since the output voltage and output current should be independent from each other an oscillating
output current of ±1 kA has been simulated. Simultaneously, the
converter should generate an triangular output voltage with a
period of 4 ms and an amplitude of 550 V.
Table 2.4: Simulation parameters of the 3 level converter system.

Inductor
Output Capacitor
Switching Frequency
Capacitor Voltages

Li

20 µH

Cout

600 µF

fs

20 kHz

VC1

295 V

VC2

125 V

VC3

255 V

In Fig. 2.8 the simulation results of the 3 level system are depicted. The requested triangular output voltage waveform and
the generated output voltage are shown in c). The output current
which oscillates between 1 kA and −1 kA is depicted in b). This
current is the sum of the different NPC module currents shown
in a). There is no voltage balancing method for the energy storage
capacitors C1 , C2 and C3 implemented but the capacitance values has been chosen so large that the voltage drop during a pulse
can either be neglected or compensated by the control. The balancing and recharging of capacitors is done between two pulses.
The generated voltage waveform and the simulated output current represents the typical operation conditions of the 3 level converter. Like described before this voltage waveform is required to
generate the linealy rising output voltage. Assuming a constant
positive total output current of the UnAVoSo stack the polarity
changer unit inverts this current at every switching action. This
results in a current like depicted in Fig. 2.8.b). Evaluation the UnAVoSo concept this is the drawback of the voltage source based
topology since the 3 level converter system has to invert its output current at every switching action of the polarity changer unit.
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Figure 2.8: Simulation result of the 3 level converter system delivering
an oscillating output current waveform with an amplitude of
±1 kA shown in b). This current is the addition of the differen NPC module current in a). The controller generates a
triangular output voltage waveform depicted in c).

Thus, oscillations of the output current and the output voltage are
introduced which can be hardly compensated by the controller.
Since this oscillations are not avoidable and there is no obvious and easy solution the current source concept (UnACuSo) has
been preferred instead of the UnAVoSo concept.
2.3

kicker magnet source

In section 1.3 different pulse voltage and pulse current sources
has been investigated if they are suitable to fulfill the requirements of the test bench. Since the generation of a highly dynamic
current is not possible these concepts have not been considered.
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Figure 2.9: Pulsed current source consisting of a serial connection of a
voltage pulse source (M3 T C) and a low voltage source (buck
converter system). The recharging is performed by a galvanic
isolated power supply. To enlarge the output current three
stacks are paralleled.

However, the concept of UnACuSo can be applied for such
pulsed current supply for kicker magnets where highly precise
current pulses are required with high repetition accuracy. Therefore, the same concept like at UnACuSo / UnAVoSo can be applied where the 3 level converter system is combined with a the
modular multi level marx type converter (M3 T C) like depicted
in Fig. 2.9.
Compared to the test bench for HVDC circuit breakers where
the DC arc behavior is investigated in case of the kicker magnet
power supply the load is well defined: from the electrical point of
view the kicker magnet is a large inductor with a parasitic ohmic
resistance in series. Hence, the current pulse waveform generation is not influenced by any unknown or undefined behavior of
the load. Due to the large inductive load the combination of the
high voltage path and the low voltage current source is slightly

2.3 kicker magnet source

changed. The high voltage is used to generate current gradients
at the load while the current source is utilized to compensate the
voltage drops across the IGBTs and parasitic resistances during
the flat top of the pulse.
Therefore, the M3 T C converter is enhanced to generate both
positive and negative output voltages. This means the half bridge
IGBT module of a M3 T C stage is extended to a full bridge configuration. The typical parasitic ohmic resistance of a kicker magnet
is in the range between 10 mΩ and 20 mΩ. This means at a output current of 5.6 kA this would result in a voltage drop between
56 V and 112 V. Thus, the output voltage range of the 3 level converter system can be reduced in that way, that a 2 level buck converter with a maximal output voltage of VC,max = 41 VSt = 275 V
is sufficient.
The detailed operation principle to drive the inductive load is
described in the following section. The control of the system is
one of the crucial issues to achieve a high precision. Therefore in
section 2.3.2 the control is invesitgated in detail. To validate the
considered design the system has also been simulated.
2.3.1 Operation Principle
The generation of a current pulse at the kicker magnet can be
divided into 3 different phases:
1. Positive current gradient created by a positive voltage across
the inductor.
2. Flat top by setting VL ≈ 0 V.
3. Negative current gradient generated by a negative voltage
across the inductor.
The current gradient is generated by a bipolar modular multi
level marx type converter (M3 T C) which is described in detail
in section 4. A full bridge configuration of IGBTs is utilized to
connected the capacitor CM,i either with positive or negative polarity to the load. Furthermore CM,i can be disconnected and the
stage generates no output voltage. Because the rated voltage of
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the IGBT modules is limited, multiple modules are connected in
series to increase the output voltage.
For improving the accuracy of the flat top the proposed source
uses a buck converter with a maximal output voltage of VC,max =
275 V. This voltage is sufficient to compensate the parasitic voltage drop across the semiconductors and the winding resistance
during the flat top. Thus it is possible to apply VL = 0 V during the flat top phase. In order to reduce the current per IGBT
module the buck converter system has got six modules. By using a separate inductor for each module it is possible to operate
the converter interleaved, which reduces the remaining output
current ripple significantly (see section 3.4.5). Beside the use of
separate inductors in combination with interleaving a coupled
inductor could be used. But this would require the construction
of a inductor with six coupled windings which would increase
the mechanical complexity and would prohibit the modular approach. The topology including both converter types is depicted
in Fig. 2.10.
The operation of the current pulse generator is controlled by
a state machine, which uses four different states to generate the
output current shown in Fig. 2.11. Additional states are used for
recharging the system.
During the first state 0 (Idle), all switches are turned off and
the output current Iout is zero. To generate a positive current gradient state 1 is used and the switches Si,1 and Si,4 (i = 1..3) are
turned on. Thus, a positive output voltage 3 · VM,i + VC is applied across the inductor Lm (c.f. Fig. 2.11.b) ) and accordingly
the current Iout rises. Because the current conducts through Cout
the capacitor has to be recharged. Hence, the voltage controller of
the buck converter generates a constant voltage gradient concordant to the current gradient (Fig. 2.11.c) and .e) ). When reaching
the nominal output current Iout,N , the switches Si,4 are turned
off and the switches Si,3 are turned on. This results in an output
voltage of 0 V of the M3 T C converter (state 2). The buck converter
generates a voltage VC,N at Cout equal to the voltage drop caused
by the forward voltage drop of the IGBTs VCE , the diode VF and
parasitic resistances RCu (Fig. 2.11.c). Thus the voltage across the
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Figure 2.10: Topology of the pulsed current source, having 3 M3 T C
stages with an full bridge arrangement and an additional
diode for recharging. The buck converter system is bidirectional and six times interleaved to enlarge the output current
and minimize the output ripple.
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Figure 2.11: Operation principle of the pulsed current source showing a)
the output current Iout and b) the output voltage Vout . In
c) the operation of the buck converter system is depicted.
The switching state M3 T C is shown in d). e) illustrates the
enable signals for the controllers.

inductor is zero (2.4) and the inductor current Iout remains constant.

VL = VC,N − VR,Cu −

X


VCE,i,1 + VF,i,3 = 0 V

(2.4)

2.3 kicker magnet source

In state 3 the output current is reduced to 0 A by applying a
negative voltage at Lm . Therefore the switches Si,1 are turned off
and the switches Si,2 are turned on. Having reached Iout = 0 A
the state machine changes back to state 0 and the recharging and
balancing of the voltages can be performed.
2.3.2 Converter control
The sequential control has been implemented like described in
the previous section. To reach a sufficient absolute accuracy and
repetition accuracy it is necessary to analyse and optimize the
control signals for the proposed converter systems.
The M3 T C converter is controlled by a time based modulation,
which means that the switches are turned on for a certain time.
Another approach would be an event based method like used in
[55]. By measuring the current and comparing it to a reference
value a trigger signal is generated which can be used to generate the switching signals. Since this method requires more parts
which introduce a jitter and since the absolute amplitude is less
important than the repetitive amplitude the time based control
has been chosen.
Using a 100 MHz clock, the resolution of one time step is tClk =
10 ns. By applying the full output voltage of 3.3 kV for one time
step a current gradient per clock cycle of ∆Iout = 0.86 A can be
achieved. By switching not all stages at the same time, but sequentially the voltage difference at turning of the last stage is
reduced to 1.1 kV. This results in a reduced current change per
clock cylce of (2.5)

∆Iout,single =

0.86 A
= 0.29 A.
3

(2.5)

This accuracy is limited due to the jitter of the transmission of
the switching signal from the control system to the IGBT module.
The switching times of the IGBTs modules does not affect this
accuracy since they can be assumed to be constant due to constant temperature, voltage and switching current. The duration
of state 1 is not adjusted during the pulse itself, but the current
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at the end of the voltage pulse is measured and the switching
times are adjusted for the next pulse.
The control circuit for the buck converter system is depicted
in Fig. 2.13. It uses an inner loop controller to adjust the voltage
VC at the capacitor Cout and an outer loop current controller for
the current Iout . The voltage controller uses a PID controller to
enable fast transients and the controller frequency is equal to the
interleaved switching frequency of the buck converter fcon,V =
fs · n. The good transient behaviour is necessary because VC has
to be adjusted within 100 µs.
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Figure 2.12: Bode plot of the voltage and current control loop including the planned transfer functions Gg,Voltage and Gg,Current
and the disturbance rejection Gd,Voltage and Gd,Current . The
phase margin for the voltage controller is 30° and for the
current controller 45°.
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Figure 2.13: Control circuits for operating the pulsed current source. a) is showing the output voltage controller which
is active during ramping up the current (state 1). The flat top is generated by the cascaded control in b.).
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The current controller uses a PI controller with a large integrator part. Since the controller is only active during state 2 it does
not have to generate fast transients but a constant output current.
Thus the calculation frequency is only fcon,I = 10 kHz. The chosen controller parameters and the effect on the system is shown
in Fig. 2.12. The voltage controller is designed with a cut off frequency of fc = 21.3 kHz with a damping factor of Q ≈ 1.3. The
current controller is operating with a lower cut off frequency of
fc = 408 Hz and Q = 0.3 (c.f. Fig. 2.12).
2.3.3 Simulation Results
One stack of the proposed converter system has been simulated
by using GeckoCircuitsTM having a nominal output current of
1.85 kA. The capacitor voltages of the M3 T C stages is VM,i =
1.1 kV which results in a maximal output voltage of ±3.3 kV. All
simulation parameters are listed in Table 2.5.
Table 2.5: Simulation parameters of the proposed converter system.

Nominal output current

IN

5.6 kA

Kicker magnet inductance

Lm

38 µH

Parasitic resistance

RCu

1 mΩ

Current rise time

trise

100 µs

tflattop

400 µs

tdecrease

100 µs

VM,i

1.1 kV

V1

295 V

V2

125 V

Flat top time
Current decrease time
Capacitor voltages

In Fig. 2.14.a) the output current of a pulse with a flat top time
of 400 µs and a rise and fall time of 100 µs is depicted. Therefore
the before described operation states has been implemented to a
state machine which is also handling the activation of the different controllers of the buck converter system. The initial current
gradient is generated by a time based control signal. The applied
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output voltage of 3.3 kV is depicted in Fig. 2.14.c). Equivalent
to the current gradient the voltage controller of the buck converter system generates a rising output voltage VC like shown in
Fig. 2.14.e) and .f). During the flat top phase the current controller
is active and keeps the output voltage VC constant. However a
current droop of 2.75 A or 0.15 % is generated which is caused by
inaccuracy of the simulated measurments (Fig. 2.14.b).
Beside the control of a pulse itself the repetition accuracy of
the pulses (Fig. 2.15) has been investigated for 20 consecutive
pulses. The calculated deviation is 0.19 A or 1.025 · 10−4 related
to the output current of 1.85 kA, respecting only the changes due
to the control and neglecting jitter effects. By adding two additional stacks in parallel it is possible to increase also the accuracy
during the flat top, because the additional buck converters can be
operated interleaved to the other ones. Thus it is possible to operate the voltage controller at a frequency of 360 kHz instead of
120 kHz. Hence, the current controller can be operated at higher
frequencies as well as resulting in a higher accuracy.
2.3.4 Evaluation
The presented approach for a pulsed kicker magnet power supply offers the ability to control the current during the phase of
the flat top. Existing setups which use capacitors or freewheeling diodes to keep the current constant cannot influence the current during the flat top phase. Furthermore, the operation of the
pulsed current source does not require an ultra precise high voltage charging unit since the capacitors CM,i of the M3 T C stages
can be charged by the buck level converter system by developing
a suitable modulation method. Therefore the buck converter system has to use the inductance of the kicker magnet in addition
with a negative output current. This negative current can be used
to recharge the M3 T C capacitors.
Another benefit of a switched current source is the possibility
to modify the pulse length without changing hardware components. Hence, it is possible to prolong or shorten the pulse easily
or to generate different amplitudes of the output current ampli-
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Figure 2.14: Simulation result of one current pulse showing a) the output
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depicted. The controller’s output values are depicted in e)
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tude. This could be useful if the properties like for example the
speed of the beam which has to be reflected can vary.
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Figure 2.15: Simulated repetition accuracy of 20 pulses respecting deviation caused by the switched controller actions and neglecting jitter effects of the components.

Additionally a setup using the presented approach does not
require large capacitor banks or large inductors to keep the voltage or current constant. Fluctuations of these values can be easily
compensated by the controller of the system.
On the other hand, the use of complex topologies with many
components introduces additional jitter to all elements. Therefore
the jitter performance has to be investigated in detail and a suitable design has to be carefully developed. Another drawback is
the remaining output ripple on the output current. This is caused
by the interleaving of the buck converter. In section 3.4.5 the remaining output current ripple for interleaved converter systems
is discussed. The remaining ripple is not constant for all output
voltages VC,N but there are maxima and minima. By adjusting
the voltages VC1 and VC2 it is possible to reduce the output ripple by moving the operation point of the flat top to such a ripple
minimum.
Concluding this concepts offers a lot of benefits compared to
existing solutions and also the drawbacks can be handled by developing suitable solutions. Therefore, this approach is worth for
investigating for a real application.
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Converter systems to supply DC loads base on constant output
voltages, which should be independent from the load current.
Therefore output capacitors are utilized to stabilize the output
voltage and to filter the output current ripple and thus the output
voltage ripple [56, 57]. Furthermore there are cascaded controller
implemented to compensate the output voltage ripple.
Since this converter should be operated as a current source the
output voltage does not have to be controlled or stabilized, but
the source should be optimized for high dynamic behavior in
combination with a smooth output current.
Therefore the different design boundaries, which are influencing the dynamics of a converter system, has been investigated in
detail:
topology The converter topology is defining the maximal voltages, which can be applied to the main inductance and thus
the maximal achievable current gradient.
main inductance The main inductance of a converter system
is limiting the maximal achievable current gradient. Furthermore the saturation of the core material is limiting the
maximal output current.
semiconductors IGBTs are widely available within the voltage and current range of the proposed converter system.
Due to switching losses the maximal switching frequency
is limited. MOSFETs are increasing the maximal possible
switching frequency with the requirement of Zero-VoltageSwitching at turn on and turn off. In addition the maximal
current of available MOSFET modules is limited to values
below the ratings of IGBT modules.
switching frequency A higher switching frequency of the
semiconductors results in an reduced inductor value and

55

56

current shaping converter

thus an higher dynamic at an constant output ripple. The
drawback are higher switching losses of the switches.
interleaving By splitting the current to multiple modules the
effective switching frequency can be increased and the resulting combined main inductance is reduced by a factor of
the number of modules. Additionally the resulting current
ripple can be reduced significantly.
zvs / zcs By using Zero-Voltage-Switching (ZVS) or Zero-Current-Switching (ZVS) the switching losses of the semiconductors can be reduced with the draw back of an higher
resulting current ripple and higher conduction losses of the
semiconductors.
This boundaries will be considered and discussed in detail in
section 3.1 while comparing the benefits and drawbacks of the
different topologies.
Beside the optimization of the converter system for a highly
dynamic current shaping, the thermal design of the converter
system is important. Since the semiconductors, conductors and
passiv components components are limited to certain maximal
operation temperatures, the relationship between electrical losses,
ambient conditions and components temperatures has to be calculated like shown in section 3.2. Most critical for a safe operation
of the system is the temperature of the substrate of the semiconductor switches.
For continuous operation mainly the thermal resistances Rth
of the different materials and between them are taken into account. But for pulsed operation of converter systems this simplified model can not be applied, but the thermal capacitance Cth
of the different material has to be included. This enables higher
electrical losses for short operation periods and will be discussed
in detail in section 3.2.1.
By combining the electrical loss model and the thermal model
for the pulsed power operation, the converter design can be optimized for the maximal operation time at the smallest value like
described in section 3.2.2. Furthermore the losses and the opera-
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tion time of the converter is compared to a 2 level and an NPC
converter design.
Since the converter generates highly fluctuating output power,
the power supply of the converter can not use directly the distribution grid. Therefore 3 different energy storage capacitors
are implemented in an low inductive design. Therefore, in section 3.3.1 the consideration about the capacitor values, stored energy and volume are presented.
Connecting Busbar

High Frequency
Module
Low Frequency Module
High Frequency Module

Figure 3.1: 3D CAD model of the proposed 3 Level Converter System
including 6 interleaved HF modules and 2 LF module. The
storage capacitors are not depicted.

The results of the optimization have been used to design a prototype system like depicted in Fig. 3.1. While the design of the
control system is described in detail in section 5.1 the selection
of the different components and the mechanical design is introduced in section 3.3.
The highly dynamic behavior of the converter system caused
by the optimized hardware design has to be combined with a
corresponding controller. The simplest approach is the use of proportional controllers with an integration (PI controller). A more

57

58

current shaping converter

advanced idea is the use of a model based controller, which is
calculating the behavior of every energy storage element within
the converter during operation and ensures more accurate and
faster reactions to distortions. In section 3.4.1 the controller implementation of the converter is introduced and discussed.
To avoid distortions of the control circuit caused by the converter itself, the startup process and the level shifting operation
has been analyzed in detail in section 3.4.3 and section 3.4.4 and
optimized in that way, the the mean output current is not affected.
Furthermore the power consumption of the startup process is reduced by minimizing the start up time. Therefore different modulation schemes during start up has been investigated.
Another influence on the output current of the converter is
caused by deviations of the electrical and magnetic components
of the converter. Therefore the influence of interleaving the converter modules on the output current ripple is discussed in general and the effect of different main inductor values. By shifting
the phase angles between the different modules, it is possible
to change the resulting current ripple. In section 3.4.5 different
methods to calculate the optimal phase shift angles are introduced and verified by measurements.
In section 3.5 the maximal limits of the designed current source
converter are presented. On the one hand the maximal current
and voltage limitations are presented proofed by measurements
and on the other hand the dynamic behavior is shown.
3.1

topology

The generation of an arbitrary current waveforms with high dynamic behavior requires a converter topology, which supports
high switching frequencies and small inductance values. Furthermore no galvanic isolation is necessary because the energy storage capacitors are not connected to any potential but they are
floating. On the other hand a large semiconductor area is needed
since the converter should generate output currents up to 1.4 kA.
A first approach to fulfill this requirements is a buck boost converter like depicted in Fig. 3.2. By using a split DC link supply it
is possible to apply either positive (V1 ) or negative (V2 ) voltage
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V1

C1

S1
Lm

V2

C2

S2

Cout

VC

Figure 3.2: Buck converter topology to generate converter output voltages VCon = 0 V and VCon = V1 .

at the inductor Lm and thus to generate a triangle output current
with adjustable DC offsets. But the dynamic of the source is limited to a fixed current gradient defined by the inductor value and
the DC link voltages (3.1).
dIL
V
= L
dt
Lm

(3.1)

By choosing small inductor values to achieve large current gradients unfortunately also a large output current ripple is generated. For DC-DC converter operations this output current ripple
is canceled by the output capacitor and an optional output filter.
But for an arbitrary output current generation this would reduce
the achievable dynamics. The advantage of the small inductor
would be compensated.
Another approach to reduce the ripple without an filter is the
use of two or more converter in parallel and operate them interleaved. In Fig. 3.3 the effect of the reduced output ripple is
depicted. While the average output current Iavg is increased to
the double value the remaining current ripple IPP is halved. The
detailed description of interleaving different modules and the optimization of the interleaving is shown in section 3.4.5.
This principle is used in [11] where large scale IGBT modules
are utilized to switch a voltage of 3 kV to generate interleaved
triangle output current waveform. By choosing different phase

59

60

current shaping converter

Itotal
2 Iavg

Iavg

IPP
2

I1

IPP

I2
Time t
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Figure 3.3: Schematic addition of two currents I1 and I2 to halve the
remaining ripple IPP and double the output current Iavg .

shift angles between the converters and variable inductance values per module different current shapes can be generated. But
these gradients are limited by the output inductor and on the
other hand the number of switching operations per IGBT are limited to a few hundreds per pulse due to thermal overheating of
the semiconductors.

S1
V1
D1

S2
Lm
V1

D2

S1
S3

S4
Lm

S3

V2
S4

(a) Neutral point clamped (NPC)

V2

S4

(b) T-Type

Figure 3.4: Common 3 Level Converter Topologies.

To avoid these limitations the use of semiconductors with lower
maximal blocking voltage, which are optimized for high switch-
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ing frequencies is mandatory. Therefore multi level converter [58]
topologies can be utilized like in Fig. 3.4. The use of a neutral
point clamped 3 level converter (NPC) [59] reduces the voltage
stress per switch to half of the DC link voltage. On the other
hand the number of devices are increased to 4 semiconductor
switches and 2 additional diodes, which reduces the reliability
of the system. This enable the use of 3 different output voltages
and thus a smaller output inductance resulting in better dynamic
behavior.
The T-type topology depicted in Fig. 3.4.b) expands the 2 level
topology to a 3 level topology. The switches S1 and S2 still have
to handle the full DC link voltage while the switches S3 and
S4 can be designed for half of the DC voltage. This enables the
use of smaller inductance values and simultaneously the number of semiconductor devices within the conduction path can be
reduced.
The easiest way of modulation for this topology is using PWM
to control the two voltage levels, which are closest to the output
voltage. This is generating a triangular output current with an DC
offset and the semiconductors are operated under hard-switching
conditions. By using IGBTs with a blocking voltage of 600 V /
650 V [60, 61] switching frequency of up to 20 kHz can be reached.
The drawback of this topology is the limited controllability of
the current, if the output voltage is equal to the mid potential.
While the mid point potential would not generate a change of the
output current, the positive and negative potential has to be used
to control the current. This is affecting a bigger output ripple and
higher switching losses since all IGBTs has to be switched during
on switching period.
3.1.1 Soft-Switching Modulation
During normal switching operation the energy, which is stored
in the parasitic elements of the semiconductor like output capacitance or serial inductances, is converted to thermal energy,
which is causing the switching losses. The aim of soft-switching
of semiconductors is to recover this energy by creating suitable
switching conditions. These are divided into zero voltage switch-
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ing conditions (ZVS) where the semiconductor is turning off / on
the current IDS at VDS = 0 V, and zero current switching conditions (ZCS) where the switch is turning off / on a voltage VDS at
IDS = 0 A [62].
IDS

IDS

D

D
CDS, int

CDS, int

CDS, ext

S
(a) MOSFET is conducting current
ICE .

CDS, ext

S
(b) Switching off under ZVS conditions

Figure 3.5: Switching off an inductive current IDS under ZVS conditions
using the internal capacitance CDS,int and an optional external capacitance CDS,ext

In Fig. 3.5 the turn off process for a MOSFET under ZVS conditions is depicted. As soon as the voltage VDS of the IGBT is rising
the current is commutating to the capacitors CDS,int and CDS,ext .
When the capacitors are designed large enough, the voltage VDS
can be assumed to be almost zero during turn off of the semiconductor. Thus the switching losses are reduced and the energy is
stored within the capacitors. To turn on the switch again CDS,int
and CDS,ext has to be discharged before hand, which is typically
done by selecting a suitable modulation scheme.
The 2 level buck boost converter (Fig. 3.2) can be easily operated under ZVS condition by generate a negative output current at each switching period like depicted in Fig. 3.6. Due to
the waveform shape this modulation is called triangular current
mode (TCM).
For the NPC topology (Fig. 3.4a) it is not possible to implement a suitable modulation scheme to enable soft-switching of
all semiconductors but additional components has to be added
to the circuity [63]. To avoid this extended topology another ap-
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Figure 3.6: Triangular current mode (TCM) and trapezoidal current
mode (TrCM) to enable a modulation with ZVS conditions.

proach to enable ZVS for a 3 level converter is the use of the
T-type topology like depicted in Fig. 3.4b[64]. The topology can
either be operated with a triangle output current using only the
two of the three possible output voltages or with a trapezoidal
current waveform (TrCM) like shown in Fig. 3.7. For the DC link
voltages V1 = −V2 = 400 V, Vm = 0 V and an output voltage of
Vout > 0 V the basic operation of this topology and modulation
can be divided into four different steps. For an
1. The switches S1 and S2 are turned on generating an output
voltage Vcon = V1 and a rising inductor current ILm .
2. At t = t1 the switch S1 is turned off. Thus the current
is commutating to S2 and the diode of switch S3 under
ZVS conditions. The resulting converter output voltage is
Vcon = 0 V and the inductor current is rising or falling in
dependency of the output voltage Vout . To proceed switching under ZVS conditions it is necessary turn on the switch
S3 under ZVS conditions.
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Figure 3.7: Modulation scheme for an T-type topology enabling ZVS conditions for all switches for an output voltage Vout > 0 V.

3. At t = t2 the negative voltage V2 is connected to Vcon by
turning off the switch S2 . This makes the current to conduct via the diode of switch S4 . Since the voltage across the
inductance is now negative, the current is decreasing to a
value below zero.
4. The last step is generating again Vcon = 0 V by using the
reversed order of switching like in step 2. Since this state is
generating a negative output current the state should be as
short as possible.
This trapezoidal current waveforms enables one additional degree of freedom to adjust the current waveform. Keeping the period duration Tp constant the time T1 = t1 − t0 when the converter output voltage is Vcon = V1 can be varied. Assuming that
the time T4 = t4 − t3 = 0, the time T2 = t2 − t1 and T3 = t3 − t2
can be calculated as:
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T2
T3


V2 − Vout
Lm
=
I0 − I1 −
· Tp
Lm
Vm − V2
= T p − T1 − T 2

(3.2)

For the triangular current mode (TCM) modulation the length
of the switching period Tp is in inverse proportion to the peak
output current [64]. This means the generation of different average currents ITCM,mean is also effecting the time Tp . The additional degree of freedom of the trapezoidal current modulation can be used to generate different average currents while the
switching frequency remains constant. Therefore the average current Imean can be calculate by assuming an piecewise linear current propagation (3.3).

Imean

=
=

=

1
Tp

Z t4
ILm dt
t0


4 
1 X
1 Vcon,i − Vout
(ti − ti−1 ) (ti − ti−1 )
Ii−1 +
Tp
2
Lm
1
Tp

i=1
4
X

Ii−1 Ti +

i=1

1 Vcon,i − Vout 2
Ti
2
Lm

(3.3)

While the current I0 is the minimal required negative current
to enable ZVS at switching back to the positive output voltage,
the currents Ii can be calculated as:
I0
Ii

=

−ISw,min
1 Vcon,i − Vout
Ti
= Ii−1 +
2
Lm

(3.4)

Since the time T2 and T3 can be calculated, the time T4 is set
zero,the equation (3.3) shows that the average current Imean is
depending on the square of the time T1 .
Imean ∼ T12

(3.5)
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Figure 3.8: Average current Imean for different times T1 with V1 = −V2 =
400 V, Vm = 0 V, Lm = 12 µH, T1p = 10 kHz and I0 = −10 A.

In Fig. 3.8 the average current Imean is plotted for different
switching times T1 . Since the relation between T1 and Imean is
not linear but quadratic it is not advantageous to use this mechanism for highly dynamic control of the current. Furthermore only
a limited range of different currents Imean can be covered by the
modulation method.
Another approach to use the additional degree of freedom is
the minimisation of the RMS value of the output current. By
transforming (3.3) to Lm the required inductance can be calculated, which is needed to reach - for a certain fixed T1 - the defined average current Imean . On the one hand this can be used to
select the minimal possible inductance value which would lead
to a TCM modulation. On the other hand the losses of the setup
can be reduced. Since this losses are directly proportional to the
RMS current IRMS in Fig. 3.9 the minimal RMS current can be determined for a certain Lm . This usage of the degree of freedom is
suitable to optimise the converter at only one operation point but
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not to design a converter with a large output voltage and current
range.
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Figure 3.9: Change of the resulting RMS current IRMS and required inductance Lm for different time T1 at constant period duration
1
Tp = 10 kHz, V1 = −V2 = 400 V, Vm = 0 V and I0 = −10 A.

Thus, the change of the switching frequency fs by using the
parameter T1 is the most suitable solution for a converter system with an highly dynamic output. The time T1 can be utilized
to increase the switching frequency at output voltages around
the midpotenial (Vout ≈ 0 V). Therefore T1 has to depend on the
average output current Imean and the output voltage Vout (3.6).
Since this approach is directly increasing the maximal achievable
dynamic of the converter system, it is used for the further investigations.

T1

= T1,min + kI I∗mean +

k V
V out
+

kV [(V1 + V2 ) − Vout ]

for Vout < Vm ,
for Vout > Vm

(3.6)
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Figure 3.10: Current waveforms of the different modulation schemes
with an average current Imean = 300 A and an output voltage Vout = 300 V.

The implementation of a modulation scheme which enables
ZVS and / or ZCS conditions at switching, results in an increased
complexity of the control. To justify this additional effort the modulation - in case of the highly dynamic current source - has either
to reduce the semiconductor losses or increase the dynamic of the
system. Therefore the thermal switching and conduction losses of
the different modulations has been investigated under different
operation conditions. In Fig. 3.10 the currents of the 3 modulation schemes for a 2 level and a 3 level T-type setup are depicted
with an average output current Imean = 300 A and an output
voltage Vout = 300 V. Since Vout is not correlated with Imean the
losses of the system are calculated for the full range of the output voltage Vout and at the maximal mean current Imean = 300 A.
The components and values of the systems are listed in Table 3.1
and Table 3.2. The inductor values are chosen in that way that
the frequency range is approximately comparable of the different modulations.
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Table 3.1: Simulation parameters of the 2 level system in continuous conduction mode (CCM) and triangle current mode (TCM).

2 level CCM
Switch S1 & S2

2 level TCM

Infineon FF300R12ME4

Inductor

18 µH

12 µH

Switching frequency fs

20 kHz

2.5 kHz to 26 kHz

DC link voltage V1

800 V

Table 3.2: Simulation parameters of the 3 level T-type system in trapezoidal current mode (TrCM).

3 level T-type TrCM
Switch S1 & S2

Infineon FF300R12ME4

Switch S3 & S4

Microsemi APTGT300A60G

Inductor
Switching frequency fs
DC link voltages V1 = −V2

9.5 µH
2.5 kHz to 27.5 kHz
400 V

The calculation of the semiconductor losses uses the measured
values from the data sheets [65, 60]. In [66, 67, 68, 69] the reduction of the switching losses of IGBTs for soft switching applications has been investigated. Due to the tail current of the IGBTs
the reduction of the switching losses are around 30 % to 40 % at
turn off. Thus, an reduction factor of 40 % has been utilized for
the calculation, which is representing the best case to compare
it to the hard switching modulation. The losses of the inductor
by the ripple current is neglected in this calculation but since the
ripple current for TCM and TrCM mode is larger, the thermal
losses within the inductor will be increased for this modulation
schemes.
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Figure 3.11: Distribution of switching and conduction losses and switching frequencies of the different modulation
schemes: a) and d) 2 level continuous conduction mode (CCM), b) and e) 2 level triangle current mode
(TCM) and c) and f) 3 level trapezoidal current mode (TrCM).
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In Fig. 3.11 the calculated conduction and switching losses in
combination with the switching frequencies fs at different output voltages Vout are shown. The TCM and the TrCM modulation have negligible higher conduction losses compared to the
CCM modulation. Since the currents in TCM and TrCM mode are
larger, the reduction of the switching losses is compensated by
the higher currents. Thus the soft-switching effects are insignificant. As soon as the switching frequencies of the modulations is
below the fixed switching frequency of the hard switched modulation the losses are also reduced. But this results in a reduced
dynamic of the converter. Basically the results of the 2 level TCM
mode and the 3 level TrCM mode are equal but the TrCM mode
has an increased dynamic. This means the mean switching frequency fs,mean of the 3 level is higher than the one of the 2 level
modulation at the same maximal frequency fs,max .
Concluding, the use of a modulation which enables ZVS conditions for switching the IGBTs is not offering any benefit compared to the CCM modulation. The thermal losses of the semiconductors are similar but the switching frequency for TCM and
TrCM is not constant. This reduces the dynamic in a wide range
of operation points and on the other hand the optimisation of the
controller is getting more complex since the switching frequency
has to be taken in account at the controller’s parameters. Hence
the proposed current source converter is not using a ZVS modulation but operates the switches under hard switching conditions.
3.1.2 Improved 3 Level Topology
The NPC topology (Fig. 3.4a) utilizes 4 semiconductor switches
and 2 diodes which have to handle each half of the DC link voltage. This is beneficial since the switches with lower blocking voltage generate less losses at switching and conducting. In dependency of the output voltage Vout either the switches S1 and S2 or
the switches S3 and S4 are controlled by the PWM signal. Thus
all switches have to be able to operate at high switching frequencies and, furthermore, if the output voltage Vout is not equally
distributed over the full range during a pulse, the thermal stress
for the switches is strongly varying.
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Therefore in Fig. 3.12 another topology is introduced, which is
splitting the converter to a fast switching 2 level buck converter
(S1 and S2 , inductor Lm and capacitor Cout ) and a level switcher
(S3 and S4 ) which is utilized to change the output voltage range
Vcon by adding VC2 [70].

S1
Lm
V1

C1
S2
VCon

Cout

VC

S3
V2

C2
S4

Figure 3.12: 3 level buck converter topology to generate converter output
voltages VCon = 0 V, VCon = V1 and VCon = V1 + V2 .

But as soon as the converter is operating at VC ≈ VC1 it is
necessary to use the full dc link voltage VC1 + VC2 to control the
inductor current IL , i.e. switches S3 and S4 have to be switched
synchronously to S1 and S2 , which results in increased switching
losses. To avoid these additional switching losses it is possible to
choose VC2 < VC1 . This results in an overlap of the two operation
voltage ranges for S1 and S2 .
The remaining problem is, that the described converter can not
apply Vcon < 0 V, and thus no dynamic control of the inductor
current is possible for VC ≈ 0 V. For this purpose, the proposed
topology, which is depicted in Fig. 3.13, uses an additional capacitor C2 , which is generating an additional negative output voltage level. The detailed operation principle is depicted in Fig. 3.14,
where the operation for a linear rising output voltage is shown.
At VC = 0 V switch S3 is conducting, allowing S1 and S2 to
switch between voltage levels Vcon = −VC2 and Vcon = VC1 . As
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VC1

C1

S1
Lm

VC2

C2

S2
VCon

Cout

VC

S3
VC3

C3
S4

Figure 3.13: Proposed 3 level buck converter topology, enabling negative
converter output voltages Vcon 6 0 V and consequently current shaping at VC close to 0 V.
V

C3
soon as VC = C,max
= VC1 +V
switch S4 is turned on. At this
2
2
C3
and
operation point, it is still possible to apply VL = VC1 −V
2
thus to control the current IL . For VC > VC2 switches S1 and S2
can generate Vcon = VC3 and Vcon = VC1 + VC2 + VC3 .
By using this topology it is possible to optimize the switches S1
and S2 to low switching losses and the S3 and S4 to low conduction losses. Because the nominal collector emitter current ICE,N
of available IGBT modules is limited to currents less than the required output current of 1.4 kA, it is necessary to use multiple
modules in parallel. Thereby not only the semiconductor modules can be paralleled, but each IGBT half bridge module (S1 and
S2 ) can be combined with its own output inductor Lm . This enables the additional benefit of interleaving the system, which reduces the resulting output current ripple significantly at almost
constant dynamic behavior of the converter. Since the modules
are operated at a high switching frequency, they are called highfrequency modules (HF modules) in the further text.
The switches S3 and S4 do not generate any ripple on the output current since they are only shifting the operation levels of
the HF modules. Furthermore this half bridge modules do not
have an output inductor. Thus they must not be operated interleaved but paralleled. The switching frequency of the LF modules
is related to the change of the output voltage Vout which will be
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VC1 + VC2 + VC3
VC, max
VCon
VC

VC1
0.5 · VC, max
VC3

0
Time t
-VC2

State S1
State S2
State S3
State S4

on
off
on
off
on
off
on
off
Time t

Figure 3.14: Operation principle of the 3 level buck converter, showing
the 4 different output voltages −VC2 , VC3 , VC1 , VC1 +
VC2 + VC3 and the switching signals to generate these voltages.

defined by the load and the selected current waveform. Nevertheless the frequency will be lower than the fixed switching frequency of the HF modules. Thus they are called low frequency
(LF) modules in the further text.
Concluding this new topology enables an wide output voltage operation range with good current shaping possibilities at
the boundaries of the range with VC = 0 V and VC = 550 V.
Furthermore the drawback of many 3 level converter topologies
with no current shaping potential as soon as the output voltage
is approximately half of the DC link voltage VC = 0.5 · VDC link
is avoided by splitting the DC link voltage uneven. The maximal
output current Iout,max can be increased by interleaving multiple HF modules and paralleling the LF modules (see Fig. 3.15).
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High-Frequency
Submodules

S1
L1
VC1

Iout

C1
S2

Cout
VC2

VC

C2
Low-Frequency
Submodules

VC3

C3

S3

S4

Figure 3.15: Topology of a converter system with 6 interleaved HF modules and 2 paralleled LF modules to increase the output current.

This also decreases the remaining output current ripple significantly which is shown in detail in section 3.4.5. In addition the
HF modules and LF modules can be optimized separately to low
switching and low conduction losses.
3.1.3 Output inductor
The design of the output inductor for the HF modules is influencing directly the dynamic of the converter system. Smaller inductance values enable larger current gradients and thus an faster
dynamic behavior. On the other hand, this extended dynamic
behavior generates a larger remaining output ripple and higher
thermal losses of the inductor.
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The design boundaries for a main inductor within a converter
system for a given inductance value are the volume and the thermal losses of the core and the windings. Since the maximal pulse
length of 100 ms is small compared to the recharging time of
5 min (Duty cycle of 3.3 · 10−4 ) the thermal capacities of the inductor components are large compared to the thermal loss energy.
This means the temperature increase during a pulse is so small,
that it can be neglected. Thus the thermal design of the inductor
is minor important.
The construction of an inductor for power electronic applications requires the selection of a suitable core material. Today
there are basically 5 different categories of materials available:
iron alloys are containing beside iron (Fe) different amounts
of silicon (Si), nickel (Ni), chrome (Cr) and cobalt (Co). This
ferromagnetic materials are enabling high flux densities of
up to 1.9 T . Since the electrical resistance of the materials
are quite low, the losses generated by eddy currents are
quite high. To reduce this losses the material is used in tape
wounded cores. The relative magnetic permeability is in the
range between µr = 1000 and µr = 100000.
iron powder is consisting of sufficiently small iron alloy particles to reduce the eddy currents. The powder particles are
bound together with an electrical isolating material which
has a magnetic permeability of approximately µr = 1. This
reduces the electrical conductivity to minimize the eddy
currents as well as permeability of the resulting core material decreases to values µr < 500 [71]. Hence the air gap
of an inductor is already included within the material and
no discrete gap has be be implemented.
ferrites are ceramic materials having low saturation fluxes of
up to 0.5 T . Since the materials have a high electrical resistance the eddy currents are reduced and thus the thermal
losses are reduced. The relative magnetic permeability is in
the range between µr = 100 and µr = 20000.
amorphous alloys are consisting of iron alloys which are
rapidly cooled down during the production process. This
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is achieved by compressing the melt to fast rotating, cooled
rollers and hence producing thin ribbons. Thus they are
solidifying like glass which means that there is no crystalline order within the material. The maximal flux density
is in the same range like the iron alloys (0.7 T to 1.8 T ) and
the magnetic permeability is in the range of µr = 10000 to
µr = 150000. The electrical resitance of the material is much
higher than the one of iron alloys which enables the use for
high frequency applications.
nano crystalline materials are having a ultra fine grain
size in the range of 7 nm to 20 nm. They are produces out of
an amorphous ribbon by special treatments at higher temperatures. They are combining the high maximal flux density of iron alloys (up to 1.5 T ) and the low core losses of
ferrites. The magnetic permeability can be adjusted in the
range between µr = 15000 and µr = 150000. Thus this material is highly interesting for all areas of power electronic
applications.
A more detailed description and discussion of the applications
of the magnetic materials can be found in [71].
For the design of an inductor different boundaries have to be
considered. First the number of turns has to chosen in that way
that the core material is not saturating. Assuming that the magnetic resistance of the air gap is much larger than the one of the
core (Rm,gap  Rm,Fe ) equation (3.7) can be used to calculate the
minimal required number of turns to avoid saturation of the core
material.

nmin

= Lm

IL,max
Bmax · Ae

(3.7)

In a second step the size of the additional air gap lg has to
be calculated. Therefore the reluctance model (Fig. 3.16) of the
inductor is being used which consist of a source, representing
the winding with n turns and a current IL and the two magnetic
resistances which can be calculated by using (3.8).
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Rm,Fe

=

Rm,gap

=

lFe
µ0 µr A e
lg
µ0 A e

(3.8)

Rm, Fe

IL
VL

n Turns

lg

N·IL

Rm, gap

Ae
lFe

(a)

(b)

Figure 3.16: Inductor model and equivalent magnetic circuit including
winding and magnetic resistances of the core and the air
gap.

For core materials with a large relative permeability µr the resistor Rm,Fe can be neglected. But since for iron powder materials the resistor are in the same range, in (3.9) the core resistance
Rm,Fe is included to calculate the size of the required air gap.

Lm
lg

n2
Rm,Fe + Rm,gap

 2
n
lFe
−
µ0 A e
=
Lm µ0 µr Ae

=

(3.9)

By using this basic equation (3.7) and (3.9) all above described
core material types for different core sizes and shapes has been
evaluated.

Table 3.3: Comparison between different solutions for the output inductor with Lm = 19 µH.

Manufacturer
Core Type

Magnetics

Vaccuumschmelze

Epcos / TdK

Toroid

U shape

E shape

Toroid

165

L 2157

E 70/33/32

B64290A0711

ferrite

ferrite

Material Type

iron powder

nano crystalline

amorphous

Material

Kool Mu 26µ

Vitroperm 500F

Vitrovac 6155 F

Num of cores

2

4

4

6

10

Num of turns

12

4

4

6

4

0.453 mm

2.613 mm

3.683 mm

9.658 mm

6.073 mm

Bmax

0.584 T

0.958 T

0.638 T

0.386 T

0.390 T

Bsat

1.05 T

1.20 T

0.90 T

0.50 T

0.50 T

Volume VCore

2.021 L

1.343 L

2.014 L

0.619 L

13.66 L

LFe w/o gap

19.7 µH

4.374 mH

295.2 µH

1.866 mH

333.4 µH

13.56 cm2

24.8 cm2

37.2 cm2

40.98 cm2

60.86 cm2

Air gap lg

3.1 topology

AFe

N92
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For manufacturing reasons an additional boundary condition
has been implemented to limit the maximal turns number (n <
nmax ). Beside the minimized assembly effort the limitation of the
number of turns also ensures that the winding window is still
large enough to include all turns. If the minimal required turns
number is larger than the maximal allowed number (nmin >
nmax ) an additional core is used in parallel. In Table 3.3 exemplary calculation results are listed. Hence the results with the
smallest air gap lg for the specific material type are depicted.
All calculations results are depicted in Fig. 3.17. Therefore the
core volume VCore is compared with the required air gap lg and
a pareto front has been inserted to find the optimal solution. The
most important result of this calculation is that almost all solutions require an air gap except certain solutions using iron powder cores.
50

amorphous
ferrite
nanocrystalline
powder

40

Air Gap Distance lg [mm]

80

30

20

10

0
0

1

2

3

4

5

Inductor Core Volume VCore [l]

Figure 3.17: Pareto front for the inductor core volume VCore and the required air gap lg for different core shapes made out of either ferrite, amorphous alloy, nano crystalline alloy or iron
powder. By using iron powder it is possible to reduce the
required air gap to 0 mm.
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The use of an air gap to adjust the inductance value introduces
2 drawbacks to the design. On the one hand the adjustment of the
gap size is difficult since a suitable gap has to be produced which
is always connected with manufacturing tolerances and the core
/ gap combination has to be mechanical fixed. On the other hand
the gap is introducing large magnetic fields to its surroundings.
This leads to additional eddy currents within the neighboring
windings and conductive parts and further to electromagnetic
interferences with electronics like measurements or gate driver.
Iron powder is the only material which allows to build an inductor for the source without an air gap. Thus this is the optimal
solution for the high dynamic current source. The exact design
of the inductor will be discussed in section 3.2.
3.2

analytic modelling and optimisation

The design of a converter system is limited by different boundary conditions, which are varying with its application. While for
continuously operated converters the efficiency and the volume
is most interesting for the design [72, 73] for pulsed power operation the repetition accuracy of the current or voltage pulse is
crucial [74, 75]. In the case of UnACuSo the maximal utilization
of the semiconductors in the sense of pulsed operation and the
converter’s volume are the limiting factors for the design. To optimize the converter design to these boundaries it is necessary to
describe the converter beforehand analytically.
The thermal losses of an semiconductor are generally a combination of conduction and switching losses. An IGBT in on state or
a conducting diode are always having a PN junction in the conduction path which causes an certain voltage drop VCE respectively VF . Besides multiple further parameters this drop depends
basically on the current ICE / IF and can be described as linearly
approximated function [76]:

VCE (ICE )

≈

VCE,0 + RCE ICE

VF (IF )

≈

VF,0 + RF IF

(3.10)
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By using this description the conduction losses of the IGBTs
and diodes can be described by:
Z Tp
PV,cond =
0

VCE (ICE ) ICE (t) dt

(3.11)

Additionally the semiconductors are not switching ideally but
during turn off first the voltage VCE is rising to the DC link voltage and afterwards the current ICE is decreasing to zero. This
overlap of voltage and current within the semiconductor is caused
by the physics of the IGBT where space-charge regions has to be
discharged or charged. The detailed switching procedure - also
for the turn on process - is described in [66, 76]. For modelling
the losses of the 3 level converter system the loss data which is
provided by the semiconductor producers, is used. Therefore a
look up table has been implemented.

1 Eoff (ICE ) for ICE > 0 A
PV,IGBT,HS,off =
Tp 0 mJ
for ICE < 0 A

for ICE > 0 A
1 0 mJ
PV,Diode,HS,RR =
Tp E (I ) for I < 0 A
RR CE
CE

(3.12)

At turn off the losses are either generated by the IGBT itself or
by the reverse recovery of the anti-parallel diode in dependency
of the current ICE (3.12). The turn on losses are only generated by
the IGBT while the diode behaves like a capacitor and does not
generate any thermal losses.

PV,IGBT,HS,on


1 Eon (ICE )
=
Tp 0 mJ

for ICE > 0 A
for ICE < 0 A
(3.13)

The modelling of the semiconductor losses uses a simple approach whose accuracy can be improved by using more detailed
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models of the IGBTs and diodes [77]. Since the efficiency of the
converter system is not the most important optimization criteria
a basic model to calculate the losses and the maximal operation
time in section 3.2.1 is sufficient.
Beside the semiconductors the output inductor Li is generating the second large part of the total thermal losses of the converter setup. Thereby the losses are generated by the core material, where induced eddy currents generate thermal losses. Furthermore the continuous reversing of the direction of the magnetic field causes further thermal losses. These losses can be determined by using the iGES method - introduced in [78] - which
uses the Steinmetz parameters [79] of the core material and the
fourier transformation of the inductor’s current.
Further losses of the inductor Li are generated by the windings. Since the windings uses copper as conductor the resistance
of the cable causes ohmic losses. Furthermore the magnetic fields
which are generated by the oscillating currents influences the current density within the conductors which leads to further thermal
losses. Basically there are two effects, which generate these losses.
The skin effect describes the influence of the current to its distribution within a conductor while the proximity effect describes
the influence of the different adjacent conductors and external
magnetic fields. A detailed description including the calculation
methods is presented in [80].
The losses generated by the energy storage capacitors are neglected for the modelling of the converter system. The energy
losses caused by the time between charging and the pulse operation itself are many times higher than the losses generated by the
pulse itself. The same applies for the energy consumption of the
control system which operates all the time and not only during
the pulse operation.
By having this analytic description of the converter system it
is possible to calculate the thermal losses and the volume for all
different combinations of converter setups and input / output
parameters.
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3.2.1 Thermal Design for Pulsed Operation
The losses generate within the semiconductor layer of the IGBT
modules a temperature rise of the IGBT and diode chips itself. At
temperature smaller than 125 ◦C respectively 150 ◦C the electrical
properties of the devices is changing and the thermal loss power
is rising or decreasing in dependency of the used semiconductor
technology. But at temperature higher then 150 ◦C the switches
are taking serious damage so that they could be destroyed.
To avoid this damage the thermal design of the converter has
to consider on the one hand the maximal losses generated by the
semiconductor and on the other hand the thermal connection to a
heat sink to dissipate the heat. Therefore a thermal network like
depicted in Fig. 3.18 is used to design the thermal cooling. For
continuous application the thermal resistors Rth,i are most crucial
while the thermal capacitances Cth,i balance to a constant temperature difference. So the maximal loss power of the switches is
limited by Rth,i .
Rth,1

Rth,2

Rth,3

Rth,4

Tjunction

PV

Tcase

Cth,1

Cth,2

Cth,3

Cth,4

Cth,HS

Rth,HS

Tambient

Figure 3.18: Thermal network of the IGBT including the heat sink.

For pulsed power application the thermal power losses are distributed not equally during time but the pulse period TPulse when
the losses are generated, is supposed to be short compared to the
pause period TPause between two pulses. This implies that the
semiconductor can cool down during TPause . Thus the thermal
capacitance Cth,i are also discharged and can be used during the
pulse to absorb additional loss power. This means the IGBT is
allowed to generate higher losses in pulsed operation.
Since the temperature of the IGBT in pulsed operation is changing strongly, the substrate is exposed to large mechanical stress
caused by the different dilation of the different materials which
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are also at different temperature. In [81, 82, 83, 84] the effects
of this stress has been investigated and the influence to the life
time of a semiconductor is analysed. Although theoretical temperature differences of more than ∆Tj > 100 ◦C are possible the
number of possible pulses are decreased to less than 4 · 103 [81].
This means that the failure-in-time (FIT) rate is increase and the
time to the next critical failure is decreased.
To avoid this failure caused by the pulse operation the converter design has to consider a maximal change of the junction
temperature of less than ∆Tj,max 6 40 ◦C which enables more
then 106 pulses of the system.
For developing an analytic model for the junction temperature
of the semiconductor the time TPause is assumed as much longer
than the pulse TPulse itself. This means, that all components are
cooling down to ambient temperature during the pause between
the pulses. Since the recharging is lasting between 2 min and
5 min (see section 5.4) and the maximal pulse length is 100 ms
this assumption is suitable. This means all capacitors Cth,i in
Fig. 3.18 are at ∆T = 0 and the temperature of the thermal capacitance of the heat sink Cth,HS is at ambient temperature.
The investigated designs utilizes IGBT modules (for example
[60]) with maximal thermal losses of up to 3 kW which means,
that each module generates a loss energy of approximately 300 J
for a pulse of 100 ms. This thermal energy, which is applied to
the thermal capacitance Cth,HS (3.14) of the heat sink (material:
aluminium, weight: 800 g) results in a temperature change of less
then 1 ◦C. Thus the temperature THS of the heat sink and also the
temperature Tcase of the IGBT case can be assumed as constant
during a pulse.

Cth,HS

= cAl · mHS
kJ
= 0.896
· 800 g
kg K
kJ
= 0.7168
K

(3.14)
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This simplifies the calculation of the junction temperature during a pulse since only the transient temperature distribution within the IGBT module has to be investigated.

IGBT APTGT300A60G

Thermal Impedance Zth [K / W]
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Diode FF300R12ME4
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10-2

10-1

100

101

Time [s]

Figure 3.19: Transient thermal impedances of different IGBTs and
diodes.

Similar to the transfer function of an electrical network the
transient behavior of the thermal network in Fig. 3.18 can be described as time dependent thermal impedance like depicted in
Fig. 3.19. For small operation times the thermal resistance of an
IGBT or diode can be assumed as much lower. This means, that
more thermal loss power can be absorbed by the IGBT modules
which is mainly caused by the thermal capcitances Cth,i .
To calculate the maximal possible operation time of the converter setup the switching and conduction losses for each switch
under each operation condition has to be determined. By using
(3.15) the maximal acceptable thermal resistance Rth,max can be
defined which limits the rise of the junction temperature to the
maximum Tj,max = Tambient + ∆Tj,max .
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Rth,max

=
=

Tj,max − Tambient
PV
∆Tj,max
PV

(3.15)

This required thermal resistance Rth,max can be compared with
the transient thermal impedance of the semiconductors to determine the maximal operation duration. Thus it is possible to
translate the loss power to the maximal operation time of the
converter setup. In Fig. 3.20 this calculation has been performed
for a converter setup with 6 interleaved HF modules, using Microsemi APTGT300A60G and each an inductance of 18 µH, and 2
paralleled LF modules using Microsemi APTGT600A60G. The converter’s output current is Iout = 1.4 kA which means every HF
module has to generate an average output current of Iavg,HF =
233 A and each LF module Iavg,LF = 700 A.
500

Maximal Current for Tp = 100 ms

Output Voltage VC [V]

1 ms
400
Worst Case
300
10 ms

200

100 µs

Continuous Operation
100

0

0

50

100

150

200

250

300

350

400

Average Output Current Iavg [A]

Figure 3.20: Safe operation area of the 3 level converter system in dependency of the pulse length Tp for a maximal temperature
difference between junction and case of ∆Tj,max = 40 K enabling 106 pulses of the source.

The maximal operation time is varying for different operation
points. In general the maximal possible operation time is decreas-
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ing with a rising output current which is caused by the rising conduction and switching losses. Furthermore there is a dependency
on the output voltage Vout which is a result of the different output current ripples. The plot shows a step of the operation times
for voltages Vout < 275 V and voltages Vout > 275 V. This shows,
that the limitating factor for the operation time in this case is the
number of LF modules. For Vout < 275 V the diode is conducting
which have slightly worse electrical and thermal properties than
the IGBT which is operation for Vout > 275 V.
The analysis of this exemplary result shows on the one hand,
that the limiting factor can be identified (in this case the number
of LF modules) and on the other hand the search for the smallest
possible operation time at an nominal current reveals only a little
about the real maximal operation time. Since the operation point
is usually changing during a pulse also the mean operation time
for a given nominal current has been evaluated.
In this case the minimum of the operation time for a nominal
current of Iavg,HF = 233 A and Iavg,LF = 700 A is Top,max = 8.5 ms
(worst case) and the mean operation time is Top,mean = 88.9 ms
which is a large deviation.
Concluding this method can predict the maximal possible operation time for a converter system. Since there is no clearly defined
operation point of the source but it has to cover a wide output
range also the maximal possible operation times a varying and
there has to be a trade off between reasonable amount of semiconductor modules and maximal operation time.
3.2.2 Optimization of the Converter
The optimal converter design is a trade off between multiple
boundary conditions which have been described in the prior sections and a reasonable volume and costs of the converter system.
To find this optimal solution all introduced calculation methods
have been implemented to an algorithm to calculate a certain
converter setup. In Fig. 3.21 the flow chart of the optimization
procedure is shown which is starting with the selection of a converter setup. This means the number of HF (nHF ) and LF (nLF )
modules is selected, the resulting average current Iavg per mod-
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ule is calculated and the required inductor value Lm, Target for the
HF modules is calculated.
In a first step the inductor of the HF modules is optimized.
Like described in section 3.1.3 an iron powder core without any
air gap should be employed. Therefore different core shapes and
different iron powder materials are selected and the optimal number of turns and parallel cores are calculated. Finally the inductor
with the smallest volume is selected for the further process. Since
there is no air gap to adjust the inductance value exactly, the final
inductance value Lm can differ ±20 % from the reference value
Lm, Target .
The next step of the calculation of the converter is the identification of the semiconductor losses. Since the converter should
operate at a wide output voltage range the loss calculation is
done for a sweep of the voltage Vout . Therefore the current waveform of an HF modules caused by the inductance is calculated
and by adding nHF of this current waveforms each phase-shifted
the current waveform of the LF modules is determined.
by n2π
HF
This waveforms are used to calculate the thermal conduction
and switching losses like shown in the beginning of this section.
Following the maximal operation time of each semiconductor
switch or diode is estimated and both values are stored as results.
Beside the losses and the maximal operation time the volume
is calculated. Therefore the volume of the inductor cores with an
additional amount of mounting space (factor 1.5) and the estimation of the IGBT module including heat sink, IGBT driver and
mechanical support is used.
In Fig. 3.22 the result of this calculation is depicted for 2 different designs of the new 3 level converter topology (N3L). While
the LF modules utilize the same type of IGBT [61] the HF modules employs two different kind of IGBTs [60, 61]. To compare
the results to existing topologies a 2 level topology with a DC
link voltage of 800 V and employing 1200 V IGBTs [65] and a neutral point clamped (NPC) topology with 2 × 400 V DC link voltage and the same type of IGBTs [60] like the N3L topology has
been also investigated in the same way. Since the NPC topology
requires four switches and two additional diodes the volume of
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Figure 3.21: Calculation flow chart of the optimization method including
the optimal design of the inductor and the sweep for all
different output voltages.
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Table 3.4: Semiconductor types and volumes for the different investigated converter topologies.

Topology

Semiconductor

Volume
VModule

2 Level

Infineon FF300R12ME4

3L

NPC

Microsemi APTGT300A60G

6L

N3L

HF

Microsemi APTGT300A60G

3L

Design 1

LF

Microsemi APTGT600A60G

1.5 L

N3L

HF

Microsemi APTGT600A60G

3L

Design 2

LF

Microsemi APTGT600A60G

1.5 L

each module is increased compared to the other modules. Furthermore the total die area per module is approximately 3 times
larger than at the other modules. All semiconductors of the different topologies are listed in Table 3.4.
All topologies show basically the same result at the thermal
losses in comparison to the converter’s volume. For a little number of modules a low volume can be achieved but the thermal
losses are extremely high since the IGBT modules are operated
far above their nominal current. With a rising number of modules the volume is increasing and the losses are decreasing since
the current is distributed to multiple IGBT devices. But since the
losses - especially the conduction losses - are not scaling linearly
with the module current (see (3.10)) for higher numbers of modules the losses are increasing again. So there is an optimal number of modules which results in a certain volume at the minimal
thermal losses.
Because the 2 level topology has its loss minimum at a very low
volume an extremely compact setup would be possible. Nevertheless the 1200 V IGBTs are generating significantly higher switching and conduction losses and thus the setup has more than 100 %
higher losses compared to the N3L topology. The NPC topology
benefits from the 600 V IGBTs which results in reduced losses. But
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Figure 3.22: Pareto front for a 2 level, a neutral point clamped (NPC)
and the proposed converter topology (N3L) showing a.) the
semiconductor losses versus converter volume and b.) worst
case operation time at nominal load versus converter volume.

at this topology always 3 semiconductors are in the conducting
path which increases the conduction losses compared to the N3L
topology. Furthermore more semiconductors are needed and the
converter would require a larger volume.
The N3L topologies combines the benefits of both setups - having only a low number of modules and conducting semiconductors and enabling the use of 600 V IGBTs - and allows a compact
design at the lowest losses.
In Fig. 3.22.b the maximal operation times under worst case
conditions are shown. Reasonable operation times can be reached
for all setups as soon as six or more modules are parallelised. On
the one hand the current ripple per module is reduced, result-

3.2 analytic modelling and optimisation

ing in a reduced maximal current Imax = Iavg + 21 IPP and on the
other hand the average current Iavg per module is reduced so
that operation under worst case conditions for more then 10 ms
is possible.
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Figure 3.23: Pareto front for the new 3 level converter topology with different semiconductors showing the average operation time
at nominal output current versus the converter volume.

Since the converter is not operated under constant conditions
but the output voltage and current is changing continuously the
worst case operation time as design boundary would lead to oversized converter setup. A better benchmark to select the design is
the mean operation time for all different output voltages Vout at
maximal output current which is shown in Fig. 3.23. The calculated times are approximately ten times higher than the worst
case conditions.
By evaluating the optimization result two possible setups for
the converter system has been identified. The combination of six
HF modules and two LF modules show for both designs of the
N3L topology the same maximal and mean operation times. This
is an evidence that the number of LF modules are the limiting factor in this case. By increasing the number of LF modules to three
the operation time of design 2 can be increased significantly to almost continuous operation while design 1 remains almost at the
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same maximal operation time. This shows that the combination
of six HF modules and two LF modules is utilizing its semiconductors in an optimal way and furthermore the worst case operation time is in the range of 10 ms and the mean operation times is
at 100 ms at maximal output current. This is sufficient since the
energy storage capacitors are allowing pulse length with maximal output current between 20 ms and 40 ms.
3.3

design of the prototype system

The mechanical design of the prototype system follows the basic
idea of HF and LF modules. This implies a modular design which
is using in a wide range the same mechanical parts and modules
can be easily exchanged in case of a failure.
The basic design of both kinds of modules utilizes a heat sink
on which the IGBTs are mounted. Towards the energy storage capacitors additional low inductive DC link film capacitors are utilized to avoid overvoltages during the switching actions of the IGBTs. Thus each module is buffered with additional 400 µF which
is connected by copper bus bars to the IGBT module. By using
sheet copper where the positive and negative DC link voltage
level is mounted on top of each other, isolated by a 0.3 mm foil, a
very low inductive connection can be achieved. The measurement
of the exact stray inductance is difficult since the dimensions of
suitable current measurement devices are so large, that the optimized bus bar geometry would be already affected. Estimations
of the stray inductance shows values below 50 nH. Since the HF
module is supplied by the energy storage capacitors C1 and C2
and the LF module uses C2 and C3 the module capacitors are
also damping oscillations of the voltages VC1 , VC2 and VC3 .
The further module design is different for HF and LF. A paperbased plastics is connected to the heat sink of the HF module
which carries the two inductor cores of the output inductor. The
13 windings around are generating a calculated output inductance of Li = 20 µH. The real values are differing slightly and are
listed in Table 3.7.
Beside the basic load circuit each HF module has a dual gate
driver which controls and monitors the IGBT module. The de-
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IGBT Module
DC Link Capacitors

Output Connector

Heatsink

Current
Measurement

Connection to
Storage Capacitors
IGBT Driver

Output Inductor

Figure 3.24: High frequency submodule, including the output inductor,
the low inductive DC link capacitors to avoid over voltages,
wide copper busbars to reduce the parasitic inductance and
an inductive current measurement.

tailed functions which have been implemented on the driver circuit and within the control are described in section 3.4.2.
To be able to distribute the total output current between all six
HF modules equally it is necessary to measure the output current
of each module. Thus the module current controller described in
section 3.4.1 can balance the average output current Iavg,i of the
modules. Therefore at the output of the inductor a current transformer with one primary winding and 100 secondary windings
has been employed. The secondary current is measured by using
a resistive shunt and converted by a 12 bit analog digital converter with 5 MSPS. The transmission of the signal is described
in section 5.2.
The HF module is depicted in Fig. 3.24 with a total volume
of VHF = 4.6 L. The dimensions of the modules are l = 341 mm,
w = 73 mm and h = 183 mm. The connection to the energy storage capacitors is on the left hand side in the photo and the output connector is on top at the output current measurement. The
isolation distance between two modules is diso = 10 mm which
increases the required volume per module by Viso = 0.6 L.
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DC Link Capacitors

Heatsink

IGBT Modules

Connection to
Storage Capacitors
IGBT Driver

Figure 3.25: Low frequency submodule, including the two paralleled
IGBT modules, the low inductive DC link capacitors capacitors to avoid over voltages and wide copper busbars to reduce the parasitic inductance.

The LF modules do not require an output inductor or a current
measurement. Thus the required modules space is significantly
reduced and two half bridge IGBT modules can be integrated to
one LF module like depicted in Fig. 3.25. While the connection
to the energy storage capacitors is solved in the same way like
at the HF modules, the mid point of the half bridge is connected
to ground. The cables to do so are not depicted in Fig. 3.25. The
height h and the width w of the module are the same like HF
module while the the LF module is shorter with l = 295 mm.
Since all modules are installed in parallel the required volume
for the LF module is the same like for the HF module.
All components of the modules are listed in Table 3.5.

Table 3.5: Components of the prototype system of the 3 level buck converter system including the energy storage electrolyte capacitors.

Component

Type

Description

Switches S1 and S2

6

MicroSemi APTGT 300A60G

VCE,max = 600 V, ICE,N = 300 A

Switches S3 and S4

2

MicroSemi APTGT 600A60G

VCE,max = 600 V, ICE,N = 300 A

Inductor core

12

Magnetics Kool Mu 0077337A7

∅ = 134 mm, Ae = 678 mm2

HF litz wire

Pack Feindrähte Classic AWG 44

1260x0.1 mm
C = 200 µF, Vmax = 500 V

Snubber capacitors

14

Electronicon E53.N51-204H10

Current

12

Magnetics Ferrite
P-type ZP46113TC

measurement core

∅ = 62 mm, Ae = 157 mm2

IGBT heat sink

6

Fischer Electronic SK92 150 mm

K
Rth = 0.3 W

IGBT heat sink

1

Fischer Electronic SK047 150 mm

K
Rth = 0.15 W

Eneregy storage

41

Vishay MAL 2102 82333 E3

C = 33 mF, Vmax = 200 V

capacitors

80

Vishay MAL 2102 85153 E3

C = 15 mF, Vmax = 350 V

3.3 design of the prototype system
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3.3.1 Design of the Energy Storage Capacitors
The energy storage capacitors C1 , C2 and C3 supply the converter setup during the pulse operation. Since the 3 level converter is employed to generate the current waveform of UnACuSo
it is crucial that the operating conditions, i.e. the voltages VC1 ,
VC2 and VC3 , remains within a certain range. Therefore in a first
step the capacitors currents has to be identified and the required
capacitance values have to be determined.
2000
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Capacitor Currents IC [A]
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Figure 3.26: Mean value of the currents of the energy supply capacitors
C1 , C2 and C3 in dependency of the output voltage VC at a
total output current of Iout = 1.8 kA.

In Fig. 3.26 the mean and RMS values of the capacitor currents IC1 , IC2 and IC3 are depicted. They are calculated by using
the optimization results found in the previous section. While IC1
and IC3 are always negative which means that the capacitors are
under all operating conditions discharged, the current IC2 can
charge and discharge its corresponding capacitor.
The capacitor currents cause a voltage drop ∆VC,i of the capacitor voltages VC,i , which depends on the capacitor size Ci . With
a rising capacitance value on the one hand the required volume
for the capacitor rises and on the other hand the ratio between
stored energy WC,i and used energy ∆WC,i decreases (3.16).

3.3 design of the prototype system

2

VC,i − ∆VC
∆WC,i
= 1−
2
WC,i
VC,i

(3.16)

In Fig. 3.27 the voltage drop ∆VC,1 and the remaining energy is
depicted for the capacitor C1 = 0.555 F for operation times Tp <
100 ms. At an output current of Iout = 1.4 kA the voltage drop
after 20 ms is about ∆VC,1 = 50 V and approximately 31 % of
the capacitor’s energy is used. At lower output current of Iout =
350 A the operation time can be extended to 80 ms with the same
drop and energy usage.
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Figure 3.27: Voltage drop ∆VC,1 and remaining energy for the capacitor
C1 = 0.555 F at different output currents Iout for operation
times up to 100 ms.

The same design rule is applied to design the capacitances C2
and C3 and the values are listed in Table 3.6.
Caused by the interleaving of the six HF modules the capacitor
currents do not have a large remaining current ripples (see section 3.4.5). This results in an RMS value of the capacitor currents
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Table 3.6: Capacitance values for the different voltage levels and voltage
drop and used energy for a pulse with Iout = 1.4 kA and Tp =
20 ms.

Voltage

Capacitance

Energy

Voltage

Used

Drop ∆VC

Energy

VC1

37 × 15 mF

24.15 kJ

50.5 V

31.2 %

VC2

41 × 33 mF

10.57 kJ

20.7 V

30.4 %

VC3

43 × 15 mF

20.97 kJ

43.4 V

31.1 %

which is nearly equal to the mean value of the current. This reduces the demands for the capacitors since the RMS value is only
as high as the mean value and a larger variety of capacitor types
can be used.
Due to the low inductive design film capacitors can provide
large pulse currents. Unfortunately the achievable energy density
is low in comparison to electrolyte capacitors. Since the required
capacitance values are quite high a large number of paralleled
capacitors are needed. This reduces the current per capacitor and
thus the use of specialised pulse electrolyte capacitors is possible
[85]. This enables an high energy density and a compact capacitor
bank design.
The higher internal resistance of the electrolyte capacitors (ESR)
is compensated by the use of the DC link capacitors at the input
of the HF and LF modules. Furthermore a low inductive connection of the electrolyte capacitors to the modules is required
to avoid voltage drops at the modules. The basic idea is to reduce the loop window between the positive and negative rail of a
voltage level to achieve a low parasitic capacitance. Furthermore
wide copper sheets lower the ohmic resistance of the connection.

Electrolyte Capacitor with Polarisation

Connection

No Connection

VC1

VC3

a)

b)

c)

d)

Figure 3.28: Capacitor bank design inlcuding a) the distribution of the different capacitors, in b) and c) the busbars to
connect the capacitors and in d) the explanation of the color code.
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The different potentials of the capacitor bank are depicted in
Fig. 3.28.d) where each potential is assigned a color. The arrangement of the capacitors in Fig. 3.28.a) fulfills the ratio defined in
Table 3.6 and groups capacitors with the same voltage potentials.
Thus it is possible to connect the capacitors with two layers of
sheet copper (depicted in .b) and .c)) in a very low inductive way.
This means, that in each case the positive and negative rail of a
capacitor voltage level are directly on top of each other with an
isolation layer of 0.3 mm.

a)

b)

c)

Figure 3.29: Lower part of the capacitor bank: a) arrangement of the capacitors, b) lower bus bar layer and c) upper bus bar layer.

The final setup of the capacitors is shown in Fig. 3.29 where
the capacitors (a), the first copper layer (b) and the second copper layer (c) is depicted. The depicted capacitors are only approximately 65 % of the required capacitance. The rest is arranged in
a second stage, which is mounted on top in combination with
the 3 level converter system. The connection between the two capacitor banks and the converter is also done with sheet copper.
While the capacitors are connected with long copper sheets from
the front to the back the connection to the upper part is arranged
rectangular to distribute the currents equally (see Fig. 3.30).
The capacitor bank has been tested under short circuit conditions where currents up to 150 kA has been generated. This
proves the low inductive design and offers enough margin for a
proper operation of the converter system.

3.3 design of the prototype system

3.3.2 Assembly of the 3 Level Converter System
The final assembly of the current shaping converter consists of
the six HF modules and the double LF module are mounted on
a mechanical frame like depicted in Fig. 3.1. The different input
voltages for the modules are connected in the back by four copper
sheets which are also connected to the capacitor bank.
3 Level
Converter

780 mm

Energy
Storage
Capacitors

660 mm
1390 mm
Control Unit

Figure 3.30: Prototype system of the current source having six HF modules and two LF modules. Furthermore the two stage capacitor bank is depicted and the control system is mounted in
front of the setup.

This frame with the converter is mounted in the front part of
the upper stage of the capacitor bank. Thus it is possible to connect all control and measurement cables directly to the control
system described in section 5.1. For safety reasons additional
grounding points are mounted in front of the converter. The
setup does not contain the power supply to charge the capacitors beforehand. This is done by an external charging cabinet
introduced in section 5.4.
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3.4

operation of the converter system

The operation of the converter system comprises, on the one
hand, control and protection functions to enable a proper and
safe operation of the system. In section 3.4.1 the basic control circuit is introduced and more advanced techniques are described.
Since the adjustment of the control parameters can imply an instability of the controller, protection functions are required to avoid
damage to the source. In section 3.4.2 the implemented hardwarebased and VHDL-based protection features are described.
On the other hand, the remaining ripple of the output current
waveform and special operation conditions like start up and level
shifting of the LF modules ca be optimized. Therefore the influence of derivations of the designed inductance value are analyzed in section 3.4.5 and different approaches to minimize the
resulting current ripple has been investigated and implemented
to the control of the source. Furthermore the startup and level
shifting has been modelled and influence to the control circuit
and the output current has been minimized in section 3.4.3 and
section 3.4.4.
3.4.1 Control of the Converter System
In [86] a comparative evaluation of a cascaded PI control and
two different model predictive control algorithms has been performed with the result, that the PI controller has the largest bandwidth, the smallest Total Harmonic Distortion (THD) and the
smallest demand on calculation power. Thus the control of the
six times interleaved converter system is realized by using a cascaded controller as depicted in Fig. 3.31. Each of the 6 interleaved
HF submodules has a separate inner loop to adjust the same
average inductor current IL,mean,i in all subsystems and a common outer loop to control the value of the total output current
Itotal,mean .
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PI Controller
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-

tw = 8.33 µs
Vout*
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+
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Figure 3.31: Control circuit for the 3 level converter system, consisting of 6 independent control circuits, each with its
own PI controller. Only the PWM modulation of all controllers are coupled and phase-shifted by φi .
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The PWM modulation of each control circuit is phase-shifted
by the algorithm described in section 3.4.5. The use of only one
control loop, which generates the same modulation signal di for
all converters, would generate different average currents IL,mean,i
in each converter system due to tolerances of the inductors and
parasitic effects. This results in unequal distributed thermal stress
of the IGBT submodules. Thus the feedback of the inner control
loop is measuring the inductor currents IL,i and not the total
output current IL,total . To enable a high dynamic behavior of the
converter system, the outer control circuit is calculated with the
interleaved switching frequency fcon,o = 6 · fs . To avoid oscillations of the controller due to the current ripple a moving average value of the total output current IL,total is calculated with a
time window of tw = 1201kHz . The inner controller loops are calculated with its own switching frequency (fcon,i = fs ) and the
1
moving average of IL,i is calculated with tw = 20 kHz
. So the
controller can react every switching period in each case with the
up-to-date measurement values which enables a highly dynamic
response.
The selection and tuning of the parameters for the inner and
outer controller is difficult since the parameters depend on the
load of the converter. Like described before this load is a DC
arc whose characteristic should be investigated. Thus there is no
precise model available for the parameter tuning and this has to
be performed empirical.
The generation of the converter output voltage Vcon,i is realized
by a PWM modulation of S1 and S2 and a comparison to generate
the switching signals for S3 and S4 .
C3
As soon as VC = VC1 +V
the state of S3 and S4 is changed
2
(3.17). To avoid oscillations of the low frequency half bridge module a hysteresis is inserted.

VC1 +VC3


 1 for VC <
2
StateS3 =
(3.17)


 0 for V > VC1 +VC3
C

2
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The modulation value d for the PWM is calculated by using
(3.18). The first part of (3.18) is resulting in a value between 0
and 2 and the switching state of S3 is subtracted.
d=2

VC + VC2
− StateS3
VC1 + 2VC2 + VC3

(3.18)

By combining both (3.17) and (3.18) the modulation index d is:




d=





VC +VC2
VC1 +VC2

for VC <

VC1 +VC3
2

for VC >

VC1 +VC3
2

(3.19)
VC −VC3
VC1 +VC2

3.4.2 Converter Protection Functions
A converter system with more than 50 kJ energy stored in the DC
link capacitors requires a careful design of protection and safety
function to prevent damage to people and the converter itself.
The personal security is ensured by using a safety circuit which
is described in section 5.4.
The basic protection of the converter from damage is the isolation coordination of the different potentials. Beside that the IGBT
half bridge modules are the most vulnerable part of the converter
system since they are switching large currents within relatively
short times having tight operational limits.
To prevent a breakdown of one of the IGBTs, 3 basic protection
functions are implemented to the driver circuit. This enables a
fast reaction to faulty operation condition independent from the
superordinate control platform. A simple and cheap way to protect IGBTs of overcurrent and thus thermal overload of the semiconductor is the measurement of the collector emitter voltage VCE
of the IGBT [87]. Therefore a circuit like depicted in Fig. 3.32 is
utilized. As soon as the IGBT is turned on the voltage is VCE is
decreasing and the diode D1 is starting to conduct. Thus the voltage drop VCE + VF can be measured at the point A. To enlarge the
precision of the measurement a differential amplifier is utilized
to measure the difference between emitter potential and point A.
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Figure 3.32: Measurement of the voltage VCE to prevent the IGBT of desaturation.

The voltage VCE is directly depending on the collector emitter current ICE . Although the relation is not linear the voltage VCE can
be used to detect overcurrents by using a comparator to compare
it to a maximal voltage VCE,max . This digital signal is transmitted
back to the control for monitoring reasons.
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Figure 3.33: Overvoltage protection of the IGBTs by a) active clamping
and b) dV
dt limiting.

Another reason for destruction of an IGBT are overvoltages
generated by parasitic inductances during the switching process.

3.4 operation of the converter system

To avoid damage of the IGBT a dV
dt limitation and an active clamping circuit has been implemented to the IGBT drivers which is depicted in Fig. 3.33. The detailed functionality is describe in [88].
Beside the hardware protection functions which are integrated
to the IGBT gate drivers the FPGA based control platform has
implement several more protection functions. Complementary to
the hardware protection the control has also an monitoring unit
for IGBTs. On the one hand this is evaluating the feedback signal
of the IGBT and comparing it to the generated switching signal.
If the IGBT is not turning on after a certain time after sending
the corresponding command an error is generated (runtime error).
The same applies if the driver reports a turned off IGBT although
the command signal is still on (trigger error). Additional the monitoring unit observers the absolute time the IGBT is turned on or
off. During the maximal on / off time for the switch the current
ICE cannot exceed the specified operation range for most cases.
This prevents an overcurrent even before it occurs and is capturing erroneous control values. Especially this protection function
is very simple to implement and is very effective for the safety of
the converter.
In addition to this IGBT related monitoring and protection
functions the measurements are also checked. The maximal average current of a module is monitored to avoid large thermal
stress (see section 3.2.1). Since the current IL,i of the output inductors Li cannot have any steps the continuity of the measurements is observed, too. The same applies for the voltages VC,i of
the capacitors Ci . This function is detecting faulty measurement
values which are caused by disturbed measurement devices due
to EMF. This would lead to undefined controller reactions and
thus most probably to an overcurrent of one of the HF modules.
Hence the IGBT modules are protecting itself and the detected
errors of the driver are transmitted to the control. The control
unit itself is limiting the maximal on / off time of the semiconductors and also monitoring the measurement inputs. Thus the
converter is protected against most fault conditions with very low
hardware afford and some additional programm code.
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3.4.3 Start Up Optimization

tdelay, i
IRipple
2
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ms, i · tstartup, i
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Module Currents IL, i
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IRipple ms, 1 · tstartup, 1
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IL, 1
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Figure 3.34: Operation Principle of the startup process for 2 interleaved
converters.

Since the operation time of the source is limited, the startup of
the 3 level converter is optimized in that way, that the converter
starts with a mean output current of IL,mean,total = 0 A within a
time of 100 µs. Afterwards the current can be set to an arbitrary
value.
To achieve IL,mean,total = 0 A each HF module also has to generate a mean output current of IL,mean,i = 0 A after the first switching period which has been investigated in detail: Each module is
generating a triangle output current with an amplitude of IRipple,i
(3.21) which is deviated from the basic inductor differential equation. The ripple depends on the DC bus voltages VC1 and VC2 ,
the output voltage VC , the inductor Li and switching period
length ts . By using modulation index (3.20) and (3.21) the current ripple can be calculated for the steady state case.

m0 =

VC + VC2
VC1 + VC2

(3.20)

3.4 operation of the converter system

IRipple,i =

(VC1 + VC2 ) · m0 · (1 − m0 ) · ts
Li

(3.21)

In order to reach this state after the startup time of the module
tstartup,i the inductor current has to be IL = − 12 IRipple,i for an
average output current of 0 A.
The minimal startup time tstart,min of the first module can be
calculated by using (3.22). To have an additional degree of freedom for optimizing the startup process the time tstart is not set to
this minimum.

tstart,min =

− 12 IRipple,i · Li
VC − VC2

(3.22)

The first converter is starting immediately but the delay time
tdelay,i for startup of the other converters can be varied and is
used to optimise the startup. Therefor in (3.23) the variable k
is introduced. For k = 1 the converters are starting all equally
distributed during tstart .

tdelay,i = k

i−1
nConverter

tstart

(3.23)

Depending on the startup delay tdelay,i the end of the first
switching period of the converter i can be calculated by using
(3.24) with respect to the phase shift angle φi + ϕi causing the
time tPS,i .
tstartup,i = tstart − tdelay,i + tPS,i

(3.24)

To achieve an inductor current of IL = − 12 IRipple,i the modulation index of the first switching cycle tstartup,i is different from
the steady state modulation index m0 and can be calculated by:

ms,i =

VC2 · tstartup,i − 12 IRipple,i · Li
(VC1 + VC2 ) · tstartup,i

(3.25)
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Figure 3.35: Mean value Iout,mean of the total output current Iout during
startup with varying start up time tstart and delay factor k.
The operation point was chosen with k = 1.05 and tstart =
21.5 µs.
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Figure 3.36: Comparison of the calculated and measured startup currents of the 6 interleaved modules.

Thus it is possible to optimize the startup modulation by using two degrees of freedom: the start up time tstart and the delay
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Figure 3.37: Comparison between the calculated and the measured total
output current Iout of the system for a current reference of
Iout,ref = 0 A. The calculation is not including any parasitic
effects like series resistance, a common parasitic output inductance nor parasitic capacitors.

variable k. In Fig. 3.35 the evaluation of the mean value of the
total output current IL,mean,total for different combinations are depicted. Since this can also differ 0 A, only valid points can be
selected. The startup time has been chosen by tstart = 21.5 µs and
the delay factor k = 1.05 since for that the combination the margin for tolerances is the largest.
By using this values the startup switching times have been
calculated and implemented on the converter control platform.
In Fig. 3.36 and Fig. 3.37 the calculated and measured module
currents and the total output current are depicted. The deviations between calculation and measurement are caused by the
limited bandwidth of the used current measurement devices of
the control system and by the neglected parasitic capacitances,
resistances and inductances. Nevertheless the basic function has
been implemented and the total output current ripple is even
smaller than the calculated one.
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3.4.4 Modulation during Voltage Level Shifting
As soon as Vout is rising above the threshold voltage Vth (VC1 <
Vth < VC3 ) the LF module is shifting the voltage levels from
Vcon,lower ∈ {VC1 , −VC2 } to Vcon,upper ∈ {(VC1 + VC2 + VC3 ) , VC3 }.
This requires also a change of the modulation index mi of the HF
modules. If this step change of the modulation index is only performed by the PI controller of the HF modules, oscillations of the
current IL,mean,i would result, since the change of mi requires a
few switching periods.
To avoid this oscillations of IL,mean,i the level shifting modulation is using the state of S3 to fulfill the following requirements:
1. The mean module current IL,mean,i before and after changing the state of the LF module has to be the same.
2. Also during the level shifting period the mean module current IL,mean,i must remain the same.
3. The PI controller should not be affected by the level shifting.
In Fig. 3.38 the principle of the level shifting is depicted for
an output voltage VC = 0.5 (VC1 + VC3 ). This means that the
voltage across the inductor is changing from VL,lower to VL,upper
(3.26).

VL,lower

∈

VL,upper

∈

VC1 + VC3 VC1 − VC3
,
2
2
VC1 − VC3
VC1 + VC3
−
, VC2 +
2
2
−VC2 −

(3.26)

The voltages VL,lower and VL,upper have the same absolute values but the sign is opposite. Hence one approach is the inversion
of the switching signals for the HF modules (Mode 1 in Fig. 3.38).
For a constant average output current IL,mean the mean voltage
VL,mean across the inductor is 0 V before and after the level shifting:
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No Mode
Mode 1
Mode 2
PWM Counter

a)

No Level Shifting and Mode 1
Mode 2

Reference Value
1

0

b)
Module Current IL,i

No Level Shifting

Mode 2

Mode 1

c)
LF State
d)

t1

t1+TP

t1+2TP

t2

t1 +3TP

t2+TP

t1+4TP

Figure 3.38: Operation LevelShifting Principle

VL,mean

= 0V
 t1 +Tp
VL,lower (t) dt
=
t1

=

 t2 +Tp
t2

VL,upper (t) dt

(3.27)

But during the shifting period Mode 1 generates VL,mean = 0 V
which results in a change of IL,mean (3.28), depicted in Fig. 3.38.c).
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This is caused by the inverted voltage VL,i which generates a
divergent modulation index m∗i .

∆IL,mean ∼

 Tp
0

VL (t) dt

(3.28)

To keep IL,mean,i constant it is necessary either to adjust the
modulation index mi or to change the length of the period Tp .
Changing mi is only effective, if the PWM generation has not
reached the switching point of time, where the upper switch is
turned off and the lower one is turned on. If the lower switch is
already turned on, the change of mi has no impact anymore for
the current switching period and hence the voltage VL,mean,i can
not be balanced resulting in a deviation of IL,mean,i .
HF Module 1

HF Module 2

HF Module 3
Φ 3 + φ3
Φ 2 + φ2

Level
Shifting

-Φ3 - φ3
-Φ2 - φ2

Time

Figure 3.39: Operation LevelShifting ChangePhaseShift

Another approach is the modification of the period length TP
for the level shifting period. This would solve the problem with
balancing the voltage VL,mean,i with the drawback, that the phase
shift between the 6 HF modules would be changed to an unequal
distribution.
The solution is the inversion of the counting direction of the
PWM generation like depicted as Mode 2 in Fig. 3.38. As soon as
the LF module shifts the voltage levels, the switching signals for
the HF modules are inverted and the PWM counters decrease the
counting values. This results in a constant mean inductor voltage
VL,mean,i for the level shifting period and thus a constant mean
output current IL,mean,i . By inverting the counting direction of the
PWM generation the length of the level shifting period TP,shift is

3.4 operation of the converter system

changed. But since all counters of all HF modules are inverted at
the same time, the phase shift angle ϕi is inverted like depicted
in Fig. 3.39.
Another benefit is that the modulation index mi can remain at
the same value. For Vth = 0.5 (VC1 + VC3 ) this means mi,upper =
1 − mi,lower (3.29).

mi,upper

=

mi,lower

=

VL,i − Vth − VC3
VC1 + VC2 + VC3
VL,i − Vth + VC2
VC1 + VC2

(3.29)

To further increase the mean converter output voltage Vcon,mean
the modulation index mi has to be decreased in Mode 2 due to
the inverted switching signals. For the controller this inversion is
compensated within the PWM generation block.
The implementation of Mode 2 into the real converter control
demands the compensation of the interlocking times of the IGBT
half bridge modules and the use of a voltage hysteresis Vhyst
around the level shifting voltage threshold Vth to avoid oscillations of the LF module.

mi,upper

=

mi,lower

=

VL,i − Vth ± Vhyst − VC3
VC1 + VC2 + VC3
VL,i − Vth ± Vhyst + VC2
VC1 + VC2

(3.30)

The hysteresis Vhyst around the level shifting threshold Vth
causes that the modulation indexes before and after the level
shifting are not equal anymore (3.31).
mi,upper 6= 1 − mi,lower

(3.31)

Since the controller outputs remain constant during level shifting only the modulation index mi has to be recalculated to solve
the problem.
The Mode 2 has been implemented and the measurement results of are depicted in Fig. 3.40. In .b) the measurements with
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Figure 3.40: Comparison between calculated and measured level shifting. In a) and d) the switching signals (red and green) and
the feedback signals (blue and purple) of the HF and LF
modules are displayed. In b) the measured and calculated
module current IL,5 is shown and d) is demonstrating the
effect to the total output current.

the FPGA based control system, with an oscilloscope and the
simulation results are compared for the module i = 5. The simu-
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lation and measurement results are slightly different because the
simulation is assume a constant Vth without any threshold. Furthermore, the simulation does not contain any parasitic elements.
3.4.5 Current Ripple Minimization
The effect of the ripple cancelation is depicted in Fig. 3.41, showing the remaining output current ripple at different output voltages. Each HF submodule has a relative output ripple of 25 %
with respect to the total output current IL,total . By interleaving,
this ripple can be reduced to values between 0.5 % and 6 % depending on VC . There it is assumed that all inductors have the
same inductance Li .
7

Real Inductor (L
( i not const)

Current Ripple [%]

6
5
4
3
2

Ideal
Inductor
( i const)
(L

1
0
0

50

100

150

200

250

300

350

400

450

500

550

Output Voltage VC [V]

Figure 3.41: Current ripple of the sum of the inductor currents IL,i in relation to the reference output current Iref for six interleaved
converters.

For repetitive tests with constant reference currents Iref and
output voltages VC , the output current ripple can be minimized
by changing the ratio of the capacitor voltages VC,1 , VC,2 and
VC,3 . This means during charging the capacitors for a pulse the
voltage reference values for VC,1 , VC,2 and VC,3 has to be changed.
With this it is possible to move the curves in Fig. 3.41 in that way,
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that the operation point is at a minimum ripple and generate a
very flat top of the current pulse with 0.5 % ripple.
An additional ripple on the output current is caused by manufacturing tolerances of the inductors resulting in different inductance values. Therefore, in [89] a sorting algorithm is introduced, which measures the current ripple of each submodule.
Submodules with similar ripples are controlled with a phase shift
of 180° to cancel the resulting ripple. Beside the fact, that this algorithm is only applicable to odd numbers of submodules the
ripple cancelation is not optimal. In [90] an enhanced algorithm
is proposed, which uses the sorting algorithm of [89] for Nconv − 2
modules and cancels the remaining ripple by vector addition of
the last two submodule current ripple vectors.
This concept has been adapted to the proposed converter system by calculating the resulting ripple of 4 of the 6 sub modules
(see Fig. 3.42). Therefore the peak-to-peak currents IPP,i , which
are identified by measuring the currents at the switching transitions, are added by using the amplitude |IPP,i | and phase-shift
angle φi (3.32):

Isum,PP =

Nconv
X−2

|IPP,i |ejφi

(3.32)

i=1

The resulting ripple vector Isum,PP is compensated by adjusting
the phase-shift angles φ5 and φ6 by using (3.33) (see Fig. 3.42).

φ5 = αsum + π − βsum,PP
φ6 = αsum + π + γsum,PP

(3.33)
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IL1,PP
IL6,PP

IL2,PP IL6,PP
γsum, PP
Ires, PP

IL5,PP

a)

βsum, PP

αsum, PP
Isum, PP

IL3,PP IL5,PP

IL4,PP

b)

Figure 3.42: Vectorial addition of the ripple currents of the submodules:
a) no adjustment of the phase-shift angles resulting in a remaining ripple vector and b) addition of 4 submodule peak
currents and cancelation of the resulting ripple by adjusting
the phase-shift angles φ5 and φ6 (3.32).

The angles βsum,PP and γsum,PP can be calculated by using (3.34)
[90].


r
βsum,PP = 2 arctan
s − |IPP,6 |


r
γsum,PP = 2 arctan
s − |IPP,5 |
r
(s − |Isum |)(s − |IPP,5 |)(s − |IPP,6 |)
r=
s
|Isum | + |IPP,5 | + |IPP,6 |
(3.34)
s=
2
A further improvement can be achieved by calculating the complex fourier coefficients IL,i (f) of the inductor currents IL,i and
minimize the vectorial sum of the first N harmonics of them.
Therefore in (3.35) the part within the absolute value bars calculates the sum for the k-th harmonics. By using the outer sum
this is done for the first N harmonics and the resulting function
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Table 3.7: Measured inductances of the 3 Level Converter and the resulting phase shifts for the no optimization, minimization of the
1st harmonic, of the 1st and 2nd harmonics, of the 1st , 2nd and
3rd harmonics and the peak compensation like introduced in
[90].

Meas.

No

1st

2nd

3rd

Peak

Inductance

Opt.

Harm.

Harm.

Harm.

Comp.

1

21.52 µH

0°

0°

0°

0°

0°

2

21.33 µH

60°

59.3°

65.3°

60.5°

60°

3

21.30 µH

120°

120.7°

121.5°

121.4°

120°

4

21.10 µH

180°

180.9°

187.0°

182.0°

180°

5

21.66 µH

240°

240.6°

240.4°

240.7°

242.2°

6

22.12 µH

300°

298.0°

304.8°

299.8°

269.2°

f could be minimized by numerical calculation methods to find
the optimal ϕi .
f (ϕ2 , ..., ϕ6 ) =

N
X
k=1

IL,1 (kω) +

6
X

IL,i (kω) · ejk(φi +ϕi ) (3.35)

i=2

To apply this different ripple minimization methods to the converter, the inductance values Li of the different HF modules has
been measured and listed in Table 3.7. While the peak compensation method [90] can be calculated with analytic methods, the
fourier component compensation has been solved by using a numeric solver. Thus it is not possible to calculate this online during
the operation, but the phase shift angles are fixed during operation. Nevertheless during operation no changes of the angle is
required since the optimization is showing the same ϕi for all
output voltages VC .
By changing the phase shift of the different modules a few degrees from the original phase shifts it is possible to reduce the
remaining output current ripple by up to 20 %. While the peak
compensation is minimizing the ripple not all over the opera-
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Figure 3.43: Calculated and optimized remaining output current ripple
for the measured inductor values. The peak compensation
method is proposed in [90] while the harmonics cancelation
is done by minimizing (3.35) for N = 1, N = 2 and N = 3. In
a) the calculated values and in b) the measured values are
depicted

tion area and thus is not improving the output, the compensation
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of the fourier components by using (3.35) is reducing the ripple
significantly. While for N = 1 and N = 2 there is still an improvement visible, for higher orders of N the improvements are
marginal (c.f. Fig. 3.43.a) ). Therefore, VC is transformed to the
modulation index m by using (3.36):

m=

VC + VC2
VC1 + VC2

(3.36)

350
300

Current [A] / Voltage [V]
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Figure 3.44: 3 different measurement results of stepwise rising output
currents at a resistive load to evaluate the current ripple at
different output voltages VC . By using the additionally measured capacitor voltages VC1 and VC2 it is possible to calculate the modulation index for the different output current
plateaus.

To validate the calculations the remaining output current ripple has been measured by using a resistive load. A constant output current is resulting in a constant output voltage. In Fig. 3.44
the measured voltage and current waveforms for three different
pulses are shown. Every 5 ms the output current is increased by
10 A and thus the output voltage VC is changing to. Additionally the capacitor voltages VC1 and VC2 are measured. By using
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Figure 3.45: Detailed measurement of the total output current during
one switching period. By applying the different phase shift
optimization approaches, the resulting output ripple can be
reduced by 45 % when comparing the peak to peak values.

(3.36) it is thus possible to calculate the modulation index and
furthermore to measure the current ripple.
In Fig. 3.43.b) the measured current ripples for the different
ripple reduction methods are shown in detail.
The evaluation of the current and voltage waveforms like depicted in Fig. 3.44 shows basically the same results as the calculation. The ripple can be reduced up to 20 % and the minimal
remaining current ripple are reduced at the same modulation
indexes. The absolute value of the ripple is in reality smaller because the calculation neglects the resistance of the inductors and
the additional parasitic output inductance caused by the connection cable to the resistor.
3.5

boundaries of the converter system

The prototype system has been tested with a 0.4 Ω and a 0.5 Ω
pulse resistor. In Fig. 3.46 the measurement and control values
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Figure 3.46: Measurement result of a 100 Hz sinusoidal current waveform with an peak of 1.4 kA and an resistive load of 0.4 Ω.
In a) the reference current value and the measured current
Iout is shown. Corresponding to that in b) the output voltage
and in c) the different module currents are depicted. In d)
the duty cycles for the six HF modules and in e) the state of
the LF module are displayed. This are measurement values
of the control system.

of the control platform for a 100 Hz sinusoidal current with a
peak of 1.4 kA are depicted. The data has been recorded from the
FPGA based control platform and the measurement bandwidth
is limited to 120 kSPS according to the controller frequency of
120 kHz. The different module currents are depicted in c) and
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the combination of all 6 currents is generating the total output
current shown in a). The output voltage Vout in b) is accordingly
proportional while the capacitor voltages VC1 , VC2 and VC3 are
remaining almost constant. At t = 7.5 ms and t = 12 ms the LF
module is switching affecting a change of the duty cycles displayed in d). The change of state of the LF module is not influencing the total output current Iout .
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Figure 3.47: The measurement result shows a 100 Hz sinusoidal current
waveform with a peak of 1.4 kA measured by an oscilloscope. The waveform has a total harmonic distortion (THD)
of 1.71 %.

In Fig. 3.48 the dynamic behavior of the source is depicted,
which is measured by an oscilloscope. For a rectangular current
dI
waveform with an amplitude of 1 kA a current gradient of dt
=
A
2 µs can be achieved. This gradient can be further increased by
implementing more advanced control strategies.
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Figure 3.48: The measurement result is showing an 100 Hz rectangular
current waveform with a peak of 1 kA and a current gradidi
A
ent dt
= 2 µs
with an resistive load of 0.5 Ω.

In Fig. 3.49 a typical current waveform of the source for investigating the DC arc behavior is depicted. For t < 30 ms the arc
would be ignited at a constant DC current of 300 A. For 30 ms <
t < 70 ms a sinusoidal current with an amplitude of 600 A and
a frequency of 300 Hz is generated. At the end of the pulse the
current is descending towards 0 A for t > 70 ms.
Since the energy of the capacitors C1 , C2 and C3 is limited, it
is not possible to generate a pulse of 1.4 kA for the full period of
100 ms but either the maximal current or the pulse length has to
be reduced.
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Figure 3.49: Measurement result of a typical 100 ms pulse with a constant current of 300 A, a 300 Hz sinusoidal current waveform
with an amplitude of 600 A and a linear descending current.
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The modular multi level marx type converter (M3 T C) is used to
generate a stepwise output voltage with a step width of 21 VSt =
550 V. In section 2 the requirements for the converter has been
derived and they are listed in Table 4.1.
Table 4.1: Specifications of the M3 T C converter.

Output Current

1.4 kA

Voltage Step Size

Iout
1
2 VSt

Maximal Output Voltage

Vmax

10 kV

Operation Time

TPulse

< 100 ms

550 V

The comprehensive evaluation in section 2.1 of commercially
available IGBT modules showed that only one supplier offers
integrated IGBT half bridge modules which can handle the required nominal current of 1.4 kA with maximal blocking voltages
of 1.7 kV respectively 1.2 kV. To enable a simple converter topology without parallelized or serially connected IGBTs and in order
to use integrated half bridge modules for small parasitic inductances within the switching path this modules should be used for
the converter.
The requirements define explicit the use of a multilevel converter which is able to generate different output voltages. A first
approach is the neutral point clamped converter which has been
introduced in [59] and considered in section 3 as possible topology. In Fig. 4.1.a) the extension of this 3 level topology to four different output voltage levels is depicted. By using two additional
diodes and splitting the DC link voltage VDC to three equally
distributed voltages it is possible to apply four different output
voltages (0 V, 13 VDC , 32 VDC , VDC ).
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C1
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C2

C3
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b)

Figure 4.1: Different 5 level converter employing in a) a neutral point,
diode clamped topology [59] and in b) a flying capacitor
clamped topology [91].

Theoretically, it is possible to extend this topology to a random
number of output levels. However, the drawback of this approach
is the required additional semiconductors. For each additional
output voltage level an IGBT half bridge module, two diodes and
a DC link capacitor are required. Assuming that the DC link voltage VDC increases for each new output voltage level by VSt the
voltage stress per IGBT module and DC link capacitor remains
constant. Though the voltage stress of the diode configuration
used for the voltage clamping increases by VSt . This means either
diodes with a higher blocking voltage has to be used or multiple diodes have to be serialized. Furthermore the connection between the semiconductors and the DC link capacitors gets more
and more complex.

modular multi level marx type converter

Beside the increasing complexity the scaling or adjusting of
the design to different numbers of output voltages is not possible without reconnecting all IGBT modules and diodes. This
means the output voltage of the converter has to be selected as
fixed parameter at designing the converter. Additionally the voltage balancing of the different DC link capacitors is not possible
when generating arbitrary current waveforms. Thus, a charging
converter has be employed which can charge and discharge each
voltage level of the DC link voltage separately.
Another approach to extend the number of output voltage levels is the flying capacitor clamped topology (FCC) introduced in
[91] and shown in Fig. 4.1.b). The capacitors C1 , C2 and C3 are
charged to VC1 = VDC , VC2 = 23 VDC and VC3 = 31 VDC . By selecting a suitable modulation scheme it is possible to generate the
same output voltages like the four level NPC topology. In general the topology requires only one IGBT half bridge module and
one clamping capacitor per additional output voltage level. This
is a reduced effort in comparison to the NPC topology. Nevertheless, if the DC link voltage increases with each additional output
voltage level by VSt the voltage stress per IGBT half bridge module remains constant. However, the nominal voltage of the added
clamping capacitors increases to n × VSt if n is the number of
output voltage levels.
The drawbacks of this topology are the increasing nominal voltage of the clamping capacitors. Furthermore, the voltage balancing of these clamping capacitors is not trivial but a large variety
of modulation schemes has been developed to balance this voltages during operation [92]. However non of the modulation can
be employed for generating arbitrary current waveforms. Thus,
the capacitors as to be designed so large that the pulse itself does
not have large influence to the voltage levels. The charging and
discharging of the voltage levels requires a charging unit, which
can generate the full DC link voltage at once. As well as the NPC
topology this approach is not easily scalable neither.
To avoid the drawbacks of the NPC and FFC topologies a modular multi level topology (M2 C) is used for the step voltage generation. In Fig. 4.2.a) the topology of the M2 C is depicted. It employs an energy storage capacitor CM,i in combination with an
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CM,i

DM,i

CM,i

CM,1

DM,1

CM,1

a)

b)

Figure 4.2: Topology of an unipolar modular multi level converter employing an energy storage capacitor CM,i and an IGBT half
bridge module. In a) the unipolar M2 C concept is depicted
while b) is enhanced by a diode for recharging like at the
marx generator concept.

IGBT half bridge module. Each module is designed to generate
an output voltage of either 0 V or VSt . To increase the output voltage multiple stages of the M2 C modules can be connected in
series.
Caused by the output current Iout of the converter the capacitors CM,i are discharged if the stage is turned on. This leads to
an unbalanced voltage distribution across the different capacitors
CM,i . However, this reduction of the stage output voltages does
not influence the operation of the converter but only the output
voltage is reduced. Since the converter is supposed to be used
in combination with the current shaping converter described in
section 3 this reduction can be easily compensated.
After each pulse the voltages of the capacitors CM,i has to be
balanced and recharged. Since each capacitor is only connected
to IGBT half bridge module the recharging can be performed by

modular multi level marx type converter

connecting the charging unit to the output of the converter and
activate only one module at a time. Thus, each capacitor is connected to the charging unit directly and the voltage can be balanced. Though, this methods requires to disconnect the load from
the converter for charging. Since the output current of 1.4 kA requires conductors with large cross section areas a suitable switch
or contractor would be very costly.
Vout
RDi
RE
CS

RDi
RC

RE
CS
V0
RDi

RC

Vmax

v(t)

RE
CS
τ1

VCharg
a)

τ2

b)

Figure 4.3: Topology of a marx generator employing spark gaps for connecting the capacitors CS in series and using the resistors RC
and RE for recharging. In b) the output voltage waveform for
a capacitive load with a rise time τ1 and a time to half value
of the pulse of τ2 is shown [16].

Another approach for charging the capacitors is the principle
of a marx generator [16]. In Fig. 4.3 a marx generator is depicted
like it is used to generate high voltage pulse. Before a pulse the
capacitors CS are charged to VCharg by using the resistor RC and

135

136

modular multi level marx type converter

RE . Thus, it is possible to charge all capacitors in parallel with
only one charging converter. For a pulse the lowest spark gap is
triggered by an ignition spark and the radiation of the first arc ignites the other spark gaps. Hence, all capacitors CS are connected
in series. In Fig. 4.3.b) the typical voltage waveform for a capacitive load is depicted where the resistors RDi and RE are used to
adjust the times τ1 respectively τ2 . Further information about the
marx generator and its operation principle are described in [16].
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Figure 4.4: Marx generator topology which utilizes semiconductor based
switches and diodes instead of spark gap and resistors.

The spark gaps of the marx generator can be replaced by semiconductor based switches and instead of resistor diodes can be
used. This results in a topology which is depicted in Fig. 4.4.
This is very similar to the presented M2 C topology except of additional diodes DC in between the stages. The voltage waveforms
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which could be generated by this topology - shown in Fig. 4.4.b)
- are equal to the M2 C topology.
By combining the marx concept with the M2 C topology a modular multi level marx type converter (M3 T C) is created like depicted in Fig. 4.2.b). In contrast to the M2 C scheme an additional
diode is added between the positive potentials of the energy storage capacitors CM,i . While the modulation of the M2 C topology
does not require any voltage balancing of the capacitors CM,i the
diodes DM,i introduces a restriction to the modulation: As soon
as the low side switch of a half bridge module of stage i is turned
on the capacitor CM,i is connected in parallel to CM,i−1 . Additionally if VM,i is smaller than VM,i−1 the diode DM,i starts
conducting and connects two capacitors with different voltages
in parallel. Since there is no current limiting device within the
conduction path in this case the diode would be destroyed. To
avoid this destruction the voltage of the capacitors have to be
maintained by the modulation. Therefore, the modulation has to
ensure that VM,i 6 VM,i+1 under all operation conditions. This
could be easily achieved by turning on first the lowest stages and
the highest stages latest. This is shown in detail in section 4.2.
Charge and Protection
Circuit

Discharge
Circuit

Load Circuit

VCharge, LM

ROV

RCharge

DZ
Di

RDischarge

UOV
DM,i

S1
VSt

KDischarge

CM,i
S2

VM3TC, i

VCharge, LM

Figure 4.5: Detailed scheme of a M3 T C stage consisting of the energy
storage capacitor CM , the IGBT half bridge module (S1 and
S2 ) and the recharging diode DCharge . For protection reasons a discharge circuit and an over voltage limiting varistor
has been added. The diode DCharge is protected by an active
clamping and a serial resistor.
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Since the M3 T C is easily scalable by adding more stages on
top of the stack and connecting the recharging diode to the lower
stage this concept has been chosen for the step voltage source.
The restriction caused by the voltage distribution on the capacitors can be avoided by a simple modulation approach. In Fig. 4.5
the final scheme of a M3 T C stage is depicted. Beside the energy
storage capacitor CM,i and the IGBT half bridge module (S1 and
S2 ) the recharging diode DM,i has been implemented. For safety
reasons a stage integrated discharge circuit is employed which is
controlled by the superordinate control described in section 5.4.
By turning on of the stages there are capacitive and inductive parasitic elements which could cause oscillations and interferences
of the voltage across the diode DM,i . Since the semiconductors
are sensitive to this a varistor is employed to limit the over voltages. Additional an active clamping circuit and a small serial resistor is used to protect the recharging diode DM,i .
4.1

energy storage capacitor design

In order to design a prototype system of the M3 T C converter the
size of the energy storage capacitors of each stage has to be investigated and selected. Although there are different technologies to
build capacitor like using a liquid electrolyte or a ceramic isolator between the different layers, the design focus only on film capacitors. The film based technology is the optimal solution since
the pulse current of electrolyte capacitors is very limited due to
parasitic inductances and resistances. The achievable capacitance
values and energy densities of ceramic capacitors are to low for
the application as energy storage within a M3 T C stage.
In Fig. 4.6 different film capacitor types of different manufacturers are compared. The shown capacitors are suitable to operate
at the nominal voltage of a M3 T C stage of VM,i = VSt = 1.1 kV
and are able to handle pulse currents of 1.4 kA. Therefore, the
capacitance value is displayed versus the volume of the capacitor. In general, the size of the capacitors is linearly rising with
an increasing capacitance. The same effect can be seen in Fig. 4.7
where the energy densities for capacitor with different capacitance values are depicted. Basically, the density remains constant

4.1 energy storage capacitor design
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Figure 4.6: Comparison of different film capacitor types of different manufacturers showing a linear correlation between capacitance
value and capacitor volume.

for different values except capacitor types which are optimized
for very high pulse currents.
Concluding the energy density of available film capacitors is
independent of the actual capacitance value. The capacitor with
the largest capacitance values can be used for designing a M3 T C
stage. This enables a reduced effort for the interconnection of the
IGBT half bridge module and the capacitors. There the energy
density is lower caused by a different internal structure.
In order to evaluate if the capacitance value of 36 mF for a
M3 T C stage is sufficient the defined requirements of section 1.1
has to be considered, in particular the behavior of the resistance
of a DC arc. To drive an arc with a relatively small current a high
output voltage is required. Accordingly, for large arc currents
only small arc voltages are expected. These properties of the arc
are beneficial for the design of the energy storage capacitors. If
a large output voltage is required many M3 T C stages are turned
on. Since the current is relatively there will be only a small voltage drop at the capacitors. For large output currents only one or
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Figure 4.7: Energy density of different capacitor types of different manufacturers showing a constant density for large capacitance values and a decreasing density for types which are optimised
for high pulse currents.

two M3 T C stages are required. These stages are discharged very
fast and causes a large voltage drop. By turning sequentially the
unused stages on, this voltage drop can be compensated. Thus,
an optimal use of the stored energy can be achieved.
The largest available and investigated capacitor is a 36 mF /
1.1 kV device of Electronicon. In Fig. 4.8 the voltage drop ∆VC
and the remaining energy stored in the capacitor are depicted
for different constant output currents Iout and different operation
times. For a high voltage pulse with a low output current of 350 A
the voltage drops by 18.1 % after 20 ms. For a large current of
1.4 kA the capacitor voltage is reduced by ≈ 70 % which could be
compensated by additional stages.
These voltage drops under different operation conditions are
acceptable for the operation of the source in most of the cases. If
both, higher voltages and larger currents are required the modular design of the converter allows the addition of M3 T C stages.
Beside the additional required control inputs and outputs there
are no further drawback for the operation of the source. Further-
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Figure 4.8: Capacitor voltage drop (solid line) and remaining capacitor
energy (dotted line) of a 36 mF / 1.1 kV capacitor for different
output currents and different pulse lengths.

more, this solution is more efficient in sense of volume and cost
demands: increasing the capacitor size of each modules instead
of adding one or two additional stages would increase the volume of the stages significantly and the amount of used energy of
the stored energy would be decreased. Thus, the 36 mF / 1.1 kV
capacitors of Electronicon are the best solution for the M3 T C
stages.
4.2

prototype system

Based on the selected IGBT half bridge module type and the selected capacitor a prototype system has been designed. Since the
capacitor is by far the largest element of a M3 T C stage the mechanical frame has been constructed to support the capacitor. The
IGBT module is mounted in front of the capacitor and connected
with wide copper bars to the capacitor. By minimizing the distance between the positive and negative busbar a very low induc-
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tive connection with a measured parasitic inductance of ≈ 100 nH
can be achieved. This measured value includes already the parasitic inductance of the energy storage capacitor itself.
Similar to the thermal design of the 3 level converter system
described in section 3.2 the electrical losses of the IGBTs during a
pulse are only causing a temperature gradient of the substrate of
the switch. The temperature rise of the back plane is below 1 ◦C.
Hence, the heat sink on which the IGBT is mounted is mainly
required for the mechanical support of the module. The design
parameter for the mechanical construction are the short circuit
currents which can occur in case of a failure of one of the components.
Dual IGBT
Driver
Mechanical
Frame

Energy Storage
Capacitor
IGBT Half
Bridge Module

Grounding
Points
Charge and
Discharge
Circuit
Isolators

Figure 4.9: CAD mock up of one M3 T C stages with a volume of 128 l
(l = 1131 mm, b = 622 mm and h = 182 mm). The largest
element is the energy storage capacitor which is supported
by the frame. In front of it the IGBT module including driver
circuit and discharging circuit is mounted.

4.2 prototype system

The charging, discharging and protection circuit is integrated
to a PCB which is mounted also in front of the capacitor. Since the
currents for charging and discharging are blow 10 A the circuit is
connected by cables to the IGBT module. A special focus has to be
put on the thermal design of the discharging resistor which has
to handle the whole energy stored in the capacitor. At 1.1 kV this
is approximately 22 kJ. Additionally the value of the resistor has
to enable a discharging within a reasonable time below 1 min
due to safety reasons. Thus a 470 Ω resistor with a continuous
loss transfer of 250 W and a pulsed loss transfer which is ten
times higher is employed. An additional heat sink for convective
cooling is used for the cooling of the resistor.
Desaturation
Monitoring

Active
Clamping

High Side Gate Driver
CPLD
Optical Links

Gate
Driver

DC Link
Voltage
Measurement
Isolated
Transformers

a)

Low Side Gate Driver

b)

24 V Power Supply
Primary Side

Figure 4.10: Photo of the designed dual IGBT driver unit with an integrated measurements and a CPLD to encode the measurement data.

In order to control the IGBT half bridge module a dual gate
driver has been developed like shown in Fig. 4.10. It consists of
two galvanically isolated gate drivers for the high side and low
side IGBT. Each driver contains an active clamping circuit for the
limitation of over voltages caused by switching actions. Furthermore a desaturation monitoring circuitry is used to avoid thermal
destruction of the IGBTs due to too large currents ICE . Since this
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gate driver design is used for all M3 T C stages the control signals as well as the power supply has to be able to isolate at least
10 kV. Thus, the control signals are using optical communication
links which do not cause any isolation issues. For the power supply an oscillating voltage is transmitted by using transformers
which are potted to epoxy resin. Thus they are capable of isolating at least 15 kV which has been validated by measurements.
Additionally a measurement of the capacitor voltage VM,i has
been implemented to the low side gate drive because the driver
is anyway connected to the positive and negative potential of
the energy storage capacitor CM,i . The measurement result is encoded by using a complex programmable logic device (CPLD)
and transmitted to the control system.

Figure 4.11: Model of a M3 T C stack consisting of five stages. The load
circuit is internally connected while all control related connection are at the front of the stack.

The design of a M3 T C stages enables the stacking of multiple modules like depicted in Fig. 4.11. Therefore, the connection
of the electrical load circuit employs a copper bus bar which is

4.2 prototype system

connect by two screws to the added stage. For isolation reasons
3 kV isolators are used which generate a gap of 4 cm between
two stages. The top side as well as the bottom side of a stage
have been designed with a flat surface. Thus, the electrical field
and the resulting electrical stress of the isolation is reduced. The
electrical and optical connections which are required to control
of the stage are all accessible from the front of the M3 T C stage.
Start
Stage 1
is off
Check
Voltage VC

VC < VC,min - Vth
VC > VC,max + Vth

Turn off
upper
Stage

Tint elapsed

Turn on
Stage 1

Tint elapsed

Stage 1
is on

Turn on
upper
Stage

Turn off
Stage 1

VC < VC,min - Vth
Check
Voltage VC

VC > VC,max + Vth

Figure 4.12: State machine to control a M3 T C stack which monitors the
voltage VC and turns on additional stages or turns off not
required one. To avoid oscillation a voltage threshold Vth
and an interlocking time Tint is used.

In order to use the M3 T C for the UnACuSo setup a control
method for turning on and off the different stages has to be implemented. Most important, this control method has to ensure
that the output voltage VC of the 3 level converter system remains always in a valid range. Second, the control has to ensure,
that the energy storage capacitor voltage VM,i of a M3 T C stage
is always lower or equal to the voltage VM,i+1 of the stage above.
For this purpose a state machine has been implemented which is
shown in Fig. 4.12.
At startup all stages are turned off and the state machine monitors the current shaping converter’s output voltage VC (Check

145

146

modular multi level marx type converter

Voltage VC - Stage 1 is off). As soon as VC rises above the maximal
operation range VC,max the first stage with VM,1 = 12 VSt = 550 V
is turned on. To avoid oscillations between the states a voltage
threshold Vth for monitoring VC is used and additionally, an interlocking time Tint has to elapse before the monitoring is started
again (Check Voltage VC - Stage 1 is on).
In this state, the voltage VC can either reach the lower or the
upper end of the valid operation range. When reaching the lower
end (VC < VC,min − Vth ) the first M3 T C stage is turned off again,
the M3 T C output voltage is 0 V again and after the interlocking
time elapsed the voltage is monitored again (Check Voltage VC
- Stage 1 is off). If the voltage reaches VC,max + Vth the output
voltage of the M3 T C converter has to be increased to 1.1 kV. Since
all other M3 T C stages except the first one have a nominal voltage
of VM,i = VSt = 1.1 kV the second stage has to be turned on and
the first one has to be turned off. This is also depicted in the state
machine.
The same principle is used when the first stage is turned off
and the voltage VC drops below VC,min − Vth (Check Voltage VC Stage 1 is off): The upper M3 T C stage is turned off and the first
stage is turned on which reduces the M3 T C output voltage by
550 V.
The output voltage range of the current shaping converter system is defined between VC,min = 0 V and VC,max = 12 VSt = 550 V.
The applicable voltages to the output inductor are indeed larger
(see section 3). Thus the additionally defined threshold voltage
Vth can be easily compensated.
The state machine has been implemented to the FPGA based
control system and a test case has been defined to validate the
operation of the M3 T C converter. Therefore a sinusoidal output
voltage Vsim with an amplitude of 2.4 kV has been simulated.
In Fig. 4.13.a) the simulated voltage is depicted. The resulting
voltage VC,sim is scaled by a factor of two to improve the understandability of the plot. For this test the reference voltage VSt has
been chosen as VSt = 550 V. This means that the first stage has
a nominal voltage of VM,1 = 275 V and the upper stages have
VM,i = 550 V.
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Figure 4.13: Measurement result of a M3 T C converter stack with five
stages and VSt = 550 V. In a.) the simulation of a 2.4 kV
sinusoidal output voltage and the reaction of the M3 T C
converter is shown. In b.) and c.) the resulting current and
power for a resistive load is depicted.

For t < 0 ms the voltage VC,sim is within the valid operation
range. For t > 0 ms the range is exceeded and the first stage is
turned on. This reduces the simulated voltage VC,sim to ≈ 0 V
again. In general, the result shows the operation of five M3 T C
stages and validates the operation principle of the state machine.
Since only the M3 T C converter is under test there is no possibil-
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ity to generate arbitrary output currents. Thus, a resistive load
is used resulting in a current which is proportional to the output voltage. This is shown in Fig. 4.13.b). Furthermore, in c.) the
output power of the system is depicted.
Concluding, a concept for a voltage source has been introduced
which is able to generate a stepped output voltage with a step
width of 550 V. Therefore, the concept of a modular multi level
converter (M2 C) has been combined with the charging concept
of a marx generator. The selection of the energy storage capacitor
CM,i has been performed in order to fulfill the requirements of
driving a DC arc. A prototype design has been developed and a
state machine for control reasons has been implemented. Finally,
the operation principle has been validated by measurements.

5

S TA C K C O N T R O L S Y S T E M

The previous chapters covered the design, evaluation and optimisation of the different components of UnACuSo like the HF and
LF modules of the 3 level converter system and the M3 T C converter modules. In order to operate and test the setup a control
platform is required, which generates the switching signals and
interfaces the different measurements. To provide a large number of inputs and outputs and having simultaneously sufficient
resources for calculations and communications an FPGA based
platform has been designed which is described in section 5.1.
Since the distances within an UnACuSo stack for data signals
is in the range of 1 m to 2 m the propagation delay of digital
signals with a frequency of more than 20 MHz is not negligible
anymore. To avoid interferences of the communication signals
either the communication clock frequency has to be reduced significantly or more advanced communication protocols have to be
applied. One method to handle the communication with multiple
high speed ADCs for measurements with 5 MSPS is presented in
section 5.2. It requires a low number of inputs and outputs (IOs),
synchronises the measurements of all ADCs and features a basic
error detection.
To enlarge the output current of the presented UnACuSo prototype to values higher than 1.4 kA it is necessary to operate multiple stacks in parallel. This requires that one stack acts as a master
and controls the other stacks. Therefore a common clock signal
has to be distributed to all stacks to enable synchronised pulses
and trigger signals, which control the pulse on all stacks. This
application is typical for a field bus based transmission like Beckhoff EtherCAT [93], B&R Powerlink [94] or SERCOS III [95]. But
since this protocols do not provide enough accuracy and / or
small enough minimal cycle times for UnACuSo an improved
field bus protocol for communication within converter systems
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has been developed and implemented to the control of UnACuSo
(section 5.3).
Beside the control of UnACuSo itself a superordinate control
system is required which charges the energy storage capacitors,
monitors and controls the pulse generation and provides a user
interface. In section 5.4 a control enclosure is described which
performs this task by using an EtherCAT based programmable
logic controller (PLC).
5.1

control platform

An UnACuSo stack consists out of 2 different converter types
where each converter has multiple parallel or serial modules.
Each module consists of at least an IGBT half bridge module and
a current or voltage measurement. Due to this large complexity
a high performance control platform is required which is easy
scalable and provides enough resources to cover the following
functions:
interfacing igbt drivers The control platform has to generate the switching signals for the different IGBT modules.
Therefore an interlocking mechanism has to be used to ensure that only one IGBT of a half bridge module is active
at a time. Furthermore the feedback signal of the driver has
to be evaluated and in case of a failure UnACuSo has to
be stopped. Additional the measured voltage has to be extracted out of the feedback signal of the M3 T C gate driver
units.
output currents and voltages For control and protection
reasons the output current and voltage of the total system
has to be measured. At the 3 level converter system the
current of each converter module and the common output
voltage is measured. Because this measurements has to be
performed at high sampling rates, the sampling time has to
be synchronized and the distances between measurement
device and control system is not negligible a digital transmission has been chosen with a sampling rate of 5 MSPS at
12 bit (section 5.2).

5.1 control platform

supply capacitor voltages Due to large capacitance values
of the supply capacitors the voltages changes slowly compared to the output values. Hence, the voltage divider values are measured by an ADC having 160 kSPS.
synchronisation The different UnACuSo stacks have to be
synchronized for parallel operations. Thus each stack has
the same reference value for the different controllers. Therefore a converter control field bus protocol basing on the
ethernet communication standard has been developed (section 5.3).
superior communication interface An EtherCAT interface is utilized for the data exchange between the UnACuSo stack and the superior control system. This supports
the transmission of the reference value to UnACuSo and
monitoring of the different voltages and states of the single
components of UnACuSo.
data recording To have the ability of evaluating the output
current and voltage during the pulse all measured data is
recorded within the FPGA using controller frequency for
data sampling. This data can be read by the graphical user
interface for further evaluation.
failure monitoring Since the output conditions of UnACuSo can change rapidly the control needs to have a fast failure detection logic and has to ensure, that the source is
turned off safely after a failure occurred.
These different tasks of the control system generate a data
stream of more than 100 MB
which could hardly be handled
s
by the most powerful micro controllers. Furthermore a sequential processing of the control tasks would introduce an additional
propagation delay which has to be compensated.
Thus, the control platform of UnACuSo uses an Altera Cyclone
IV EP4CE75F23C8 FPGA mounted on an Enclustra Mercury CA1
board which provides basic function like 256 MB DDR2 RAM, 24
differential pairs of inputs and outputs (IOs) and 98 single-ended
IOs. To interface this IOs a 19 inch rack is utilzed. The FPGA is
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wrapped to a backplane PCB where different plug-in cards are
connected to.
1 Card
16 Gate Signals
16 Feedback Signals

HF and LF Module
Interface

1 Card
EtherCAT Field Bus
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12 Cards

Serial Peripheral
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1 Clk
24 Gate Signals
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Converter Control
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4 Differential Outputs
14 Differential Inputs

Fast Measurement
Interface

Serial Peripheral
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Slow Measurement
Interface

1 Card
Power Supply

3 Output Signals
1 Card

Figure 5.1: Schematic overview of the control platform consisting of a
FPGA and different interface cards for gate driver control,
measurements and communications.

In Fig. 5.1 a schematic overview of the control platform is depicted. As a industrial standard, 24 V power supplies are widely
available. Thus, this input voltage is used o generate the different
voltage levels for the digital and the analog control circuits. The
power supply card is also used for the JTAG interface and status
LEDs.
For interfacing the M3 T C stages an optical interface is used.
Therefore two switching signals and two feedback signals are exchanged with maximal 12 drivers. Furthermore a common clock
signal is distributed to all stages by using an additional optical signal. Hence, each card interfaces a M3 T C IGBT half bridge
driver and employs therefore 5 optical links.
The interface to the HF and LF modules is done by using low
voltage differential signals (LVDS) which provide a good EMI

5.1 control platform

noise immunity caused by the 100 Ω design of the transmission
line. This signals are transmitted by using shielded ethernet cables which offer a 100 Ω impendance. Since compact designs of
ethernet outlets are available, it is possible to implement all control signals to only one plug-in card.
The fast measurement interface which is described in detail
in section 5.2 employs two interface cards each with 6 ethernet
based connections to the measurements. The slow measurements
to monitor the energy storage capacitors of the 3 level converter
system is using an ADC with SPI interface at 15 MHz to the
FPGA. The bandwidth of this measurements is with 160 kSPS
significantly slower than the current measurements.
For communication with the superordinate control a Beckhoff
EtherCAT slave has been implemented on one card. It uses an
Beckhoff ASIC ET1100 which handles the EtherCAT communication by using two physical layer chips to interface an optical
ethernet connection. Since the cycle times are long compared to
the amount of data a SPI interface is sufficient for data exchange
with the FPGA. The synchronisation of the different UnACuSo
stacks is done by an optimized field bus protocol (section 5.3)
which utilizes another plug-in card.
The control, monitoring and protection of UnACuSo requires
many different communication protocols which are compared
in Table 5.1. Basically there are two factors which are influencing the usable bandwidth of the communication protocol. First,
the maximal transmission clock of the physical link defines the
maximal achievable bandwidth. Second, the rising complexity of
the communication network requires larger overhead communications. This reduces the usable bandwidth of the link and increases the amount of logic elements within the FPGA to handle the communication. In case of the SPI protocol the communiction clock of 15 MHz limits the maximal bandwidth since no
further overhead communication is required. The three more advanced protocols (High Speed Measurement Interface, Converter
Control Field Bus and EtherCAT) require a overhead communication. The High Speed Measurement Interface provides the largest
bandwidth, the shortest cycle times, the lowest demand of logic
elements and almost no additional control features.
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Table 5.1: Comparison of the different communication protocols which are used to control UnACuSo.

5.1 control platform

In contrast, EtherCAT offers a fixed bandwidth of 100 Mbit,
cycle times in the range of milliseconds but many additional
features to configure and monitor the communication. Since the
logic for the EtherCAT protocol is already implemented on the
ASIC only a much smaller number of resources of the FPGA is
needed.

a)

M3TC stage interfaces

Power supply
Current shaping
converter interface
High speed
voltage measurements
Voltage measurements
Converter control field bus
EtherCAT interface

Altera Cyclone IV FPGA

b)

Figure 5.2: Photo of the control system showing in b) the FPGA, which
is mounted on the backplane and in a) the different plug-in
cards for the different control and measurement tasks.

This considerations and requirements have been used to design a suitable control platform. Fig. 5.2 shows the final assembly of the control platform which is mounted in front of each
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UnACuSo stack. This areal separation from the converter itself
avoids disturbances due to EMI caused by the fast current and
voltage gradients. Additionally, each component of the control is
connected to a central grounding point by using a low inductive
and low resistive connection (ground mat). Thus it is possible to
operate the control platform even under failure conditions with
short circuit currents of 150 kA without any larger malfunction.
The different control, monitoring and communication tasks are
implemented on this control plattform by using VHDL. Thus
they can be operated in parallel at frequencies of 150 MHz (PWM
generation), 75 MHz (communication), 25 MHz (control and monitoring) and 15 MHz (SPI communication). Although not every
calculation step can be performed during only one clock cycle, it
is possible to calculate each control value within the interleaved
switching frequency of 120 kHz.
In Fig. 5.3 a schematic overview of the implement VHDL based
tasks is depicted. Several functions are reused for different tasks
which only requires additional resources of the FPGA but is not
affecting the operation frequency or signal propagation delay.
Most of the in Fig. 5.3 depicted functions are standard components (like PID controller or PWM generation). Beside that the
communication functions are described in separate sections. A
special focus should be put to the value conditioning of the measurements. Beside a necessary scaling and offset correction the
signal itself is monitored for continuity. Since all voltages are
measured across capacitors and all currents are measured in inductive branches no steps of the measurement signals can occur.
To detect disturbed ADC values the values are monitored and
each value has to be in a certain threshold around the last measurement value. Values which violate this rule are rejected and if
there are multiple violation in a row an error signal is generated.
Thus it is possible to detect an incorrect working ADC and avoid
damage of UnACuSo due to faulty controller values.
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The value conditioning comprises also a moving average calculation to cancel the oscillation of the signals caused by the current ripple of the inductors of the HF modules. By selecting the
averaging interval equally like the switching period of the HF
modules the calculated value remains unaffected by the ripple.
The mean of the measured value is finally monitored if it is exceeding defined limits. If the value is out of range an error is
generated and the operation of the stack is stopped.
Concluding, the presented FPGA based control platform is offering an sufficient performance to control an UnACuSo stack
and provides enough resources to handle further functions and
tasks. The design of the different interfaces avoids large disturbances by EMI and the hardware components are easy exchangeable.
5.2

high speed measurement communication

The measurement of the output currents of the HF modules and
the output voltage and current of the total stack is measured with
5 MSPS. This allows on the one hand averaging over several samples to avoid disturbances caused by the switching actions of the
IGBT and on the other hand it is possible to measure at certain
times within a switching period - for example when no IGBT is
switching.
Since there are nine fast measurements it is not possible to use
an analog to digital converter with parallel outputs because the
number of IO pins of the FPGA is limited. Thus, the use of a serial
data transmission is required - in this case the serial peripheral
interface (SPI) is used. At a resolution of 12 bit per measurement
and 2 clock cycles for the sample and hold operation a clock of
70 MHz is required to transmit 5 MSPS. At this frequencies the
runtime of the signal between FPGA and ADC is not neglectable
anymore and the maximal length has to be considered.
Furthermore, the transmission of single ended low voltage signals (CMOS signals) through a converter system is problematic
since there are inductive and capacitive couplings between the
signal wires and the load circuit of the converter. This could be
reduced by using shielded cables and avoiding ground loops.
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However, to prevent this distortions on the digital signals, it
would be possible to place the ADC as close as possible to the
FPGA with the drawback, that the analog signal has to be transmitted through the converter system. There are several different approaches to optimize the transmission of analog signals
through a EMI disturbed environment [96, 97]. A solution could
be the use of double shielded cables, where the inner shield is
driven by an operational amplifier. But this solution still needs
electronic components at the point of measurement for the signal
treatment. Furthermore, a galvanic isolation of the signal is difficult, because analog optocouplers has to be used [98]. However,
these are limited in bandwidth to only a few 100 kHz.
Thus, the external measurements of UnACuSo are transmitted
by using a digital bus protocol, which is based on low voltage
differential signals (LVDS). Therefore in section 5.2.1 the electrical interface is introduced in detail. The bus protocol, which is
used to control the ADC and transmit the data is described in
section 5.2.2 and the experimental verification is shown in section 5.2.3.
5.2.1 Electrical Interface
Since single ended signals in low voltage CMOS standard are
vulnerable by parasitic couplings the use of differential signals is
mandatory. The low voltage differential signal standard (LVDS)
is basing on 100 Ω differential pair transmission lines. At voltages of 3.3 V there are currents of 33 mA which could hardly be
disturbed by inductive or capacitive couplings.
Ground loops between the measurement and the FPGA due to
the signal cable can also disturb the transmission. By disconnecting the shielding of the cable on one side this loop will be cut.
Nevertheless the signal lines are still galvanically connected.
By using only AC signals for the data transmission the differential signals can easily be transmitted over transformers to cut
off the galvanic connection. But therefore the transmission protocol has to ensure, that the transformers will not saturate due
to not balanced AC signals. The components of the transmission
line for one signal are depicted in Fig. 5.4.
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Figure 5.4: Simplified model of the transmission line for one signal, including the impedance matching and DC blocking, the transmission transformers, the cable and the line termination. Additionally common mode rejection transformers are use.

Table 5.2: Signal definition of the physical link used for the communication protocol

Name

Description

Pair 1

TxData

Transmitting data signal

Pair 2

TxClk

Clock signal for the transmitted data

Pair 3

RxData

Receiving data signal

Pair 4

RxClk

Clock signal for the receiving data

The described physical link is utilized to establish the basic
communication link. Therefore, 4 different signals are necessary
between control and measurement unit (see Table 5.2). By sending the clock signal synchronous to the data signal, the receiver
of the data do not have to recover the clock out of the data by
using clock data recovery. This avoids an additional circuit to recover the clock with the drawback of an extra signal line for each
direction. Due to the large dimensions of the converter system
the size of the connection cable and plug is negligible. Thus - as
an industrial standard - ethernet cable concordant to IEEE 802.3
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have been selected for the transmission. They are offering four
differential pairs, different kinds of shielding and low costs.
This would result in four signals per measurement channel at
the FPGA like for an conventional SPI interface (5.1).
NSignals = 4 · NChannels

(5.1)

To decrease the number of required signals, it is possible to
use the same outgoing signals (TxData and TxClk) for all measurements. This lowers the number of required IOs to (5.2).
NSignals = 2 + 2 · NChannels

(5.2)

A further improvement can be achieved by analysing the propagation delay of the data caused by the network cable: The speed
of the electrical wave on ideal cable without ohmic losses moves
forward with a constant phase velocity vp [99]:
1
vp = √
LC

(5.3)

Since in many data sheets of cables (for example [100]) only
the characteristic impedance and the mutual capacitance is mentioned the mutual inductance can be calculated by using (5.4).
r
Z0 =

L
C

(5.4)

0

Thus the propagation delay td per length of the cable can estimated by:
0

td

1
vp
√
=
LC
q
=
Z20 C2
=

(5.5)
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Assuming a network cable of class CAT 6 with an characteristic
0
impedance of Z0 = 100 Ω and a mutual capacitance of C = 42 pF
m
0
[100] the delay per length is td = 4.2 ns
.
This
proves
that
the
m
times are not negligible anymore for transmission distances of
more than 1 m and clock frequencies of 80 MHz = 12.51 ns .
For a further reduction of the required signals all slaves are
connected to the master with cables which have a length lCable
and a tolerance of ∆lCable . This leads to a propagation delay
td,i ± ∆td,i of the signals between master and slave and vice
versa. Thereby the jitter ∆td,i depends on the length tolerance
of the cable ∆lCable . The maximal acceptable jitter ∆tmax depends
on the FPGA type and the implemented VHDL code. Thus the
maximal acceptable cable length tolerance can be calculated by:
∆lCable,max = vp · ∆tmax

(5.6)

For ∆tmax = ±0.5 ns, which is a reasonable value for a Altera
Cyclone IV FPGA at fClk = 80 MHz, the maximal acceptable tolerance of the cable is ∆lCable,max = 23 cm. Thus it is possible to
use only one clock signal of the received data instead of N. This
reduces the number of required signals at the master module to:
NSignals = 3 + NChannels .

(5.7)

Thus, it is possible to reduce the number of required IOs significantly. On the other hand, the more channels are connected
to the master the higher the probability that the communication
will be disturbed. So, the selection of the number of communication channels per master module is a compromise between
the required number of IOs and the interference resistance of
the communication. Therefore the master has been design with a
maximum of six channels.
5.2.2 Bus Protocol
Since the transmission of the data and clock signals uses transformers for isolation and capacitors for DC-decoupling, it is not
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possible to send the raw ADC values. If there is no output current - for example between two pulses - the value would be ’0’,
which means, that there would be only a low signal on the data
transmission line. This would lead to saturation of the isolation
transformer, so that no signals at all could be transmitted anymore.
To avoid this saturation and enable a basic error recognition
signal encoding like 4B5B, 6B8B [101] or 8B10B [102] have been
developed. By encoding 4, 6 respectively 8 consecutive bits to
5,8 or 10 bits the 16 /64 /255 possible combinations of bits are
mapped to 32, 255 respectively 1024 possible combinations. Since
the 4B5B encoding generates an odd number of bits it is not feasible to compensate the number of high and low signals within
one transmitted word but the DC balancing has to be consider
for multiple words. The 6B8B and 8B10B encoding creates an
even number of output bits and the number of available codes
are larger. For the 6B8B encoding, within the 255 combination
of 8 bits there are 68 combinations where the disparity of bits is
zero, this means that there are four high bits and four low bits
within a word. Thus it is possible to map the 64 input bits and
have additional four control words.
These four additional words (Table 5.3) are used as control commands to establish a synchronised communication link between
the master and all slaves. A state machine for the communication
master on the FPGA (Fig. 5.5) and state machines on each CPLD
of each slave module (Fig. 5.6) negotiate the synchronisation of
the communication and afterwards the data transmission.
At startup of the system the master state machine (MSM) and
all slave state machines (SSM) are in the Init state and they send
unsynchronised the wait for sync symbol. In a first step the communication link between master and slave is synchronised in
order to control and start all slave measurements simultaneous
during the operation. Therefore MSM changes to the Synchronise
Slaves state where the master sends alternatingly two different
symbols for the synchronisation. In addition SSM changes to the
Wait for sync symbols state. The synchronisation symbols has been
selected in that way that there are six consecutive high signals.
Since the number of valid symbols is limited there is no second
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Table 5.3: Control signals of the 6B8B coding for synchronization and
operation.

Symbol

Encoded Symbol

Description

0100 0111

Synchronisation Symbol 1

1110 0001

Synchronisation Symbol 2

C 000011

0110 1010

Idle

C 000001

0101 0101

Measurement

C 000010

0111 1000

Wait for Sync

C 000000

0100 0111

Special function (unused)

combination with six consecutive high signals. This sequence is
recognized by the slave module and SSM switches to the send
sync symbols state. Beside that the slave sends also synchronisation symbols back to the master to acknowledge the recognition
of the synchronisation signals.

Wait for
Slave Idle

TxError
Send Sync
Symbols
immediately

Send Idle Symbols

Slave returns
Sync Symbols

Synchronise
Slaves

TxError

Send
Measurement
Symbols

Slave returns
Idle Symbols

Measurement
Request

Measurement

Send Idle
Symbols

Init
TxError
Send invalid
Symbols

Idle

Measurement
Request canceled

TxError

Figure 5.5: State machine of the master (FPGA) consisting of the initial synchronization (SendSyncSymbols and WaitForSlaveIdle) and the operation states (Idle and Measurement).

As soon as MSM has recovered the synchronisation symbols
of all communication links it changes to the idle state where idle
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Figure 5.6: State machine of the slave (measurement device) having
the initial synchronization state (WaitForSyncSymbols and
SendSyncSymbols) and the operation states (Idle and Measurement).

symbols are send to all SSMs. This is the point in time when all
links are fully synchronised to the master module. At receibing
the idle symbols the SSM switches also to the idle state and the
link is fully established and ready to perform measurements or,
in general, data transmission.
Both the master and all slaves send idle symbols to keep the
communication synchronised and to avoid saturation of the transmission line transformers. For starting the measurement the master changes the control symbol to measurement (Table 5.3). Each
slave receives this at the same time and starts a measurement of
the ADC. Each ADC returns a 12 bit value with the current measurement value. Since the 6B8B encoding is used the value is split
into two 6 bit values, encoded and transmitted back. The master
decodes the data and combines the 6 bit values back to a 12 bit
value. Thus the master receives from all N connected slaves the
measured data at the same time and all measurement data can
be updated in parallel.
Beside the DC balancing of the transmitted signal the 6B8B
encoding offers a basic error recognition mechanism. Since the
number of possible combinations of the 8 bit code is almost four
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times larger than the used number of combinations the spare
codes can be defined as invalid.
Assuming that the transmission of the data is disturbed a random code is generated. The probability to get an invalid code
is

PInvalid Code

68
255
= 73.3 %.

= 1−

(5.8)

Since the master is connected to N slaves and assuming that all
signals are disturbed and generate random codes the probability
to detect an invalid code is rising to

PErrorRecog

= 1−

68
255

N
.

(5.9)

This means for a setup with 3 respectively 6 measurement
channels the probability to detect an faulty transmission is 98.1 %
respectively 99.96 %.
In case of an invalid code the state machine which detected it
is reset to the Init state. This state generates either an invalid code
due to lost synchronisation or the wait for sync symbol. Thus, the
other SSMs are also reset to the Init state. Afterwards the link is
synchronised again.
Thus, it is possible to operate a number of N ADCs each with
a sampling rate of 5 MSPS at 12 bit in parallel with equal cable
length of (tested) 20 m. Therefore a 80 MHz clock is required and
the number of IOs at the master module is significantly reduced.
5.2.3 Experimental Verification
The communication has been implemented on the FPGA based
control system (Master) and on measurement devices (c.f. Fig. 5.7)
having a CPLD for the communication logic, the LVDS based
transmission and an analog digital conversion. In Fig. 5.8 the different application for UnACuSo are depicted. Either this device
is connected to a current transformer and a current measurement
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shunt or to an external voltage measurement by using a BNC connector in combination with an external resistive capacitive voltage divider.
Low Pass
Filter
Impedance
Converter

Analog Digital
Converter (ADC)
Complex Programmable
Logic Device (CPLD)

24V Power
Connector
Shunt
Status
LEDs

Impedance Matching
and DC Blocking
LVDS
Line Driver
Ethernet
Connector
incl. Magnetics

Current Transformer
with 100 Windings

Figure 5.7: Measurement device (Slave) including CPLD for the slave
state machine (SSM), the LVDS based transmission and the
analog digital conversion.

Because the communication is using galvanically isolated ethernet components, it is possible to connect and disconnect the
network cable during the master and slave module are powered
up. The synchronization starts automatically, because the lost of
the link is detected by a watchdog timer.
Beside the synchronisation of the link at startup and pluggingin the network cable, the link can be also disturbed during operation due to EMI. This leads to invalid data codes and the
link looses its synchronisation. In this case it is important to
reestablish the link as fast as possible. In Fig. 5.9 such an event is
shown with a measurement of the digital signals of the master. At
13.3 µs < t < 13.5 µs the receive clock (RxClk) signal is disturbed,
which is recognized by the master at t = 13.6 µs and the master’s
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Module Current Measurement
- 600 A to 600 A

Voltage Measurement
- 3.3 V to 3.3 V

Total Current Measurement
- 1.6 kA to 1.6kA
(without Measurement Core)

Figure 5.8: Overview of the different measurement devices for current
and voltage measurement that uses the proposed communication interface.

state machine is reset to the Init state. Between t = 13.7 µs and
t = 14.8 µs the data link is synchronised again. First, the MSM
sends synchronisation symbols to the slave modules. As soon as
the SSM recognizes the synchronisation it sends also synchronisation symbols back to the master. Concordant to the before
described operation principle both types of state machines are
switching than first to the idle state and then to the measurement
state. At t = 16.6 µs the master receives the first valid data from
the slaves again and the link to the measurement is fully reestablished within a period of 1.6 µs.
In Fig. 5.9 the digital signals for only one slave is depicted,
but the other 5 measurement devices are also synchronised again
with the same signals.
Concluding, an LVDS based communication protocol for transmitting data within large converter system has been developed
and successfully implemented. The number of IO Ports of an control platform are significantly reduced and all measurements are
performed in parallel. The limitation of the presented system are
caused by the conversion speed of the ADC and maximal frequency of the digital components but since LVDS based transmission is used up to several giga bit per second (GBPS) the
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Figure 5.9: Error detection during the transmission and resynchronisation of the data link within 1.6 µs.
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data transmission rate could be further increased by changing
the hardware components.
5.3

converter control field bus

The high speed measurement interface has been developed to
transmit small amounts of data with a high repetition rate. Therefore each slave module requires a connection to the master module. To be able to change the measurement configuration at the
final system the master communication module requires spare
channels. Since the final setup of an UnACuSo stack is fixed the
required amount of spare ports for the communication is very
limited.
Beside the communication within the UnACuSo stack a connection between the different UnACuSo stacks is needed. The
requirements for this link differ from the ones of the high speed
measurement interface. The number of slave modules can change
and the amount of data per slave is larger with a range of 10 B.
Analog to the measurement interface all stacks have to be synchronised to enable a parallel operation and generation of the
output current waveform.
A communication link for the data exchange and synchronisation between the different stacks with a repetition rate which
is qual to the switching frequency can be used for further power
electronics applications. For example, the application possibilities
of modular multi-level converter systems in the distribution grid
for applications like HVDC transmission, battery based energy
storage systems, solid state transformers has been increased in
the recent years due to improvements of the semiconductor’s and
battery’s technology and the change to more renewable energy
generation. Since the single modules are equipped with more and
more feature and functions the control of each of these modules
is becoming more and more complex.
Converter systems with modules that consist of 2 switches in
half-bridge configuration and a DC link capacitor [103, 104] are
usually controlled by using separate fiber optic links between the
main controller and each module. With the increasing complexity
of the topology each module needs an FPGA or Mirco Controller
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based control. This requires that not digital signals but reference
values have to be exchanged between the different modules and
the superordinate controller (see Fig. 5.10).
Although there are concepts to transmit analog values by using optical transmission lines [105], this would require additional
digital to analog and analog to digital conversion and result in
additional noise on the transmitted values and additional propagation delay.
Another approach is the digital transmission of the reference
values. By using clock data recovery and data encoding (like 6B8B
encoding [101]) it is possible to transmit the data serially on only
one optical fiber and to recognize errors of the transmission. For
feedback signals an additional fiber optic would be required. This
would reduce the amount of communication channels per module to 2, while the master needs for each module 2 optical interfaces.
To reduce the number of communication channels at the superordinate control field bus protocols, like EtherCAT, Profibus
or SERCOS III can be used for transmitting data. These protocols are based on an IEEE 802.3 based network connection between the master and the slaves, while the network topology and
transmission medium depends on the field bus protocol itself.
In [106, 107, 108] an EtherCAT field bus is used to control a
M2 C converter system. Beside the transmission of the duty cycles the protocol enables a synchronization of all slaves to the
master within a range of 1 µs [93].
Since the different field buses are developed to control large
scale machines or factories, the main focus is on the ability to
transmit large data volumes and additional features like configuring devices or hot plug-in of components. On the one hand,
this requires large computation power at the master and on the
other hand the overhead of the communication protocol is very
large. Furthermore, the synchronization possibility is limited to
the range of some µs [109].
For fast switching converter systems (fS > 10 kHz) the switching signals themselves cannot be transmitted anymore by using a
field bus system. A better approach is to have a common clock reference, which drives decentralized pulse width modulation units
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(PWM). The counters of this units are reset at the same time by
a synchronization signal which should have a jitter across the
different modules smaller than 20 ns [107]. Thus, only the duty
cycle values of the PWM have to be transmitted with much lower
requirements to the cycle time.
By evaluating the different setups of the converter systems in
[110, 103, 104, 57, 111] the typical requirements of a converter
control bus have been identified:
• Each slave module has an amount of data less than 10 Byte
[110, 111], which has to be exchanged with the superior
control.
• There has to be a bidirectional communication to send reference values to the slave modules and return measurement
and feedback values to the superior control.
• The slaves have to be synchronised to a master clock. Since
the switching frequencies are as high as 120 kHz [111] an
synchronization accuracy of 1 µs is not sufficient.
• The minimal cycle time should be smaller than 10 µs to enable a fast update of data.
• A basic error recognize mechanism to avoid wrong values.
• Low hardware requirements, especially at the slave modules to have enough resources left to implement the slave
module controllers in cost efficient FPGAs.
For meeting this requirements, a novel field bus protocol is introduced in this paper. In section 5.3.1 the basic ideas of the field
bus protocol are explained. In section 5.3.2 the initialization of
the bus is described where the master is checking the bus configuration and distributing this to all slaves. The next step is the
synchronization of the master and the slaves by measuring the
transmission and pass times of the signal on the different parts
of the transmission path (section 5.3.3). Section 5.3.4 is showing
the data transmission and the error recognizing capabilities.
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Figure 5.10: Application example of the proposed field bus protocol for a multi level converter system for connecting
large scale batteries to the medium voltage grid. Each submodule has its own FPGA based controller an
communicates with the superordinate control via field bus [110].
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The field bus protocol has been implemented on 2 FPGA based
control boards which are described in section 5.3.5 and the measurement results are presented in section 5.3.6.
5.3.1 Principle of Operation

Initialization

Configuration
done

Synchronization

Sync-Times
measured

Operation

Figure 5.11: 3 main states of the proposed field bus protocol.

The communication between a master and multiple slaves can
use two different approaches: On the one hand the master can
send a request consisting of the slaves address and the data which
has to be exchanged. This is called push-pull principle with the
advantage that each slave can be contacted separately. This would
also allow the use of network switches and thus of star network
topologies. Nevertheless, with respect to reduce the amount of cables this is no advantage. Another drawback is the rising amount
of overhead communication if there are a large number of slaves
in the network.
On the other hand, there is the summing frame method where
one frame is generated by the master, transmitted through all
slaves and finally returns to the master e.g. EtherCAT. Therefore,
all slaves have to be connected in series and either a line or a ring
topology is possible. The drawback of this method is the long
data frame, which could be disturbed during the transmission.
The advantage of systems with many slaves with relatively small
amount of data is the low overhead communication and thus
the result is a smaller cycling time. For this reason the summing
frame method has been chosen for the presented field bus.
The structure of the frame is depicted in Fig. 5.12. The first
control byte (Start of Cycle - SoC) is describing the current state
of the master. Afterwards, for each slave n bytes of data and
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End of Cycle

Frame Slot Slave n
Data

Checksum

Checksum

k Byte

1 Byte
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Figure 5.12: Basic structure of the summing frame consisting of a Start
of Cylce byte (SOC) which is describing the function of the
frame, the different slave data sections and a general checksum value at the end.

1 byte checksum of the slaves data are added. The last byte is
representing the checksum of the whole frame.
The basic idea of the operation state is that each slaves knows
the structure of the frame and is counting the number of received
bytes. It is extracting the bytes out of the frame which are addressed to it, checking the checksum value and replacing the information in its frame slot with feedback values. This is done by
all slaves and subsequently the frame is returning to the master
containing the information of the different slaves.
5.3.2 Initialization
For starting the communication the master is sending a Stop frame
which consists of only a SoC byte and the Checksum (cyclic redundancy check - CRC), depicted in Fig. 5.12. This frame is forwarded by the slaves and is resetting their communication logic.
If the frame is returning to the master, there is a closed loop of
communication channels and the master can proceed. Otherwise,
there is a loss of data at the physical links between the different
modules and the master would enter an error state.
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Figure 5.13: Data Exchange between the master and slaves modules. The
frame generated by the master is processed through all
slaves. Each slave is reading its data from the received frame
and replacing it by its own data in the frame which will be
transmitted. Finally, the frame is sent back to the master.

If the communication channel is established successfully the
second state is initialised by the master by generating an empty
Identify frame which also consists of a SoC byte and the checksum. But each slave which is receiving the frame is inserting the
number of byte that are exchanged with the master right behind
the SoC byte. After each slave has inserted its information the
master is receiving a frame, which describes the whole bus structure. There are n data bytes in the frame describing the number
of exchanged data bytes, starting with the last slave. The master
module is comparing this data with its configuration register and
is checking, if both configurations are equal.
Since the slaves do not have any information about the bus configuration at startup, the master is distributing this information
to the slaves during the third and last state of the initialization.
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Figure 5.14: State machine of the initialization process with the Stop state to reset the slaves, the Identify state to check
the bus configuration and the Distribute Configuration state to sent the configuration data to all slave.
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Therefore, a Distribute Configuration frame is generated by the
master, which is containing the number of exchanged bytes per
slave starting with the first slave. This is the content of the master’s configuration register. Each slave is writing this information
to its configuration register because this is required for reading
and writing the data at the right position within the frame during
the operation state.
5.3.3 Synchronization
The synchronization of multiple modules to a common signals
requires
1. a common clock which is distributed to all slaves and
2. a compensation of the transmission and processing delays
between and within the different slaves.
The first requirement can be fulfilled by using the Synchronous
Ethernet function which is implemented in particular physical
layer chips like [112]. Therefore, the master module is sending
the data with the frequency of its own reference clock to the
first slave. In normal operation this slave would use a reference
clock which is locally generated. In Synchronous Ethernet mode
the physical layer chip is synchronizing to the received clock
which is synchronous to the master’s reference clock. It provides
this clock to the FPGA logic and the other physical layer chip
which is not in Synchronous Ethernet mode but synchronized to
the first one. Thus, it is possible to distribute the master’s clock
throughout all modules (transparent clock) but with the drawback of different clock phase shift per slave.
By using a common clock at all modules the forwarding times
of the frame within the logic are constant. With separate local
clocks per module the data frame would have to be buffered
within the control logic and the time to process the data would
depend on the local clock frequency and thus would be different
for each slave.
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Chip
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(3)

Slave n
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Figure 5.15: Measured transmission times for the 3 different cases: (1) The master module, (2) a slave module in the
middle of the transmission line and (3) the last slave module in the transmission line. The time to transmit
the frame itself is not drawn.
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The transmission of the data frame is delayed by each module because of the propagation delay of the processing logic, the
physical layer chip and the transmission delay of the connection
line. It is not possible to compensate this time, thus the synchronization signal for the different modules have to be related to
the last slave and all other modules have to delay their synchronization signal. In [113] a basic idea is introduced to delay this
synchronization signal for a ring topology.
A 100 MHz clock which is 8 times higher than the data processing clock is utilized to measure 4 different transmission and
processing times (Fig. 5.15):
T Frame is the time to transmit the data frame itself. It is depending on the length of the frame and the bandwidth of the
communication link. It is constant for all modules.
T Forward is measured between the point of time when the physical layer chip has received the first data of the frame from
the master’s side, and the point of time when this first data
is send to the physical layer chip towards the next slave.
Since the phase shifts of the clocks of the different physical
layer chips are different for each slave but constant during
operation, this value is slightly varying for all modules.
T Backward is similar to T Forward measured. It is supposed to be
smaller because in the return path there is no processing
logic implemented but the signal is only passed through.
T Loop is measured between the point in time when the data
frame is leaving the module towards the last slave, and the
point in time when that data frame is received again in the
return path.
At entering the synchronization state the master module generates a measurement frame whose length is equal to the length
of the data frames of the operation mode. With these frames both
the master and all slave modules are measuring the above described times. By using (5.10) the time can be calculated which is
required for the transmission of the data from slave i to the last
slave. This calculation is assuming that the transmission on the
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forward and return path is lasting the same time and the forwarding time T Forward,i and T Backward,i is different per slave. Thus, it
is possible to calculate the delay T Delay,i between receiving the
data from the previous module and the point of time when the
last slave has received all data with (5.11).

TTransmission,i

=

1
2
−

TLoop,i −

n
X

TForward,k

k=i+1
n−1
X

!
(5.10)

TBackward,k

k=i+1

TDelay,i

= TTransmission,i +

n
X

TForward,k

k=i+1

+TFrame

(5.11)

For the last slave the calculation of the delay time TDelay,n is
reduced to only the frame transmission time TFrame .
TDelay,n = TFrame

(5.12)

To enable this calculation on all modules it is necessary to collect and distribute the forwarding times Tforward,i and Tbackward,i
between all modules. This is done by the master module with 4
additional frames. Since the registers for the times Tforward,i and
Tbackward,i are zero at startup the delay time TDelay,i is calculated
after receiving the 4 additional frames.
5.3.4 Operation - Data Transmission
The control logic for the operation state for the master and the
slave modules are similar since they are processing the same data.
The processing of the frame is started as soon as the first byte
is received at the evaluation logic. Thus, it is not necessary to
store the full frame before processing the data but it is possible
to forward the bytes after 8 clock cycles.
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This results in a short throughput time per slave, and especially
for long data frames this decreases the cycle time of the frame.
This means while the master is sending the last bytes of the frame
the first k slaves are already processing the frame.
During the operation state the master module is periodical generating a data frame like depicted on the left side in Fig. 5.16.
Beginning with sending the Operation SoC the configuration register is used by the control logic to read the number of bytes per
slave. The values are read from the output register and sent to
the output. In parallel to this the checksum of the slave data is
calculated and added at the end of each slave package.
The frame which is returning from the slaves to the master is
evaluated by the logic circuit using the configuration register and
the data is stored in a shadow input register. In parallel the CRC
is checked and only if this succeeds the values are copied to the
input register.
The slave data processing is working vice versa. In a first step
the data from the frame is evaluated and copied to the input
register. Then this data is replaced by the data from the output
register and a new CRC value is calculated.
In case of an error during the transmission the data of one
slave is modified and thus the CRC check is failing. In this case
the slave is not copying the data from the shadow to the input
register instead there the old data will remain. To communicate
this transmission error to the master the slave is not replacing its
data within the frame, but sending back the data with the wrong
CRC value. Thus the master can recognize this error and can - in
case of multiple errors in a row - generate an error signal and
stop all slaves.
To resolve this error there are two different approaches: on the
one hand, the CRC value can be extended in such a way that an
error correction is possible. But this increases the length of the
frame and more logic in the master and slave implementation is
required. On the other hand, the data can be send again. Since
the minimal cycling times can be chosen much slower than the
switching frequency it is possible to transmit every value several
times before it is really used by the slave.
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X

NSlaves

LFrame

= 2+

NBytes (i) + 1

(5.13)

i=1

LOverhead

= 2 + NSlaves

(5.14)

Thus, it is possible to reduce the overhead which depends linearly on the number of slaves (5.13), (5.14). Since each slave is
checking its data separately the disadvantage of the summing
frame method that one error results in loosing the full frame can
be avoided.
5.3.5 Implementation on an FPGA
To implement the described bus protocol a hardware platform
has to be chosen which is, on the one hand, capable to handle
the bus protocol and, on the other hand, should have enough
resources left to perform the control action on the slave modules.
The physical data link between the different modules is using an IEEE 802.3 based ethernet connection. The components
to establish such a link are widely available. For this link different communication abstraction layer are defined in the ISO-OSI
model. Since there are different kinds of electrical and optical connections between 2 ethernet communication partners, the first of
these layers is introducing a media independent interface (MII).
This layer is handling the data coding, the clock data recovery
and some basic error detection. Starting with the second layer,
different kinds of addressing mechanisms for different slaves are
introduced. Because the bus protocol is using the summing frame
method all slaves have to process the data and thus no addressing
is required.
Hence, the bus protocol is using only the first layer with the
advantage of the media independent interface. Basically, there are
two different link bandwidths with in total 4 different interfaces
available (Table 5.4). All of them are consisting of two parallel
data busses (2 bit to 8 bit) for receiving and transmitting, and
the corresponding clock and enable respectively data valid signals.
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In Table 5.4 the different interfaces are listed and the required
processing frequencies are summarized.
Table 5.4: Comparison of the different media independent interfaces
MII
Bandwidth
Clock
Data Bus

RMII

GMII

100 Mbit
s

RGMII
1

Gbit
s

25 MHz

50 MHz

125 MHz

250 MHz

4 bit

2 bit

8 bit

4 bit

The implementation of the bus protocol on a micro controller
based hardware platform would require approximately 50 clock
cycles per 32 bit data package to evaluate and process the data.
This is caused by the sequential memory access and non parallel computations. Estimating the required clock frequency of the
micro controller would result in approximately 160 MHz for a
100 Mbit
connection respectively 1.6 GHz for a 1 Gbit
s
s . Although
such micro controllers are commercially available there would
not be much resources left for the control of the slave module’s
converter.
Therefore, the bus protocol has been implemented in VHDL
on an Altera Cyclone IV FPGA. The different processes which
are required to handle the protocol can be easily implemented
in parallel and the data bandwidth can be reached by choosing
a suitable combination of data bus width (8 bit, 16 bit, 32 bit or
even larger) and processing clock (typically < 100 MHz). Furthermore, this enables deterministic frame processing times and is
not relaying on interrupt based data handling.
In Fig. 5.17 the implementation of the slave is depicted. For
each SoC control byte a separate VHDL block has been implemented corresponding to the function described in section 5.3.1.
By evaluating the SoC byte the respective output data is selected
by the multiplexer (MUX) at the output. The Interface Selector at
the output of the slave data processing is checking the connection
states of the physical links of the physical layer chips. If there is
no next slave, the data is send back towards the master.

185

186

MUX

Config
Distribution

Times
Measurement

Synchronisation

MII Interface

Identify
Slave

Interface
Selector

Connection
to the
Master /
previous
Slave
Module

MII Interface

Initialisation
SoC
Check

Connection
to the
next Slave
Module

Sync Signal
Generation

Config
Register
Slave Data
Evaluation

Operation

Frame
Generation

Frame
Forwarding
Input
Register

Output
Register

Data from the Master

Data to the Master

Sync

Clock

Data and Synchronization
Interface within the FPGA
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The data interface within the FPGA (Input Register and Output
Register) is an parallel data bus which is working synchronous to
the master’s clock including a synchronization signal.
The resource consumptions for implementing a slave and a
master module on an Altera Cyclone IV EP4CE30F23C8 FPGA
are listed in Table 5.5. These numbers are representing the basic
communication logic of a master or a slave.
For each byte which is exchanged the number of logic elements
(LEs) is increasing by approximately 4 LEs. Thus, it is possible to
use the FPGA - beside the field bus communication - for control
reasons of the connected converter system.
Table 5.5: Resource consumption of the implementation of the field bus
protocol on an Altera Cyclone IV FPGA. The data interface is
implemented as parallel data interface and is not using any
memory cells, which would reduce the amount of logic elements (LE).
Master Module

Slave Module

ca. 5050 LEs

ca. 3500 LEs

Used In- and Outputs

16

32

Used PLLs

1

1

Logic Elements

Because the execution of the process for synchronization is independent from the data processing it can use a faster clock for
synchronization and can be optimized for this fast operation.
To validate the operation of the bus protocol an Altera Cyclone IV based control platform has been used (Fig. 5.18). The
first layer of the OSI model is implemented in two physical layer
chip DP83640 by Texas Instruments [112] and connected via an
MII Interface (see Table 5.4) to the FPGA. The physical layer chip
is supporting both an electrical and an optical 100 Mbit
connecs
tion.
Two of this control boards have been used to implement a master and two slave modules. Because both the master and the last
slave require only one ethernet interface they are implemented
on the same board.
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Figure 5.18: Prototype system with both an electrical and an optical link
between the master and the slave.

5.3.6 Measurement Results
The experimental verification of the implemented bus protocol is
focusing on evaluating the minimal achievable cycle time and the
jitter performance of the data valid flag which is used to synchronize the slaves and the master.
In Fig. 5.19 and Table 5.6 the minimal achievable cycle time
for different slave configurations is shown. The maximal data
throughput rate can be achieved by sending the next frame as
soon as possible. Since the synchronization is based on counters
which are compensating the delays, the earliest time to send the
next frame is when the last slave received all data and generated
the data valid flag. Therefore, Table 5.6 is comparing the theoretical minimal cycle time which is
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Figure 5.19: Cycle times of different bus configuration.

Tmin,theoretical
Tmin,calculated

NSlaves

NBytes (i)
Bandwidth
2+N
2 + i=1 Slaves NBytes (i) + 1
=
Bandwidth
NSlaves

+
TTransmission,(N−1)−>N
=

i=1

(5.15)

(5.16)

i=1

Table 5.6: Comparison of the theoretical, calculated and measured cycle
times of the bus protocol for different slave configurations.
Cycle Time

Bytes

Transmission

per Slave

Theo.

Calc.

Meas.

Time

1 Byte

160 ns

480 ns

4.72 µs

4.24 µs

4 Byte

640 ns

960 ns

5.12 µs

4.16 µs

64 Byte

10.24 µs

10.56 µs

14.72 µs

4.16 µs

256 Byte

40.96 µs

41.28 µs

45.53 µs

4.25 µs
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Table 5.7: Mean value and standard deviation of the measured jitter during the operation.
64 Byte per Slave

256 Byte per Slave

Slave

Last Slave

Slave

Last Slave

to Slave

to Master

to Slave

to Master

Mean value µ

−508 ps

16 ps

1.8 ns

3.93 ns

Std. dev. σ (68 %)

±182 ps

±199 ps

±81 ps

±115 ps

Std. dev. 3σ (99.7 %)

±546 ps

±597 ps

±243 ps

±345 ps

Besides the minimal cycle time the synchronization of the master and the slaves has been measured. As has been described in
section 5.3.3 the 25 MHz master clock is distributed to all slaves
but the phase shift of the clock is not synchronized to the master
but adjusted randomly by the corresponding physical layer chip.
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Figure 5.20: Jitter of the data valid signal during operation

The measurement of the accuracy of the synchronization can
be divided into two parts: During operation mode the phase shift
of the physical layer chips to the master clock is constant. In
Fig. 5.20 the jitter of the data valid signals for two different config-
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urations of the slaves with 64 B respectively 256 B are shown. The
time difference between the data valid of the last slave which is
used as reference and the other slave respectively the master has
been measured for 100 000 Cycles and split up to slots of 20 ps.
Fig. 5.20 shows the difference between the data valid signals is
between ±5 ns of the reference. On the other hand, 68.27 % of the
measurements are within a range of less than ±200 ps.
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Figure 5.21: Jitter of the data valid signal when the system is restarted.
Slot width: 50 ps

Because the phase shifts of the clock signals of the physical
layer chips are adjusted randomly, the used 100 MHz counter can
be used to compensate this phase shift with a resolution of 10 ns.
A histogram of the time difference of the data valid signals for
25000 restarts of the bus protocol is depicted in Fig. 5.21. This
measurement is showing that the physical Layer Chip can adjust the phase shift of the internal Phase-Locked-Loop (PLL) in
steps of 2 ns and almost all differences of the data valid signal
are within the range of ±5 ns around the reference. The peak at
10 ns is caused by the fact that the synchronization clock is in
phase with the PLL clock of the physical layer chip. This could
be avoided by using a clock signal which is phase shifted by 1 ns
to the clock of the physical layer’s PLL. But this would result in
a synchronization resolution of ±6 ns.
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5.3.7 Impact of a link with a larger bandwidth
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Figure 5.22: Minimal achievable Cycle Time for typical bus configurations with 4 respectively 8 Bytes per Slaves and a various
number of Slaves. The result for 100 Mbit and 1 Gbit connection speed is demonstrated assuming a constant transmission delay of 2 µs between 2 slaves.

As a result of the measurements the transmission delay between a transmitter and a receiver can be assumed as constant.
This time is distributed to the FPGA processing time (900 ns) and
the transmission time caused by the physical layer chip and the
cable (1200 ns). By using (5.16) the impact of a 100 Mbit and a
1 Gbit connection for different slave configurations has been investigated. In Fig. 5.22 the minimal achievable cycle times for
slave configurations with 4 Byte respectively 8 Byte per module
are depicted. Since the transmission delay is in the same range as
the frame length the impact of a link with larger bandwidth and
thus a shorter time TFrame to transmit the data is small.
The larger link bandwidth improves the minimal cycle times
at large amounts of data per slave as shown in Fig. 5.23. In this
case the transmission delay is becoming small compared to the
time required to transmit the data. But in most applications the
amount of the data is small and there is no requirement to use the
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Figure 5.23: Improvement of the minimal achievable cycle times by using
a 1 Gbit connection instead of 100 Mbit.

higher link speed if the transmission delay between two slaves is
not reduced.
5.3.8

Conclusion

The presented converter control field bus can handle the communication in modular converter systems. Since the overhead communication has been minimized small cycle times of the frames
can be achieved. In dependency of the size of the setup the data
can be updated with frequencies between 20 kHz for larger setups
and 120 kHz for smaller setups like UnACuSo. Beside the fast
data exchange the bus protocol can distribute a common 25 MHz
clock signal over all slaves and synchronise a trigger signal with
an accuracy of ±5 ns. Concluding this properties of the bus system fulfill the requirements of the inter stack communication of
UnACuSo and offers a broad further application range like modular multi level converters or pulsed power sources.
The accuracy and the cycle times can be further improved by increasing the bandwidth of the link between the different modules,
minimizing the processing time of the data within the physical
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layer chip and selecting a FPGA which enables higher operating
frequencies.
5.4

superordinate control system

The design and optimizations of the 3 level converter system in
section 3 and the M3 T C converter in section 4 assume always
that the different energy storage capacitors are charged to the
nominal voltage and that the control during the pulse operation
does not have to consider the voltage balancing. Beside the charging and balancing of the capacitor voltages the reference current
waveform curve has to be provided for the control circuit.

Auxilary
24 V Supply

Discharging
Resistors

EtherCAT
IOs
PLC
Computer

Charging
Converter

a)

Charging
Contractors

Charging
Converter

b)

Figure 5.24: Photo of the cabinet which contains the superordinate control system. The front view in a) shows the PLC computer,
the EtherCAT IOs and the auxiliary 24 V power supply. The
back view (b) contains the charging contractors, the discharging resistors and in the bottom the charging converter.

Therefore, a superordinate control system has been developed
in order to handle the capacitor charging and voltage balancing
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during the pulses, to distribute the current reference waveform
to the FPGA based control units of the different stacks, to provide a safety circuit for protection reasons and to monitor and to
operate the system by a user interface. In Fig. 5.24 the implementation of this required control to an electrical cabinet is shown.
The front view in .a) shows basically the low voltage control circuit which consists of the PLC computer and the EtherCAT IOs.
Furthermore the required supply voltage of 24 V is generated by
an auxiliary power supply and distributed - protected by fuses
- for the different purposes. The back side of the control cabinet
in .b) houses the charging circuit for the different capacitors. In
the bottom of the cabinet the charing converter is located and in
the middle of the picture the contractors can be seen. In the top
of the cabinet the discharging resistors for the 3 level system are
located.
Since the described and defined control function for the superordinate control does not have to be performed during the
pulse but during the pause between two pulses the timing requirements are much lower. This means in the range of some
milliseconds. This enables the use of a programmable logic controller (PLC) in combination with a field bus system to handle
the different tasks. There is a large variety of different field bus
protocols and standards available which would be suitable for
this task. Due to low hardware requirements (a windows based
computer) and the simple implementation of the interface to converter setups by using an ASIC the EtherCAT protocol has been
employed. In Fig. 5.25 a schematic overview of the system is depicted.
The processing of the control is performed on a Windows based
computer which executes the PLC process, the IO task and the web
server which is used for the user interface. The communication
between all three processes is done by using the internal Automation Device Specification (ADS) interface. The IO task collects the
data from the different inputs which are connected to the EtherCAT network and distribute the output values to the different
EtherCAT slaves. Internally these values are processed by the
PLC process which contains the actual control programm. Beside
the control the web server is used to generate different web sites
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Figure 5.25: Schematic overview of the superordinate control system including the web based user interface, the EtherCAT based
communication within the system and with the UnACuSo
stacks and the CAN bus based communication with the capacitor charger.

to display the status of the system and to forward the user commands to the process. For safety reasons an external user identification using Lightweight Directory Access Protocol (LDAP) has
been also included to the web server.
While the communication between EtherCAT master and slave
within the control cabinet uses electrical ethernet connection the
UnACuSo stacks are attached by optical ethernet to the EtherCAT
network. Additionally a CAN bus interface is used to control the
power supply which is used to charge the capacitors. Beside that
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there are several binary inputs and outputs for example to control
and monitor contractors or the cooling system of the cabinet.
5.4.1 Charging
The PLC system covers different control and monitoring tasks.
The most important task to operate UnACuSo is the charging
and balancing of the different energy storage capacitor voltages.
Therefore, in section 3.3.1 the design of the energy capacitors for
the 3 level converter system has been considered and the capacitor currents under different operation conditions has been investigated like shown in Fig. 3.26. For the design of the charging
circuit not the RMS value of the current is interesting but the
mean value.
A negative capacitor mean current means, that the capacitor
will be discharged while a positive current charges the energy
storage capacitors. Since the mean value of the capacitor C2 can
be both positive and negative, the voltage VC,2 might be higher
than the nominal voltage after a pulse. This means that the capacitor has not to be charged but discharged.
Due to only positive output currents Iout of UnACuSo the capacitors CM,i of the M3 T C modules can only be discharged during operation. Thus, there is no selective discharging of certain
capacitors CM,i required.
Based on these requirements the topology depicted in Fig. 5.26
is employed to connect an isolated AC/DC converter to the different voltage levels. The contractors KCharg,1100 V and KHigh Voltage
have to be able to handle a nominal voltage of 1.1 kV while all
other contractors can be selected to handle a maximal voltage of
only 550 V. Hence, for most of the contractors standard devices
with a rated AC voltage of 690 V are suitable. These devices can
isolate the required DC voltage but cannot disconnect large DC
currents at voltages larger than 100 V. Therefore the control has
to ensure that either the voltage is small enough to interrupt the
DC current or the DC current itself has to be reduced to zero
before switching.
Furthermore, for voltage balancing there are contractors to discharge the 3 level converter voltages selectively by using a resis-
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Figure 5.26: Topology of the charging circuit where a PFC converter is
connected sequentially to the different voltage levels of the
UnACuSo stack.

tor. For safety reasons discharge resistors has been implemented
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Figure 5.27: Charging procedure of the M3 T C stages to 1.1 kV respectively 550 V including the fast charing with 8 A and the
fine charging with 0.5 A. At t = 230 s the safety circuit discharges the capacitors.

to the different M3 T C stages as well as further shorting contractors to the 3 level converter voltage contacts.
In order to charge the UnACuSo for a current pulse the charging process has to cover the different voltages. First, the M3 T C
stages are charged respectively recharged to the nominal voltage. This process is depicted in Fig. 5.27. Starting with the upper stages which has to be charged to 1.1 kV the contractors
KCharg,1100 V are closed while all other contractors are open. The
power supply is operated as a current source with 8 A output current until the voltage reaches 90 % of the nominal value. The last
10 % of the voltage is increased by using a lower current of 0.5 A.
This fine charging state is necessary to avoid an overshoot of the
voltages due to the reaction time of the system.
After reaching the nominal voltage of 1.1 kV the charging converter is turned off and the contractors KCharg,1100 V are opened.
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In a next step the lowest M3 T C stage is charged to 550 V. Therefore, the contractors KHigh Voltage and KCharg,550 V are closed and
the same procedure is applied. After approximately 200 s the
charging process of the M3 T C stages has been finished and the
M3 T C converter is ready for a current pulse.
Beside the charging process of the M3 T C converter the safety
circuit has been also implemented to the control. At t = 230 s it
is triggered and the capacitors are discharged by the stage integrated resistors. The design of the resistors has been performed
to reduce the capacitor voltage below 20 V in less then a minute.
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Figure 5.28: Charging process of the energy storage capacitors of the 3
level system to nominal voltage. Additionally the self discharging of the electrolyte capacitors can be observed.

The charging process of the energy storage capacitors of the 3
level converter systems is similar to the charging of the M3 T C
stages but it includes an additional discharging step. In Fig. 5.28
the normal charing process is depicted. In contrast to the film capacitors of the M3 T C converter the current shaping converter system employs electrolyte capacitors. After charging to the nominal
voltage there is a significant voltage drop of up to 20 % caused

5.4 superordinate control system

by self discharging of the capacitors. This drop is caused by the
liquid electrolyte molecules which orientate to the direction of
the electrical field. Since this is not happening instantaneously
the voltage drop can be observed in a time frame of up to one
minute. After the rearrangement of the molecules the voltage of
the capacitors remains constant.
Since this initial voltage drop is caused by the design of the
capacitors itself it cannot be avoided. For this purpose, the control of the 3 level converter system measures the voltages of the
energy storage capacitors continuously and can compensate this
voltage drop. Another approach is to recharge the capacitors after one minute again. Since the molecules are still aligned to the
electrical field the capacitors can be charged then to the nominal
voltage.
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Figure 5.29: Discharging process of the energy storage capacitors where
they are first discharged to 20 V and afterwards charged to
the desired voltage again.

The additionally implemented discharging and recharging task
of the 3 level converter voltages is shown in Fig. 5.29 where the
voltages are discharged from 80 % of the nominal voltage to 60 %.
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Hence, all capacitors are charged starting at t = 140 s to 80 %.
Like described before the contractors used for the discharging
cannot switch both a high DC voltage of several hundred volts
and a current of several ampere. Thus, in a first step each capacitor voltages is discharged to 20 V to ensure a proper and safe
disconnection by the contractors. Afterwards the power supply
is used to charge the capacitors again to the selected reference
voltage.
Concluding the charging process is performed by using only
one AC/DC converter which is connected sequentially to the different energy storage capacitors by using contractors. This presented solution allows to charge the full stack within 3 min to
the nominal voltage which fulfill the requirements defined in section 1.1. The charging process can be performed faster by increasing the output power of the charging converter by paralleling
multiple units. Another approach would be to employ a separate
charging converter for each voltage level. This would avoid the
contractors but increase the complexity and costs of the charging
system.

6

M E A S U R E M E N T S A N D L I M I TAT I O N S

Finally, the current shaping converter - described in section 3 is combined with the modular multi level marx type converter
shown in section 4 and the FPGA based control system which is
introduced in section 5.1. The mechanical outlines of the current
shaping converter and the M3 T C converter enables stacking of
both converter systems and the design of the frame is capable to
support the weight of approximately 1000 kg. All connection to
the different gate driver units, measurement devices and safety
related components are accessible from the front of the converter.
Hence, the control system is mounted in front of the system as
well which enables short connections to the devices of the 3 level
converter system. The prototype system has the same base area
like the current shaping converter with a width of 62 cm and a
depth of 139 cm. The height of UnACuSo with five additional
M3 T C stages is 187 cm.
The output connectors to connect the source to the test bench
are also situated in front of the converter. The negative output
pole, which has to be grounded is the output of the LF modules
of the 3 level converter systems (see section 3.1). The positive
output pole is the midpoint of the IGBT half bridge module of
the M3 T C stage which is on top of the stack. Beside the load and
control connections the the attachments of the wires to charge the
different energy storage capacitors are situated below the control
system and are internally connected to the different voltage levels.
A photo of the final prototype setup is depicted in Fig. 6.1. As
mentioned before the output voltage of the stack can be easily
increased by adding more M3 T C stages on top and connecting
them to the control system. For enlarging the output current of
the system multiple stacks has to be paralleled. The design of the
system allows an efficient usage of the available space by arranging them beside each other. Therefore only the required isolation
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circuiting connector
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pole
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stages

Negative output
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Current shaping
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Energy storage
capacitors
C1, C2 and C3

Ground connection

FPGA based
control system

Figure 6.1: Picture of the final setup of UnACuSo combining the current
shaping converter, the M3 T C converter and the control system which is mounted in front of the stack.

distances has to be considered. Since each stack is controlled separately there could be different switching states of the M3 T C converter. Thus the M3 T C modules of neighboring stacks can have a
different potential.
However, the large dimensions of the converter system generates parasitic inductances, capacitances and resistances which

measurements and limitations
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(M3TC)
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IR

Li
Cp

Cout

RLoad
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Figure 6.2: Schematic overview of the UnACuSo stack including the parasitic serial inductance Lp , the parasitic resistance Rp and the
parallel capacitance Cp . A resistor RLoad in combination with
a capacitor Cout is employed as load.

are depicted in a schematic overview in Fig. 6.2. At the output of
the current shaping converter all HF modules are connected to a
common copper bus bar. This bus bar generates a relatively small
parallel output capacitance Cp caused by the grounded metal
parts around. During testing the current shaping converter itself
an output capacitor Cout has been connected to this busbar and
thus Cp has been neglected.
Other parasitic elements are introduced by the M3 T C modules
which creates a large loop for the load current through all modules. This results in a parasitic inductance Lp and a parasitic resistance Rp . Furthermore, the forward voltage drops of the diodes
respectively of the IGBTs of the M3 T C stages VM3TC,F have to be
taken into account.
In general the measurement of these parasitic values is difficult since many different issues can influence the measurements.
Thus, the values of the different elements has been estimated and
the measured current and voltage waveforms has been compared
to simulated ones to proof the estimated values. The list with the
values is shown in Table 6.1.
While the parasitic capacitance Cp , the resistance Rp and the
forward voltage drop VM3TC,F can be neglected in comparison
to the voltage amplitudes, to the energy storage capacitors and
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Table 6.1: Estimated parasitic elements of the UnACuSo Setup

Serial Output Inductance

Lp

3 µH

Serial Output Resistance

Rp

300 mΩ

Parallel Output Capacitance

Cp

10 nF

VM3TC,F

7.5 V

Forward Voltage Drop

to the output inductors the additional inductance Lp is in the
same range like the reference inductance value Lm,Target of the
HF modules of the current shaping converter (section 3.2). On
the one hand, this limits the maximal achievable dynamic of the
UnACuSo stack. On the other hand, this leads to an oscillating
voltage VC at the output of the current shaping converter. The
output voltage Vcon,i of the current shaping converter is not only
applied across the output inductor Li of the HF modules but
additionally across the parasitic inductance Lp . This results in a
distribution of Vcon,i between both inductors. Thus the voltage
VC is disturbed by this distributed voltages. However, the amplitude of the oscillation of the voltage VC is small compared to the
capacitor voltages VC,1 , VC,2 and VC,3 . Hence the measurement
device of VC has to filter this oscillation but there is no larger or
further impact to the converter system.
Beside the influence of the parasitics the control of UnACuSo
has to handle also the synchronisation of both converter systems
as well as the generation of the correct control values. Therefore
in the following section the control of a connected system is investigated in detail and an extension of the already implemented
controls of the two converters is introduced. Furthermore in section 6.2 the limitations of the presented system are pointed out.
Therefore, different ohmic loads has been employed and the limiting issues of the system has been identified. In the last section
of the chapter measurement results with a DC arc as load are
presented. It is proofed that the converter can not be damaged
by the load and the future challenges for driving a DC arc are
addressed.

6.1 control issues of the unacuso stack

6.1

control issues of the unacuso stack

The control of UnACuSo uses basically the same control circuits
like described in section 3.4.1 for the 3 level converter system
and in section 4.2 for the M3 T C converter. In Fig. 6.3 the modified control circuit for the current shaping converter is depicted.
The basic idea of the control remains the same: neither the total output current controller nor the module current controllers
should be affected by the level shifting of the LF modules or the
state change of the M3 T C stages.
∗
Hence, the module current controller calculates a voltage VL,i
which has to be applied across the output inductor Li of the HF
modules to achieve the required output current. This voltage is
typically in the range of the output voltage Vout plus a small
∗ has to
threshold to create a current gradient. The voltage VL,i
be generate by the UnACuSo stack and is split to a part VM3TC
∗
which is created by the M3 T C converter and a part Vcon,i
which
is generated by the 3 level converter system.
∗
In order to calculate the correct voltage Vcon,i
it is necessary
∗
either to measure VM3TC or - at least - to estimate VM3TC
by multiplying the measured capacitor voltages VM,i with the currently
active switching state of the M3 T C system. The measurement of
VM3TC would require an additional measurement which has to
be galvanically isolated since the negative potential is at the output of the current shaping converter. Whereas the voltages VM,i
of the energy storage capacitors CM,i of the M3 T C stages are
anyway measured for recharging and voltage balancing reasons.
∗
Thus, the second approach by calculating VM3TC
is the favourite
solution and has been implemented to the control of UnACuSo.
This control algorithm has been tested at the prototype system
with the conditions like listed in Table 6.2. While the 3 level converter system operates at nominal voltage the M3 T C converter
is charged to 10 % of the nominal voltage.
This means the op
eration voltage range VC,min . . . VC,max = [0 V . . . 550 V] of the
current shaping converter does not match with the voltage amplitude VM,1 = 55 V of the first M3 T C stages.

207

208

Moving
Average

IL,total
PI Controller
Iref

-

tw = 8.33 µs
VM3TC,out*

PI Controller
IL,total

*

1
N

The voltage VM3TC,out influences the
inductor current IL,i

*

State S3

-

IL,i

-

VL,1*

IL,1,diff

VCon,1*

+
PWM

VCon,1

IL,1,m

VM3TC,out*

State S3

VL,2*

VCon,2*

IL,2,m

Inductor L1

Vout

GLoad

Iout

Capacitor Cout

Load RLoad

IL,2

+
PWM

VCon,2

Vout

Moving
Average

IC

VM3TC,out

IL,2,diff

IL,total

tw = 50 µs

PI Controller
-

IL,1

- VL,1
Vout

Moving
Average

Iout

VM3TC,out

VL
Inductor L2

tw = 50 µs

Figure 6.3: Extension of the control scheme of the current shaping converter presented in section 3 by adding the output
voltage VM3TC,out of the M3 T C converter to the output of the converter and the estimated output voltage
∗
VM3TC,out
to the control of the converter.
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Table 6.2: Test conditions of UnACuSo for testing the control scheme.

M3 T C Capacitor Voltages

3 Level Capacitor Voltages

Output Load

VM,2 . . . VM,5

110 V

VM,1

55 V

VC,1

295 V

VC,2

125 V

VC,3

255 V

RLoad

1.2 Ω

Cout

4 µF

As a consequence the M3 T C stages are turned on at a voltage
of VM,i + Vth = 60 V which is far below the maximal operating
voltage VC,max = 550 V of the current shaping converter.
However, in Fig. 6.4 a measurement results is depicted demonstrating the operation under this conditions. The UnACuSo stack
generates a sinusoidal output current waveform with an amplitude of 300 A and an offset of 150 A shown in Fig. 6.4.a). The output load is a 1.2 Ω resistor and the parasitic 0.3 Ω resistor. This
results in a sinusoidal voltage with an amplitude of 450 V with
an offset of 225 V in .b). In general, as soon as the output voltage
VC of the current shaping converter exceeds a voltage of 60 V the
first stage of the M3 T C converter is turned on. Since the output
current and the output voltage remains constant the voltage VC
drops by the voltage of the energy storage capacitor VM,1 = 55 V
of the first M3 T C stage. When the voltage VC reaches the threshold of 60 V again, the second M3 T C stage is turned on and the
first one turned off again. This results in VM3TC = 110 V and a
reduction of VC to ≈ 5 V. The same concept is applied for the further M3 T C stages. Otherwise, every time the voltage VC drops
below 0 V a M3 T C stage is turned off increasing the voltage VC
∗
to 55 V. In Fig. 6.4.c) the estimated M3 T C output voltage VM3TC
is
depicted which is used by the control circuit to calculate the duty
cycle of the different HF modules. Concordant to the output current and to the switching state of the M3 T C stages the energy
storage capacitors CM,i are discharged like shown in Fig. 6.4.d).
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Figure 6.4: Measurement Result for a sinusoidal output current with an
amplitude of 300 A and an offset of 150 A. Every time the
voltage VC exceeds 60 V an additional M3 T C stage is turned
on. If the voltages reaches VC < 0 V a M3 T C stage is turned
off.

Evaluating the measurement result, the general combination
of the current shaping converter and the M3 T C converter succeeded. The parasitic output inductance Lp and resistance Rp

6.1 control issues of the unacuso stack

causes an oscillating voltage VC which can be clearly seen in
Fig. 6.4.b). Though, the use of the moving average calculation cancels this ripple and the depicted voltage VC,mean is not disturbed
by this oscillations. Thus no further treatment of the measured
value is necessary to use it for the control is required.
Beside the successful combination of both systems the change
of the switching state of the M3 T C converter causes interferences
of the output current Iout . These are caused by a missing synchronisation of the controls of both converter systems. Although the
∗
current shaping converter takes the voltage VM3TC
into account
for the calculation of the duty cycles there is no immediately reaction to a switching action of a M3 T C stage. The duty cycle of
each HF module of the current shaping converter is updated at
the end of each switching period. This means, that the HF modules are operated immediately after the M3 T C switching action
with a wrong duty cycle. This results in a change of the mean
output current of a HF module which has to be compensated in
the following switching periods by the module current controller.
This effect is visible as oscillations of the total output current.
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Figure 6.5: State machine to control the M3 T C converter which is extended in comparison to section 4.2 to synchronise the operation with the current shaping converter.
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The required synchronisation of the current shaping converter
system to the M3 T C system can be implemented to the state machine, which controls the M3 T C converter like shown in Fig. 6.5.
The sudden change of the operation conditions for the HF modules is very similar to the level shifting of the LF modules of the
3 level converter system described in section 3.4.4. The design of
UnACuSo assumes that the operation voltage VM,1 of the first
M3 T C module is equal like the maximal operation range VC,max .
This means as soon as the first stage turns on, the voltage VC is
reduced from VC,max to VC,min . Thus, the LF modules of the 3
level converter have to shift the output voltage level range from
Vcon,upper to Vcon,lower . This results in the need of using the optimised level shifting algorithm for the 3 level converter anyway.
Since this method updates the duty cycles of all HF modules
when the LF module state changes it also avoids the oscillations
caused by the M3 T C switching action.
Concluding, the control of the full UnACuSo stack enables the
use of the already developed control circuits for the 3 level converter system and the M3 T C system. The current shaping control
∗
has to be extended by adding the M3 T C output voltage VM3TC
to the module current controller. The state machine of the M3 T C
converter has to be enhanced by a method to synchronise the
M3 T C state change to the LF module state change. Both approaches has been implemented to the control and the following
chapter will show measurement results of the full stack and its
limitations.
6.2

limitations

In order to test the full UnACuSo stack it is necessary to synchronise the operating voltage of the first M3 T C stage to the maximal
output voltage VC,max of the 3 level converter system. Therefore,
the stack should not be operate only under nominal energy storage capacitor voltages but also with partially charged capacitors.
The variable p with 0 < p < 1 describes the state of charge of the
capacitors in (6.1).

6.2 limitations

VC1,p

= p · VC1,N

VC2,p

= p · VC2,N

VC3,p

= VC1,p − 40 V

(6.1)

Since the threshold between the voltage VC1,p and VC3,p is
fixed to 40 V the charging voltages of the M3 T C capacitors do
not scale with the variable p but with (6.2).
VM,1,p
VM,i,p

VC1,p + VC2,p + VC3,p
1
VSt
2
VC1,N + VC2,N + VC3,N
= 2 · VM,1,p
=

(6.2)

By using (6.1) and (6.2) the charging voltages for the different
capacitors for p = 0.3 has been determined and listed in Table 6.3.
Approximately this voltages are 30 % of the nominal voltages.
Like in the previous chapters an ohmic-capacitive output load
is used again.
Table 6.3: Operation conditions of UnACuSo with p = 0.3.

M3 T C capacitor voltages

3 level capacitor voltages

Operation range

Output load

VM,2,p . . . VM,5,p

284.4 V

VM,1,p

142.2 V

VC1,p

88.5 V

VC2,p

37.5 V

VC3,p

48.5 V

VC,max

142.2 V

VC,min

0V

Vth

5V

RLoad

various values

Cout

4 µF

The measurement results presented in Fig. 6.6 and Fig. 6.7 are
both validating the operation principle of UnACuSo which is introduced in section 2.1. A sinusoidal output current with an amplitude of 320 A respectively 180 A with an offset of 160 A / 90 A
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is generated by the UnACuSo stack shown in .a). The corresponding output voltage caused by the ohmic load is presented in .b).
Starting with a current of 0 A and a voltage of 0 V the current and
voltage rises. In Fig. 6.6 the voltage Vout reaches at t = 6.5 ms the
V
+V
voltage VC = C1,p 2 C3,p . This means that the 3 level converter
shifts its output voltage levels by changing the state of the LF
module shown in .c).
As soon as the voltage Vout reaches VC,max the first M3 T C stage
is turned on and the LF module state changes back to the lower
output voltage levels. Since in this case the optimized level shifting modulation (section 3.4.4) is applied there is only little disturbance of the output current Iout . Comparing Fig. 6.6 and Fig. 6.7
and additionally to the measurement results of the 3 level converter system (section 3.5) the amplitude of this oscillation does
not depend on the absolute output current but remains constant
also for higher currents.
The developed control algorithm enables the use of multiple
M3 T C stages to enlarge the output voltage. In Fig. 6.6.d) and
Fig. 6.7.d) the staircase shaped output voltage of the M3 T C stages
is depicted. By turning on always the lowest M3 T C stage first
the voltage distribution on the energy storage capacitors CM,i is
always VM,i−1 6 VM,i . This is mandatory for the operation of
the M3 T C converter system (see section 4).
The measurement result in Fig. 6.6 has been generated with
the same controller parameters like the measurement results in
section 3.5 where a 0.4 Ω load is employed. However, in this case
there is already a clear deviation between the reference signal and
the generated output current visible. In order to avoid this deviations the controller parameter has to be adjusted to the setup. For
Fig. 6.7 the parameters has been adjusted but the setup generates
still a clearly visible deviation between reference and output signal.
Actually, a much more serious matter occurs at charging voltages with p > 0.3 or if the output power exceeds the range
of 200 kW: all switching actions of IGBTs generate current and
voltage gradients. These gradients interfere with other parts of
the converter system. Compared to the load circuit these disturbances are small. However, the amplitudes of these interfer-
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Figure 6.6: Measurement result for a 100 Hz sinusoidal output current
waveform with an amplitude of 320 A and an offset of 160 A
with a load of 1.6 Ω. Every time the voltage VC exceeds
VC,max an additional M3 T C stage is turned on and the LF
state of the current shaping converter changes. For VC < 0 V
a M3 T C stage is turned off and the LF state of the current
shaping converter changes as well.

ences can perturb the control circuits of the system. The design
of the control system take these possibilities of disturbances into
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Figure 6.7: Measurement Result for a 50 Hz sinusoidal output current
with an amplitude of 180 A and an offset of 90 A with a load
of 3.6 Ω.

account and used appropriate approaches to minimize the influence.
Since the gate and feedback signals for the HF modules and the
LF modules as well as the communication with the high speed
current measurements utilizes electrical connections there is al-

6.2 limitations

ways some kind of interferences. For this purpose the protection
functions which monitor the feedback signals are turned off during a certain period after a switching action.
Although the switching actions of the M3 T C stages and the LF
modules of the 3 level converter system are synchronised to each
other the 1.7 kV and 1.2 kV IGBT modules of the M3 T C stages
have switching times, which are longer than the dead times of
the monitoring functions of the 3 level converter system. The presented measurements use a dead time of 2 µs after each switching
action of the HF modules. Since each IGBT is turned on and off
the state of the IGBT is not monitored for 4 µs of each switching period which lasts 50 µs. The same effect applies to the high
speed current measurements where the communication is disturbed for several microseconds.
The problem of this effect is, that either the UnACuSo stack
can be properly protected against potentially arising failures or
the charging voltage and the output power of the system can be
increased. However, since the system should be used for research
application where the load is not defined and failure conditions
can occur unexpectedly the use of protection functions is mandatory. Thus, the operation of the UnACuSo stack which uses electrical connection for communication and control is not possible
at full voltage.
The feedback signals of the M3 T C stages which are transmitted
by using an optical link are not affected by the voltage and current gradients. Thus, this would also be a suitable solution for the
communication between control system and HF / LF modules of
the current shaping converter as well as for the communication
with the high speed current measurements.
Nevertheless the M3 T C stages has been tested at nominal voltage VM,1 = 550 V and VM,i = 1.1 kV. In Fig. 6.8 the voltages VCE ,
VGE and the current ICE of a M3 T C stage at turning off the nominal output current of 1.4 kA is depicted. The measurement proofs
on the one hand, that the design of the M3 T C stages is capable
of switching the designed currents and on the other hand, that
an optical control link like it is used to control the M3 T C stages
is not influenced by the current or voltage gradients.
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Figure 6.8: Detailed view of the turn off process of a M3 T C stage at
full DC link voltage of 1.1 kV and nominal output current of
1.4 kA.

The operation of the current shaping converter under full load
conditions with 550 V output voltage and 1.4 kA output current
has been already shown in section 3.5.
In summary, the operation principle of UnACuSo has been
proofed by measurements with a charging voltage of approximately 30 %. For larger charging voltages or for higher output
power values the control signals get disturbed by electro magnetic forces (EMF). This influence is so large that a proper and
safe operation of the converter is not possible anymore.

6.3 operation with an arc load

6.3

operation with an arc load

Beside the proof of concept and the operation with maximal output voltage and maximal output current the source should be
employed to drive DC arcs.
Iout
Lp

Rp

Vout
Current
Shaping
Converter
System

Li
Cp

IArc

Cout

RD

Ignition
Wire

VC

Figure 6.9: Schematic overview of the test setup for driving a DC arc including the current shaping converter, the parasitic elements
Cp , Lp and Rp , the output capacitor Cout , a damping resistor
RD and the spark gap with the ignition wire.

In a first step, the current shaping converter has been used to
generate a constant output current to supply the DC arc. Therefore, a spark gap with a paralleled damping resistor RD has been
connected to the output of the UnACuSo stack. The M3 T C converter is not connected in between the current shaping converter
and the load. Further damping of the output voltage has been
inserted by using different values for the output capacitor Vout .
A schematic overview of the test setup is depicted in Fig. 6.9.
For the test to proof the operation principle of UnACuSo a
resistive load was used which does not change its physical properties during the pulse. In case of an arc the load is not constant
anymore. In the beginning of the pulse the current is conducted
by the ignition wire which connects both electrodes of the spark
gap. Due to the thin diameter the wire heats up which increases
the ohmic resistance. As soon as the conductor melts or vaporises
in the arising gap an arc is ignited. This process of substituting
the wire by an arc is not happening simultaneously for the whole
wire but requires some ten microseconds. In Fig. 6.10.a) the begin-
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a)

b)

Figure 6.10: Spherical spark gap with a distance of 4 mm and ignition
wire. For a reference value of 300 A in a) the current decreases to 0 A after ignition while in b) the output current
rises to 1.4 kA and is turned of by protection functions.

ning ignition process of the arc is shown. The wire vaporises at
two spots while the rest of the wire is still conducting the current.
The ignition of the arc implies that the characteristic of the load
changes from a resistive behavior to a partially negative resistive
behavior. In Fig. 6.11 the different characteristic curves of the resistor RW of the ignition wire and of the arc are depicted. The
resistance value RW depends on the length length of the wire,
the contact between electrode and wire and on the temperature
of the wire. Therefore different measured values are shown in the
plot. As soon as the arc ignites the operation point moves from
the resistive curve to the arc curve. In an optimal case both operation points are in the same spot. But more often there will be a
step from one point to the other like drawn in Fig. 6.11.
The different parameters which defines the resistance of the
ignition wire are basically influenced by the way of mounting of
the ignition wire. Since the wire is fixed in between the spark gap
electrodes by using a tape neither the exact length nor the contact
resistance between electrode and wire can be adjusted precisely.
These large deviations of the parameters also interferes with
the operation of the current shaping converter. In Fig. 6.12 two
different output current and output voltage waveforms are de-
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Figure 6.11: Characteristic resistance curves of different resistor values
and an arc concordant to (1.1) and (1.2) with P0 = 1.8 kW
and α = 0.5.

picted. The electrodes of the setup has been adjusted to a distance of 4 mm and the ignition wire with a cross section area of
0.05 mm2 is placed in between. The current shaping converter
should generate a constant output current of 300 A and the controller parameters are the same like in section 3.5. In case of
the first result (1) the current increases to a value close to 300 A
and remains there for approximately 300 µs. During this time the
voltage across the spark gap rises up to 200 V. At t = 3 ms the
arc starts to ignite and the output voltage drops within 50 µs by
40 V. Due to the small output inductances of the current shaping
converter this results in a positive current gradient which finally
leads to a safety shutdown of the source. Fig. 6.10.b) shows the
resulting arc in between the electrodes. This behavior means, that
the dynamic of changing from a resistive characteristic to the arc
characteristic is too fast to be handled by the control of the current shaping converter.
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Figure 6.12: Two measurement results where a constant current of 300 A
should be generated. For 1 the converter operation is
stopped due to an over current and for result 2 the arc could
not be ignited.

The second measurement (2) shows an incomplete ignition of
the arc like on the photo in Fig. 6.10.a). The ignition wire vaporises partly which results in an increase of the output voltage. The
controller cannot compensate this voltage gradient. Thus, the current is reduced to zero and the arc is interrupted before even the
full wire vaporised.
Both measurements show that the positioning and connecting
of the ignition wire is crucial for reproducible test conditions. Furthermore the dynamic of the ignition requires, that the operation
points of the resistive curve and the arc curve has to be matched.
Otherwise the converter system is not able to compensate the
arising oscillations. The variation of Cout to smaller values to reduce the energy at the output of the system does not have large
effects to these oscillations. Beside the matching of the operation
points another approach could be the use of an additional output

6.3 operation with an arc load

inductor which avoids fast gradients. Unfortunately this would
limit the maximal dynamic of UnACuSo. Other approaches to
solve this problem could be the use of switchable or saturable inductors at the output or an improved ignition mechanism where
the electrodes are separated during the pulse by a mechanical
impulse within the desired 70 ms.
Basically the operation with an arc as load and the use of an
ignition wire does not harm the source itself but the source is
able to protect itself from failure conditions. Nevertheless more
advanced concepts has to be developed and employed to ignite
the arc without disturbing the controller of the current shaping
converter system.
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The development of devices for HVDC grids require suitable test
facilities to simulate the operation and failure conditions as realistic as possible. A large variety of facilities are available for
testing HVAC grid components since almost 80 years. However,
these concepts can hardly be adapted for the test of HVDC devices.
Although the HVDC transmission technology is used for large
scale power transmission between two points since 30 years there
are nowadays no existing HVDC grids with more than three converter stations. Thus, until now no protection devices for power
lines like circuit breaker have been needed. Consequently, no suitable test benches to simulate the normal operation conditions or
failure conditions in HVDC grids have been developed yet. The
available HVDC related test facilities are used for testing the converter stations respectively the semiconductors themselves.
In order to develop a test bench for HVDC circuit breakers
the requirements have been derived from possible test scenarios
and this results in the need for a current source which is able
to provide an arbitrary current waveform with an amplitude of
30 kA at a maximal output voltage of 10 kV for a duration of
100 ms. Another design boundary is the required current gradiA
which should be generated independently
ent of maximal 200 µs
from the absolute output current. Existing solutions like power
amplifier offer a sufficient bandwidth to generate the required
gradients but caused by operating the semiconductors in the linear operation range the thermal losses are not acceptable for high
power setups. Other approaches like high current pulse power
sources can deliver the required current but they are optimised
to generate a constant output current and not arbitrary current
waveforms.
Thus, this thesis deals with the development of an unipolar
arbitrary current source (UnACuSo) which is able to fulfill the
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requirement. Therefore the desired output current is split to 21
stacks where each is able to generate 1.4 kA output current at
10 kV output voltage. Basing on the principle of class H and class
G amplifiers the topology of each stack consists of a current shaping converter and a high voltage source which is able to generate
a staircase output voltage. By using this approach it is possible
to generate the highly dynamic output current with a converter
which uses 600 V IGBTs at high switching frequencies of 20 kHz.
Since the output voltage of this current shaping converter is limited the step voltage source is used to enlarge the output voltage
to the required range of 10 kV.
This highly modular design of UnACuSo enables on the one
hand that the output current of the system can be easily enlarged
by paralleling more than 21 stacks. On the other hand the output
voltage of the system can be enlarged by adding more stages to
the step voltage source which is used to enlarge the output voltage of the current shaping converter. Moreover, a pool of a certain
number of current shaping converter and a number of stages for
the step voltage source could be build in order to assemble a
suitable source for the particular purpose.
Beside the topology of an UnACuSo stack other topologies
could be implemented by using the current shaping converter
and the step voltage source. The concept of a voltage source has
been introduced which is not beneficial due to large oscillations
of the output voltage and the output current. Another promising
approach has been described if the source is used to drive large
inductive loads like kicker magnets. The step voltage source is
utilized to generate large current gradients while the current is
kept constant during the flat top of a pulse by the current shaping
converter.
Based on the investigations on the general concept of an UnACuSo stack the requirements for the current shaping converter
has been defined. The system should be able to generate the full
output current of 1.4 kA at a maximal output voltage of 550 V. To
meet these demands different basic two level and 3 level topologies have been evaluated and the impact of different modulation
schemes - for example to enable soft-switching - has been investigated. As a result the topologies are suitable but not optimal
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for the current shaping converter. Hence, an advanced topology
which is derived from a three level buck topology has been developed. This concept offers the benefit of controllability of the
output inductor current all over the output voltage range - even
at the lower and upper end of the operation range. Furthermore,
multiple modules are operated in parallel which enable the use
of interleaving to reduce the output current ripple.
For the design of a prototype of this converter concept a thermal model of the system has been employed which calculates
the junction temperature of the semiconductors in dependency
of the output voltage, output current and operation time. Thus,
it is possible to determine the maximal operation time under certain operation conditions. This model is further used to optimise
the converter setup by limiting the temperature rise of the junction temperature to an amplitude of 40 ◦C to enable 106 pulses of
the source.
Another focus has been set to the optimization of the modulation if the converter reaches the different boundaries of the operation range. Therefore a method to minimize the required time
after start up to get to the steady state is introduced. Furthermore
oscillations of the output current caused by the shifting of the converter output voltage levels are reduced by a special modulation
method which handles this event. Moreover, the interleaving of
the different converter modules reduces significantly the output
current ripple. Therefore the phase shift angles can be varied in
order to minimize the resulting output current ripple. Different
approaches are discussed and a fourier based algorithm in combination with a numerical minimization has been developed to
adjust the phase shift angles. Thus it is possible to reduce the
remaining current ripple by up to 40 %.
All considerations and modulations has been implemented to
the control of the prototype system. Measurements have been performed to validate their impact and further measurements proof
that the source fulfills the defined requirements.
For the design of the stepped high voltage source different multilevel converter topologies like NPC, FCC and M2 C has been
compared and evaluated. The M2 C topology has been selected
since it offers the simplest circuitry with the lowest part count
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and furthermore this topology is easily scalable. Another reason for choosing this approach has been the recharging concept
which requires only one source that charges all capacitors simultaneously and in parallel. Therefore, the concept of a marx
generator has been adapted. The recharging resistors have been
replaced by diodes which connect all energy storage capacitors
of the different stages in parallel. The combination of the M2 C
topology in combination with the adapted charging concept of
the marx generator results in a modular multi level marx type
converter (M3 T C).
A FPGA based control platform has been developed to control
both the current shaping and the M3 T C converter. The FPGA offers on the one hand a large number of inputs and outputs which
are required to control all functions and to communicate with all
measurements. On the other hand all functions are performed
in parallel and the performance of the system does not decrease
with a rising number of communication partners but is only limited by the number of required logic elements.
Due to the dimensions of an UnACuSo stack the length of the
linking cables is in the range of 1 m . . . 2 m. This implies that the
runtime of the signals between the communication master and
the slaves could not be neglected anymore but has to be considered respectively compensated. Therefore, a communication
protocol to exchange data between the control system and a theoretically random number of slaves which perform measurements
has been developed. A start topology basing on differential pair
signal links is used and the number of required IO pins at the
master FPGA is significantly reduced. It synchronises all slaves
to the master module and thus it is possible to trigger the measurements at all slaves at the same time. Consequently the measurement results are received by the master also at the same time.
Hence each slave can transmit data with a bandwidth of approximately 80 Mbit
to the master.
s
Beside the fast communication within an UnACuSo stack the
different stacks has to be operated in parallel. Although this is a
typical application of real time field bus protocols the available
solutions either did not reach the require short cycle times or the
required calculation effort for the communication is so large, that
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a FPGA cannot provide it and would require a high performance
micro controller. Thus, an lean field bus protocol with little overhead communication using the summing frame method and a
100 Mbit
ethernet connections has been established. By connects
ing all slaves serially to the master module it is possible to control a random number of slaves. One of the main goals of the
implemented protocol is the synchronisation of the slaves to the
master. Therefore different counter has been employed to measure and compensate the transmission time between the different slave modules. Thus it is possible to generate a synchronised
trigger signal on all slaves and master with an accuracy of ±5 ns.
Caused by the reduced overhead communication the bus protocol enable cycle times in a range close switching frequency.
The benefit of the high synchronisation accuracy and short
frame cycle times of the field bus protocol enables the use for
further power electronics related purposes. One possible application is the communication within a M2 C converter system where
each stage has an integrated DC-DC converter to interface a battery storage [110]. The field bus protocol would synchronise the
PWM counters of all stages. The duty cycle values for the different M2 C modules are generated by an external control master
and transmitted to the modules via the field bus. Furthermore
the different modules can send multiple feedback signals back
to the master. Other possible applications could be the synchronisation of pulsed power sources for particle beam applications.
Therefore further researches are necessary if the synchronisation
accuracy and the jitter performance is sufficient.
To operate and charge the different UnACuSo stacks a superordinate control system including a web-based user interface has
been implemented. This systems controls the capacitor charging
converter which is connected by contractors to the different energy storage capacitors of the UnACuSo stacks. For safety reasons an emergency off circuit including discharging resistors has
been employed. The superordinate control system is not implemented into the UnACuSo stack but mounted into a separate
control cabinet. Thus it is possible to operate multiple of stacks
with this control system.
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Finally, a prototype of an UnACuSo stack with a maximal output current of 1.4 kA and a maximal output voltage of 5.5 kV
has been assembled by using the current shaping converter, the
M3 T C converter stages, the FPGA based control system and the
superordinate control enclosure. Therefore, the control circuits of
the current shaping converter system and the M3 T C system has
been adapted to enable the operation of UnACuSo. The operation
principle of UnACuSo has been proofed by measurement results.
Furthermore the limitations of the operation of UnACuso have
been determined. The limiting factors of the prototype system are
not defined by the maximal output voltage and current ratings of
the load circuit which means the semiconductors, capacitors and
inductors, but by the control signals. At higher charging voltages
of the energy storage capacitors and the resulting larger current
and voltage gradients of the switches the electrical control signals
of the 3 level converter system are disturbed and the monitoring
and protection functions of the control system are triggered due
to faulty feedback signals. To avoid this limitations there are basically two approaches: On the one hand the trigger threshold
for the monitoring functions can be enlarged but this increases
also the probability that the converter will be destroyed due to
an undetected error. On the other hand the control and communication signals of the 3 level converter system can be transmitted
by using optical links. This would avoid the EMV caused distortion of the signals but would require a redesign of the gate driver
devices and the control system interface.
Beside the evaluation of the maximal limits of the source the
operation with an arc as load has been tested as well. The dynamic of the ignition of the arc is strongly interacting with the
control of UnACuSo. Thus, an accurate mechanical installation of
the ignition wire is required to create constant operation conditions which can be handled by the controllers. Otherwise more sophisticated ignition or current limiting methods have to applied.
The results of the test of the prototype system and the identification of the critical issues which limits the operation of the
source enable the next step in the development of UnACuSo. Basing on this now known challenges a pre series prototype can be
developed which includes solutions for the different addressed
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issues. Thus it is possible to move the focus of the tests from UnACuSo itself to the investigations of DC arcs and to the test of
HVDC circuit breakers.
From the scientific point of view the concept of UnACuSo can
also be used to develop a realtime simulation system for HVDC
grids. Therefore a high performance computer has to be connected to the source which simulates a HVDC grid for example.
By using a digital interface UnACuSo transmits the measured
output voltage to the computer while this one returns the resulting reference value for the output current. Thus, it is possible
to simulate a realistic behavior of a HVDC grid during failure
conditions which have to be handled by the HVDC device under
test.
Another objective of further researches could be the extension
of the M3 T C stages by an additional IGBT half bridge module.
Hence, it is possible to generate bipolar output voltages. Since
the 3 level converter system can also generate negative output
currents this would expand the operation range from a two quadrants to a four quadrants operation of the source. Furthermore,
the extension of the M3 T C stages is beneficial to utilize the prototype system for the described kicker magnet supply. Therefore
only minor changes of the system like adapting the charging system or improving the cooling of the IGBT modules (for example
by using a water cooling system) are necessary.
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